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Dr. Douglas W. Kononen
Manager, Vehicle Pire Safety Research
Safety Reseuch Departmmt
General Motors Rawarch and Development Center
30500 Mound Road
wursn#  Miclllgnn  48090-9055

Re: CNG FMEA Report IFaM-SE-R-9641-16)  Reuision8

Dear Dr. Kononerc

Pursuant to your request in regards  to the above mentioned matter, below please
find a summary of changes which were made to our report. Peer review  of the
report by Powertech Laba, Inc. and Southwest Re~arch Institute led to suggested
changes which ware outlined in the January IS,19913 letter fmm the NfTTSA  to
David A. Collins, Esq. I contacted%lr. Lou Brown of the NHTSA and dkwsed
each of the peer review suggestions, some of which we mutu+ly agreed should
be implemented. A brief summary of each ,change  la preeented below, and, in
the case where changes were not implemented, an explanation is provided aa
well.

Implemented Repofl Changes

1. The two sets of PMEA tables in the appendices have been properly updated
to include the likelihood of occurrence index. DC, instead of the PR index.
This cokpli with the recommendation submitted by Mr. Craig Webster ?f
I’owertech Labs, Inc.

2. The presentation materiab that were previously found in Appendix B have
bm removed. This romplies with the retommendation  submitted by Mr.
e+dj+hster  of Powertech Labs, Inc.

3. The dewiption  accompanying table entry lg.32 has been changed In both
sets of FMRA tablea  as well aa the description in Sac&n 4.2.4. Seetii 4.2.4
now~ reads “T71ir  sccnanb  inoolvn  tk ignition ofo largegaa  rekase  due to a mtsdng
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er brokn ground strap.”  ms complies with the recommendation submitted  by
Mr. Craig Webster of Powertech Labs, IAC.

4. in the IA sentence of Seaion  32, the word t@cr has been changed to @ct.
fhis complies with the recommendation submitted by Mr. Craig Webster  of
Powertech Labs, Inc.

5. The appendices were reordered to follow their introduction in the text  of the
report.

Sugpsted  Changes Which Have Not BUM 1mpJemented

Powertech Lubs,  Inc.

3, A recommendation was made to reorganize the 18 subsystems to correspond
with the major subsystems that are currently used as the focus for NGV
standards.

While we agree that this might aid an NGV standards committee in addressing
potential issues, the focus of this project was to aid the industry as a whole,
including vendors, eubcontractcxs  and syetems integrators. We feel the report
provides the best value to the industry in its current format; small vendors are
easily able to identify sections which apply to them, and are able to understand
the interaction of their components with other components and conditions in that
specific subsystem. Were the analysis to be reorganized, it would be more
difficult for many suppliers to identify which potential scenarios are pertinent to
their components.

Southwed  Rauwch  Jnsfifute  (SWRJ)

1. A recommendation was made to change the report from a failure modes and
effects analysis (PMEA)  to a hazards and operabllity  analysis (HAZOPS)  due to
the method in which the study was conducted and the way the results are
plF!MlbXl.

lXe SWRI reviewer states “It is a valid and a useful analysis; it is just not a
tredftional  PMbA”.  The reviewer would have been correct had the statement
been 3t is just not a traditional aufomotiol  industry FMFA.” However, as is
clearly outlined in the book “Failure Modes&
Theorv to Execution” Itsted  as Rer%rwxe  2 in Section 5, there are numerous
method8 of performing FMEAs.  The current report clearly falls within the

EX-
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different types identified in the reference, and, in addition, the differences
between the automotive industry’s version of an FMEA and the approach taken
during thii project are discussed in the text of the report.

2. A recommendation was made to provide more detailed information regarding
each of the 17 components or subsystems. Specifically, the author reqw~ted
additional information on:

9 The basic function(s) of the item.

We feel that the basic function of each item is clear to persons associated with the
supply and construdion of such systems.

. The design and construction of the item.

As facilitator for this FMEA,  FaAA  is not qualified to describe the design and
construction of many of the components. It is not clear how this would be done
when a particular subsystem  many dffferent  components (such as
valves, tubing, connectors, and electronics), each with its own design and
construction intricacies.  The design and construction also varies depending
upon the supplier of the component.

Furthermore, due to the confi+mtiaUy agreements with the third party
 in this matter, FaAA is not at liberty to release much of this

information.

- The typical operating parameters, such as temperatures. pressures, flow rates,
and volumes.

of were 
discussed for purposes of fully listing all applicable operating parameters. As
facilitator for thii FLEA,  FaAA is not qualified to describe the operating
parameters for these subsystems. Should this information need to be provided,

series  of further queotionnairee  will need to be submitted to alI parties
involved, the results tabulated, and confMing  information resolved on 
individual basis.

Furth&ntm, due to the confidentiality agreements wfth the third party
suppliers in this matter, FaAA  is not at liberty to release much of the inknmatlon
which it currently holds.

Current controls or hazard mitigation features commonly associated with the
item.
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This information was provided in an earlier version of the report. Upon~
conwns~  of several parties, the information was removed to make the tables
more clear in the presentation of the current analy6Is.

If you have any further questions regarding this report, please do not hesitate to
call me at 310-302-7200,  I look forward to hearing from you.
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To: Lou Brown Date: December 2, 1997
NHTSA

Telefax No.: 202 366 5930

From: Craig Webster No. of Pages: 2

m FailureJ&&s and Effects Amis of CT%Z  Fuel htirns for Cars and
m&s - REVIEW  OF REPORT

Fohing are the comments that I had prepared  in September and have been unsuccessful in e-
mailing to you.

Powertech Labs is the Research and Development division of a government-owned utility. We
have been involved in NGV research since 1983, and are recognized worldwide as an authority on
CNG cylinder technology. We participated in one of the two workshops held by FaAA to
provide input into the FMEA.

The Failure Analysis Associates report “Failure IModes  and Effects Analysis of CNG Fuel Systems
for Cars and Trucks” contains a considerable amount of useful  information applicable to all CNG
fuel systems. The results are tabulated in Appendix C in no particular order for each of 18 fueling
system subsystems, and again under Appendix E in order  of the perceived risk for all subsystems
combined. Overall, I believe the report could be more useful to the Natural Gas Vehicle industry
if the 18 subsystems identified by FaAA were reduced in number to correspond with the  major
subsystems that are currently used as the focus for NGV st&ards.  For example, the following
standards currently apply to major subsystems:

filling receptacles = ANSI NGVl
fuel tanks = ANSI NGV2
pressure relief devices = CGA PRD-I
installation (high pressure lines) = ANSI NFYA 52
etc.

