2007-2008HydrogenStudent DesignContest

B/l \S@

Energy Solutions

Cleaning the Air You Fly In

Team 3 Members:

Danton Garcia, JatMichael Statchura, Yuriy Kaninov, Samantha Staley
| OEOAZL - OOOAZEAR ofichkiss / 6 - AAC

Faculty Advisor: Dr. Monier Botros, PhD, P.E.




1.0 Executive Summary

As airportsexpand their operations to accommodate more traveleracernsabout adverse
effects on theenvironmenhave grown.Both arplanes and ground vehiclgenerate high levels

of noise anc&emitmeasurable levels @arbon Dioxide CO,), Nitrogen OxidegNOy), and other
volatile gases into the atmosphere. The objective of groposalis to introduce hydrogen
technologiesat Columbia Airport(CAE) in South Carolinghat can be available by 200@
address the airport needBhese needs include the reduction of harmful air pollution, noise
pollution, and water contamination while algptimizingthe efficiency of the energy usethe
FederalAviation Administration created the Voluntary Airport Low Emissions Program which
gives financial support to airports that implement alternative fuels, and hence, the
implementation oélternative fuel dispensing hachigh priority in the design process.

Blue Sky Energy Solutionsom Wayne State University in Detroit, Michigaonsideed three
designs After a thoroughtechnical and cost analysibe mosteffectiveapproachwasfound to
incorporatehydrogen production with dispensing and poweyducingcapabilities. The system
uses natural gas and water to produce hydrogen via anthatmal reformerthe HyRadix Adeo
100 which requires30 kW of electrical power ah producs 216 kgof hydrogen peday. The
hydrogenis used to fuethreeProton Exchange Membrane (PEM) fuel cédiproduce 150 kW
of three phase electrical powerHydrogen isblended with nata gas and dispensed as
alternative fuelHythané&, to six vehiclesThe conversionof six vehicles to useHythané& with a
growth opportunity to add fourteen vehila two yearss included Detailedthermodynamics,
electrical, and environmentahalysisareused to verify the design.

Thoughairplanesemit harmful gaseand noise theyare not directly contradld by the airport

On the other handhé airportowns andoperates mangasoline fueledsehicles.Because the

hydrogen economy is not currgneconomical, Hytharfeisusedas a f u el to fAbric
between the fossil fuels of today and the hydrogen of tomorrAweduction of at least 50%

NOx and 7% CQ@can be expectedith a blend ofonly 3% ofhydrogen by massThis, along

with the use of PEM fuel cellsvill reduce CQ emissions at CAE by 12tons per yearTo

reduce noise at CAE, airlines will be encouraged to use electric ground support equifznent.

that purposea S u p e r C h@SEB08P unit specifically designed to charge airlineognd

support equipment will bmstalled

Safety was a paramount concern in the design of this system. A complete Failure Mode and
Effect Andysis and system simulation using LabView software were performed. The system
simulation was used to determine how-sybtems interacted and the possible failures that could
occur. The systens designeavith several control features to prevemajor failure modes.

Thecapital cost othe system i$2.7 million which satisfiesthe $3.0 million budgetimit. $400

per dayis needed to run the HyRadix refoemA fuel savings ofat least$5 per vehicle per day
will be seen once converted to Hyth&ndlue Sky expects for airlines and shuttle services to be
required to convert to alternative fuels as emissions standards increase. Fomlgdbig re
Hythané can be sold to companiesth vehiclefleets. If 500 kg/day is sol€CAE can expect to
experience a % internal rate of return after 10 years when the fuel is sold for $4.B/kg.
marketing campaign to promote the benefits of Hytfiaarel toeducate the publiof the value

of clean aiwill cost $50,000
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2.0 Technical Design

2.1 Design Selection

To meetthe needs of Columbia Airport (CAERree hydrogen systems were analyZEdese
systems were designed to reduce emissions, water pollution, and noise pollution while increasing
energy efficiency.The objective of each systasidescribed below:

1) To produce raximum power outpututilizing asolid oxide fuel cell andas tubine generator
2) To produce electric power and dispetégthané via anatural gaswuto thermal reformer
3) To produce electric power and dispert$ydrogenby utilizing solar energy for ektrolysis

Design two was chosen as the best design sif@alithe highest impact on the customer needs.

System two utilizes natural gas to produce hydrogen for the productioratfi@ty and the

formation of Hthané&. System one was capable of producing approximately 1.5 MW of electric
power at an extremelyffecient level but did not have enough impact on the environment directly

related to the airport. It was also determined that design one did not produce or utilize hydrogen
with enough visibility for the purposes of the hydrogen contébe use of eleoblysisin design

threeproved to be inefficient and more costly for grid power usage.

CAEOGSs

needs

wer e

weighted

and

compared,
would provide the best solutioithe numbers on the horizontal axis represertiedrportance

as

to CAE while the numbers on the vertical axis represented the designs ability to fulfill the criteria

in the center. The numbers were then multiplied and summed to give the total design score.

