8AE International SURFACE

(.Y
s, 2616

VEHICLE
RECOMMENDED
PRACTICE

Issued

2005-06

Testing Performance of the Fuel Processor
Subsystem of an Automotive Fuel Cell System

Foreword

This recomn
Fuel Cell St
Fuel Cell S
consideratio
strives to be
applications

1.

This recomr
qualification
procedures,
cell system
the convers
cells. Perfor|
outputs to d
Each of thes
value.

The method
Compare
reforming
identified
Assess tf

This docum

Scope

hndard Committee. This document is consistent with the J2615 Fuel Cgll’ Syster
ack System Performance Test documents. It has also been stbmitted to IS
h as an international recommended practice document for vehicles. This do
consistent with ASME PTC-50 “Fuel Cell Power Systems Performance” for stati
and as such, references some of the same practices and techniques.

hended practice is intended to serve as a design verification procedure and n
procedure. It may be used to verify design specifications or vendor cl
methods and definitions for the performancé of the fuel processor subsystem (F
(FCS) are provided. Fuel processor subsystems (FPS) include all components
on of input fuel and oxidizer into a hydrogen-rich product gas stream suitable fg
mance of the fuel processor subsystem includes evaluating system energy input
etermine fuel conversion efficiency and where applicable the overall thermal e
e performance characterizations will be determined to an uncertainty of less thar

allows for the evaluation of fuel processor subsystems for two general cases.

fuel processors with different designs (e.g., catalytic partial oxidation reforming,
or steam reforming) on a common basis where no specific fuel cell system desi

e perfermance of a specific fuel processor in the context of a specific fuel cell sy

nended practice document was prepared by the Performance Working Group within the SAE

n and J2617
bO/TC22 for
cument also
bnary power

bt a product
hims.  Test
PS) of a fuel

required in
r use in fuel
5 and useful
fectiveness.
+ 2% of the

autothermal
On has been

tem design.

dless of fuel

bnt-dpplies to all fuel processor subsystems for transportation applications regar

processor t

auxiliary power unit (APU)).

£ ] (TS ] et 1 'y ol ] 'y ' % L ' L
<, TUTT LT lyPU, cioutliudal VUVVCI uutput, arerIrial uutput, Ul OyOlUIII GP'JIIL;CU.IUII \

For example, the fuel processor subsystems associated

ropulsion or
with proton

exchange, molten carbonate and solid oxide fuel cells can differ due to the requirements of the fuel cells

themselves.

ISSUED
JUN2005

SAE Technical Standards Board Rules provide that: “This report is published by SAE to advance the state of technical and engineering sciences. The use of this report is
entirely voluntary, and its applicability and suitability for any particular use, including any patent infringement arising therefrom, is the sole responsibility of the user.”

SAE reviews each technical report at least every five years at which time it may be reaffirmed, revised, or cancelled. SAE invites your written comments and suggestions.
Copyright © 2005 SAE International

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system or transmitted, in any form or by any means, electronic, mechanical, photocopying,
recording, or otherwise, without the prior written permission of SAE.

TO PLACE A DOCUMENT ORDER:  Tel:  877-606-7323 (inside USA and Canada) a ‘ E
Tel: 724-776-4970 (outside USA)
Fax:  724-776-0790 “

Email: custsvc@sae.org

SAE WEB ADDRESS: http://lwww.sae.org Leading Our World In Motion


https://saenorm.com/api/?name=15834ff3929910cb4b2e1537fd3a0097

SAE J2616 Issued JUN2005

Performance of the fuel processor subsystem, and preprocessor if applicable, is evaluated. A stand
alone fuel processor “system” or even the primary reactor (e.g., autothermal, partial oxidation or steam
reforming reactor) of a fuel processor subsystem that would normally be integrated into a fuel cell system
can be evaluated. The fuel processor together with the preprocessor (if required) converts the fuel
(gasoline or other liquid hydrocarbon) to a reformate gas consisting largely of H,, CO, CO,, H,O and N, (if
air is used). After the fuel processor subsystem, reformate gas typically contains only trace levels of
carbon bearing components higher than C,. The FPS would be evaluated in a test facility that is
designed to evaluate a stand-alone component rather than a portion of the reformer such as a specific
catalyst or a particular vessel design.

Any fuel(s) mutually agreed to by the test parties can be used such as 1) straight run gasoling (EPA Fuel-
CARB reforulated gasoline Tier Il, 30 ppm sulfur), or 2) methanol or 3) hydrocarbon fuel puch as iso-
octane, naptha, diesel, liquefied natural gas (LNG) or LPG (propane), etc.

The procedurres provide a point-in-time evaluation of the performance of the fuel processon subsystem.
Steady state and transient (start-up and load-following) performance ate “included. Methods and
procedures ffor conducting and reporting fuel processor testing, including instrumentation [to be used,
testing techpiques, and methods for calculating and reporting results are provided. The bodindary limits
for fuel and|oxidant input, secondary energy input and net energyloutput are defined. Procedures for
measuring temperature, pressure, input fuel flow and composition;.electrical power and thermal output at
the boundar|es are provided.

Procedures [for determination of the FPS performance measures such as fuel processor efficiency and
cold gas efficiency at a rated load or any other steady:state condition are provided. Methods to correct
results from the test conditions to reference conditions\are provided.

Sl units are pised throughout the recommended.practice document.
1.1 Limitations of Test Procedure

Performancé measures included in this document are consistent with generally accepted gonventions.
Efficiency, for example, is basedion hydrogen (or hydrogen and carbon monoxide in the gase of solid
oxide fuel cglls) produced or eonsumed divided by fuel fed. This convention for fuel procesdor efficiency
is not consistent with a strict thermodynamic definition of thermal efficiency based on a rigdrous energy
and materigl balance. Building on this convention, the recommended practice provides & method to
evaluate fugl processorsubsystems based on different designs or different scope (e.g., air fompression
or fuel pumpging included or excluded). An approach based on ASME PTC 50 is provided that allows the

measures to=a ke—assumptions
about the performance of other subsystems If the user has this |nformat|on the approach allows for
corrections for efficiencies of other subsystems or components (e.g., oxidant compression/expansion,
water pump, or fuel pump). Terms are included that correct the compression energy for other
inefficiencies in the system such as power conditioner inefficiency or electrical/mechanical conversion
inefficiency. Values for these terms can be 1) provided based on the design of a specific system, 2)
estimated based on typical values for these type of energy conversion processes, or 3) omitted from the
expressions and results reported on an ideal compression basis. Option 3 introduces the least error in
the reported efficiency value. Option 3 would also be the approach the user would use if the user wanted
to use the measured FPS efficiency in the expression for overall fuel cell system efficiency given below.
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Nrcs = Mrps *Tress *Tec *Mel./mech

(Eq. 1)

In other words, the calculations to support the determination of FPS efficiency as provided in the
recommended practice document collapse to a form that is suitable for incorporation in the generally

accepted expression.
The following additional limitations are identified:

a. Excludes performance evaluation over the Federal Urban Driving Schedule (FUDS) d

Excludep tests for environmental factors such as tilt.

h
i. Excludep tests for human factors such as acoustics/noise, vibration, harshness.

j- Intended to be a point-in-time test and therefore.does not address aging studies or life.
k. Excludep performance tests for evaluating reliability.

I

riving cycle.
sient test is

receive fuel,
hood.

of sulfur or
aluate long-

ng parties.
Andard tests

brs or heat

Excludep discussion of general safety. uel cell system safety is covered by J2578 document.

Safety cpncerns and precautions unique t0' the FPS are addressed.
m. Excludep vehicle level performance (gfficiency, acceleration, emissions, etc.) evaluation.
n. Excludep contamination.
o. Excludep emissions characterization.
p

An examplg of a fuel contaminant which is likely to have a cumulative effect on son
performanceg is sulfur (aS.determined by ASTM D 129, D 1266, D 1552, D 2427 or D 5453)
chlorine but)there are many others that can affect system performance through catalyst degr
these reasops, fuelkcomposition and quality have implications far beyond simple heating va
beyond the |[mplieations for other types of energy converters. Degradation in long-term perfq
to the presepée of contaminants in the fuel is not considered.

ne systems’

Another is
pdation. For
lues and far
rmance due

1.2 Rationale

Not applicable.
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2.

2.1

References

Applicable Publications

The following publications form a part of the specification to the extent specified herein. Unless otherwise
indicated, the latest issue of SAE publications shall apply.

211

Available from

©ONO O AN~

212 AS

SAE PUBLICATIONS

SAE J
SAE J
SAE J
SAE J

574—SAE Information Report—Fuel Cell Electric Vehicle Terminology
578—Recommended Practice for General Fuel Cell Vehicle Safety
615—Testing Performance of Fuel Cell Systems for Autometive Applications

M PUBLICATIONS

Available frgm ASTM, 100 Barr Harbor Drive, West Conshehocken, PA 19428-2959.

10.
11.
12.
13.

14.
15.

16.

17.

18.

19.

20.
21.

22.
23.
24.

ASTM D 129—Test Method for Sulfur in Petroleum Products (General Bomb Method)

ASTM D 240—Test Method for Heat of Combustion of Liquid Hydrocarbon Fuel
Calorimeter

ASTM P 482—Test Method for Ash from*Petroleum Products

ASTM P 1018—Test Method for Hydragen in Petroleum Fractions

ASTM D 1217—Test Method for Density and Relative Density (Specific Gravity) of
Bingham Pycnometer

ASTM D 1266—Test Methodfor Sulfur in Petroleum Products (Lamp Method)

ASTM
Pefroleum Products by Hydrometer Method

ASTM P 1552—Test'Method for Sulfur in Petroleum Products (High-Temperature Methg

ASTM P 2427—Instrumental Determination of C2 through C5 Hydrocarbons in Gasol
Chromatography, Determination of Carbon, Hydrogen, and Nitrogen in Petroleum H
Lulpricants:

ASTM DP2427—Mercaptan Sulfur in Gasoline, Kerosene, Aviation Turbine, and Dig

617—Testing Performance of PEM Fuel Cell Stack Subsystem for Automotive Applications

5 by Bomb

Liquids by

D 1298—Density,~Relative (Specific Gravity) or API Gravity of Crude Petroleum and Liquid

d)
nes by Gas
roducts and

tillate Fuels

+ " PO W DY) n
(PUlUI HUTTICG VICTTOU)

ASTM D 3228—Test Method for Nitrogen in Lubricating Oils and Fuel Oils by Modified Kjeldahl

Method

ASTM D 3231—Phosphorus in Gasoline

ASTM D 3588-98—Standard Practice for Calculating Heat Value, Compressibility
Relative Density of Gaseous Fuels.

ASTM D 4057—Manual Sampling of Petroleum and Petroleum Products

Factor and

ASTM D 4177-95 (C2000)—Practice for Automatic Sampling of Petroleum and Petroleum Products

ASTM D 4809—Heat of Combustion of Liquid Hydrocarbon Fuels by Bomb
(Intermediate Precision Method)

Calorimeter
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25. ASTM D 4809-95—Heat of Combustion of Liquid Hydrocarbon Fuels by Bomb Calorimeter
(Precision Method)

26. ASTM D 4814—Specification for Automotive Spark-Ignition Engine Fuel

27. ASTM D 5453—Determination of Total Sulfur in Light Hydrocarbons, Motor Fuels, and Oils by
Ultraviolet Fluorescence

28. ASTM D 5622—Determination of Total Oxygen in Gasoline and Methanol Fuels by Reductive
Pyrolysis

2.1.3 OTHERS

29. CRC Handbook of Chemistry and Physics, edited by R. C. Weast, and M. J. Astle, Chemical Rubber
Company (CRC) Press, Inc., 1981

30. Chemigal Engineers Handbook, 5" edition, edited by R. H. Perry and C. H.c€hilton, McGraw-Hill
Bopk Company, 1973

31. 40 CFR Chapter 1 — 86.113-04 Fuel Specifications

32. ASME PTC 19.1 Appendix B Uncertainty Analysis

33. I&A, Ldakage Measurement, ASME PTC 19.21

34. I&A, Pressure Measurement ASME PTC 19.2

35. ASME [femperature Measurement and Calibration ASME PTC 9.3

36. ASME Fluid Flow Measurement PTC 19.5

37. ASME PTC 50 on Fuel Cell Power Systems Performance, November 29, 2002

38. Steam | Its Generation and Use, 40" ed. Babcock & Wilcox, 1992

39. NIST Technical Note 1297, Guidelines for Evaluating and Expressing the Uncertaipty of NIST
Measurement Results, NIST, 1994 edition

40. NIST Ypecial Publication 811, Guide for the Use of the International System of Unitg (SI), NIST,
1995 edition

41. Fuel Qell Handbook, 4" ed. Parsons, Corporation for U. S. Department of Emergy-FETC,
DQE/FETC-99/1076

42. API Teghnical Data Book

43. Fuel Jell Systems Explained. James Larminie and Andrew Dicks. John Wiley &| Sons, Ltd.
Chichester. 2000.

44. ASME Boiler and Pressure Messel Code Section V Article 10, The American Society of Mechanical
Engineers. New York;'New York. July 1, 2001

45. U.S. Fyel Cell CouncikFuel Cell Glossary, Second Edition, May 2000

46. Meyer,|C. A., et al.;vASME 1983 Steam Tables, 5" ed., The American Society of| Mechanical
Engineers, New-York, 1983.

47. Bosch Autometive Handbook 5" Edition, June 12, 2001.

3. Definftions

The primary reference for fuel cell terminology is SAE Standard J2574. Another important reference for

fuel cell terminology is the U.S. Fuel Cell Council’'s Glossary (May 2000).

Some definitions that are

required for fuel processor testing, but that are not included in J2574 are listed below. Where differences
occur between the various references the definitions as provided here will apply.