Thus, if the results were presented in the order of perceived risk for each of the areas covered by
specific NGV standards, then the concerns  identified in the report could then be readily addressed
by the relevant standards committee for each major CNG subs-.



‘,
Specific observations on the report are as follows:

4 Page 12 of the report discusses the use of frequency of occurrence (OC) indkx, but the
Tables in Appendix C and Appendix  E appear to change the terminology to ‘TR”.

d

b) It appears unnecessary for the presentation materials in Appcndi~  B to be included in the
report Much of what is discussed in the overheads is already reviewed in the first
chapters of the report. Besides, the overheads presented FaAA’s initial approach to the
workshops, and do not necessarily relate to the final FL4.EA approach adopted by both the
NGV industry and FaAA to address CNG fuel systems.

4 u&T section 4.2, a high RPN event is discussed for ID 18.32; however, it is not at ali
clear to me how the absence or breakage cif a grounding strap could result in the  major
release of compressed natural gas from a closed (gas tight) fuel system. Perhaps FaAA is
referring to a tank removed from a vehicle for servicing (i.e.  disconnected from the fuel
line tubing), but even then  I do not understand the possible failure mechanism. Further
elaboration is required in the report.

4 Of a very minor natorc, on page 12, last s&exe of section 3.2, the word should be
a.ffe* not effect.

Craig Webster, P.Eng.

__
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SOUTHWES

SWRI

q+wl~~fly (01

T RE.SEARCH  INSTITUTE

FAX: 202-3665930 --.

Materials and Structures Division
December 5,1997

Mr. Louis J. Brown, Jr.
Office of Research and Development
NHTSA ~~~ _:I
400 seventh street?  S.W.
Washington, D.C. 20590

Re: B.6 Settiement A~ement
Final Report Peer Review

Dear Mr. Brown:

Pursuant to your request, please find attached our peer review of the report entitled
Failure Modes and Effects Anaiysis  of Compressed Natural Gas Fuel Systems for Cars and
Trucks  by Failure Analysis Associates, Inc. Please note that the attached document is a
preliminary review and that additional comments or specific inquiries may be submitted by the
revicwu as deemed appropriate.

Michael A. Miller
Senior Research Scientist
Materials  Dcvclopmcnt S&ion
Materials Engineering Department

mam/mss ,,2,

Attachment: Report Peer Review

c’y-WC
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communaBy
Neil w. Haylock

southwc8tRc8carch~te
(210) 522.3238

Novuuba  18,1997

The docunmt h well writtca Il’pmvidca a cles @aadion odtb methodology
used.  It provides  all 02th~ detailed saalysia &eta in an appardir Anyone interuted in
exploringindetailtbeiaasaning lbtliGSb&iIldtbS*CXIlClUSiiznsd

rccotnmendatoas  will find &licient i&inn&ion  between the report and appeadices to
da 80 (with one exception  notd in the last pamgraph  of t&e comments).

The hazd8 rnrlyais SW8 “vu)’ pmfdod,” and rppean to have been
conduct4 by individuals  eqekxul and lmowkdgcable about cumpressal natural gas
ftlclsyatemsand~hurrds -eat methodologies.  Consequently,  I hclim that
their Wnclusiollaand rtuunmendations  cmy mme weight of eqxrkce and deserve
camfu~dcmtienbytheind~.

Iu my opinicq the imalysb  that has been conducted is not a “failun modes and
lTJ%CtSanalyair~~illtkSU!ltUthlUthiStam~ commonly used in the risk
isscssmeo!  ixduby. This is not to say thst the aaalysis is dekient.  It ia a valid analysis.
zndnus&lansl~itisjustnotatraditionalFMEA. Itismuchmoreakintoa
HAZOPS @azards  and operability)  anal* and I au& that it be cxllcd such in the
IT@. The me&xlology used was to convene a committee  composed of indusky experts
in the dcxiga  Bprperformance  of all tk m&r components  of a CNG fuel aykn.
SeJvtzd ~ultedmcstingsw~thmbrcld,witbP~AnalyaisAssociatespasonnal
aen-inga6facilitato~toworktbrougbastnMxulscrtsofWbatif” bwllarial that start
with a &ilure &act, snd work backwud  to list podal f+ailrxa modes that could have
causedtbatefEzk ThisisexxtlytbewaythataHUOPSzm+sisistxaditionally
wnduc!cd. Samcone  doing a lituamre Benrch far an Fh4EA of a CNG system would
CXPtGtto~ramathingdiffcnntthrnw~tis~~inthirrrpan.  Again1
cmphasizc  tha! this does not imply that the rcpaated  tiylis is pour. simply that it is
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Tha~drawinglabeled~~linthsnpatt~thebYclineroedmnpfar
the analy&& It ideataa 17 major 0oqoncWorauh~thatcompoac~typical
CNGfWsystem.  Th~~~dkuaioninthsrcpiut~abouttht’ihmctdtti~ofthue
17itrxna. I~thptitwo~bahtIp&ltoprovidsa~ericducrfptianofcach~,
eitJxrinthexportorinmqpeadk  Thi8dwcription6hould(1)elabomtcuponthe
bnsic Jk%tion(s).of the item; (2) discuss  how the itun is typically design4 or
cxm8truM.  (3) &fe wmo indication  of typichl opadkq paraxm%ers  asa0cia.td  with the
item, e.g., a m&a of tempm, prossmes,  flow raiej, Volumes; and (4) point Out any

&ety controls or lmzud mitigition fmttmza  commonly  aaaociti with the item. Such
‘details wma almost ctzrtainly  discuaeed  nnd dcvclopcd during the wxnrnittet main@ in
the coumc of postulating  tilure modes  and fkihx’a  Off&As,  but they a~ not daunentcd  in
h=PJfi
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EXECUTIVE SUMMARY

On March 7, 1997 General Motors Corporation (GM) and the US Department of Transportation

entered into an agreement (hereafter referred to as the Agreement or Settlement Agreement) to

settle a dispute regarding the safety of 1970-1991 full-sized GM pickup trucks equipped with

fuel tanks mounted outboard of the frame rails. Part of this Agreement involves establishment of

a 5 year, $10 million motor vehicle fire safety research program to be funded by GM. The

overall objectives of this research program are to better understand how vehicle fires start and

spread and to determine what can be done to prevent, contain, and extinguish such fires. To this

end, GM and the National Highway Traffic Safety Administration have jointly developed 14

separate vehicle fire safety research projects. One of these projects (project B.6), entitled

“Analysis of Failure Modes and Effects for Alternatively Fueled Vehicles,“,is  the subject of this

The project statement for B.6 reads:

“Failure modes and effects analyses (FMEAs) will be prepared and unique potential
fire hazards associated with generic designs of alternatively fueled vehicles will be
analyzed. Priority of analyses shall be given in the following order: CNG fueled
vehicles, propane fueled vehicles, electric vehicles, and hybrid vehicles.”