Rating of
Importance 10 9 5 10
to Customer
Significant air | Eliminated waste|
4 improvement | in water stream < 30dBA > 10%
3 .Moderate air | Reduced waste it 40 > x <50 40 < X < 786
improvement water stream dBA
Slight air No negative 60 >x <80 0
2 improvement effect dBA < 40%
1 No negaive Increase waste il 90 > x <110/ No negative
effect water stream dBA effect
. . . . Noise Energy Total
Design Air Quality Water Quality Pollution Efficiency
Design 1 1 1 4 74
Design 2 2 2 3 98
Design 3 4 2 3 2 93

Table 1: Decision Matrix

S



2.2 System Adaptability - Hydrogen Feedstock

Many people argue that natural gas is not a renewable fuel and thesefmrkl not be used for
hydrogen production. Because of the existing infrastructure of natural gas and its availability
nationwide, this fuel offers a sufficient #Abr
of renewable energies becomes cost effective. diffisult to know what the future will bring,

but currently natural gas supplies are still higher therdemand.

Designing a system based on natural gas is omlgaa termsolution, which is what airports
require. The unique aspect is that msthane production increases l@emass technology
matures and becomes more economical, it can be usegldee natural gafeedstock This

gives the system the capability of adapting over tirendfill and wastewater gas useere
considered, but due to the infrastructure required to transport the gas, the idea was placed on hold
due to efficiencies of scaleAgain, the design is flexible to handle various feedstock materials.

2.3 System Location

The hydrogen production site will be located next to the airport maintenance building. This
location is easily accessible for the technicians as well as for fingling of the maintenance
vehicles. This locations roughly .5 miles fromthe main terminal. This relatively remote
location is under airport surveillance and has limited public access.

Maintenance
Building

2.4 SystemOverview

The selected design will incorporate two smystems: vehicle rueling and electrical power
production. Because of the encouragement to use alternative fuels by the United States
Government, this design is intended to provide CAE with thetybilibecome comfortable with
the handling and dispensing of an alternative fuel before the hydrogen economy is economically



feasible. Due to its modular design, the system will meet the current needs of the airport with the
ability of expanding to meetifure needs. This can be done with the addition of a reformer, 50

kW fuel cells and storage tanks in parallel to the existing infrastructure. The customer can opt to
remove the electrical power production system and expand dispensing capabilitiéshiétter

suits the airportéos

needs.

The proposed

Hydrogen Production

FeedstocK rate

Natural Gas 35.3 kg/h

Hydrogen Produced Per Day

216 kg

Hydrogen Storage Pressure

6500 kPa

Hythane® Dispensing

Amount of Hythan® Capacity Per Vehicle

16.8 kg

Number of Vehicles Converted

6

Hythané Storage Tank Pressures

5 MPa, 14 MPa, 30 MPa

Fuel Cells
Type (Quantity) PEM (3)
Amount of Electrical Power Produced 150 kw
Hydrogen Storage Pressure 6500 kPa
Hydrogen Flow Rate Required 8.7 kg/h

Table 2: Summary of SubSystems

Below is a schematic of the system.

UTILITY NG

172 kPa
49 Nm3*/h — 119 Nm*/h
. 35.25 kg/h—84.18 kg/h

10.2 kW

n Pressure reducing valve
>l< Manual valve

ﬁ Electric solenoid valve

Spring loaded pressure relief valve

!

50kWAC 50kWAC 50kw AC

Hythane
100 kPa
87 Nm3/h

37.2 kw

L[A

Cascade
Storage

?

Dispenser

e&—ﬁ

3 Stage Compressor
350 Bar output

%_

OO k—

<l
H2 NG
yi et el
m
49 Nm*/h o are— ) Y sokg/h
masigh | 2 w—— R
700 kPa r—] _e e
- 100 Nm3/h
HyRadix |g kg/h H2 1{ [ T
Adeo 100 >T< 6500 kPa Blender ol
ATR .57 kg/h
iz 1.57 kg/!
H20 30 kW 8.7kg/h
125 gpm
Cooling
Tower ’“ P H‘
2.9kg/h | 2.9kg/h 2.9kg/h
PEM PEM PEM
H20 ?
S5slpm Hythane
16.8 kg/vehicle
4
Ho X X X
360 slpm
V.Vat.er P!
deionizer

UTILITY DC/AC DC/AC DC/AC
H20 Inverter Inverter Inverter
360.5 slpm

Figure 2: System Process Schematic

desi



2.4.1 Vehicle RefuelingSub-System

To fibridge the gapo t o % wasseleged in thig designasaofieb my |
aternative for use i n ®GAabBpatented Hleadedf hydragdniandl e s
methane at a 20:80 ratio by volume, 3:97 ratio by mass, and a 7:93 ratio by’énefhe
hydrogen concentration of this fuel provides a significant reduction isseans. Because of its

high methane content, the fuel can be used in a compressed natural gas (CNG) vehicle which is
already a mature technolog¥he vehicle conversion is much more economical than fuel cell
vehicles or conversion to hydrogen internainbastion enginesAn engine software calibration

is needed toealizethe emissions reduction offered by this blended fuel. According to Dave
Egan of Hythane Corporation, he noted that the implementation of H{tfraoethe Columbia