3.1

Air

Standard air composition assumes 60% relative humidity (0.0128 kg water/kg dry air at 25 °C) and inerts
included as nitrogen.
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Mass Fraction N,+Inerts
Mass Fraction O,
Mass Fraction H,0

0.7586 (wet basis)
0.2286 (wet basis)
0.0128 (wet basis)
3.2 Air Processing Sub-system (APS)

The assembly of components that deliver air (oxygen) for reaction in the fuel cell syste

processing sub-system can provide air as required to the fuel processing sub-system,

management sub -system and the fuel cell stack sub-system. The air processing sub-system
filtration, purifie i

3.3 Consistent Liquid or Gaseous Fuels

Fuels with alheating value that varies less than one percent over the course of a performance

3.4 Cold Gas Efficiency
The quotien

value of fuellfed to the reformer.

3.5 Electific Load System

A device usgd to apply electric load to a fuel cell.
historical reasons. A load system generally allows the user to set a load as a current (Amper
level (kW). A load system may be resistive or inductive. More sophisticated systems allow fq
of a voltage|(VDC or VAC) and for programming (@f‘the set points as a function of time. Whi
performance testing the load system serves as.asink for electrical power, it may also be us
current to the fuel cell for diagnostic and conditioning purposes.

3.6 Fuel Cell Control System (FCCS)

A system thpat controls and/or monitors fuel cell system conditions and automatically respon
power dem@nds while preventing hazardous conditions and damage to the fuel cell
automatic control system (generally includes a microprocessor based device with input
functions and may provide\a diagnostic or troubleshooting function.

3.7 Fuel Cell Stack Sub-system (FCSS)

The assemyly contalmng one or more fuel cell stacks that prowdes for the reaction of fuel ar

m. The air
thermal
may include

test.

of lower heating value of useful gases exiting the fuel processor divided by the lpwer heating

A load,system is also referred to as a lpad bank for

Bs) or power
r the setting
e in general
ed to supply

s to vehicle

gystem. The

and output

d oxidant to

produce el

sub-system

generally includes connections for conducting fuels, oxidants, and exhausts electrical connections for the
power delivered by the stack sub-system; and means for monitoring electrical loads, which are for
interface to the fuel cell system (FCS). Additionally, the FCSS may incorporate means for conducting
additional fluids (e.g., cooling media, inert gas), means for detecting normal and/or abnormal operating
conditions, enclosures or pressure vessels, and ventilation systems. The fuel cell stack sub-system is

also known as a fuel cell module, fuel cell power module or fuel cell stack assembly.
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3.8 Fuel Cell System (FCS)

A combination of subsystems and components designed to provide electrical power as a result of the
implementation of a fuel cell (defined elsewhere.) A fuel cell alone, is not capable of providing useful
electrical power, and therefore requires other functions in order to be of use. A fuel cell system is
described schematically in Figure 1 and may include, for example, a fuel processing sub-system, a
thermal management sub-system, an air processing sub-system, a power distribution sub-system, and a

fuel cell control sub-system.

3.9 Fuel Rroeessing-Sub-system{FPS)
The assemi
for use in
exchangers,
reformate gas or simply reformate. In a hydrogen fueled fuel cell system, the KBRS may inclJ
regulation, Humidification and mixing components. The fuel processing subssystem also may
to as the fugl processor subsystem or simply the fuel processor.

ly of components that chemically or physically converts the supplied fueldora f
he fuel cell stack sub-system. A FPS may, for example, include~reactor

3.10 Fuel Processor Subsystem Efficiency
The fuel processor subsystem efficiency is defined as the lower<heating value of hydrogen
plus CO in the case of the solid oxide fuel cells) consumed by the fuel cell plus any hydroge

vented from| the fuel cell divided by the lower heating value of fuel fed to the fuel process
processor spibsystem efficiency also may be defined as.the lower heating value of hydroge
produced by the fuel processor divided by the lower heating value of the fuel fed to the fuel g
any hydroggn-depleted anode gas is recycled to the/fuel processor subsystem from the fuel

lower heating value of this recycled gas is subtracted from the lower heating value of the hy
CO) producgd by the fuel processor subsystem:.

3.11 Fuel $upply System (FSS)

The assembly of components that-stores and delivers reactant fuel to the fuel cell system. H
the fuel sugply system may be_comprised of an elevated pressure tank for storage of hy
appropriate [pressure regulating equipment, safety devices and instrumentation. Another €
fuel supply gystem is a tank; pump and plumbing used for the storage and delivery of a hydrg
The fuel supply system: ends at the point where the fuel is either first (1) reacted, (2
contaminants or (3)-mixed with any other fuel cell system stream.

3.12 Heat Input

brm suitable
beds, heat

and controls used to reform a hydrocarbon fuel into a hydrogen ‘rich streafn known as

de pressure
be referred

or hydrogen
n (plus CO)
br.  The fuel
n (plus CO)
rocessor. If
bell, then the
jrogen (plus

or example,
drogen and
xample of a
carbon fuel.
cleaned of

The flow of fuel(s) multiplied by the higher heating value (HHV) or lower heating value (LHV) of the

fuel(s).

3.13 Heat Sink

The reservoir to which the heat rejected by the system is transferred. For an evaporative or dry air-

cooled heat exchanger system, the reservoir is the ambient air.
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3.14 High or Gross Heating Value or (HHV)

The enthalpy change or heat of combustion per unit quantity of fuel, when all combustion product water is
condensed to liquid water and all associated heat is recovered. This is the highest possible heat of
combustion of a particular fuel at specified conditions, and typically serves as basis for heating value for
the fuel buyer. Reference state of products of reaction is 288.15 K and 101 325 Pa. The higher heating
value of liquid fuels can be determined with ASTM D 240, ASTM D 4809 or ASTM D 4809-95. The
higher heating value of gaseous fuels can be determined with ASTM D 3588-98.

3.15 Idle P

This is the g
power). Thi
subsystem (
3.16 Lowe

The enthalp
This is the

in calculatio
calculated fr

QLHV(net, 1

Where:
QLHV
QHHV
H=m

3.17 Maxin

Operating c
without inter

3.18 Maxin

Operating ¢
FPS load cq

ross power level at which the FCS operates when no external load is applied (
5 power level is sufficient to supply all parasitic power required by the FCS? A fu
erformance test would be conducted at the FPS load corresponding to this condi
- or Net Heating Value (LHV)

y change or heat of combustion per unit quantity of fuel assuming all water remai

.e., zero net
el processor
ion.

NS as vapor.

owest possible heat of combustion of a particular fuel at.specified conditions angl when used

ns, results in the highest values of power plant efficiency. Lower heating v
pm the measured higher heating value (e.g., ASTM D 240) as follows:

5 °C) = QHHV(gross, 15 °C) — 0.2122 x H

net, 15 °C) = net heat of combustion at constant pressure, MJ/kg
(gross, 15 °C) = gross heat of combustion at constant volume, MJ/kg
ass % of hydrogen in the sample

hum Continuous Power

bndition corresponding to the maximum continuous power achievable in the fue
vention. The FPS-oad corresponding to this operating point.

num Design Efficiency Power

blue can be

cell system

bndition’corresponding to the maximum design efficiency power of the fuel cell 3

efficiency po

3.19 Peak Power

ystem. The

riesponding to this operating point. Note that the fuel processor maximum opefating design
mrmmmmmmmmmm;’ T o] ' T stem.

The maximum instantaneous net power output of the FCS. The FPS load corresponding to this operating

point.
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3.20 Power Conditioning System (PCS)

The collection of components that converts the power generated by the fuel cell system into power useful
for vehicular purposes. The power conditioning system may include voltage regulators (DC/DC) and/or
converters (DC/AC) that provide the interface between the fuel cell system and the vehicle loads.

3.21 Power Distribution Sub-system (PDS)

The collection of components that connects the fuel ceII stack sub system to the power conditioning

system and fh

cables, swif
illustrated in

3.22 Press
Expressed 3
temperature
reversibly,

3.23 Refer

The values
results are
respect to t
states, heat

hes and/or contactors and/or relays buses other connectors and mstrum
Figure 1, the PDS has only DC power as input.

re and Temperature

s total values unless otherwise specified. The total or stagnation' properties (p
of a fluid stream are those that would exist if the stream ‘were diffused adial

i.e., isentropically, to zero velocity.

bnce Conditions

of all the external parameters, i.e., parameters.Outside the test boundary to w
torrected.  In addition, the specified secondapy heat inputs and outputs are ca
ne reference conditions. Heats of formation*of elements and compounds in th
of combustion, and latent heats of phaseichanges and free energy changes are

with respeci to reference conditions. For this recemmended practice the reference condi
follows:

Temperaturg: 15 °C (288.15 K, 59 °F)

Pressure: 101 325 Pa (1 atmosphere, 14.696 psia, 101.325 kPa)

Air; 60% relative humidity,(0.006 kg H,O/kg dry air) at 15 °C

3.24 Reformate Gas or Reformate

The product
the reformat
fluid depend

of a fuel precessing sub-system, generally rich in hydrogen. This gaseous fluid
on of thefuel within the fuel processing sub-system. The quality and/or compo
s on the-loecation within the FPS; i.e. which reactor is sampled.

may include
bntation. As

ressure and
patically and

nich the test
culated with
eir standard
determined
tions are as

results from
sition of this

3.25 Secorlldary Thermal Energy Inputs

The additional heat inputs to the test boundary which must be accounted for, such as cycle make-up and
process condensate return.

3.26 Secondary Energy Input

The additional energy inputs to the test boundary which must be accounted for, such as electrical
resistance heating.

3.27 Standard Temperature and Pressure (STP)

101 325 Pa

(14.696 psia), 273.15 K (0 °C, 32 °F).
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3.28 Test Boundary

Identifies the energy streams required to calculate corrected results.

3.29 Test Facility

A physical area and requisite utilities designated for the purpose of testing the performance of a fuel cell
system. For example, a typical test facility may include ventilation, reactant supply systems, auxiliary

cooling systems, data acquisition systems, load simulation device, and supplemental hazard mitigation
devices.

3.30 Test Qperator(s) / Personnel

An individug| or group responsible for the immediate administration and application |of a test procedure to
the test artide.

3.31 Testing Parties
Those entitigs with an interest in the methods applied and results obtained from the performance testing
of the fuel cell system. For example, the testing parties may include the article manufactuter, a testing
organization, and /or the system integrator.

3.32 Test Reading

One recording of all required test instrumentation.

3.33 Test Run

A group of test readings taken while the.fuel cell power system is operating at steady state gt a specified
operating cgndition.

3.34 Test $tand

The fixture jJand supporting,_equipment in which a fuel processor subsystem is placed t¢ conduct a
performancg test.

3.35 Test Subject

The fuel prgcessor subsystem or component of the fuel processor subsystem that is being valuated in
the test facillty:

3.36 Thermal Efficiency

The ratio of the energy output (electrical and shaft) to the energy supplied to the power system,
expressed as a percentage. In most fuel cell systems shaft work is not produced. For these systems,
thermal efficiency is synonymous with electrical efficiency.

3.37 Thermal Management Sub-system (TMS)

The assembly of components which provide both thermal and water management for the fuel cell system.
The thermal management sub-system may include an accumulator, pump, radiator and/or condenser.

-10 -
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3.38 Turndown
Gross continuous power to gross idle power level.
3.39 Vehicle Control System (VCS)

A system that regulates the operation of the vehicle in response to driver demand and vehicle system
conditions.

3.40 Watern neePowertevel

The net poer level at which the FCS is able to maintain (coolant) balance. The-fug¢l processor
subsystem Ipad corresponding to this operating point.

3.41 Waten Treatment Sub-system (WTS)
The assembly of components which provide the treatment necessary for the process water il the fuel cell

system. Fof example, the water treatment sub-system may include a~demineralizing / deignizing resin
bed and insfrumentation and may provide water recovery and process humidification functiong.

4. Nomenclature, Physical Constants and Units

C, ole fraction carbon in fuel

Ceo ole fraction carbon monoxide in reformateywet basis

Ceoos ole fraction carbon dioxide in reformate,wet basis

C, ole fraction hydrogen in fuel

C.c ole fraction hydrocarbon in reformate, wet basis

C. ole fraction hydrogen in reformate; wet basis

C..o ole fraction water in fuel/reformate

C, ole fraction nitrogen in fuel

Cyw ole fraction nitrogen in air/reformate, wet basis

C. pecific heat (generalized) at constant pressure, kd/kgK

C,, pecific heat of fugl'at/the test boundary (at constant pressure), kd/kgK

Coiiq pecific heat of fueHliquid phase at the test boundary (at constant pressure), kJ/kgK
Corvap pecific heat-offuel vapor phase at the test boundary (at constant pressure), kJ/kgK
C., pecific heat of reformate at the test boundary (at constant pressure), kd/kgK

Cs pecificsheat of heat transfer fluid at the test boundary (at constant pressure), kd/kgK
E, ilowatt-hours into the system crossing the test boundary, kW-h

Eaux hu;\iiialy energy

E. Compression energy

E. Fuel pressure energy input

E., Oxidant pressure energy input

E. Reformate pressure energy output

Ecr Recycled gas from fuel cell exhaust pressure energy input

E.. Water pressure energy input

EE, Auxiliary electrical input

ELEV Test site elevation, meters

site

FUDS Federal Urban Driving Schedule

-11 -
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Avaap
HHV,

9

H

htfin

H

htfout

LHV,,
LHV,,
LHV,,,

Heat of vaporization of fuel, kdJ/kg

Fuel higher heating value at the test boundary for calculations based on High Heating Value,
kJ/kg

Average enthalpy of the secondary thermal input heat transfer fluid entering the fuel processor
at the test boundary, kd/kg

Average enthalpy of the secondary thermal input heat transfer fluid exiting the fuel processor
at the test boundary, kJ/kg

Average enthalpy of the oxidant entering the fuel processor at the test boundary, kd/kg
Average enthalpy of water entering fuel processor at the test boundary, kJ/kg