Compressed natural gas (CNG) powered vehicles have been the subject of much interest because

of their low emissions. To address concerns regarding potential risks associated with CNG

vehicles, GM, in conjunction with CNG component suppliers, undertook an innovative broad-

based analysis of the CNG fuel system design that addressed a comprehensive range of issues

including design, manufacturing, usage, servicing, and consumer considerations.

GM contracted with Failure Analysis Associates, Inc. (FaAA),  to facilitate the analysis which

used a failure modes and effects analysis (FMEA) format. This provided a systematic procedure

for identifying potential failure scenarios, quantifying the relative risk associated with them, and

prioritizing follow-up actions. Although the initial intent was to keep the FMEA completely

FsAA-SF-R-96-01-16
February 1998
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generic, a specific bi-fueled (gasoline and CNG) design which utilizes a steel tank with carbon

fiber overwrap was assumed in order to make the exercise useful. Despite the fact that the fuel

system considered in this FMEA contains many components which are present in other existing

designs, it does not represent aJ CNG fuel systems. Hence this FMEA should not be used solely

as the FMEA for a reader’s specific design. Instead, the reader is encouraged to glean the

information relevant to his or her particular design.

Two FMEA workshops were conducted with participants from GM and its suppliers. The

analysis indicates that the assumed fuel system design is generally mature at this time, except for

a few areas which need additional effort. The most significant issue, on a relative basis,

identified by the analysis is the system-wide risk of gas release. The analysis indicates a need to

review the broad leak-control design strategies of the system and revisit some of the basic

engineering. For example, a review of connection fittings may provide options for reducing the

probability of leakage. There are also two isolated scenarios which require some attention. One

involves the consumer failing to properly connect the filling line during refueling, and the second

involves the consumer misinterpreting the fuel mode indication. Both of these can be mitigated

by developing a specific one-time design or process change. Finally, the analysis indicates that

another subsytem-level review effort for the fuel tank may be useful.

FaAA-SF-R-96-01-16
February 1998



FMEA of Compressed Natural Gas Fuel Systems for Cars and Trucks

1. INTRODUCTION

1.1 Background

Many automotive manufacturers are considering production of compressed natural gas (CNG)

powered vehicles. The use of natural gas offers a number of significant advantages over

gasoline, including low emissions, improved fuel efficiency, and lower cost fuel.

On March 7, 1997 General Motors Corporation (GM) and the US Department of Transportation

entered into an agreement (hereafter referred to as the Agreement or Settlement Agreement) to

settle a dispute regarding the safety of 1970-1991  full-sized GM pickup trucks equipped with

fuel tanks mounted outboard of the frame rails. Part of this Agreement involves establishment of

a 5 year, %I0 million motor vehicle tire safety research program to be funded by GM. The

overall objectives of this research program are to better understand how vehicle tires start and

spread and to determine what can be done to prevent, contain, and extinguish such tires. To this

end, GM and the National Highway Traffic Safety Administration have jointly developed 14

separate vehicle fire safety research projects. One of these projects (project B.6), entitled

“Analysis of Failure Modes and Effects for Alternatively Fueled Vehicles,” is the subject of this

technical report.

The project statement for B.6 reads:

“Failure modes and effects analyses (FMEAs) will be prepared and unique potential
tire hazards associated with generic designs of alternatively fueled vehicles will be
analyzed. Priority of analyses shall be given in the following order: CNG fueled
vehicles, propane fueled vehicles, electric vehicles, and hybrid vehicles.” .

To address concerns regarding potential risks associated with CNG vehicles, GM, in conjunction

with CNG component suppliers, undertook an innovative broad-based analysis of a bi-fueled

FaAA-SF-R-96-01-16
February 1998
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(gasoline and CNG) system design that addressed a comprehensive range of issues including

design, manufacturing, usage, servicing, and consumer considerations.

The general format selected for the analysis was a failure modes and effects analysis (FMEA),

since it offered the flexibility to comparably address a very broad range of issues in a relatively

concise form. GM contracted with Failure Analysis Associates, Inc. (Fa&J,  to facilitate a

broad-based FMEA for compressed natural gas fueled  systems for cars and trucks. FaAA also

provided specific technical expertise and input in appropriate areas. FaAA has extensive

experience performing FMEAs for a wide variety of manufactured products and industrial

processes, and particularly in performing broad-based FMEAs involving multiple parties and

organizations such as OEMs and suppliers.

1.2 Objectives

The objective of this activity was to step back from typical detailed evaluations and take a

broader look at the complex interactions between product design, production, and usage. This

approach allows for the most benefit to the industry as a whole. Another key objective of this

FMEA was to include suppliers so that component-specific data could be obtained. This allowed

the suppliers to bring to bear the best possible informatjon to the analysis and allowed suppliers

to share their experieflces  on their best practices.

1.3 FMEA Approach

An FMEA is a systematic procedure for identifying potential failure scenarios in a product or

process. It also provides a means for prioritizing mitigating actions for these failure scentiios,

based on the relative risk associated with each of the scenarios. In a typical FMEA, each

component in the product is examined for potential failure modes in which a sequence of events

can lead to an undesirable result. The relative risk associated with each of the potential failure

scenarios is quantified by three indices representing the severity, likelihood of occurrence, and

control measures of each scenario. The product of these three indices is the risk priority number

(RPN), and it provides a relative measure of risk associated with each failure scenario.

FaAA-SF-R-96-01-16
February 1998
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The FMEA technique is widely used in military and commercial manufacturing industries. A

variety of approaches are taken in developing failure scenarios and assigning indices. Potential

failure scenarios can be developed strictly inductively (i.e., by identifying a series of root cause

events and evaluating the subsequent chain of events) or partially deductively (i.e., by first

identifying a set of end conditions and then reviewing potential pre-cursor conditions).
.