Airport will achiewe goals set by thieuel Cell Challengen the following ways:

Explore fueling options for fleets and personal use

Explore onsite power stations

R&D to refine the technologiesalidate performance

Raise public awareness

Establish basis for codes and stams$, siting and safety

Put in place public policies to foster sufficient public and private investments
Lower cost of H by blending with CNG

BecauseHythané is a blend of two differensubstancesthe analysis for the dispensing and
storage requiremenis more complicated. To understand fueling requirements, a spreadsheet
analysis was done based on tesuamptions listed in the Table 2

E |

Vehicle to be Converted Full-sized gasoline powered truc
Number of Vehicles Converted | 6

Average Driving Speed 20 mileshour

City Fuel Economy 13 miles/gallon

Idle Time 30%

Table 2: Assumptions for Fuel Requirements

In addition to these assumptions, properties for gasoline, hydrogen, and methane were
determined at a specified temperaturé®’® and pressure. Also, it is known that vehicles that
run on Hythan® use onboard storage tanks<2&8MPa(3600 psig. These vehicles, according to

the work order fromATW Automotivefor the conversion of vehicles from gasoline to
compressed natural gaswitch operationt gasoline al MPa (150 psig tank pressure.

Based on the assumptions listedTable2 and the fuel properties, thhequiredamount offuel
energyperwas determined. First, it wasiculatedthat 4.4 gallons of gasoline are requiypet

vehicle per days. This was converted to an energy requirement of 521.2 MJ using the lower
heating value of gasoline. Next, using the 110 L vehicle storage available for Htharmer

the ATW Autorotive work order) and the blended fuel density, the total available storage per
vehiclewas found to bel6.8 kg of Hythan® Based on the fact that the vehicleitshes to
gasoline at 1 MPa usable quantity of Hythafeer vehicle was determined to b& 2 kg. This

was converted to an energgguivalentof 651.4 MJwhich is 125% of the assumed daily
requirement. For the purpose of conservative measurement, a design capable of providing 16.8
kg of Hythan& per day was made.



10

2.4.2 Proton Exchange Membiane Fuel CellSub-System

A fuel cell is a device that converts chemical energy into electicaigy These devices are

very efficient and have a very low environmental impsnte theironly emission is water. A

proton exchange membrane fuel cell wagsem because of its high efficiency, high power
density and its ability to start quick}). Proton exchange membrane fuel cell is the most simple

and economical fuel cell desigisa It consists of two electrodes (anode and cathode) around an
electrolyte membrane. Hydrogen is provided to the anode side where it is catalytically split into
protons and electrons. The protons pass through the electrolyte to the cathode side. The electrons
pass through an external circuit to the cathode, generating tieatcoutput of the fuel cell.

Hy, — 2H* 4 2e”

At the cathode, oxygen reacts with electrons taken from the electrode, “andsHrom the
electrolyte to form water.

0, +4e” +4H* - 2H,0
The PEMFC selected for the design is MedStack PS50 whosest per kW is approximately
$1,419.8®). The PEMFC has a power density of 74.4 kWand a specific power of 83.33
W/kg. The hydrogen flow rate required to provide 50 kW of power is 11 slpni?kdv 2.9 kg
H./hr. Assuming constant production, the system will consume a total of 69.8day.H

2.5 Major SystemComponents

2.51 Auto Thermal Reformer

Auto thermal reforming (ATR) was chosen as the hydrogen production method for this design.
This is a combination of two processes; catalytic partial oxidation and steam methane reforming.
The chemical reaction can be shown as

1
CH, + 5 0, = CO + 2H, (Catalytic Partial Oxidation)
CH, + H,0 — CO + 3H, (Steam Methane Reformation)

These reactions are followed by a wages shift reaction to use CO to produce more hydrogen.
CO+ H,0 — CO, + H, (Water — Gas Shift Reaction)

Using ATR, the heat generated in the exothermic, catalytic partial oxidation is used for the
endothermic, steam metareformation reaction. This increases the efficiency of the system.

The module selected for the design is thgRadix Adea100™ . The system contains the
capability of removing sulfur from incoming natural gas, producing hydrogen synthesis gas, and
purifying the outgoing hydrogen with pressure swing adsorption technolddys system is
capable of producing 21&g/day. Initially, 24 houmaximumproduction will be usedhough

the system is capable of operating at 25% of its rated cap@allle 3showsthe specifications

for the product.