Auxiliary electrical input current at the test boundary, amps
Auxiliary electrical input power into the test boundary, kWe

ower heating value of hydrogen, 120 000 kJ/kg

ower heating value of carbon monoxide, 10 100 kJ/kg
uel lower heating value at the test boundary for calculations hased on Lower Hgating Value,
U/kg

X T —

verall material balance closure, %

arbon component balance closure, %

itrogen component balance closure, %

otal fuel flow to the fuel processor during the test or data period, kg
uel flow rate into the test boundary during:the data period (may be used to calcujate the total
hel flow by integrating the flow rate over the data period), kg/s
flolecular weight of the fuel, kg/kmol

he mass of heat transfer fluid into and out of the fuel processor from the source ¢f secondary
thermal energy during the test period, kg
he mass flow rate of heat transfer fluid into and out of the fuel processor from the source of
condary thermal energy (during the data period (may be used to compute the fotal flow by
imtegrating over the data period), kg/s

otal oxidant flow to the‘fuel processor during the test period, kg
xidant flow rate jnto-the test boundary during the data period (may be used to ¢alculate the
total oxidant flow, by’integrating the flowrate over the data period), kg/s

olecular weight of the oxidant (28.9644 kg / kmol for standard dry air), kg/kmol
otal reformate flow exiting the fuel processor subsystem during the test or data pg¢riod, kg
eformate:flow rate exiting the test boundary during the data period (may be used to calculate
the total reformate flow by integrating the flow rate over the data period), kg/s
otal recycled gas flow from fuel cell exhaust, kg

= T4 00

Molecular weight of the reformate based on gas analysis, kg/kmol
The mass of water into the fuel processor during the test period, kg

The mass flow rate of water into the fuel processor during the data period (may be used to
compute the total flow by integrating over the data period), kg/s

Number of moles of component i
Oxygen-to-carbon molar ratio

Barometric pressure at the test site, kPa
Fuel pressure at the test boundary, kPa (absolute)
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=
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—

Average oxidant pressure at the test boundary, kPa (absolute)

Reformate pressure at the test boundary, kPa (absolute)

Pressure of recycled gas from fuel cell, kPa (absolute)

The average pressure of the secondary thermal input heat transfer fluid entering the fuel
processor at the test boundary (may be used to calculate the enthalpy of the heat transfer
fluid), kPa (absolute)

The average pressure of the secondary thermal input heat transfer fluid leaving the fuel
processor at the test boundary (may be used to calculate the enthalpy of the heat transfer
fluid), kPa (absolute)
The-average-pressure-of-the-waterentering-the—fuel-processerat-thetestboundary (may be

Used to calculate the enthalpy of the water), in kPa (absolute)

lectrical resistance heating of system

uel chemical energy Input

uel thermal energy (enthalpy) input

otal input energy

eat loss from fuel processor subsystem

xidant thermal energy (enthalpy) input

ecycled gas from fuel cell chemical energy input
ecycled gas from fuel cell thermal energy input
eformate chemical energy output

eformate thermal energy output

econdary thermal energy (enthalpy) input
econdary thermal energy (enthalpy) output
Vater thermal energy (enthalpy) input

eformate gas thermal energy output

1< (0O W DT 0 0 3370 T dm7Tmm

mul

elative humidity at the test site, percent R.H.
elative humidity of the fuel, atthe test boundary, percent R.H.
niversal gas constant 8.314,kJ/kmol K

C 1

ime of the test periad;:-h

mbient temperature.at the test site, K

oiling point temperature of liquid fuel, K
ooling system-heat sink temperature, K

uel temperature at the test boundary, K
eformatestemperature at the test boundary, K
he average temperature of the secondary thermal input heat transfer fluid entdring the fuel
rocessor at the test boundary (may be used to calculate the enthalpy of the treat transfer
[11u11e) P AN

The average temperature of the secondary thermal input heat transfer fluid leaving the fuel
processor at the test boundary (may be used to calculate the enthalpy of the heat transfer
fluid), K

Temperature of oxidant, K

Reference temperature (15 °C) = 288.15 K

Temperature of recycled gas from fuel cell, K

Time of the data period, h

The average temperature of the water entering the fuel processor at the test boundary (may
be used to calculate the enthalpy of the water), K

O 0 nmoms -

Auxiliary electrical input voltage, at the test boundary in volts
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Xg Mass fraction carbon in fuel

X0 Mass fraction carbon monoxide in reformate, wet basis
Xcop Mass fraction carbon dioxide in reformate, wet basis
X, Mass fraction hydrogen in fuel

Xuo Mass fraction hydrocarbon in reformate, wet basis
X Mass fraction hydrogen in reformate, wet basis
X0 Mass fraction water in fuel/reformate

Xy Mass fraction nitrogen in fuel

Xyo Mass fraction nitrogen in air/reformate, wet basis
X, Mess-fraction-sutfurin-faet

Greek Symbols

) Jteam-to-carbon ratio

n Hfficiency

A Stoichiometric air/fuel ratio

v Specific volume, m’/kg

0 Huel equivalence ratio

Subscripts

a Anode gas

amb Ambient conditions

aux Auxiliary

cc Carbon conversion

cge Cold gas efficiency

CH Hydrocarbon

CH4 Methane

C3H8 Propane

CO Carbon monoxide

CcOo2 Carbon dioxide

Cooling Cooling system heat sink

el/mech Electrical to mechanical conversion

FCS Fuel cell system

FCSS Fuel cell stack.subsystem

FPS Fuel processor subsystem

H,H2 Hydrogen 3-‘elemental or molecular

H20 Waterorsteam

in Systém boundary inlet

li Liguid phase

N,N2 Nitrogen — elemental or molecular

f Fuel

htf Secondary heat transfer fluid

o} Oxidant or air

out System boundary outlet

PC Power conditioner

r Reformate

rg Recycled gas from fuel cell

Ref Reference conditions

t Thermal

vap Vapor phase

w Water or steam
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Constant or Physical Property Units Value Ref.

Universal gas constant, Ru kd/kmol K 8.314 29.
Molecular Weight of Air (dry) kg/kmol 28.964 29.
Molecular Weight of Methane kg/kmol 16.043 29.
Molecular Weight of Propane kg/kmol 44.09 29.
Molecular Weight of Carbon Monoxide kg/kmol 28.010 29.
Molecular Weight of Carbon Dioxide kg/kmol 44.010 29.
Mqtecutar-wetghtof Carbon kgrkmmot r2ott 29
Mqlecular Weight of Hydrogen kg/kmol 2.016 29;
Mglecular Weight of Nitrogen kg/kmol 28.013 29.
Mqlecular Weight of Water kg/kmol 18.015 29.
Mqlecular Weight of Oxygen kg/kmol 31.999 29.
St@ndard Temperature K 273.15 29.
Standard Pressure kPa 101325 29.
Rdference Temperature K 288.15 N/A
Rgference Pressure kPa 101.325 N/A
LRV of hydrogen kJ/kg 120,000 30.
LHV of carbon monoxide kd/kg 10,100 30.
HHV of hydrogen kJ/kg 142,000 30.
HHV of carbon monoxide kd/kg 10,100 30.
Bailing point of gasoline K 488.15 47.

5. Pre-test Conditions

This section|outlines the recommended steps‘fequired to plan, conduct, and evaluate a perfq

of a fuel progessor subsystem (FPS). The subsections discuss the following:

1. Definition of Test Subject with Schematic

2. Specifications of Test Facility*and Equipment

3. Inspectipn of Test Subject-and Connections to Facilities and Equipment

4. Pretreatment Procedures

5. TestPlgn

6. Training|of Test Rersonnel

7. Agreements

5.1

TABLE 1—CONSTANTS AND PHYSICAL PROPERTIES

Defin‘tion of Test Subject with Schematic

rmance test

A generic fuel cell power system block diagram is shown in Figure 1. The fuel cell combines fuel (usually
hydrogen derived from hydrocarbon fuels) and oxygen (usually from air) to produce dc power, water, and
heat. In cases where CO, CH,, or methanol is reacted in the cell to produce hydrogen, CO, is also a
product. These reactions are carried out at a suitable temperature and pressure for fuel cell operation. A
system must be built around the fuel cells to supply air and clean fuel, convert the power to a more
usable form such as quality dc or ac power, and remove the depleted reactants and heat that are
produced by the reactions in the cells. The components of that system are typically as follows:

-15-
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Fuel Supply can be as simple as a hookup to a filtered, regulated gaseous fuel source (hydrogen,
natural gas, propane, etc.) or can include a liquid fuel such as methanol, gasoline or diesel fuel or
gaseous fuel.

Oxidant Supply usually consists of a means of providing fresh air to the system, typically with a

compressor

Fuel Processing involves a variety of steps, depending on the fuel cell type.
Fuel cell power system for transportatlon appli

bottled hydrogen, fuel processmg is m|n|mal
be run on cemm

cleaning to
to produce
some types
equipment,

Heat Recoy
equipment
reactant pre

Cogenerati
cell or fuel p

Power Con
useful powe
it can also
applications

Fuel Cell Stack consists of the fuel cell stackor stacks that produce the DC power.

This docum
defined for t

or blower.

emove pOSSIb|e fuel ceII poisons (e.g. sulfur compounds). It can include reformi
nydrogen (in “externally reformed” systems) or this function can occur inside t
of fuel cells, e.g., direct-methanol fuel cells. The fuel processor may:also i
such as shift reactors, CO oxidation reactors, higher hydrocarbon removal, etc.

hery systems in fuel cell systems usually consist of fairly cenventional heg
hat is used to extract waste heat (typically from the system, exhaust stream
heat and steam generation.

bn Heat Recovery consists of equipment to export-thermal energy for use out
rocessor subsystem, e.g., heating for passenger compartment.

Hitioning involves conversion of the DC power output from the electrochemical
F. This usually involves inversion to produee.AC power suitable for the intended
include the production of regulated DG\ or “chopped” DC as in the case of

bnt applies to the fuel proCessor subsystem as shown in Figure 1. A test boun
ne FPS as shown in Figure 2. Input and output streams for the FPS can be defin

If the fuel cell is running on

cations may
lly involves
g of the fuel
e stacks in
clude other

t exchange
to provide

side the fuel

fuel cells to
burpose, but
automotive

dary can be
bd.
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System
Fuet Cell =Y (Fcs)

Flow Key
——» Process

Fuel
Processing ———» Power
Sub-system

(FPS) AN  >~_ N e » Heat

Air / N Processing
Sub-system o e
(APS) Fuel Cell Stack Distribufi g
Sub-system istribution’)_ |\~ onditioning
Sub-system System

(FCSS)

(PDS) (PCS)

Thermal - 7
Management Exhaust
Sub-system
(TMS)
Water
Water |« Treatment FuelCellX .. /. b Heat
Sub-system Gontrol
(WTS) Sub-system
FCCsS
Electric ( )
Input Ff-———m S —— Vehicle
Power Control
System

(VCS)

FIGURE 1—SCHEMATIC ILLUSTRATING A GENERIC FUEL CELL SYSTEM
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Fuel - Tf, Pf, Mf, ch, Qf, Qﬂ, >
Composition

Test Boundary

e +————> Reformate - T,, P,,
Composition

Mn ECra Qra Qrb

- Thg’im Thy’out:

1 1
1 1
1 1
1 ]
1 1
Water - T, P, M,,, Ec,, ——on» | 1
0., > Pus My, B, i , Waste Thermal Energy
& : ! = Heat Transfer Fluid
Oxidant — To> Po> Mo; ECo> Qotr : : lvll_}im %hﬁf
Composition{airerQ,) o : Eat1 0S5~ Qe
1 1
1 1
Fuel Cell Recygled Gas - T,,, ————> : :
Prg, Mrg, ECrg, C rgs Qrgt,
Composition

511 TES
The test bo
performancsg
the test bou
the performa

Different fug
an oxidant
stream will
numerous a
out of the s

Secondary Energy
Electrical -EE,
Heat transfer fluid

—> Needed for test calculation including
fltids that provide input energy

== Not required for test calculation but ¢
for check on overall energy balance

FIGURE 2—GENERIC FUEL PROCESSOR SUBSYSTEM TEST BOUNDARY
 BOUNDARY OF TEST SUBJECT

undary as defined in Figure:2 serves to define the interfaces used for mea

parameters. The test boundary and the pertinent material and energy strean
hdary are to be determined and agreed upon by the test parties during the pre
Ince test.

| processor techinologies will yield unique configurations. In every system, howe
will cross the-boundary into the unit and reformate gas, and at least one he
cross the_boundary out of the unit. Each unique fuel processor subsyst
fditionahstreams into and out of the system. These streams of material and eng
Ibsystem need to be identified, quantified as to significant energy content, and

significant t¢_evaluate the system performance. The specifics of the interfaces are left i

o

heat transfer

ould be used

surement of
s that cross
parations for

ver, fuel and
and waste
can have
rgy into and
measured if

the testing

parties to define and should be documented in the test report.

-18-



https://saenorm.com/api/?name=15834ff3929910cb4b2e1537fd3a0097

SAE J2616 Issued JUN2005

The test subject includes the fuel processor subsystem. The test facility includes means to provide
preheated fuel, water and air (if required) over a range of temperatures expected to satisfy the needs of
the most commonly available fuel processor technologies. Therefore, pumps/compressor, pressure
regulators, and preheater heat exchangers should be sized to cover a wide range of operating conditions.
The test facility also has the means to meter the flow of fuel, steam and air to the required accuracy. Gas
composition is measured with gas analysis equipment (e.g., gas chromatography, IR or UV) to the
required accuracy. If the facility includes heat tracing to maintain the shell temperature of the reactor at
its design temperature, this will be important for determining heat loss and evaluating overall efficiency.
The testing parties must agree on the approach for incorporating the contribution of heat tracing to the

roaanos.

fuel process[r perfermanee:

5.2 Specifications for Test Facility and Equipment
Specifications for the following items must be established for a test facility to allow,evaluation of a FPS.
Definition arjd agreement on the specifications are left to the testing parties. The list is intenfled to serve
as a guide t¢ define the requirements of the test facility and test equipment.