--7:.

MIL-STD 1629A’  describes the approach developed by the military. In this approach, scenario

development can be either inductive or deductive. FMEAs performed on concept designs or

leading edge products, such as in the medical industry, generally use a partially deductive

approach in which first a set of undesirable end conditions are defined.2  Each condition defines a

specific loss of functionality (performance, safety, etc.). Failure scenarios leading up to these

conditions are then developed.

An example of a largely deductive approach was one used in the marine industry for analyzing

risks to a floating production unit (FPU).’ In this analysis all potential failure effects were

categorized into eight groups ranging from injury/fatality, production shut-down, and material

damage to pollution, fire or explosion. Causes leading up to these conditions were then

developed. On the other hand, process FMEAs (PFMEAs) generally develop failure scenarios

inductively by examining undesirable variations in process parameters and examining the

resulting effects.

The risk indices can also be assigned in a variety of ways. Although most often the scales range

from 1 to 10, scales ranging from 1 to 5 are also used. They may be based on a qualitative or

quantitative scale. Appendix A shows examples of scales used in various industries.

Quantitative scales are often absolute scales; for example, in the scale shown in Table F.l of

Appendix A (page A-2), a failure frequency between l/50 and l/l 0 for the automotive industry is

always assigned an occurrence index of 4, regardless of the range of failure frequencies actually

encountered in the system being analyzed. Other scales are relative, such as those based on the

distribution of actual failure frequencies, or those qualitatively described as high, medium, or

low.

FaAA-SF-R-96-01-16
February 1998
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Automotive industry guidelines for design FMEAs (DFMEAs) performed as a standard part of

product quality planning require a hierarchical approach where a separate analysis is performed

for each level of the system or subsystem. This allows the scope of each DFMEA to be restricted

to the specific functionality of the subsystem. Within this scope, potential root causes can be

identified in great detail. Typically, each root cause has an immediate effect-qn:the functionality

of the subsystem, resulting in a cause-effect failure scenario. In this type of analysis, inductive

scenario development is very effective. Furthermore, since a large number of separate subsystem

DFMEAs comprise the analysis of the entire system, a standardized, absolute scale for the risk

indices makes it easier to maintain uniformity among them.

The scope of systems analyzed in this FMEA was comprehensive and the focus was on capturing

the end effect on the consumer. Therefore, a different approach was called for. Specifically, a

deductive approach was taken for scenario generation, much like the one described previously

for the FPU.’ This allowed each component supplier to think of their subsystems not only in the

context of their immediate functional specifications, but ultimately as a part of the final product

delivered to the consumer. In this approach, the failures of the individual components were

viewed as causes leading to more generic failure modes whose impact on the performance or

safety of the vehicle could be quantified. This facilitated the identification of generic failure

modes at a sufficiently high level to allow for effective prioritization to take place. This also

allowed for the evaluation of potential failure scenarios and prioritization on a common and

consistent basis.

The scales for assigning each of the risk indices were defined in a relative manner to reflect the

full range of conditions encountered in the scenarios. The consequences of a particular failure

scenario on the performance of the product was quantified by the severity of failure index. The

severity index (SV) was assigned on a scale of 1 to IO, with 10 representing the most severe

effect. The probability that a particular sequence of events leading to a failure scenario will

occur was quantified by the likelihood of occurrence index. The occurrence index (OC) was also

assigned on a scale of 1 to 10, with 10 representing the high frequency of occurrence. The

FaAA-SF-R-96-01-16
February 1998
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probability that a particular sequence of events leading to a failure will be controlled by detection

or mitigation before the consequences occur is normally quantified in the third index, sometimes

called the detection index. Since this FMEA covered all aspects of the CNG design, as well as

usage, this index was used to quantify the effect of a variety of risk minimization measures. The

risk minimization index (MN) was also assigned on a scale of 1 to 10, with 10 representing the

highest risk or minimum possibility of control. . _
--_m
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2. METHODOLOGY

2.1 Mechanics of the FMEA

Typically, FMEAs are conducted on mature designs by a relatively small group of individuals

within the same company who can freely exchange information. Most often, only a small system

or subsystem is analyzed in detail. Consistent with this, a bottom-up approach’is taken, whereby

each of the individual components of an assembly and their potential failure modes are

identified. The current analysis differed from the typical case in several ways. First of all, as

discussed earlier, a top-down approach was taken in this analysis. The system as a whole and its

usage by the consumer were the primary focus. Potential scenarios leading to performance and

safety risks were developed by a systematic review of subassemblies and interfaces.

A second important difference was the composition of the FMEA team. In this case, engineers

from GM, FaAA, and the component manufacturers participated in the FMEA. A list of

component and subsystems manufacturers who participated is presented in Appendix B. By

bringing together all of the participants in the product design, it was possible to evaluate the

functionality of each of the subassemblies both under normal and abnormal conditions, and to

consider the interactions between subassemblies and between the subassemblies and the vehicle

platform itself.

However, it was also important to consider supplier competitiveness issues and to balance the

necessary exchange of information with appropriate confidentiality. To accomplish this

objective, FaAA served as the intermediary for compiling information obtained under a separate

confidentiality agreement with each of the participants. FaAA also reviewed and maintained the

documentation and provided general information to the entire team without identifying

individual sources.

FaAA made every attempt to either directly document or identify relevant documents useful in

evaluating each scenario. This included information on the likelihood of occurrence, the
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effectiveness of any risk control measures, and evidence of previous failures - either documented

or anecdotal. Each supplier was given every opportunity to provide input and comment on all

scenarios associated with their product.

Two FMEA workshops were conducted with participants from GM and its suppliers. Following

each workshop, FaAA sent letters to each of the suppliers requesting supp&ig  data on the

scenarios discussed during the workshop. Suppliers were also contacted several times by phone

to ensure that the maximum and best possible data was available for the analysis.
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3. ANALYSIS OF FAILURE SCENARIOS

3.1 Generic Failure Conditions and Consequences

The focus of the current FMEA was performance and safety risks. Thus, at the outset, a number

of general situations involving CNG fuel systems were identified. These situations were defined

as “generic” failure conditions or failure modes. The potential consequences of these failure

conditions were evaluated and ranked by a subjectively estimated severity index. In order to

maintain consistency in the analysis, all potential failure scenarios were defined with respect to

the potential for resulting in these generic failure conditions. A list of eight generic failure

conditions were identified.