Natural Gas 34.4 kg/h
De-lonized Water 0.13 gal/min
Cooling Water 110-145 gal/min
Electric Power 30 kW

Table 3: General Adeo Specifications
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Working with theabove specificationsprovided by Hyradix, an overdl energy balance was
performed based on the mass flomo and out of the system. Also, the total heat required was
found based on thehemical reactionsh®wn above.The total energy efficiency was calculated
to be80% and the theoretical energy requipsa kilomole of fuel is 129.3kJ.

2.5.2 Hythane ® Blender

The Hythan& Blender is a patented by Hythane Corporation. This device mixes natural gas and
hydrogen at an 80/20 ratloy volume respectively. As stated in patent US2006/0263283, A1

At he leropdratioa mf a gas blending and compression system depends upon striking a
bal ance between blender pr odu aessential partf this c o mpr
systemincludesthe controls whresensorsare usedo monitor the flow. For the purpes of the
system at CAEit is assumedhat one vehicle W be filled every hour, which correlates to 16.8
kg/hr. The Hythan Blender has a minimum volumetric flow rate of 87 ¥Mm(52.3 kg/h)

which correlatesto a mass ratio of natural gas and hydrogé 97/3, respectivelpr required

mass flow rate of 50 kg/h for natural gas and 37 kg/h for hydrogen. Sincethe reformer has an
output rate o kg H,/h andthe fuel cells require a cumulative flow rate &¥ kg Hy/h, the
available flow ratego blerd Hythane i3 kg Hy/h. Knowing this and that éavailable flow rate

will only be needed periodically, a buffer system willused to store a portion of tiwdrogen

output from the reformer.With this feeding theblender it will only be required to un for
approximately .3 hours or 18 minutesily.

2.5.3 Water De-lonizer

De-ionized water is required for both the fuel cells and the reformer. Each fuel cell requires 120
slpm as a cooling medium while the reformer only requiresasdard liters per minutslpm).

To meet hese needshe Marlo IncorporateSB-4284 680KGRwater deionizer will be used.

2.5.4 Water Cooling Tower
The autethermal reformer requires the circulation of water at the rate ofld5@pm.The
ArtiChill ACT-60will be used for this application.

2.55 Compressors
To understandhe power thats required for the various compressors, the follmpanalysis was
done. Theasentropic overall efficiencyf the compressorwas determined from the following

equation®®.
k-1
. Py &
me,, T I(ﬁ:) - 1]

Wshﬂft

wherem is the mas flow rate through the compressayjs the specific heat at constant pressure

and k is the specific heat ratioT; was assumed to be 300 K and the pressures were found
according t o system requiremenitAn Enginedring or di n
Appro a ¢ h o-desigmed|cdmpressors hagentropicefficiencies between 80 and 90 percent.
Assuming an efficiency of 80%, the shaft power was calculaiekt, the power required for

the electric motor was determindéy assumingd0% electric motor efficierty and using the

following equation

Isentropic Compressor Power
”isantro*pz’c - -

Actual Compressor Power
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_ Mechanical Power Out Wshﬁﬁ
Metectric motor = “plocirical Power In | Electric Power (kW)

2.55.1 Compressor Onei Natural Gas

The natural gas used in the reformer must be compressed because according to South Carolina
Gas and Electric, the utility line can be supplied & kPa(25 psig while the reforner requires

1000 kPa (145 psigBecause compressed natural gas is required for both the compressor and the
reformer, thesum of themaximum flow rats for both applications was used to ensure that the
compressor could handle the maximum loddble4 shows a summary of the calculation.

&P 120 psig = 827.37 kPa
Mass flow rate 92kg/h
Electrical Power Required| 10.2 kW

Table 4: Natural Gas Compressor Requirements

2.5.5.2 CompressorTwo i Hydrogen

Because thélender requires a flow rate higher than what the reformer can produce, a buffer
system will be required to accumulateetnecessary amount of hydrogeSince the output
pressure from the reformer &89 kPa(100 psig, a compressor capable of compressing up to
6500 kPa (950 psig) will be us¢al reduce gas storage volume with a maxinflow rateof .3

kg/h (2 scfm) At this pressurehydrogenis not consideredo be an ideal gaslo estimate
compressor requirements, Afh Seriescompressor fronfrluitron was used as a reference ohi

has a maximum dischargeessure and flowf 3450 kPa %00 psig and 1.2 scfmrespectively

and draws3 hp (2.24 kW) ®. Based on this, the actuplo we r required for
applicationis estimatedo be 5 kW.