5.2.1 FUEL STORAGE AND SUPPLY SYSTEM

The fuel stofage and supply system may consist of the following jitems.
Fuel Tank - Capacity - sufficient to allow evaluation of the .FPS over the expected load range
Fuel Pump

Fuel Supply Pressure Regulator
Fuel Preheater Heat Exchangers

5.2.2 FAc|LITY VENTILATION

The test cell where the fuel processor subsystem is tested should be adequately ventilated tq prevent the
accumulatiop of combustible gases in the*event of an undetected leak.

5.2.3 SAFETY AND ALARMS
The followinp safety and alarm”systems should be installed.
e H,S, H,, €O detection'safety system

e Automati¢ shutoff-for fuel
e Thermal pverload detection

5.2.4 SHUTDOWN AND MAINTENANCE PRECAUTIONS

The test stand should provide for appropriate and timely shutdown in the case of a hazardous situation
through the use of gas/flame detection system for dangerous accumulations of combustible or toxic
gases, such as hydrogen and carbon monoxide. Additionally, it is recommended that the test facility
provide for a clearly marked manual emergency shutdown mechanism to be used at the discretion of the
test operator.
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5.2.5 OTHER APPLICABLE CODES

A hydrogen and nitrogen supply system for catalyst activation may consist of bottled gases with pressure
regulators and flow meters. The bottled gas may be connected to the inlet of a preheater heat exchanger

to provide preheat during catalyst conditioning.

5.2.6 FLul

5.2.6.1

D SPECIFICATIONS

Fuel

5.2.6.1.1

Liquid fuels
natural gas
heating valu

5.2.6.1.2

Manual sam
liquid fuels s
Sampling of

5.2.6.1.3

The heating
(at a minimy
fuel heating
Test Metho
Method). AS

For liquid fu
should be d
three tempe

Consistent |
performancsg

Fuel Types

types, such as gasoline, diesel or methanol as well as gaseous fuels such as

and liquefied propane gas may be used when testing fuel processor subsys
es must be consistent throughout the test period.

FFuel Sampling

pling of liquid fuels should be done in accordance with ASTM D 4057. Automatig
hould be done in accordance with ASTM D 4177-95-(2000), Standard Practice f
Petroleum and Petroleum Products.

FFuel Heating Value

value of the fuel can be measured by anion-line chromatograph or by sampling
m of three samples per test) and andlyzing each sample individually for heating

value should be determined by calorimeter in accordance with ASTM D 4809-4

TM D 240 is not recommended, because it results in lower precision.

] for Heat of Combustion of Liguid Hydrocarbon Fuels by Bomb Calorimetgr

compressed
tems. Fuel

sampling of
br Automatic

periodically
alue. Liquid
5, Standard
(Precision

els the lower and higher heating value and the specific gravity (ASTM D 1217
ratures covering the.range of temperatures measured.

quid fuels aresthose with heating values, which vary less than 1% over the ¢
test. Since liquid flows and heating values can be determined with high accura

input from
analysis, or
be determin
value. Hom

Fuel contain

hese fuels is usually determined by the direct measurement of fuel flow an
bn-line chromatography-determined heating value. Consistent liquid fuel heat in
d-by calculat|on using the fuel constituents percentage multiplied by the constit

ing diluents may limit output or influence efficiency, for example oxygenates.

etermined from the_fuel analyses. The specific gravity of the fuel should be d¢

or D 1298)
termined at

burse of the
cy, the heat
0 laboratory
put may also
ent heating

If diluents such

as oxygenates are present in the fuel the efficiency and performance calculations should be modified to

accommodate the impact of these additives on system performance.

Operation out

parameters should be corrected in accordance procedures described below.

side design
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5.2.6.1.4  Fuel Specific Gravity

The liquid fuel specific gravity should be determined from each fuel sample taken. Each sample should
have the specific gravity evaluated at three temperatures covering the range of temperatures measured
during testing. The specific gravity at flowing temperatures should then be determined by interpolating
between the measured values to the correct temperature. Specific gravity determinations should be

completed in accordance with ASTM D1217 or D 1298.

5.2.6.2 Air/Oxidant

The definiti
Definitions.
test is condy

'he standard composition should be adjusted for the actual humidity of thetair‘at
cted.

bn of standard composition and reference conditions for air is provided i||1 Section 3

the time the

5.2.6.3 Cpolant/Water

The coolant|or water supply system may consist of the following items.

e Water Supply System — Reforming and Cooling

o Deionizel Water Tank-Capacity - sufficient to allow evaluation-of primary reformer over logd range

e Water PUmp

o Water Supply Pressure Regulator

e Steam Generator and Superheater Heat Exchangers

5.2.6.4 Apode/Cathode Off Gas

Some reformer designs require that some or all of the hydrogen-depleted anode gas (or hydrogen- and
carbon morjoxide-depleted anode gas in_the case of solid oxide fuel cells) be recycled to the fuel
processor fdr heat generation. Similarly,;.some or all of the oxygen-depleted cathode gas can be recycled
to the fuel cpll exhaust burner for combustion. Consequently, if a stand alone performance fest is being
performed gn the fuel processor subsystem it becomes necessary to simulate the recycled pases. This
can be accgmplished several ways:" First, tank farms of compressed gases and a mixing station can be
set up at the test facility. Fhe/anode and cathode recycle gases can be simulated by|feeding the
appropriate |mixture of gasesto the fuel processor. The composition of the surrogate ggses can be

agreed to by

the test parties. Second, the fuel processor reformate gas can be split—a porfjon could be

recycled to {he fuel prfocessor and a portion vented. Inert gases such as nitrogen or carbon| dioxide can
be added tg the used portion to create the right heating value and flame temperature. A dood splitting
technique would_ have to be devised to allow accurate flow and energy measurement. Third, a gas

generator cqulehbe used to produced synthetic anode exhaust gas.

5.2.7

DATA ACQUISITION AND TIMING EQUIPMENT

A data collection system should be designed to accept multiple instrument inputs and be able to sample
data from all of the instruments within 2 to 3 seconds to obtain all necessary data with the plant at the
same condition. The system should be able to collect and store data and results within 1 minute. The
system should also have the ability to plot the test data and each instrument reading over time to look for
trends and outlying data. The data collection system should be calibrated for all measurements used in
the calculation of results.
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5.2.7.1

Design of Data Collection System Hardware

With advances in computer technology, data collection system configurations have a great deal of
flexibility. They can consist of a centralized processing unit or distributed processing to multiple locations
in the system.

Each measurement loop should be designed with the ability to be loop calibrated separately, if required.
Each measurement loop should be designed to so that they can be individually checked for continuity
and power supply if applicable to locate problems during equipment setup. Each instrument signal cable

should be desigreete+rejeetany-stray-indueedeuremis—m——— — — — — — — — — — —

5272 U

The test prqg
testing. Ho
do not allow
available to

report changes in a variable, which exceed a set threshold value. The threshold value sh

enough so 1
stored.

5.2.8 TES

The followin
subsystem:

a. Fuel cor
b. Fuel, air

Numero
streams
19.5 ing
connect
fuel pro
uncertai

measureément device. Only special considerations associated with fuel processor subsy

are disc

se of Existing Test Facility Data Collection and Control System

cedure does not prohibit the use of the test facility’s measurement ‘and contrg
vever, this system should meet the requirements of this section. Someé test fag
the instrument signal prior to conditioning to be displayed or stored. The sign
check the signal conditioning calculation for error. Distributed control systems 1

hat all data signals sent to the distributed control system during the test are 1

[ INSTRUMENTATION REQUIREMENTS

gy devices and instruments are typically used.to measure the performance of a fu

nposition analyzers (gas chromatographs)
oxidant, water, reformate gas and-off gas flow

s methods are employed ifrindustry to determine the flow rate of solid, liquid

ASME PTC 19.5 is one such reference for flow measurement. References s
lude information on.the design, construction, location, and installation of flow
ng piping, and computations of flow rates. The measurement of fluid flow into
Lessor is required-to be within accuracy consistent with the desired performanc
nty. The user'is referred to these documents for guidance in defining the

Issed here.

| system for
lity systems
bl should be
ypically only
ould be low
eported and

el processor

or gaseous
uch as PTC
meters, the
br out of the
b calculation
appropriate
stem testing

e measured

Where 4

fuel return system from the FPS is used, both supply and return flows should b

by calib

P & = [l PO £ 1 1 + ) PO D) 1
alcuTricicls. T'Uclh T1Oows U U1 TUCT PJTULESSUT SUUSYSICTIT TTTUST UE Stdlic lIIIUUgIIUut the teSt

Leakage of fluids, which may affect test results, should be eliminated or measured. Leakage or
bypassing of fluids after the point of measurement should be measured and accounted for in the

calculati

on of liquid fuel mass flow.

Fluid temperatures should be measured as close to the fuel processor as practical. All temperature
measuring instruments and wells should be constructed, installed, and the instruments calibrated and
operated in accordance with accepted standards such as ASME PTC 19.3.
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Where temperature measurements are required as part of the flow measurement the temperature
measuring devices should be installed so that adverse effects of radiation and/or conduction will be
minimal. The temperature sensing element and/or well should be located such that it is subjected to
the velocity of the measured fluid and not in a dead fluid pocket.

= Ambient Temperature at the test site, K

arometric Pressure at the test site, kPa (barometer)

Gas and fluid pressure sensors (Ref. Pressure Measurement ASME PTC 19.2)
Temperature sensors

and current trans

ab samples for GC analysis and continuous gas analysis monitors can be used.

in hours, of the test period.

= Test site elevation, meters
Relative Humidity at the test site, percent R.H. (hygrometer)
 EQUIPMENT CALIBRATION

bment and related instrumentation should maintain a high level calibration to er

C.
d.
e. Electrical output
f. Voltage
g. Reforma
NH,. G
h. Data Periods
t = Time)
i. General
Tamb
ELEV,,
Pamb =B
RHamb =
529 TES
All test equi
testing is pe

and NIST Tegchnical Note 1297. The design and calibration of the test equipment should allo
of the test p

adequate a
measureme

5.2.10 PRE
ASME PTC
regarding th

Nominal
Operatin

impact o
5.3

5.3.1

General physical conditions (e.g., serial number, photos and drawings)

rformed accurately. This calibration should:be'conducted in accordance with ASN
arameters in accordance with ASME\RPTC 19.1 and NIST Technical Note 1297
hts and their impact on reported, pefformance results.

rEST RECORDS

50 suggests a list of.pretest records. At a minimum the following should be
b test article.

Temporatily aon<functional components or sub-systems, reason for lack of function, ang

|

pre-test) performance data
limitations supplied by the manufacturer

fest results.

anode gas
1,S, N,, HC,

sure that all
[E PTC 19.1
w for control
To ensure

ccuracy in the instrumentation an uncertainty analysis should be performed on critical

documented

anticipated

Inspection of Test Subject and Connections to Facilities and Equipment

INSPECTION OF TEST SUBJECT

Upon receipt of the test subject at the test facility a receipt inspection of test subject should be performed
to ensure no damage incurred during transport. The test subject should be inspected to ensure that it is

fabricated according to required codes.

Finally, fabrication documentation such as Pres

sure Vessel

Certification provided with test subject such as ASME or SAE pressure code stamp and certifications
should accompany shipment of the test subject.
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5.3.2 LEAK DETECTION AND GAS PURGING

All test equipment and the fuel processor subsystem should be pressure tested prior to the test with an
inert gas such as nitrogen or preferably helium for areas of increased risk (high pressure, near ignition
sources). This pressure test should follow generally accepted procedures such as described in ASME
Section V Article 10 Pressure Vessel Code Leak Check Procedures. The procedure and parameters for
the leak check should be agreed to by the test parties.

Subsequently all lines containing combustible gases are to be purged with an inert gas before and after

all testing, a

5.3.3 ELE
It is recomm
J2578. ltis
5.3.4 FUN
The complg
determinatig
Results of t
determined
be addresse
test report.

5.3.5 CoN

Physical cor
test. A pre

PN AW~ - V_NT-X ]

CTRICAL CONNECTIONS

ended that electrical equipment and connections are to be designed inlaccordan
hlso recommended that all test equipment is to be electrically grounded and bong

CTIONAL CHECK

te test system should be determined to be functionally sound prior to the
n requires a test of the control system, data acquisition system and test safety
his test should be included in the test report. The‘responsibility for this testin

py the testing parties. The test components that.comprise the fuel processor sub
d separately by separate parties if documentation of each test component is prq

NECTIONS BETWEEN FACILITY AND TEST-SUBJECT

bsure test of piping connections should be performed to ensure no leaks are

Leak Detection and Gas Purging aboyve):" Mechanical connections such as support bracke

reviewed to
test facility.

electrical int
5.4 Pretrg

541 AwMVB

Reference ¢

ensure thermal expansion will not introduce undue mechanical stresses in the te
Electrical connectionsishould be reviewed for proper grounds and proper shielq
brference of signals.(e.g., 60 Hz noise).

tatment Procedures

IENT TEMPERATURE AND PRESSURE

pnditions for ambient temperature and pressure should be 15 °C (288.15 K) and

ce with SAE
ed.

test. This
equipment.
g should be
system may
vided in the

nections between the test facilityand test subject should be checked prior to th¢ start of the

resent (See
s should be
st subject or
ing to avoid

101 325 Pa

(1 atmospherey—TestTesults fromtests Tumatconditions other tham thosendicatedas—stan
be converted to account for this difference.

dard should

5.4.2 EQUIPMENT TEMPERATURE

The fuel processor subsystem should be at thermal equilibrium prior to the start of testing. This
equilibrium should be determined according to the test intent. Examples include testing at ambient
conditions or starting from extremely cold temperatures. An exception to this requirement is for tests of
hot restart time, during which the fuel processor subsystem temperatures are transient and system
dependent. The fuel processor subsystem should be conditioned in accordance with manufacturer
requirements. This conditioning should be described in the test report. Such conditioning may include
special treatment of the catalysts in the reactors in the fuel processor subsystem.
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5.4.3

FPS CONDITIONING

The FPS should be conditioned in accordance with the manufacturer’s requirements. For example, some
catalysts must be activated prior to subjecting them to the process gas. If necessary, provision should be
made in the test facility to enable these catalysts to be properly conditioned. The conditioning should be

described in

5.4.4

The test subyj

the test report.