Each condition or mode was initially ranked in order of its relative severity with respect to other

modes. The potential consequences were then evaluated to assign a preliminary severity index

on a scale of 1 to 10. Typically, FMEA indices are assigned such that an increase of 1 in the

index represents an order of magnitude increase in the risk. Hence, modes with different severity

ranks may be assigned the same severity index if the difference in their consequences are judged

to be small. There was considerable uncertainty about the exact nature of many of the

consequences. Hence, higher severity indices were conservatively assigned in cases where there

were differing opinions on the severity of the modes. The identified modes, along with their

current severity ranks and indices are shown in Table .l. The indices may need to be revised

when more information is available on the consequences.
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Table 1. Generic Failure Modes

Description of Potential Effects

Customer
dissatisfaction

warranty claim, customer only
uses gasoline and resulting
environmental impact, loss of

Leakage (does not

recall, warranty claim, customer

walk-home, warranty claim,

crashworthiness
collision resulting in: explosion
and tire, explosion without tire,
injury, property damage; reduced
range, render vehicle inoperative,
damage to vehicle, recall

Large gas release G fire, explosion, asphyxiation of 7 9

(Customer may
operator, vehicle becomes

haveadvanced
inoperative, property damage,

warning)
reduced range, damage to vehicle,
smell of gas, noise and resulting
anxiety, injury, warranty claim,
recall, cryogenic burn

Catastrophic high H explosion and tire, explosion 8 10
pressure failure without tire, injury, property
(Unexpected damage, reduced range, vehicle
event) becomes inoperative, damage to

vehicle, warranty claim, recall
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3.2 Identification of Failure Causes and Probabilities

Figure 1 shows a schematic drawing of the assumed CNG fuel system. The components

included in this analysis were those considered to be basic and expected to contribute to the

performance and safety of the vehicle.

11. LO” Pressure ReguIator

14. Gas  Ring 13. GMSl?Kv

J

8. HPWPRD
5. Furl StonSe Tank

?L L - t+ - .,--a---
I U L-- u u \, a

2’ ‘ItD j.F~R~ce~ta~

7. U4 Turn VaIve

10. Imw Pmsrure  VaIve

I2 IntermedIate F-ressule  Line

17. W Switch Assembly

Figure 1. Schematic Drawing of Typical CNG Fuel System
(numbers represent subsystem designation)

The components associated with the CNG system were grouped into 17 subsystems based on the

main functions required of the fuel system, plus one group of interface issues, as follows:

1. Fill Receptacle and Filter

2. High Pressure Fill Line

3. Ventilation System

4. High Pressure Solenoid Valve I PRD

5. Fuel Storage Tank

FaAA-SF-R-96-01-16
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6. Fuel Sending Unit

7. I /4 Turn Valve

8. High Pressure Regulator / PRD

9. Intermediate Pressure Line

IO. Low Pressure Valve

11. Low Pressure Regulator

12. Low Pressure Line

13. Gas Mass Sensor / Mixture Control Valve (GMYMCV)

14. Gas Distribution Adapter (Gas Ring)

15. Engine Control Unit (ECU)

16. Wire Harness

17. I / P Switch Assembly

IS. Interface Issues

In the first phase of the FMEA, each of the main subsystems and components in the assumed

system was reviewed to identify sequences of events or scenarios which could lead to any of the

generic failure conditions. These scenarios were defined as potential failure causes. This

resulted in a systematic examination of potential failures of each major component in the design

which could lead to performance problems or safety issues.

The components in each of the subsystems were examined for their potential to fail or be

misused. Events that could result from such failures and eventually lead to any of the generic

failure conditions described in Section 3.1 were identified and numerous potential scenarios were

developed. Typical failure causes included improper hsage, malfunction due to defective

components and improper installation or settings, contamination, corrosion, mechanical fatigue

effects, and environmental effects such as those caused by dirt, moisture, and cold weather.

Since some of the underlying causes were common to several subsystems, actions taken to

address them would impact several scenarios.
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The next step involved assigning the frequency of occurrence index (OC) to individual scenarios.

This index was based on reviewing available evidence about the failure scenarios. Sources of

evidence included testing data, published failure data, and non-quantitative historical and

anecdotal information. After a review of all the evidence available to quantify this index, the

scheme listed in Table 2 was established. Since relatively few specifics were available, only six

categories of evidence were defined, although the index still ranged from-a-value of 1 to 10.

Armed with knowledge specific to their own designs, readers can change the OC index according

to Table 2. It should be noted that this may affect RPNs and subsequent data interpretation.

3.3 Identification of Risk Minimization Measures

The probability that a particular sequence of events leading to failure will be detected or can be

mitigated through manufacturing control processes, design changes, or validation testing was

quantified by the third index: the risk minimization index (MN). While this scale also ranged

from I to 10, there was insufficient data to provide such a high degree of resolution for the

assumed design. Consequently, three ranges of risk minimization measures were established, as

shown in Table 3. Again, readers can adjust the MN to reflect their specific designs and properly

consider associated changes in RpNs.

Table 2. Frequency of Occurrence Index

Evidence About the Failure Scenario Occurrence Index

application.
If known to have occurred “a few times” with documented
evidence.

8

If known to have occurred once with documented or reported
evidence in this or similar application.
If anecdotal evidence of previous occurrence of this or related
failure scenario.

6

4

If no previous history, but greater potential to occur. 2
If no previous history, but potential to occur. 1

-L
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3.4 Risk Priority Number

The product of the three indices, SV, OC, and MN is the Risk Priority Number (RPN). The

FMEA tables for each of the subsystems are included in Appendix C. The ID numbers were

assigned serially for each of the subsystems identified in Section 3.1. Appendix D lists the

failure scenarios in decreasing order of RPN.

_- ::e

Table 3. Risk Minimization Index

Range of Control Measures Risk Minimization
Index (Scale: 1 to

assigned a iOW probability index range of 1-3
If a moderate degree of control measures implemented or planned, 1 5
and assigned a MEDIUM probability index range of 4-6
If a low degree of control measures imnlemented  or planned,  and 8
assigned a HIGH probability index range of 7-l 0 -

1

I
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4. MAIN FINDINGS

4.1 RPN Distribution Characteristics

It is appropriate to begin the findings section with the caveat that it applies only to the assumed

design reviewed in this FMEA. The analysis of RPN distributions for read& sfiecific  designs

may be different. Nonetheless, useful insight into CNG fuel systems is gained by the analysis

below.