2.5.5.3 Compressor Threei Hythane®

To increase the efficiency of the dispensaygtem, a three staged compressor sedasced As
discussed in section 2.3.2, the flow through the dispensing system is dictated by the minimum
flow allowed through the Hythafilender. The system will be set such that the compressors
for the cascade tanks will only run when the blender beginsirt. The blender run time is
dictated by a pressure drop in the tanks. Again, the assumption is that one car will be refueled
every hourfor six hours

To ensure that the Hythahean beconsidered as aideal gas and thus the previous equations
apdied, the following ratio was calculated

7= Vactual

Videal

where Z = 1 indicates ideal gas. 25 MPa(3600 P Vyprua; iS .00654 m¥kg andv;g.q; is
equal to RT/P which is equal to .00624. The ratio is equal to 1.05 which is sufficient to allow for
the deal gas assumptioim the following table, the stage requirements are listed based on the
thermodynamic analysis in section 2.5.5
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Compressor 1 (LowWPressure)
&P P,,=100kPa, B,=10000kPaasP =9900kPa
Mass flow rate 58.8 kg/h
Electrical Power Required 32.5kwW

Compressor 2 (Middle Pressure)

&P P,,=10000kPaP,,=20000kPase P 1BO00kPa
Mass flow rate 53.174 kg/h
Electrical Power Required 2.7 kW

Compressor 3 (High Pressure)
&P P,,=20000kPaP,,=34000kPaae P= 14000kPa
Mass flow rate 40.7 kg/h
Electrical Power Required 1.5kW

Table 5: Hythane Compressor Requirement

A compressarmodel number 05H25NGDXmnanufactured by P.C. McKenzie Company was
found to satisfy the requirements for the dispensing systehable 6 below lists the
specifications for the compresso?.

Compressor Specifications | System Requirements

Minimum Inlet Pressure 5 psig (35 kPa) 100 kPa
Maximum Discharge Pressure| 5000 psig (34473 kPa) 34000kPa
Flow Capacity 56 scfm 51.185 scfm

ElectricalPower Requirements| 50 hp (37.2kW)

Table 6: Compressa Specifications

To determingheequilibrium pressure in each tadlring the dispensing procesise following
eguation was usedssuming isothermal conditians

Pvahic:avvahic:a Psrorrzgap;torrzga — Paqui!ibrium“';roruga + Vvahic!a]
RT RT RT
Maximum Tank Equilibrium Pressure
Pressure
Low Pressure Tank 10MPa 7.231MPa
Medium Pressure Tank 20 MPa 16.464MPa
High Pressure Tank 34 MPa 29.144MPa

Table 7: Equilibrium Tank Pressures

The starting vehicle tank pressure at each fill is assumed to be 150 psi (1.034TWiRas the
minimal allowable pressure for the vehicles before theirfgehutomatically switches to
gasoline. Also, the maximum fill pressure for each vehicle is 3600 psi (24.82 MPa). It can be
seen that the fill will be finished before the last tank reaches equilibrium.

2.5.6 Hydrogen StorageBuffer

The mass ohydrogento be stored for this design will be 3 kg. This is the amount needed to
produce enough Hythafidor six vehicles for one dayBecause hydrogen will not be dispensed

at the current time, storage can occur at lower pressures. 6500 kPa (950 psi) weth & it

storage pressure. Because this is less than 28 MPa (4000 psi), the ideal gas law can be used.
The specific volume was determined to.52 nt. Knowing this,three storage tanks with .h8?
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volume will be used. Lincoln Composites Tuffsfidiliel tanks will be used”. Because the
pricing was not available, estimates were used.

2.6 DispensingSystem

2.6.1 Dispensng unit

A dispenser produced by FTI International will be used. This dual hose dispenser is capable of
dispensing hydrogen at 60 psi and a compressed natural gas blend with hydrogen at 3600 psi.
Because this unit is capable of dispensing both fuels, the transition cost into the pure hydrogen
infrastructure will be minimized.

2.6.2 Cascade storage tanks

Various storage and dispgng mechanisms were considered for the purpose of this project. A
booster compression systewronsisting of a low pressure storage vessel and a compressor
capable of compressing up to the required vehicle storage presagreonsidered. This option

was rejectedbecausef the fleet of vehicles serviced by the station expands, this system would
be slow, requiring extensive time for recharging the storage tank. To allow for growth, a cascade
storage system was selecthdt employs three tanksperatedn serial fashion

To determine the pressures required for the tank systenthebey of compressible flowas
applied. Using the properties of matledo simplify the calculations, the speed of sound was
determined to be approximatel$Om/sat 300K. When the discharge fluid velocity reaches the
speed of sound, the Mach number, which is defined as the ratio velocity to the spmaalahs

the same fluid, equals off2  An isentropic state was also assumed because of its recognized
validity for most nozzle, diffuser, and turbine systefis In addition, the gas was considered
ideal to simplify the problem. Fluid mass flow changes with variation in the Mach number.
Maximum mass flow occurs at sonic conditions and it decreases as both subbrsionic
conditions are approachedi Ther modyaamiEmngi neering Approach
maximum velocity that can be achieved in a converging nozzle is sonic velocity. Critical
properties are defined as propertiesvirich the Mach number is 1The critical pressure ratio is