PRELIMINARY OPERATION AND ADJUSTMENT

Al al-an.
=1

ration. This

may require

Once testing has commenced, no modification should be made to the test subject

required in
modification

5.5 Shuto

The fuel pro
a performan
avoid overh
measureme

Time for

Parasitic
Durability
Pyrophorn
Emission
Other reg

at daliviarad for thao ot o ccaiimaad o bha Ao fia vad ond b aod far n oot
JCCTOCTTVCTCUTUT tNC O ST TS aSSuUmiocUto ot o UMy U CU— Aot OO TOT T TOTT

testing and operation prior to application of this recommended practice.

P

I modi

order to obtain complete test results, the testing should be restarted f

uJ

own

cessor supplier should specify a shutdown procedure for the fuel processor sub)
ce test is completed. For example, pyrophoric catalysts should be inerted with
eating when exposed to air. The test parties should agree on the
nts to be made during the shutdown process. Some considerations include:

shutdown
power to shutdown

¢ catalysts must be inerted with nitrogen
S impacts-quantify post shutdown ‘emissions
uirements for specific system

5.6 Test
5.6.1 GE

The develo
start of the t

lan

ERAL

ment of anoverall test plan, including detailed test procedures, is recommendeq
st. The plan should focus especially on the following issues:

fications are
bllowing the

system after
nitrogen to
berformance

prior to the

conducted in accordance with the recommended practice

conditions are acceptable to the parties

Personnel to conduct the test, and the responsibilities of each individual in certifying that the test is
Location of test: at the manufacturer’s facility, the customer site, or other location where the prevailing

Date when the test is to be conducted. For an acceptance test, the test should be undertaken soon

after the FPS is operational, with appropriate time to condition the fuel processor in accordance with
the supplier’s requirements.

a.
b.
C.
d.
e.
ambient
f.
g. Testgoals
h.

Procedures for recording the test data and observations, including sample frequency
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=

» "9V OS> 3

The test plan should also identify the operational conditions and associatéd, state-point
pertinent coptrol-system set points, the minimum test time at a condition, and*the significar
taken. Addi
the expected sequence for testing them.

5.6.2 TES

Type, number, and systematic uncertainty of all instruments to be used to establish test conditions

and test results and how they should be installed
Instrument calibration schedule or procedures.

Designation of the laboratory and any other facilities required for determining pertinent fuel

characteristics
Requisite facilities for maintaining constancy of load during test, if applicable

Duration of the test segment

. Number of identical tests to be conducted to assure statistically significant accuracy and repeatability

Allowable and unallowable modifications to the FPS or operating conditions during a test period.

Accept
Acceptance criteria for test completion
Failure mode analysis to ensure safe operation during the test

List of agreements between test parties as identified throughout this recommended-practi

ional test operating conditions, such as part-load, should be defined and identifig

 GOALS

Ce

values, the
t data to be
d along with

The recomnpended practice recognizes that different types; of,conditions might require diffefent types of

test goals. The following suggests three different test goals, that could be useful for a perform

a.

The tes{ can be run at a specified corrected net\reformate production (e.g., equivalen
productipn for PEM fuel cells or hydrogen and.carbon monoxide for solid oxide fuel cells
the design value of interest. Examples of-this test would be an acceptance test of a fu
subsystém where cold gas efficiency is, guaranteed at a specific load, or a partial load,
fuel composition, but the available fuel composition differs from the design value. Oth
include [steady-state test conditions~—full load or idle, start-up transient test condition-
load, or Joad change response test condition—e.g., 10-90% load change.
The test can be run at a specified reformate production regardless of ambient or of
conditions. An example of\this test goal would be a test on a fuel processor subsystem
the reformate gas production rate and fuel processor cold gas efficiency to guaranteed v
range of ambient temperatures.

The tesf can be runyat a specified maximum reformate production. The test should inclu
to demagnstratesthe ability to operate for the stated limited time periods, and the test res
reported with Qperational time limitations. An example would be a short term, e.g., less
erload reformate production excursion that would be useful for a peak power d

ance test.

ly hydrogen
that is near
el processor
bn a specific
br tests may
—cold to full

her external
to compare
hlues over a

e run times
Llts must be

than a few
emand. This

thermal transient in a system.

5.6.3 SCHEDULE OF TEST ACTIVITIES

incomplete

A test schedule should be prepared which should include the timing of the test events, notification of
parties, test preparation and conduct, and the preparation of the test report.
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5.7 Training of Test Personnel

All test personnel should be well trained on the use of the test station, test facility equipment, fuel

processor subsystem operations, the safe handling of hazardous fluids and all other appli
procedures.

5.8 Agreements
The parties to the test should agree in writing on the object, scope, and plan for the test

normally incfd
an independent contractor, for example, a testing agency.

6. Test Description

6.1 Specifications of Test Variables and Measured Performance

The test procedure addresses three separate tests to characterize'.the performance
processor steady state test at a fixed load, a start-up transient-test, and a load re
Separate tept procedures are described for each of the three tesSts.” First general requi
described.

N
C

Specified Conditions. Every effort should be made to rundhe'test under the agreed specifie
(e.g., output| pressures, and temperatures) as possible, incorder to limit the application of corr

Stabilizatiop. Before starting a steady state test, the fuel processor should be run until
conditions hiave been established and maintained'dor an agreed upon time period. Steady
achieved when continuous monitoring indicates that readings are within the maximum
variation. Bgfore starting a cold-start test the\parties should agree on a suitable soak time t
fuel processpr is at the desired ambient temperature.

Maximum Rermissible Variations in Operating Test Conditions. Each observation of
condition during a test run should-not vary from the agreed upon value by more than the
limits. If opgrating conditions-‘vary during any test run beyond the agreed upon limits,
variations are not covered by ‘an agreement, the results of the test run should be discarded.

Duration ofl Test Run~and Frequency of Readings. The duration of a test run and the
readings within thatdest run will be determined by the type of fuel processor being tested, t
the fluctuatipns.indthe readings. A sufficient number of readings should be spaced in time

)

cable safety

The parties
and possibly

of the fuel
sponse  test.
rements are

d conditions
ections.

steady state
state will be
permissible
D ensure the

n operating
greed upon
and if such

requency of
he load, and
to show the

range of flyctuations, to provide a rehable average for the test run and to meet the)
requirement
test conditions are available from the ASME PTC- 50

A adayliccu U UV C C U Pa C U C UUycC cU c U T I_

uncertainty
variations in

Recommended performance parameters and measurements for the fuel processor subsystem are

summarized in Table 2.
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TABLE 2—PERFORMANCE PARAMETERS AND MEASUREMENTS

Category Examples Measurements
Hydrogen Peak Rating (hydrogen production) Reformate flow rate
Production Maximum Continuous rating Hydrogen concentration in reformate

Maximum Design Efficiency rating
Water Balance Rating Level

Idle Rating

Maximum Turndown

Input Power Operational Auxiliary Power DC Current
StartupEmergy BE-voitage
Shutdown Energy

Thermal Input

Efficiency Thermal Efficiency Fuel Flow Into Fuel Proeessor
Fuel Processor Subsystem Efficiency Fuel LHV
Cold Gas Efficiency Reformate gas flow
Carbon Conversion Efficiency Reformate gas ¢omposition — CO, €O, N,, H,,
H,O, CH,, and#Cs, NH,
Response Cold Start Elapsed Jime
Hot Start Power Deficit/Surplus over cycle
Normal Stop Voltage Stability on Transient
Emergency Stop
Step/Ramp Transient
Cycle Transient
Physical Mass System Mass
Volume System Envelope
System Displaced Volume
Environmenta Temperature Range Min Operating Temperature
Attitude (Tilt) Max Operating Temperature
Altitude (Pressure) Maximum Operating Tilt
Maximum Operating Altitude
Operational Water Sufficiency Water Surplus / Deficit
Auxiliary Power Requirements (Voltage, Current) Purity Measurements
Steam-to-carbon ratio Auxiliary Power Use

Fuel equivalencéatio
O,-to-carbonr-ratio
Pressure drop

Integration Specific\Power Watts equivalent of hydrogen
PowerDensity Mass, Volume

6.2 Test Precautions and Abnormalities

Since hydrogényand carbon monoxide are generated in a fuel processor subsystem precautipns must be
taken to handfeanddispose of the product gas safely.During the reforming process nydrogen sulfide is
also generated if the fuel contains sulfur. In sufficiently-high concentrations, hydrogen sulfide is a toxic
gas that requires monitoring. Test areas should be vented to maintain the concentration below safe
limits. During transient operation or atypical operation of the fuel processor it is also possible that
hydrocarbon fractions can be generated that may be hazardous. Again, care must be taken to properly
vent the test subject and test area occupied by test personnel. SAE J2578 addresses some of these
safety issues.

Some catalysts are pyrophoric (i.e., react exothermically when exposed to air). Care must be taken when
flushing the fuel processor after testing to ensure that the catalysts do not overheat which may damage
the catalyst or equipment.
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6.3 Test Procedure

6.3.1

STEADY STATE TESTS

The objective of the Steady State Tests is to determine fuel processor performance at critical design
points, such as peak reformate gas production, maximum continuous rating or maximum design
efficiency or idle. However, the test procedure may be used to evaluate the performance of the fuel

processor at other design conditions.

Measurement of the fuel input and fuel processor reformate

production are measured simultaneously during the test period. The procedures for collecting and

calculating t

-

During a pe
applicable, 3
fuel input is

The followin
modeled aft

suggested in this document, but test parties should agree on appropriate tést parameters. (

state test pr

niormaatiaon-arae-bravidad-balaws
TS o atoTT arc proviat U oTTov:

rformance test, fuel may be fed to the reformer inlet, an anode exhaust gas'b
start-up burner or an auxiliary fuel burner (e.g., as in the case of steamcreformin
he sum of all end users.

j test procedure is recommended for evaluating performance at steady state cor
br the steady state test procedure in ASME PTC-50. The test.duration and samyg

bcedures can be developed as agreed upon by the test parties.

rner and, if
). The total

ditions. ltis
le times are
Dther steady

a. Each te$t should be performed for duration of 60 minutes following heat-up and stabilizatipn.

b. Confirm|that the fuel flow rate to the main fuel supply as.measured by the flow controller is zero under
a no flow condition. If it is not at zero, contact appropriate individual to have instrument zeroed.
Confirm|the instrument is calibrated.

c. Start-up|the fuel processor according to manufacturer’'s recommendation.

d. Allow processor to operate for two hours at.{est condition to allow the system to comg to thermal
equilibribim.

e. If the start-up burner is operating, confirm'that the flow meter is operational and calibrated.

f. If the gnode exhaust gas burner.js ,operating, confirm that the flow meter is opefational and
calibratgd.

g. At the beginning of the test period and after each 6-minute interval, record the main fue] flow to fuel
preheatér heat exchangers as:indicated by a flow controller.

h. If the start-up burner is operating, record the fuel flow at the beginning of the test peripd and after
each 6-minute interval as'indicated by a flow controller.

i. If the arfode exhaustyburner is operating, record the fuel flow at the beginning of the test period and
after ea¢h 6-minuteyinterval as indicated by Flow Controller.

j- Measure motor-amps and volts on fuel pump at the beginning of the test period and gfter each 6-
minute ipterval,”Record the values.

k. Measuré the motor amps and volts on the water pump at the beginning of the test peripd and after
each 6-minmuteintervat—Recordthevatues:

I. If additional secondary thermal sources are used, record the flow and temperature of the heat source
(gas or liquid) or the watts associated with electrical heating at the beginning of the test period and
after each 6-minute interval.

m. Measure the oxidant flow.

n. Calculate the oxidant flow at the beginning of the test and after each 6-minute interval.

0. Measure the oxidant temperature at the inlet to the fuel processor. Calculate the sensible heat of the
oxidant.

p. Measure the reformate gas total flow.

g. If a flow orifice is used, confirm that the operating conditions at the orifice are above the gas dew

point temperature.
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Record the flow measurements on the data sheet at the beginning of the test period and after each 6-
minute interval.

s. Record the temperature of the reformate gas flow at the test boundary.

t. The hydrogen and carbon monoxide concentrations (dry gas) are measured in a gas chromatograph.
The frequency of hydrogen and carbon monoxide measurements are limited to the response time of
the gas chromatograph. Typically, 20-minute measurements are possible. Record the gas
composition at the beginning, middle and end of the test period.

u. The total wet gas reformate flow and composition should be measured during the test period.

v. If reformate gas (hydrogen-depleted or hydrogen-rich) is recycled to the fuel processor during the test
pel’iOd, Reasttethe+etdA oW “‘G‘:-‘:‘G‘;“::‘;‘; erorate8asS-

w. Confirm|that the operating conditions at the orifice are above the gas dew point temperature and
pressurg.

x. Record the pressure and temperature measurements on the data sheet at thecbeginning of the test
period gnd after each 6-minute interval. Record the temperature of the reformate ggs returning
across the test boundary.

y. For eacly 6-minute interval, add together the flows and record this value on the data sheet.

z. At the epd of the test period, calculate the average flow rates for each.end user. Record|the average
flow for gach end user. Record the average value for the total flow during the test.

aa. At the end of the test period, calculate the performance parametérs.

6.3.2 START-UP TRANSIENT TEST

The objectiV

e of the Start-up Transient Test is to determine the time required for the fuel

start up fronp a cold condition and generate hydrogen at\the equivalent reformate flow rate fo

upon Fuel
seconds). T

The invd
Confirm
Confirm
Confirm
Determi
Establis

Cell System load. The hydrogen analyzer should have a suitable respons
he procedures for collecting and calculating this information are provided below.