Examining the distribution of RF’N values of the scenarios developed in the FMEA provides

insight into the maturity of the product development. There may be many types of immaturities

associated with a product, each of which represent a measure of risk. Conceptually, the relative

risks associated with a mature product would be distributed in a decreasing manner. The

distribution of risk would be skewed to the left, or lower RF’N values. Furthermore, the overall

distribution would be non-linear, as shown in Figure 2. In other words, if risk was to be

conceived of as a continuous variable, its distribution would decay, such as in an exponential

distribution. If the higher-risk tail of this distribution was to be mitigated with a newer version

of the product, it would lower the actual levels over which the risks would range. However, the

shape of the relative distribution would not change. For a leading edge product, examining the

deviations from an exponential-type pattern in its distribution of risks provides indications of its

likely types of immaturities.

An FMEA attempts to capture the full qualitative spectrum of risks in a set of scenarios.

Depending on the level of detail in them, each scenario represents a certain range in this

spectrum. Hence, the scenarios may be considered as discretized representations of what is

actually a continuous range of risks. For example, the actual risk associated with a gas release

can vary essentially continuously depending on the combination of factors such as the

probabilities with which various gas leak mechanisms can occur, the variation in the amount of

gas released in each of the mechanisms, the potential for gas dissipation or accumulation in the
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environment into which it is released, the proximity of ignition sources, and numerous other

variables. In practice, it is impossible to define a “function” of all these variables with sufficient

detail to capture every possible combination of variables. Hence, discrete classes of

combinations are defined in terms of individual FMEA scenarios.

An analysis of the distribution of scenarios is thus representative of the distribution of the overall

pattern of risks associated with the product. However, the level of detail in examining the

patterns needs to be carefully selected. Treating each potential RF’N value in the range of 1 to

800 may show no clear patterns since this may be looking at it in too much detail; the maturity of

the system as a whole is overlooked. Stepping back a little further by aggregating scenarios into

RPN ranges may bring the pattern into better focus. However, stepping back too far may blur the

details too much. Thus, analyzing RPNs can be a somewhat subjective exercise.

Figure 3 shows the distribution of RPN values for this FMEA taken one RPN value at a time.

While it reflects a decaying risk pattern, it is difficult to identify general areas of concern. Figure

4 shows the distribution after grouping the FMEA scenarios by RPN values in ranges of 25. For

RF’N values of less than 300, the distribution is clearly declining, albeit with some scatter in this

trend. At higher WN values, there is no increasing or decreasing trend but there may potentially

be some outliers or clusters. The clusters and outliers can be seen more clearly in Figures 5 and

6 where the scenarios are grouped in broader ranges of RPN values. The overall pattern seems to

indicate a generally mature product, with a few exceptions represented by three or possibly four

higher risk clusters or outliers.

The cluster at the RPN value of 720 in Figure 3, which again appears as a high RPN cluster in

Figures 4 through 6, will be addressed in detail in Section 4.2. This is an isolated cluster, and all

its scenarios are associated with the same failure mode (i.e., large gas release), indicating that this

cluster most likely represents a systemic risk overriding all subsystems. This conclusion is

further reinforced by examining the scenarios in the range from 101 to 150 (Figure 5). There are

more scenarios in this range than one would expect from a mature product. Once again, they are

all associated with this same failure mode. Such risks are typically further mitigated by
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reviewing the general design strategies of the system and revisiting some of the basic engineering

approaches.

There is another apparent cluster at RPN values between 501 and 600 (Figure 6). This is

comprised of two scenarios associated with different failure modes and different subsystems.

Hence, they are not truly clustered scenarios, but rather two separate out&$  Scenarios with

similar relative risk. Each of them represents a very specific risk which can be further mitigated

by developing a specific one-time design fix or process change.

There is, arguably, another cluster at RPN tialues  between 301 and 400 (Figure 6). Examining

the scenarios comprising this cluster indicates that while these risks represent a variety of modes,

they are primarily associated with one subsystem, namely the fuel tank. This indicates that a

subsystem level mitigation effort may be warranted.

4.2 Highest RPN Scenarios

As noted in section 4.1, there is a cluster of high risk scenarios occurring at an RPN of 720

(Figure 3). This relatively large cluster of high RPNs dictates that additional scrutiny should be

applied to understanding the basis and mitigating the causes of these scenarios.

Due to the significance of this high RPN cluster, it is useful to examine each individual scenario

in more detail. The specific scenarios are grouped at the beginning of Appendix D.

FaAA-SF-R-96-01-16
February 1998

16



Risk Level
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: I
Figure 2. Distribution of Risk in a Mature Product
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4.2.1 Table Entry 1.8

As mentioned in the table entry, this scenario involves a large gas release during the filling

operation due to the loss of an O-ring. Specifically, it was mentioned that the loss of the interface

O-ring can be caused by a leaking 3-way valve on a Type 2 nozzle. Several potential mitigating

actions were discussed, including:

. Use of a higher durometer (90) O-ring. This may help alleviate the probleml,-but  no validation

testing has been performed to confirm this.

. Possible use of an O-ring retaining sleeve.

. Consider warning customers to avoid Type 2 nozzles. Implementation of the warning would

serve to lower the h4N index to 5, but the potential for consumer use of such a nozzle would

not be completely avoided.

l Consider notifying relevant agencies. Relevant agencies and safety bureaus might be

convinced to require all public filling stations to be equipped with only Type 1 nozzles.

However, at this time there are still public tilling stations which utilize Type 2 nozzles.

4.2.2 Table Entry 5.29

This scenario involves a large gas release due to improper venting to the atmosphere, potentially

during service. One minimization measure considered involves detailing the proper maintenance

procedure in a service manual.

4.2.3 Table Entry 18.10

Table entry 18.10 details a large gas release, coupled with potential customer injury, due to an

improper connection of the filling line. Changes could be to design the problem out, coupled

with validation testing.
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4.2.4 Table Entry 18.32

This scenario involves the ignition of a large gas release due to a missing or broken ground strap.

One solution would be to redesign the system with a redundant strap.