K
Brozzie — (':k+1:')_;f—‘—

-

=

Prank:

wherek is the specific heat ratié;,ﬁ for the gasThough sonic flow only occurs at the throat of

the nozzle, the goal of the design was to size the tanks such that the pressures allow for operation
at near sonic level$lass flow rate is dependent on both the tank pressure and the Mach number.

v k/(RT,AMaP,
[1+ (k- 1}Ma2f2]|:k+1}.-" 2(—1)]
Though mass flow does increase with increasing reservoir preskine, first tank in the
cascade is compressed to high pressuresparsonic conditiorwould occur.Because of the
small size of thevehicletanks, the fill time is quite sho(see the appendix for a pressurization
curve) and using lower pressures will allow for higher overall system efficiency because less
energy will be required for comgssion given a fixed mass flow rate out of the system per day.
The critical pressure ratio for this design was determined @Bbassuming & value of1.3,

T =
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The pressure ratio at the beginning of each stage was determined and compared to the critical
pressure ratioThe system is designed such that the first two tanks end their fills just as the flow
becomes sulsonic The highest pressure tank will then finish the fill. The starting and ending
pressure ratios are shown in the table below.

Maximum Vehicle Tank Pressure Ratio| Pressure
Tank Pressure at Start o] at the Start of | Ratio at the
Pressure Fill Fill End of Fill
Low Pressure Tank 10 MPa 1.034 MPa .10 .53
Medium Pressure Tank| 20 MPa 4.013MPa .20 .52
High Pressure Tank 34 MPa 8.648MPa .25 .89

Table 8: Pressure Ratio for EachTank

Piston style compressors are like engind$ie pistons use rings to seal the compression
chambers and these seals are not perfadiact, they leak and their leakage is generally directly
proportional to the pressure drop across thémerefoe, increasing the chamberrgssure
increases the leakagdhe delivery volume of the compressor is the theoretical flow
(displacement x rpm) leakage. The leakage flow ternvolumetric flow rate)can be described

by usingthe equation for steady, laminaixial flow through amnnulug®
__ mAP T‘}_T.‘l_(rﬂ:—ri‘}:
8xuxL|® °F In (T”fr-}

where r, isthe radius of the bore plus the clearance distance between the bore and the cylinder
ri is the radius of the borgu is thefluid viscosity, andL is theaxial sealing land length

L

This shows thathe leakage flow is directly proportional to the pressure dibs. conceivable,
especially with a worn compressor, that leakage flow will approach the theoretical flow. At this
point, the compressor will not achieve the shutoff pressure and run édedtperiods of time

where they can overheat and the motor shuts down due éssexe electrical current drawA
conclusion can be made that this system, which charges the tanks at serial pressures, will require
the compressor to run for less time hesa smaller amount of leakage can be expected and
thus the charge will be mowlumetricallyefficient.

To design and analyze cascade storage systems, CASCADEware can be used. Though it

was not available for the use in this design,reedfirmed the design idea by statirfi;ascade
storage works on the principle that banks of vessels at different pressures can more efficiently fill
a vehicle than bulk storage, or operation of the total storage capacity as a unit at a common
pressuré®. o

To determine the tankolumeand pressurehe following assumptions were made.

1. Hythané€ is an ideal gas

2. 0ne daybés worth of
productionnot operational

3. Dispensing is an isothermal prosgb = 300K

4. The tanks will refill after one vehicle filling

5. Each tank will have the same volume

buffer wi || be hel
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Usingthe Law of Conservation of Massllowing formula was usetb determine the tank volume

RT

i=1
wheren is the number of vehicles to be filleshdm is thenumber of tanks in the cascade system
Because the system is currently being designed for six vehicles, the system caarmedxas
more vehicles requirkieling by adding three tanks in parallel to the existing taflte volume of
each tank was detained to be290L. This volume will store seven vehicles worth of Hyth&ne
with one vehicle worth being a transient volume and six vehicles worth being a static buffer.

PV
i¥tank
Z =N X Visricte % PHythans

2.7 Electrical Requirements

The electrical output power of a fuel cell is in DGltagewhich is not typicallycompatible with
most electrical installations. Therefothis voltage has to be regulated and converted into a usable
AC voltage. A number of technologies are available for power conversion systems (PCS).

SatCon Power Convier System (PCS) uses a proprietary technology capable of controlling the
power coming from the fuel cell and incorporates a high efficiency transformer. SatCon technology
can operate in both grdcbnnected and grithdependent configurationsIf necesse, it can be
easilyswitched between the twmnfigurations?.

The DC to AC conversion is performed by three SatCon Power GateCAgeries. The output
voltage for each fuel cell is 600 VDC. This voltage is converted into 480 VA&Ga8e 60 Hzand
then inroducedto the utility grid. The configuration of the system is set up so thatssabffuel
cell and Power Converter Systesrindependentf othersets In the event that one of the fuel cells
fails or needs to be stppd for any reason, th configuration permits the others to continue
deliveringpower into the utility grid.