Ived parties reach agreement on‘reformate (H, or H, and CO) flow.

all fuel inputs and thermal inpats at zero.

all equipment (pumps, mators, etc.) is off.

reformate gas flow measurement device is operational.

ne the lag in the hydregen analyzer sampling system.

n flow of calibration\gas through the analyzer sampling and conditioning system.

@™o o0T

At time

zero, switch from-cCalibration gas to cylinder of nitrogen adjusted to same regu

pressurg.

Time response of analyzer and sampling system to point at which hydrogen reading fa

initial vajue.

Record fesporise time.
Follow manufacturer's recommended procedure for starting up the system.

brocessor to
r the agreed
e time (<10

lator supply

s to 90% of

— X"

acquisiti
m.

At time Zero;starttimer:
Log reformate flow and reformate (H, or H, and CO) concentration as a function of time in a data

on system.

Determine time corresponding to hydrogen flow reaching agreed upon load value.

6.3.3 TRANSIENT RESPONSE TEST

The objective of the test procedure is to determine the response time of the fuel processor to a change

between any combinations of steady state conditions.

The anticipated response time

of the fuel

processor to a step change input is less than 10 seconds (e.g., 10% to 90% load change or other load
change as agreed to by the testing parties). This test determines the response of the fuel processor to an
increase or decrease in demand.
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The fuel processor responds to a demand signal from the fuel cell as electrical load on the fuel cell
increases. The fuel processor responds to this demand signal by changing a primary control parameter.

For the tes

t, absent the presence of the fuel cell,

introducing a step change in primary control element.

a.
operatin
b.
c.
d. The ref
analyzey.
e. The refq
includes
tempera
f. The hyd
g. The refq
data acq
h. The hyd
continu
i. The act
j- Whent
k. Post ca
(NOTE
period.)
I. The cor
7. Data
7.1 Data
ASME PTCH
and after a

is referred td
711 ST10

Signal inputs

brmate gas flow is monltored with a suitable row measurement device.\an

prmate gas flow is measured with a suitable flow measurement device:’ The

the fuel processor response is determined by

The fuel processor is operated at the initial load condition according to manufacturer's recommended
g procedure.
At time zero, a step change demand signal representing an increase in load corresponding to final
load condition i is sent to the prlmary control dewce of the fueI processor control system

d hydrogen

flow orifice

a calibrated static pressure transmitter, calibrated differential pressure transiitter and a

ure sensor.
ogen analyzer is calibrated before and after the test.

rmate gas flow, along with the hydrogen and CO concentrations are logged to &n electronic

uisition system that acquires data at no longer than 1 second.intervals per scan.
ogen flow is calculated from the reformate gas flow and hydrogen concentration
d until the hydrogen flow reaches the target load equivalent value.

al hydrogen flow is continuously compared to the target.

e actual flow equals the target the time is recorded as the preliminary response ti

ibration of hydrogen analyzer provides a correction factor to the hydrogen flow
It is assumed that the flow measurement.device remains within calibration ¢

ection factor is applied to the hydrogendlow data and the final response time is d
cquisition, Analysis and Reporting
anagement

50 (Reference 37) prescribes guidelines for the management of data collected b

performance test,~An’ abbreviated discussion of those guidelines is provided her
ASME PTC-50 for a more comprehensive discussion of data management issue

RAGE OF DATA

5 fram(the instruments should be stored to permit post-test data correction for g

new calibra

tron corrections. The engineering units of each instrument along with the calcu

The test is

me.
calculation.
ver the test

btermined.

bfore, during
e. The user
S.

pplication of

ated results

should be stored:

7.1.2

MANUALLY COLLECTED DATA

Most test programs will require some data to be taken manually. The data sheets should each identify
the data point, test site location, date, time, data collector, and data collected.
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7.1.3 VAL

DITY OF RESULTS

If, during the conduct of a test or during the subsequent analysis or interpretation of the observed data,
an inconsistency is found which affects the validity of the results, the parties should make every

reasonable

effort to adjust or eliminate the inconsistency by mutual agreement.

agreement will constitute rejection of the run or test.

7.1.4 TEST RECORDS AND RESULTS

Test records

data and ob
be made res

In all cases,
for instrume
specified co
7.1.5 UNG
Since no m
parties. All

be included
parameters

test uncerta
taken prior {
the overall @
A post-test (
measureme
has been ag

ASME PTC
determining
analysis the

The applica
decision wh
terms. This
7.2 Form

This section

est should b
dily available to all the parties involved in the test.

e retained and either(g

the test results should be reported as calculated from the test observations witl
nt calibrations applied, and as corrected for deviations of the operating conditic
nditions.

ERTAINTY ANALYSIS
easurement is error-free, the uncertainty of each test result should be evaly

in the report. During test preparation the ungertainty limits for each of th
should be defined based upon the configuration.” The limits should be determine
nty analysis and agreed to by the parties. The pre-test analysis allows corrective
0 the test, which will either decrease thesuncertainty to an appropriate level co
bjective of the test, or will reduce the.cost of the test while still attaining the test
ncertainty analysis is recommended.” It will make use of empirical data to detern
nt errors and test observations toestablish whether or not the required degree o
hieved.

19.1 (Reference 32) and NIST Technical Note 1297 (Reference 39) provide pr
the uncertainty assoeiated with calculated results. For a detailed discussion o
user is referred to-those two reference documents.

tion of uncertainty analysis to a test procedure can reduce risk of making a
bn evaluating the results. Test uncertainty and contract tolerance are not inte
ecommended practice does not address contract tolerance, which is a commerci

1las‘and Calculations

Failure to reach such

hest logs. All

produced or

corrections
ns from the

ated by the

incertainty values that have been determined and-agreed upon by the parties to & test should

e measured
j by the pre-
action to be
nsistent with
uncertainty.
hine random
f uncertainty

pcedures for
uncertainty

N erroneous
rchangeable
bl term.

gives guidance on the computation of results including the following:

operating conditions is the primary objective of this test.

Determination of fuel processor efficiency, cold gas efficiency and thermal efficiency at specified

In computing results, a test result is computed from the averaged values of observations made during

a single test run, after applying instrument and other corrections as necessary and as prescribed in
this standard.

For a test involving several runs, it is suggested that plots of cold gas efficiency be made to indicate

test runs that may have significant errors. Any test runs leading to suspect results that are to be used

for guara

ntee determination should be rerun.
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7.21

CALCULATION OF INPUT ENERGY

Inputs for the purpose of this document refer to inputs crossing the test boundary. The following inputs
are identified:

a. Fuel
e Reforming
e Auxiliary burner
o Startup
(@] OtUGIII ICfUIIII;IIu
o Recycled fuel cell off gas (anode gas or cathode gas)
b. Oxidant|(air)
c. Water
d. Secondary energy input/output such as coolant/heater fluid
e. Auxiliany electrical energy into fuel processor subsystems
f.  Anode das exhaust

Any other ty
should also
as energy g
entering the
that are ass

Input energy

Fuel Ch
Fuel Prg
Fuel Th
Second
Oxidant
Oxidant
Water P
Water T
Auxiliary
Recycle
Recycle

AT T SQ@ TS0 o0 0

Total Energy

pe of substance or energy which represents energy inputie the fuel processo
be quantified. These inputs will include chemical energy/(e.g., heating values of
ssociated with pressurization, heating or otherwise~eonditioning the input stre
fuel processor subsystem. The reference conditions for fuel, oxidant (air), and
imed for this document are 15°C (288.15K) and.1 atmosphere.

crossing the test boundary might include:

pmical Energy Input = Q,
ssure Energy Input = E,

rmal Energy Input = Q,

ry Thermal Energy Input = Q¢
Pressure Energy Input = E_;
Thermal Energy Input=Q,
Fessure Energy Input’=\E_,
hermal Energy Input= Q,,
Electrical Input =EE,

d Gas Fromuel Cell Chemical Energy = Q,
i Gas Fram,Fuel Cell Thermal Energy = Q

rgt

Into_the system for calculation of input energy is expressed by:

I subsystem
fuel) as well
ams prior to
water inputs

Ql =Total E

The ideal au

ergy Imnto tne systerr 10r cafcutationof input energy dna ctectricatconversion effi
Ql=Q, +Q, +Q, +Q, +Q, +E;, +E +Eg, +EE, +Q, +Q,
xiliary input energy is defined as

E..=Q,+Q,+Q,+Q, +E;, +E, +E., +EE,

ciency.

(Eq. 2)

(Ea. 3)
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The basis for the following equations is a one hour test period where energy into the system is totaled
over the test period. An alternative basis could be used in which inputs are averaged over the test
period. Totaling inputs is usually easier and more accurate compared to averaging flows and
compositions over a test period.

7.2.1.1  Fuel

Due to the large number of potential variables in common fuels, and the large number of system
variations with which the fuel variables could interact, it is not practical to account for direct fuel effects on

thaor thaon o Aol
otreT—orart (O~ COTTST

performancs
heat rate or
above, fuel
efficiency.

For some fJ
require accg
specification

darth bhaoaaotina vaoliio £+l fual and canaibl bhaoaaot
UueT une IIUO\UII& VAITUL UT TTTO TUCDT ATTU T oUTToTvIw TTUAl VWiTU)
thermal efficiency. However, it is important for all interested parties to realize\th
variables other than heating value can affect computed values of heat(rate

el processor subsystems, the composition of the fuel may affect performance s
unting for this fact, and some correction to fuel input, bringing it-back to design

correction factors and curves to be applied using manufacturer supplied correction meth

correction fd

For a press

ctors may be additive, multiplicative, or both.

Urized system, the power to compress a gaseous_ftel (e.g., propane or natura

negligible and thus must be taken into account. Alternatively, pressurized fuel may be use

pressure-re(
auxiliaries.

power requ
computation
ambient bar

ucing turbine to recover some mechanical energy for use in the system or to
Specifically, if part of the fuel pressurization“is provided by the external supply
red for pressurization should be charged to the fuel processor subsystem,
al purposes, it should be assumed that all fuel is provided to the system boun
bmetric pressure and should be accounted for by a reduction in fuel processor eff

If a fuel pu
and the po
accounted f
system the
inefficiency

If a pressur
can be defi

Sensible he
temperature
temperature

p is used with the fuel processor subsystem, it should be included within the tg
er to run the fuel pump should be supplied from either inside the test boundary
r by a reduction in net electrical energy out. If the liquid fuel is pressurized
the pressure energy.-of the fuel should be calculated. The calculation should
the pump/motor-combination.

-reducing regulator is used to reduce pressure without energy recovery, the teg
d such thatthe pressure-reducing regulator is outside of the test boundary.

t of the'fuel should account for the fuel being supplied at a temperature above t
of 45 °C. If the fuel at 288.15 K is liquid but is supplied to the system as a vapg

computing
at, as stated
and thermal

ufficiently to
composition

s may be necessary. For these systems the manufacturer|is responsible for furnishing

pds. These

gas) is not
d to drive a
power other
system, the
Thus, for
jary at local
ciency.

st boundary
br should be
outside the
account for

st boundary

ne reference
r at a higher

Iquid fuel to

saturation temperature, to vaporize the fuel and to heat the vapor to the fuel processor inlet temperature.

Fuel Chemical Energy Input = Q,

Q, is determined by measuring the total fuel flow to the fuel processor for the test period and multiplying
by the average heating value of the fuel during the test period.

Q; =M;-HHV,,, for calculations based on High Heating Value,

(Eq. 4)
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or
Q; =M,.LHV,_ , for calculations based on Low Heating Value, (Eq. 5)

Where:

M, = the total fuel flow to the fuel processor during the test period in kg.

HHV,,, = Fuel high heating value at the test boundary in kd/kg for calculations based on High

Heating Value,
LHV_ [=TFuelTow healing value at the Tfest boundary in kJ/kg for calculations based on |.ow Heating
Value,
Fuel Pressufe Energy Input = E,
For gaseouq fuels:
E, —=MRT,.,In Absolute Fuell Inlet Pressu.re at Test Bgundary in kPa (Eq. 6)
Ambient Barometric Pressure,in kPa

Where:

E. = ifleal pressure energy content of the fuel, in kJ

M, = npass of fuel into the system during the test period, kg

R=R|/MW,

R, = 8314 kJ / kmol K (Universal gas constant)

MW, 5 molecular weight of the gaseous fuel(16.043 kg / kmol for methane)

T... = Reference temperature (15 °C) =*288.15 K
This is based on an ideal isothermal gompression of the fuel at standard temperature and dpes not take

into account

For liquid fugls:
Eo =MV o(P, —P,.)
Where:
E., =Tptahtheoretical mechanical work imparted to the gasoline from an outside source

the compression efficiency:

kJ

V,= 8

eclITIC volume ot gasoline, 1.4U0X1TU m"/Kg

P, = Fuel processor inlet pressure, kPa
P.., = Absolute barometric pressure at elevation of test facility, kPa

Fuel Thermal Energy Input = Q,

Q, = The total fuel thermal energy content required to heat the fuel from 15 °C (288.15 K) to the average
fuel temperature at the test boundary during the test duration.
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The general expression for Q, assuming the fuel is fully vaporized at the test boundary is provided below.

Where:

CPip.qu
Cpr,vap
T, =E
T=A
THe1 =
Avaap
In cases wh
the quality ¢
thermal ene
72.1.2 S

The secondary thermal energy input (Q,) is determined:as follows.

a.

Q, =M, .[Cpfv“q .<Tf ~ Trer )] +M 'Avaap +M .[CPf,vap .<Tf - pr )]

M, = the total fuel flow to the fuel processor during the test period in kg.

For clos
Q,=To
Q, shou

as it pa
steam o

Where:

K) (t;;pir‘al value 0 490 (‘al/gm/o(‘.)