Although it seems obvious that a redundant strap will reduce the likelihood of this scenario, it ‘is

possible that the reduction in probability will not be large in extent. For instance, there were

cases noted where the ground strap was broken. Since the mechanism of this break has not been

determined, there is a potential that the cause of a broken ground strap could easily break a

redundant ground strap at the same time. Until the ultimate effect of the redundant ground strap

is known, through either a detailed understanding of the failure mechanism or statistical field

performance data, the RPN will retain its current value.
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Appendix A

Examples of Various FMEA Scales and Applicati-c& _
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Mechanical or EIemoaia  or Ccned
elecuomechaoiiul semiconductor Medid AlltOOlOtiVC

Rank* industry industry devices industry
guidelines
for rev+

= “Cry  low <or = 1 in 10,000 < or = I in I million c or = ILin 100,000 (or = t i n  10 ,000  None

! = low or minor 2-10  in 10,000 2 to IO in 1 million 2 (0 IO in 100,000 <or = I in2000 Minor

i = modcnrc  or I l-25 in 10,000 1 I 10 25 in I million I I IO 25 in 100.000 c or = I in 500

signilicanr
Significanr

i = high 26-50  in 10,000 26 to 50 in I million 2G IO 50 in 100.000 <or = 1 in 50 High

i = very  high >50 in 10,000 z-50 in I million >50 in 100.000 >or =..I in IO Gtastroph

Interpretation of RPN = S x 0 x D

9 0 % 95% 99% Common scale

Minor risk l-13 Minor risk l-6 Minor risk l-2 Minor risk 1-17

M&rare  risk 14-52 Moderate risk 7-24 Moderate risk 3-8 Moderate risk I 8-63

Major risk 53-125 Major risk 25-125 Major risk 9-125 Major risk 64-125

Where:

s = sewiiy 0 = Occurrence D = Dcwction

Table F.l Numerical guidelines for l-5 stole’  in occurrence, detection, ond severity.
‘Ai lbe ahow numerical dues may he changed  b ruik specific  appk~tionr.

; i h i

i = very high or
umscmphic

Frqucnr  md high
26 to 50 per IV to IO’

Vuy high co awrmphic
>I0 pa IO’ co lff

Detectable only by
Lou offuncricm CutOmCr  ador High

during s&a

Undcrccrrble  until
Safery-rdncd  atrnmphic  f&ra crtrrrmphc  occurs VT high

Table  F.2 Word description of l-5 scale far design FMEA.
NOW  h guideline is only D sample. II may be changed  lo suit IpeciIic  opplicotionr.
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Table F.3 Word description for l-5 scale for process FMEA.
Ne This guiddirr is only a sample.  II may k cbonged  k suit specific oppliiotions.

Pmbabii  of -0c Pmbabiiy of likelihood of the d&x or defective

w or frrqogs~cy Degluofxwily detection pmduct  reaching  rhe cus~omcr

I .mylmnor  Rxc Minor nuisanaz almost no cffccu Dcrccrablc before Very low IO none; ouarrnding  conwal
00°C < I per IW’to I(r&xI~ on service Crerr job smicc  is relax-d

rhzl once  ‘ycu
Dcwcuble  lher

I I bw 0~ minor I*m l&&d ccr*Lc  pmfomunac.  0 fClUX Low  01 minor, wy good’conrrol.
zmlopul(rroIv molt Mi ilupacion 90-95  percmt  of the time action ukcn
about  once a monrh when process QUI  ofwnrrol

fkrecrablc  before
3 I m&mew Mcdcnre Modvue in&ncy. trdwd reaching the Modenn,  rignificanr.  or mediocre

signilicmt II;o25pcrI~ml~oc pmduaiviy,  opcnmr  swu m k CusmmCr conrml which is nor w-y cffccrivc.
abour  O”Qc  mty WM muUrtal: IWM ofpmblcm.  May Anion  taken  only 50 percent of rhc
WC& O~~yllOtFlX tkrmrblc only by ume

4 = high Frqucm  and high opcmr  t?Lls!nrion. Gmr CustOmCr  rndh High. Very low conw~l.  Action taken
26 ro 50 per l(r to IO’ or di~cisfaaion  Ncedr co fu ir now. during xrvicc infrqqucndy.  Tight  rchedulcr  and
Jmr cm-y week No possible rrpclr buinc. Undcrccrzble  until

ouuidc  forces.

5 .  wyhighor Vc?  high m caunrophic
aurcrophic

No rcpr bti. Take  it back. arasrrophc occurs Very high. No conrmls.  No actions.
>I0 per  IW CO IO‘ or every Very  hovy disrisfacdon  lwd 100 pcrccnr  bad service
orbs day or man

Table F.4 Word description of 1-5 scale  for service FMEA.
-~



ElTea Rank Gituia

No effm
Very stighr
c&a

Slight cth

I

1

3

4

5

6

7

8

9

IO

No &cr on product or subsquenr  processes.

Cusromcr  more  likely will not notice  rhe frilurc. Very  slight cfkr on
product/prxus  puformmce.  NonvirJ  fault noticed somcrimcr.

Customer slighdy annoyed.  Slight ei%cr on producr or proccu  performmcr.
Nonvitat  fault noticed roost of cbhc rime.

Coscomcr  upcrienccr  minor nuisaocc.  Minor cffecr  on producrlproca
pdommce. huh does nor require repair. Nonvitat hulr  Ilwrys noticed.

Cwomcr  apericnca  some diitiihcrion.  Modcrrre effccr  on producr/pr~Xcss
paformmcc  Faok  on nonvial pan  rquircs  repair.

Gssromcr  apuicnca discomfon.  PmducJproca  performance
degraded, ba operable  md safe.  Nonviul  part inoperable.

Gsstamu  dis&licd.  Major dfm on pr-; mvorWrcprin  on pan mcawy.
Producdproccss  puformara seventy atTccwd but funaion~ble  sod safe.
Subrystcm inopcnbtc

Customer wry diitistioi Enrcme  effeo  on prcas~;  equipment damaged.
Ptodua  inoperable but at%. Syrrcm  inoperable.

i’orcntiat hazardous  et& Able  to nop product wirhout mishap; &y-r&ted;
timedependent  hilore.  Diiruption  to subsequent process opcndons.  Comptii
with govmunmt  reguhdon  is in jeopardy.

Hazardous  &a. S&y-&red--soddcn  failure. Noncompliaxc  with
go”ernmen~  rcgutrdon.

Table F.5 Severity guideline for process FMEA”  (l-10 quolitotive stole).
‘crll tha obave  guidelines and rankings n-ay be chor& lo r&d specific situations.