SatCon technologies resesvie right to withhold a budget price from non commercial parties
Therefore, the estimated cost for SatCon Power GatE@ksnot available. For the purpose of this
design,the system cost wasstimated by comparing SatCon Power GateFAE| Cell technology

with Power Gate AEPhoto voltaic technology. Both Power Conditioning Systems used the same
basic converting principle.

2.7.1 Selection of Transformers

Article 501 of the National Electrical Code establishes the utilization of dry type transformers for
locationswhere the atmosphere may contain hazardous vapors, including natural gas or methane.
(8 Also, it can be found thawo transformers are needed to supply the required voltages. The
characteristics for each transformer are listed below:

Phaseq Volts Primary| Volts Secondary Frequency (Hz) kVA
Transformer £7 3| 480V-Delta 208V-Y/120 60 30
Transformer 2'® 3| 480V-Delta 480V-Y/277 60| 1125

Table 9: Transformer characteristics

Table 10gives a tabulation of theistribution of the loads according to the type of transformer and
voltage that is required for each component. The kVA of the transformer should be equal to or
greater than the kVA of theadd to handle present requirements and to account for future expansion.



17

For transformer 1 with a kVA of 25.529 kVA, the closest commercial value is 30 kVA. For
transformer 2 the closest commercial value is 112.5 kVA, giving both transformers the ability to
handle futurexpansion§®. See the appendix for details

Voltage | Amp Power

Component (Vo 0 Phase (kW) KVA
Hythane Blender HX500 120 1.961 1 0.17 0.2
Deionizer 120 1.765 1 0.18 0.21
Transformer Hydroger]rgﬂe?iﬁ;or Adeboo 120 0.6% 1 0.07| 0.082
1 Cooling Tower ACT 100 208 7.184 3 2.2 2.588
Compressor 1 NG 208 18.157 3 5.56 6.541
Compressor 2 H, 208| 44.151 3 13.52| 15.906
Transformer Adéo-100 TMi Main Power 480 | 42.453 3 30| 35.294
2 Compressor 3 NG 480| 52.642 3 37.2| 43./64
Super Charge TM GSEOODP 480 21.226 3 15| 17.647

Table 10: Distribution of load
2.8 SystemDaily Use

As previously described, three compressors will be required for the function of the system. The
natural gas compressor coupled to the reformer will run continuously with esfoifne hydrogen
compressor will be required to run for 10 hours per day at a rate of .3 kg/h to generate the 3 kg
currently neededof the Hythan® blending. Finally,the Hythan& dispensing compressor will
operate for 18 minuteafter each vehicle fd. Below as a graph which details the daily power
consumption by the systemAfter the hydrogen tanks are filled, the reformer will be turned down

to only produce the amount of hydrogen required for the fuel cells.
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Figure 4: Daily Power Production and Consumption
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3.0 Safety Analysis

3.1 Introduction

A thorough sfety protocolis a veryimportant component cd design ora process, especially

when flammable gases or liquids are involved. Airports have been the leaders in safety and the
only industry achieving six sigma goals in terof safety. Prevention oficcidents in the process

of generatingand using hydrogewill promotethe public acceptance of hydrogese.

Hydrogen and Hythar“?e storage containers, safety relief devices, piping, tubing, fittings,
equipment assembly, locati and capacity are all designed and installed in accordance with U.S.
Department of Labor Occupational Safety & Health Administration (OSHARegulations
(Standards 29 CFR), Hydrogen 1910.103. The design is in accordance with ASME Boiler and
Pressurev/essel Code, U.S. Department of Transportation Specifications and Regulations, and
Industrial Gas and Air Piping (ANSI).

3.2 Design Safety

3.2.1 Storage Tanks

Storage tanksire provided with noncombustible supports on firm noncombustible fatimrs.
Each storage tank will be marked clearly with the type of gas which is being sttedhge
tanks will be equipped with safety relief devices.

3.2.2 Piping, Tubing, and Fittings

Piping, tubing, and fittingsnust be suitable for hydrogenewice and for the pressures and
temperatures involved.According to ANSI/ASME B31.3 stainless steel 303, 304, or 316 is
preferred folydrogerntubing, piping, and fitting Further, the maximum hardness is specified as
80 Rb. Joints in piping and tubingvill be made by weldingbrazing or by use of flanged,
threaded, socket, or compression fittings.

3.2.3 Location and Construction

Thedesign will be open to the environment and surrounded by a protective ten foot fence. This
will ensure that only autirized personnel enters the faciliyuring the construction of the
hydrogen park, the FAA code AC 150/53ZQvhich describes the regulations for construction

on airport grounds, will be followed.

3.3 Process Safety

3.3.1 Manual Emergency ShutDown

Manual emergency st o wn-s fi€cp 0 push buttons are strategi
initiate immediate shedlown of all processes, close the shbfitblocking valve, and open relief

valves throughout the system.