(Eq. 8)

= Average specific heat at constant pressure of fuel delivered during the test period in (kJ/kg

K), (typical value 0.400 cal/gm/°C)

oiling point of liquid fuel, K

erage Fuel Temperature in degrees Kelvin at the test boundary.
Reference temperature 288.15 K

= Heat of vaporization of fuel kd/kg (typical value for gasoline 340.kJ/kg)

bre the fuel is not vaporized the last two terms are zero. [f the fuel is partially va

gy.

pcondary Thermal Input

bd loop secondary thermal inputs the-tétal heat input is accounted for as:
al thermal energy input to the fuelprocessor during the test period.

Id be calculated by measuring the change in heat content of the steam or heat
5ses through the system within the test boundary, and multiplying by the tota
r heat transfer fluid throtigh the system within the test boundary.

Q, = Mhtf .[Hhtfin - Hhtfout}

st

M., =AtRe*mass of steam or heat transfer fluid into and out of the fuel proces
source of secondary thermal energy during the test period, in kg.

= Average specific heat at constant pressure of fuel delivered during the test pe||iod in (kd/kg

borized then

f the mixture must be considered in calculating the heat of vaporization contrifpution to the

ransfer fluid
flow of the

(Eq.9)

sor from the

H-—= The average enthalpy of the heat transfer fluid entering the fuel processgr during the
test period, In kJ/kg.
H.... = The average enthalpy of the heat transfer fluid exiting the fuel processor during the

test period, in kd/kg.

Or, for steam or liquid thermal inputs that do not exit the system boundary, the total heat input is
accounted for as:

Q,, = Total thermal energy input to the fuel processor during the test period.

Q,, should be calculated by measuring the heat content of the heat transfer fluid, and multiplying by
the total flow of the heat transfer fluid into the test boundary and correcting to a base value enthalpy
of saturated water at the reference temperature.
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Where:

Q

st

= Mhtf‘[Hhtfin - Hhtf,Ref

(Eq. 10)

M,, = the mass of steam or heat transfer fluid into the fuel processor from the source of

secondary thermal energy during the test period, in kg.

H,.. = The average enthalpy of the steam or heat transfer fluid entering the fuel processor

for as:

during the test period in kd/kg.

Q,=To
Q,, shoy

the tota
conditio

Where:

Heat tra
Address
7.2.1.3 O

Oxidant ma
hydrocarbor

al thermal energy input to the fuel cell during the test period.

Id be calculated by measuring the heat content of the input gas stream, and m

flow of the heat input gas stream into the test boundary and cerrecting to t
Ns (e.g., enthalpy of dry air at 101.325 kPa and 288.15 K.
Qst = Mhtf.[Hhtﬁn - Hhmn,Ref

M., = the mass of air, or gaseous heat transfer:fluid into the fuel cell from tk
secondary thermal energy during the test¢period, in kg.

= The average enthalpy of the air or gaseous heat transfer fluid entering
during the test period in kJ/kg.

Cing used to maintain vessel temperature

Hhtfm
ed under Auxiliary Electrical Inputs:
Xidant

or may not be supplied.to the fuel processor subsystem to participate in the
fuels. The power to;compress the air will be much greater than that to compres

the case of
oxidant (air)
power ass
barometric
contribution

The compo
water vapor

ressurized systems:” Consequently, for computational purposes, it must be assu
is supplied at reference temperature and pressure, and some method of accou
iated with/,compressed air from an air supply system is needed. The Io
ressure_is used as the reference pressure for determining power consumption
o the air:

ition* of the supply air will also have an effect on fuel cell system performance.

Or for gaseous thermal inputs that do not exit the system boundary, the total heat input is accounted

ultiplying by
e reference

(Eqg. 11)

e source of

the fuel cell

reforming of
bs the fuel in
med that the
nting for the
cal ambient
and energy

n particular,

] rom

the oxygen

p q p
available for the oxidation of fuel. Therefore, as it is already customary with heat engines, corrections

should be m

ade to adjust performance to standard dry air.

If an oxidant (air or other) compressor or blower is used with the fuel processor subsystem, it should be
included within the test boundary and the power to run the compressor should be supplied from either
inside the test boundary or should be accounted for by a reduction in net electrical energy out.

If the oxidant is preheated the sensible heat of the oxidant should be calculated with respect to a
reference temperature of 15 °C.
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Oxidant Pressure Energy Input = E_,

ECo

Where:

Absolute Oxidant (Air) Inlet Pressure at Test Boundary in kPa
Ambient Barometric Pressure in kPa

=M,RT,,In

E., = ideal pressure energy content of the oxidant, in kJ
M, = mass of oxidant into the system during the test period, kg

(Eq. 12)

R=R

u

R
MW,

n 00

T

Ref

If an oxidan
included wit
inside the t
correcting f
efficiency th
air that is §
performancg

Oxidant The

Or for gase
as:

Q,, = Total th
Q,, should b

total flow of
dry air at atn

/MW,

314 kJ / kmol K (Universal Gas Constant)

molecular weight of the oxidant (28.9644 kg / kmol for standard dry air, neglects
the air)

Reference temperature 288.15 K

(air or other) compressor or blower is used with the fuel progessor subsystem,
hin the test boundary and the power to run the compressar shiould be supplied
bst boundary or should be accounted for by a reductionin net electrical en
br the efficiency of the compressor and motor, it should be recognized that

upplied to the fuel processor will vary as a function of load. A compresg
map would be required.

rmal Energy Input = Q,,

us thermal inputs that do not exit thesystem boundary, the total heat input is a

ermal energy input to the fuel:eell during the test period.

e calculated by measuring the heat content of the input gas stream, and multig
the heat input gasstream into the test boundary and correcting to a base valug
nospheric pressure;

Qot |\/Io 'lHo _Ho,RefJ

b moisture in

it should be
from either
prgy out. |If
compressor

At would be used to calculate the auxiliary power requifement associated with the portion of

or/expander

ccounted for

lying by the
enthalpy of

(Eq. 13)

e-mass of nir, or-gaseous heat transfer fluid into the fuel cell from the source d

f secondary

thermal energy during the test period, in kg.

H, = the average enthalpy of the air or gaseous heat transfer fluid entering the fuel cell during the

test period in kd/kg.

The total thermal energy in equation 13 can be determined by evaluating the following integral over the
appropriate temperature range.

Q, = Moof(28.94 +0.4147T +0.3191T% —1.965T°|dT

(Eq. 14)

-38 -



https://saenorm.com/api/?name=15834ff3929910cb4b2e1537fd3a0097

SAE J2616 Issued JUN2005

Where: the integral is evaluated over the temperature range T, to T,

T,=0
CP,Air =

xidant temperature, °C
Specific heat of air, J/(g mol)(°C)

T.,=15°C

7214

Water

Water thermal energy (or enthalpy) is provided by steam tables at pressure and temperature of water or

steam at sys

Where:
M, =1
Hwin =
T, =T
P,=T
The ideal w
pump for tha
Where:
ECW =
vV, =S
P, =4
7215 A
EE, = Auxilig

n H Y (HH
I et COTNMUIIuUIriS.

[he mass of water into fuel processor during the test period, in Kg:

The average enthalpy of the water/steam entering the fuel processor at the test
kJ/kg (Obtained from steam tables with T, and P, defined below.)

he average temperature of the water/steam entering4he*fuel processor at the te
in Kelvin (may be used to determine the enthalpy of‘the water from steam tables)
he average pressure of the water/steam entering:the fuel processor at the test
kPa (absolute) (may be used to determine the enthalpy of the water from steam t

ater pressure energy E., is determined by*the pressure rise of the water acro
t portion of the water that is fed to the_fuel processor.

)

P

amb

ECW = Ivlw .Vw .(Pw

['otal theoretical mechanical work imparted to the water from an outside source, K
pecific volume of water, in m*/kg

verage pressure Of water entering fuel processor in kPa
ixiliary Eléctrical Input (Heat Tracing)

iry Elgctrical Input

(Eq. 15)

boundary, in
st boundary

boundary, in
bbles).

5s the water

(Eq. 16)

[

EE, = Total sumofattefectricatinputinto the testboundary for the duration of the testperiod:
subtracted from the electrical energy out of the system to calculate net electrical generation. This should
include electrical duty associated with heat tracing, if required, to maintain vessel temperature.

Where:

Kwh, =

EE, = SKwh,(kWh)

Kilowatt-Hours into the system during the test period (measured)

This will be

(Eq. 17)
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7.2.1.6  Shaft Work Out of the System During the Test

W_, = Mechanical Shaft Work done by the system to an outside industrial or other energy user system
resulting in energy produced by the system being exported across the system boundary, in kd. This is
analogous to mechanical cogeneration.

For the Fuel Processor test it is assumed that there is no shaft work performed by the system.
Turboexpanders are assumed to be outside the fuel processor test boundary.

7 2 2 CO AT A T OO RO
L. TOTATION O OO oS

Output energy crossing the test boundary might include:

Reforma
Seconda

Reformate G

Where:

Reformate Chemical Energy Output = Q,
Reformate Pressure Energy Output = E_,

.| Reformate gas component i high heating value at the test boundary in kd/kg for

. |= Reformate gas component i.(lower heating value at the test boundary

Thermal Energy (Enthalpy) Output = Q,
y Thermal Energy (Enthalpy) Output = Q

stout

hasS

Q = Mr’(XHz 'LHVHz + Xeo ‘LHVco + XCH4'LHVCH4)

r

pased on higher heating value,
calculations based on lower heating value,

eformate gas flow rate exiting the test boundary in kg/s during the data period (1
to calculate the total reformate gas flow by integrating the flow rate over the data
Molecular weight of the reformate gas based on gas analysis in kg/kmol
Moisture content(ofjthe reformate gas, at the test boundary, mass fraction.

Absolute Reformate Gas Pressure at Test Boundary Outlet in kPa

M, R Ty, In - - -
Ambient Barometric Pressure in kPa

(Eq. 18)

calculations

n kd/kg for

otal reformate flow exiting the.fuel processor subsystem during the test or data périod in kg.

hay be used
period).

(Eq. 19)

R=R,/MW,

R,=8

.314 kdJ / kmol K (Universal Gas Constant)

T, = Reference temperature 288.15 K

P.=R

eformate gas pressure at the test boundary in kPa (absolute).

T = Reformate gas temperature at the test boundary in K.

Q, =M, x f(28.94 +0.4147T 4 0.3191T% —1.965T°)dT

(Eqg. 20)

Where: the integral is evaluated for each component i in the reformate gas over the temperature range
fromT_ toT,
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The following terms do not contribute to the useful energy generated by the fuel processor and therefore,
are not included in the efficiency calculation but need to be included in the energy balance calculation:

Water Th
Auxiliary

723 Cowm
7231 C
Thermal effi
captured an
definitions a
For PEMFC
input. The @

4

Oxidant Pressure Energy Output = EC
Oxidant Thermal Energy (Enthalpy) Output = Q
Water Pressure Energy Output = EC

oout
othermal out

wout

ermal Energy (Enthalpy) Output = Q
Electrical Output = EE

wthermalout

aout

[PUTATION OF EFFICTENCIES AND PERFORMANCE PARAMETERS

bmputation of Efficiencies

ciency is a measure of energy utility; that is, the percentage of total energy in
0 put to useful service by conversion to electrical energy or as thermal’energy.

re used to define fuel processor subsystem thermal efficiency.

the thermal efficiency can be based on the total hydrogen-produced divided by
arbon monoxide and methane terms are set to zero in the equation for Q..

Qr,produced .1 00
Q +Qq +E5 +Q, +Eg, +Q, +Eg, + Q7+ Q, +Q

hermal —

+Eq, +EE,

rgt

In the case ¢f SOFC the lower heating value of hydrogen plus carbon monoxide is used.

The efficien
is also cong
overall fuel g

Specifically,

When the tg

by can also be based on the hydrogéen (chemical energy) used in the fuel cell. T

ell system efficiency is defined'as

Tlres = Meps *Tlress *Tpc *Tel./mech

the fuel processor subsystem efficiency is defined as

(Qr,consumedbyfuelcell + Qr,ventedfromfuelcell )'1 00
Q

Teps =

stiis(run the fuel processor will operate at a certain fuel conversion and gas qu

et faadl fl aalarlatad kol ot Tk

put which is
A number of

total energy

(Eq. 21)

his definition

istent with the overall fuel cell 'system efficiency as defined in J2615. For rg¢ference the

(Eq. 22)

(Eq. 23)

plity. Based

on the fuel

wi—thicdaldao O waraaan—pradialian—g abavae—fii
MeTTCTUTTOW— o~ yToTus— a- carCuratC Uy Urog T pTrouat o Tatcy T aoove—To

el processor

subsystem efficiency calculation is based on a hydrogen consumption rate, which in turn allows the
calculation of the equivalent hydrogen utilization or stoichiometry in the fuel cell. If the utilization is within
the acceptable level for the fuel cell, then the calculated fuel processor subsystem efficiency is
reasonable and consistent. If the utilization is too high then a higher fuel conversion point must be tested
(e.g., higher fuel feed and/or air flow to the reformer or more anode vent gas flow to the reformer burner,

etc.) to satisfy the fuel cell utilization requirements.

If the fuel conversion is already at a maximum or

limited, then the fuel processor subsystem feed flow must be increased or the anode vent gas rate must
be increased (lower efficiency) to satisfy the fuel cell utilization requirement. If the calculated hydrogen
utilization is too low then the fuel conversion may be lowered (higher efficiency) as long as undesirable

fuel convers

ion species are not produced.
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When information is not available to determine the amount of hydrogen consumed by the fuel cell and
vented from the fuel cell, the quantity can be determined by taking the difference between the hydrogen
produced by the fuel processor and any hydrogen recycled to the fuel processor in the hydrogen-
depleted anode gas.