3.3.2 Valves
Hand valves are placeaxh piping before and after every unit operatiomstdatecertain systems
in case of automated control failure aml allow for preventative maintenance inspectamall
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components teheck for leakage and verify that components are operating wigsigrdlimits.
Maxon double blocking valves are installed on the natural gas utility gas train to shut off supply
in case of emergencyinally, relief valves are placed @iping located near the compressors.

3.3.3 Gas Detection and Fire Suppression
Hydrogen gas, natural gas and smoke detectors are strategically located throughout the facility.
A fire suppression system will cover the entire facility and activate in the case fire emergency.

3.3.4 Programmable Logic Control (PLC)

Various sensorg/ill beused to detect hazardous conditions. These semg8bdetecthydrogen,
natural gas, hydrogen flame,caemoke Measuring devicesncluding thermocouples, pressure
gauges, and flow metersvill be used to monitor system performancell sensors and
measuring devices are connected to the Rb@ will continuously provide systegata. The
PLC signals slenoid valves to actuate sle or open to divert flow, shdbwncertain processing
units, operrelief (vent) valves, and releasxtinguishing agents case of hazard. The PLC is
connected to a human machine interface (HMI) that displays to the operator ttimeestatus

of the entire operation and lists warnings & alarms of out of specification limit measurements.

3.4 Major Failure Modes

Although the design follogthe safety codes and regulations in the construction and operation of
the facility, some hazards may still appedr.Failure Mode and Effects Analysis (FMENas

used to ensure that all major ssystemfailure modes were considereDetails are included in

the appendixThe table below highlights the majsub-systemfailure modes.

Item Potential Cause of Current Design Controls
Failure

Reformer | Damage to the Install pressure sensors to mitor outlet and vessel pressurg
reformer vessel or | PLC will shut off reformer, feed NG, and DI water into
possiblefuel reformer. Warning will be sent to the Hurmanachine
leakage interface (HMI). Install LEL detectors to monitor for the

presence of b

Hythané€ | Dispenser filling Install pressure gauges with warning system that shuts dg

Dispenser hose leak system in an undegressurized condition

Cooling | Leakage within the| Pressure gauges and flow meters installed in water supgly

Tower cooling tower water return piping. PLC to warn HMI if flow rate or pressure dr
supply piping to over 90% of set points. PLC to shut off reformer and N
and/or pump leak | gas feed into reformer.
UV light failure Periodic manual inspection of UV light bulb. PLC to nton
(leading to Ingh number of hours the bulb has been on for. PLC to warn H
bacteria count if bulb life as surpassed 110% of bulb life rating.

Hythare® | H,and/or CH Install modulating valves interfaced to the PLC to monitor

Blender | leakage within feed and adjusincoming gas pressures.
piping or interface

Table 9: Major Sub-System Failure Modes

Aside from subsystem fdures,two major failures due to improper operation were considered.
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3.4.1 Vehicle Crashing into the HydrogerHythane® Dispenser

To preent hazards such adire or explosion as a result of a vehicle crashing into the dispenser,
steel reinforced concrete beams will surround the dispeinstire case of hydrogen or Hyth&he
line rupture at the dispenser, the programmable logic contr@)(Rill terminate the fuel flow

to the dispenser by shuttiodf the control valve, as a result of the loss of the pressure

3.4.2 Vehicle drives away with refueling hose attached

To avoid the hazard of driving away while fuel dispensing is in progrgssinabutton will be
installed and |inked to the PLC. The PLC
placed on the palm button. Once the driver removes his or her hand the fuelingliétepmse

will also include a breakaway nozzle, sublattthe nozzle will stay attached to the vehicle yet
will disconnect from the hose.

3.5 System AnalysisSimulation

To validate the operation and safety of

the design, a simulation of the power

station was created. A program was

written that simulates ormal and

critical operation of all major

components. The program also

simulates all failure modes, which

affect the safety and the sensors that

detect failure the modes. The program

was written wusing Labview 8.5

software which is widely used in

engineerig applications. The _

simulation program allosfor testing Figure 5. User Interface for System

the design in as close to real life condition as possible. Using the simulation the design was
optimized and improvements in the safety were made. the rightis a view of how the
simulationappears to the user.

As an example, Figure @demonstrates one of the failure mod@scause theeformer requires
that compressed natural gat a

specific pressuref 145psi ++ 10 psj

pressure outside of the rage is a

failure mode. If the pressurxeaeeds

the upper limit or falls below lower

limit, the system will lose function

and cause a possible safety concern

A virtual pressure sensor was placed

between natural gas compressor and

the reformer. The pressure sensor

continuously monitors the pressu

generated by natural gas compressor

and in the event of failure mode, the  Figure 6: Example Simulation of a Failure Mode

reformer is shut down and a valve between the compressoefancher is turned off.