~Q,+100

(Qr,producedbyfuelprocessor

Meps = Q, (Eq. 24)

In the case where simulated rnr‘yr‘lnr’l anode gas is useda small lr_\nhnnﬁsul error can occur due to the
difference in heat capacity of the actual anode vent gas products including carbon dioxide and water
vapor and ity combustion air versus the heat capacity of the simulated anode vent gas and’it§ combustion
air. Carefully planning the choice of diluents and stoichiometric air can minimize this_error.| Burner fuel
and air prehgat temperatures would also be selected to simulate fuel cell system conditions.

The Cold Gas Efficiency is the quotient of lower heating value of useful gases-exiting the fugl processor
divided by the lower heating value of fuel fed to the reformer. The cold‘gas efficiency is dalculated as
follows.

Qr roduce: +100
Noge = % (Eq. 25)
f

[Mr '(XHz 'LHVHz + Xco 'LHVco )}

100 Eq. 26
M,LHV.;; (Eq. 26)

ncge =

Where:

X, = Mass fraction carbon monoxide-in reformate gas, wet basis
X,, = Mass fraction hydrogen in reformate gas, wet basis
LHV,,|= 120 MJ/kg

LHV J=10.1 MJ/kg

LHV_ | = lower heating yalue of liquid fuel, kdJ/kg

M, = Tjotal mass flow of fuel during the test period, kg

M, = Tjotal mass flow of reformate gas during the test period, kg

For PEMFC| the cold gas efficiency can be based on the total hydrogen produced divided py the lower
heating valug ofifuel fed to the reformer. The carbon monoxide term is set to zero in the equgtion 26.

The associated auxiliary energy is

E.x=Q,+Q,+Q,+Q, +E;, +E, +E, +EE, (Eq. 27)
The auxiliary energy can be adjusted to account for the conversion efficiencies of the stack and power
conditioner, or efficiencies associated with the electrical-to-mechanical conversion of energy for

components such as pumps. The choice of conversion efficiencies is left to the test parties.

The carbon conversion efficiency is calculated as follows.
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J_Xco Xcon
"128.010 44.010
M,e XC
12.011

Nee =

«100

(Eq. 28)

X, = Mass fraction carbon in fuel

X, = Mass fraction carbon monoxide in reformate. wet basis

X.., = Mass fraction carbon dioxide in reformate, wet basis

M, = Tjotal mass flow of fuel during the test period, kg

M, = Tjotal mass flow of reformate gas during the test period, kg

CO2

7232 S

Typically, th

eam-to-Carbon Ratio (Molar Basis)

e steam-to-carbon ratio is based only on water and fuel that)is’fed directly to|the primary

reformer regqctor. For example, humidity in the air and water injected forsspray cooling downdgtream of the
primary refgrmer are not included in the reformer steam-to-carbon, ratio calculation. Other steam-to-
carbon ratigs may be determined as agreed to by the test parxties. The steam-to-carpon ratio is
calculated af follows:

Eq. 29
M, o (Eq. 29)
12011
Where:
M, = Total mass flow of steam during the test period, kg
M, = Tjotal mass flow of fuel during the test period, kg
X, = Mass fraction carbonrin‘fuel

o

7.2.3.3  Fuel Equivalence Ratio
Fuel equivalence is the ratio of stoichiometric air requirement to actual air supplied for the give fuel flow.

d- (t1251kgAir /kgC - x ¢ + 34.29kgAir / kgH - x4 + 4.32kgAir /kgS - x5 )- M, (Eq. 30)
€ v :

O

Where:

X, = Mass fraction carbon in fuel

x,, = Mass fraction hydrogen in fuel

X = Mass fraction sulfur in fuel

M, = Total mass flow of fuel during the test period, kg

M, = Total mass of oxidant (air) during the test period, kg
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7.2.34

0O,

-to-Carbon Ratio (Molar Basis)

The oxygen-to-carbon ratio is based on oxygen in the oxidant and therefore does not include the oxygen
in the water that may be fed to the reactor. The oxygen-to-carbon ratio is calculated as follows:

Where:

M, +0.2286/(31.9988)
M,x, /12.011

0,/C=

(Eq. 31)

X
o

f

M
T
1

==

o =

724 PRE
Pressure d
maximum p
the outlet of
example, th
boundary. T
result in thg
needs to be

Where:

P

o
r

f
A
A

T T D>
Il

7.2.5 CON

An overall material balance should be performed to verify consistency. A suggested criterio

on the mate

ass fraction carbon in fuel
otal mass flow of fuel during the test period, kg
otal mass of oxidant (air) during the test period, kg

5SURE DROP

p (pressure loss) through the fuel processor system is determined by mé
essure of the feeds at the inlet to the test boundary and.the’pressure of the refo
the test boundary. The test parties should agree on~the basis for the measu
e inlet pressure may be based on air pressure or fuel pressure at the inlef
he two pressures are not necessarily the same. Using the pressure of the oxid
minimum system pressure drop. The reformate gas outlet pressure measu
agreed to by the test parties as well. The pressure difference is expressed as kP

AP=P =P

Fuel processor subsystempressure drop, kPa
verage oxidant pressure.atthe test boundary, kPa
verage reformate gas.pressure at the test boundary, kPa

SISTENCY CHECKS

ial balance’is 95-105%, but this value can be agreed to by the test parties.

b

asuring the
mate gas at
ement. For
of the test
nt will likely
ment point
a.

(Eq. 32)

h for closure

MB = (M) +100%

(Eq. 33)

Where:

. (Mf—’—Mo +Mw)

MB = Overall material balance closure, %
M, = Total mass of reformate exhausted during test period, kg

M =T

otal mass of fuel during the test period, kg

M, = Total mass of oxidant during the test period, kg
M, = Total mass of water during the test period, kg
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Component balances such as carbon and nitrogen should also be checked for consistency.

. Xco Xcoz Xic
"118.015 44.009 MW,
MB, = ” e +100% (Eq. 34)
"12.011
R Xno
—28-014
VB, = == <1007 Eq.
LV 0.7586 " (Eq. 35)
728.014 ° 28.014
Where:
MB, =|Carbon component balance closure, %
MB,, # Nitrogen component balance closure, %
X, = Mass fraction carbon in fuel
X.o = Mass fraction carbon monoxide in reformate gas, wet basis
X0, = Mass fraction carbon dioxide in reformate gas, wet basis
Xyo = I‘Il/llass fraction of hydrocarbon (methane) in reformate ‘gas, wet basis
X,, = Mass fraction of nitrogen in reformate gas, wet basis
x, = Mass fraction of nitrogen in fuel
7.2.6 COHRECTION OF TEST RESULTS TO BASE REFERENCE CONDITIONS
The referenge state of fuel, air, and water inputs is 15 °C and 1 atmosphere pressure for all f¢ed streams,
and 60% relative humidity for the air and zero-humidity for the fuel. This may be agreed to pr otherwise
modified by [the parties. All inputs that vary from these baseline parameters should be corfected using
manufacturgr supplied correction curves before computing the results of the test. All corregtions to test
data should[be made and documented before the calculations in Section 7.2 Calculations and Formulae
are made. All values in Section 7:2:tefer to corrected values only.
The procediire for correction:-of test results to specified conditions depends on the type of FPS. It is
necessary t¢ have the test.conditions within limits agreed to by the parties to the test, to avgid operation
at extreme ¢onditions far from its design or specified condition, which could make the detgrmination of
accurate reqults impessible.
The off-des|gh~characteristics of each FPS type are unique. Hence, the manufacturerls published
performanc i d to rated or

reference conditions.
data) are applied without any uncertainty.

A step-by-step method of correcting test data should be prepared by the manufacturer. The
review this procedure and any discrepancies should be resolved before the start of the test.

Unless otherwise agreed by the parties to the test, these correction curves (or

user should

Humidity. High ambient humidity may affect performance by limiting oxygen content and increasing

blower or compressor power requirements. If ambient humidity is expected to be different
parameters, the manufacturer should provide correction factors and methods before the test.

from design

=45 -



https://saenorm.com/api/?name=15834ff3929910cb4b2e1537fd3a0097

SAE J2616 Issued JUN2005

Fuel Composition. Fuel composition may affect output or efficiency. If fuel composition is expected to
be different from design parameters, the manufacturer should provide correction factors and methods
before the test.

Ambient Temperature. Ambient temperature may affect output or performance by limiting heat
exchanger duty, overloading components, or increasing power conversion losses. If ambient
temperature is expected to be different from design parameters, the manufacturer should provide
correction factors and methods before the test.

Ambient Pressure- he—FRS-s—te-be—testedabove—seateve essure may
affect output or efficiency due to increased blower or compressor power requirements;(of decreased
oxygen content. If the test is to be conducted above design elevations, the manufactutef-shpuld provide
correction fgctors and methods before the test.

Useful Heal Load. If the heat supplied to the useful heat load is provided at a temperature different from
the design gf the heat exchange loop, insufficient heat exchanger duty maydimit heat recovefy. If heat is
ipd at temperatures outside design parameters, the manufacturer should provide correction
factors and methods prior to the test.

7.3 Report Format
7.3.1 GENERAL REQUIREMENTS

ASME PTCi50 suggests a format for assembling the'results of a performance test in a|report. An
abbreviated|description of the elements of a test report are provided here as a guide. The|user should
refer to the ASME PTC-50 for a complete list of the elements of a report for a formal perfofmance test.
The test report should clearly and concisely-document all data generated by the test ag well as all
ensuing corIputations. Definitive statements of the purpose of the test and attainment of thHe objectives
should be provided.

The test repprt for a performance test should incorporate the following:

Title Page
Executiye Summary
Introduction
Approagh

Results
Conclusjons

g. Appendices

"0 Q0T

This outline is a recommended report format. Other formats are acceptable; however, it is recommended
that the test report contain all the information described in the following sections. The following serves as
a handy checklist to aid the process of assembling the essential information for the performance test in a
concise report.

7.3.2 TITLE PAGE
Some items to include on the test report Title Page include the title for the test, date of the report, location

of the test, and parties involved in the test including the equipment owner, third party testing firm and
customer requesting the test.
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7.3.3

EXECUTIVE SUMMARY

The Executive Summary should provide a concise summary of the performance test. Some elements to
include in the executive summary include general information about the fuel processor subsystem,
performance test objectives, conditions under which the test was conducted, summary of the test results
and conclusions.

7.3.4

The Introdugtt

objectives, 3

INTRODUCTION

location for the test.

7.3.5 APP

The Approa
number of 1
limitations.

7.3.6 RES

The Resultg

ROACH

eplicates, instrumentation used and calibration status, data-.acquisition system

ULTS

section should include the performance equations used, a tabulation of re

necessary tp calculate the performance results, a summagry of operating conditions correspd

reduced dat
7.3.7 CON

The Conclug

CLUSIONS

ions should address the results, of-the test versus the test objectives.

ENDICES

ples of items to include'in the Appendices to the test report include but are not |
bd test requirements contract

f original data sheets and/or data acquisitions system print-outs

f operaterlogs or other recording of operating activity during each test

f laboratory fuel analysis
ntation calibration results from laboratories, certification from manufacturers

h and a step-by-step calculation of the perfefmance results from the reduced datg.

act, the test
und such as

ch should describe the procedures used to conduct the test including operating conditions,

and known

duced data
nding to the

mited to the

7.3.8 APP
Some exam
following:

a. the sign
b. copies g
c. copies g
d. results g
e. instrume
f. uncertai
7.4 Exam

L
ty-anatysts

ple Applications of the Recommended Practice

See Appendix A for a sample calculation of the application of this recommended practice to an

autothermal

reformer system suitable for use with a PEMFC.

PREPARED BY THE SAE PERFORMANCE WORKING GROUP
OF THE SAE FUEL CELL VEHICLE FORUM

-47 -



https://saenorm.com/api/?name=15834ff3929910cb4b2e1537fd3a0097

SAE J2616 Issued JUN2005

APPENDIX A
SAMPLE CALCULATIONS

Autothermal Fuel Processor Subsystem
Assumptions and Sample Test Data

Fuel Processor: Autothermal with recycle of hydrogen-depleted anode gas to tail gas burner.

Basis: Thour testpertod
Nominal Sysgtem Size: 50 kWe
Gasoline Fugl: Regular Gasoline (Bosch Automotive HandbooK 5" ed)
Density 0.740 kg/l (ASTM D 1298)
Specific|Volume 1.351x10° m’/kg
Latent Heat of Vaporization 440 kJ/kg
Net Calgrific Value (LHV) 42 700 kd/kg (ASTM D 240 or D 4809)
Mass Fraction Carbon (x,) 85.6% (ASTM D 2427)
Mass Fraction Hydrogen (x,,, 14.4% (ASTM D 1018)

Boiling Foint Temperature (T,) 215°C (488.15 K) (Bosch Automotive Handbook 5" &d)

Boundary Operating Conditions

Fuel

FP Fuel[Flow, m, 14.0 kg/hr

Pump Type Piston

Pump Fpel Flow 20.0 kg/hr

Fuel Prgssure 405 kPa

Fuel Temperature (T,) 15°C

Pump/Motor Efficiency 55% (Perry’s Chemical Engineering Handbook 5" ed, pg 6-19)
Oxidant (Air

Air Flow] (ATR+PROX) 58.0 kg/hr (ATR) + 2.0 kg/hr (PROX) = 60.0 kg/hr

Burner gir flow 35.0 kg/hr

Air Prespure 320 kPa

Air Temperature 150 °C

Air Humjdity 60% relative humidity

Mass Fractionr N, +Inerts 0.7586 (wet basis)

Mass Fraction.O, 0.2286 (wet basis)

Mass Fraetion H,O 0.0128 (wet basis)

Compressor/Motor Efficiency 60% (Assumed Compressor/Expander/Motor Combination)

Water (Steam for ATR)

Water Flow, m, 55.0 kg/hr
Water Temperature 55 °C
Water Pressure 305 kPa
Pump/Motor Efficiency 55%

- 48 -



https://saenorm.com/api/?name=15834ff3929910cb4b2e1537fd3a0097