RCWlDliOIl

tflhc oumcriul  v&c falls bcrwccn
Wo o~&n  aiwa~ s&r the higher
numba

If rht tc~n hv a disagrccmcnt  in the
Mking v&c rhc folkwing  may hdp.,

I. If dx diimmr is an rdjrcenr
catcgoty, rvcqgc  out the
diffcrencc.  For aample.  if one
mcmbcrwys  5 and someone  ck
says 6, the nnking  in this case
jw@d  bk 6 (5 and 6 are adjacent
c+xks.  Thcrdon 5 + 6. I I,
I l/2 I 5.5).

2. If& disagmcmmr  jumps one
uRgoly,  then  EOnse”S”S  must te
mdd Enn wirb one pcrson
hotding WI. tool con~nsus  mu,
lx m&cd. No axrage.  no
majosiry. Evcryonc in thrr ram
mnt have  ownahip  of the
nn&iog.llKylmynoragml00
puunt. but chq M live with it.

Almcm rlcvcr 1 >I.17 Failure unlikely. History shows <.00058 If the numericat  vatlr fills ktwcn
no Failures. wo numben  &UJI sdccr rhc higher

numbs.
Rcmotc 2 >1.50 Rare number of Failures likely. .0068

If the tam hu I diagxcmcnr  in the
Vey slight 3 al.33 Very fm failures likely. .OOG3 ~khgdue  rhe fotkwing  mry hdp.

Slight 4 al.17 Few  failures  likely. .46 t. If the disagrccmcm  is m adjrccnr
cxq,ory,  wmgc OUI  the diffcrcoce.

Low 5 >l.cQ Occasional number of failures  likely. 2.7 For aampk. if oa member sap  5

Medium 6 >0.83 Moderate numbcr  of failures likely 12.4
md sommnc ek ~ys 6. rhe
ranking in rhis asc should bc 6 (5

Moderarely  high 7 DO.67 Frqucnr  high number of failures 46
sod 6 arc adjacror  urcgoria.

likely.
Tha&rc5+6=11,11/2=5.5
26).

High 8 .0.51 High number of failures likely. I34 2. If mC diimcnr  jumps one

Very high 9 DO.33 Very high number of failures likely. 316
arcgosy, then -“*us rn”Sl bc
rmchcd.  Even wide one ~won

Almorr ceruin IO co.33 Failure atmost  certain. History of ,316 hotding our. ront corwrtsus  must

hilures  exisrr fmm previous or be m&-d. No am-age. no

similar derignr. majority. Evcr/onc in thar  warn
mus have ownazhip  of the
ding. They may nor sgrcc loo
pmmr.  but they an live with it.

Table F.6 Occurrence guideline for process FMEA (1-I 0 quolitotive stole).*
*All Ihe obo*e  guidelines ond rankings may be chon&  to roft& specific  si~otions.
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DCWtiOCl Rank G-it&l

Almost certain I Current controls almost always %I derecr rhe failure. Reliable
dcrection conuols  arc known and uued  in similar Procaes.

Very high 2 Very high likelihood  currcm controls  will dctccr  rhe failure.

High 3 Good likclihcad  curem  conrrols uill detect  rhe failure.

Modcnrely  high 4 Modenrdy  high likdihocd  currex controls will dcrccr the
failure.

Medium 5 Medium likelihood  curnnr  conoob  will derecr rhc  failure.

Low 6 Low likelihood current conrrols will detect  rhc failure.

Slight 7 Slight likdihoal curmu  conrroL  will dctccr rhe failure.

Very slight a Very slight likdihood current  ~~nuols  will dcrcct  rhe failure.

&mote 9 Remore likdihood arent conrrob  will derccr  the failure.

Almost impossible IO No known conds  znilablc IO dnm the hilure.

RCSOlUtiOO

If rhe numerical value falls bcrwcen
wo numben  dwq SCICCI the higher
number.

2. If rhc  diimcnr jumps one
cmgory,  then conscnrus  must be
reached.  Even with one person
holding out  total consensus mu,
be rachcd  No wnge.  no
m+xky. Everyone in chat  rum
must  have ownership of rhe
Mldng;  They may nor agree 100
pcrcenr,  bur thy can live with it.

Table F.7 Detection guideline for process FMEA (l-10 qualitative scale).’

E&a Ran!% Giti

No d&a
Very slighr
dTca

Slight c&a

Minor effm

Mcdence
dT@a

Siiificanr
etTM

Major cffcct

I

2

3

4

5

G

7

a

9

IO

No effect  on p&a or subsqua  protas.

Cusr~mer mm IiUy will IY)I n&c the hilurt Very slight &a on
producrlwrvk pcrfomuna Nonviral huh noticed somerimes.

Cromcr slightly annoyed  Slii &a on product  or service pcrformancr
Nonviral  fault n&ad  mea of dr time,

Cusromcr npmimca  minor  nuinnoc Minor dTm  on prcducdscrvicc
performance.  t&h dca na rquim arraxion.  Nonviral fault aIwy3 noticed

Cusromcr a~cnoa  sow, disa&fa&n.  Mcdmrc  cffccr on prcductlscrvicc
petfomlance Fault on nomild  p rcqtdrcs repair.

Gstomer  apuienm d i i n  Pmdualprcass  pcrformmce
dcgndcd.  but o~cnblc and nle Nonviol  s&cc incomplcrc.

Curomer  diirisfkd Majm  d&s on YIvict:  rework  on scwicc  necessary
Prcduc&nia  pe&mlana shady  atTccted  but funcrionrblc  and safe.
Subsystem inmmp!ac.

Cramer wry did&d. Exrrw effect on pmcess/sewicc:  qquipmcnr damaged
Prcducdscti incomplete bars& System  incumplctc.

Porenrial  ham&us  dTa. Able to stop pmdualvnicc  wirhour  mishap. hi?-
r&cd. Tmcdependcnr  failure. Disruption IO subwqurnr  process  openrionr.
Compliance with govxmmmt  &tion is in jeopardy.

Hazardous cITea. S&cry-&red-sudden  &lure.  Noncompliance with
go”cmment  KgulrtLan.

Table F.8 Severity guideline for service FMEA’ (l-10 qualitative scale).
‘All the above guidelines and rankings may be changed  to r&d specific rihtions.

A - 5

Resolution

If the numcricll  nlue falls bawcen
TWO numbers d&y sdm the higher
number.

If dK ream  has a d&agrecmcnt  in the
ranking value the following may help.

I. If the dimgxcmenr  is an adirccnr
P’cg0ry,  awagc  out chc
diRerena  For armplc.  if one
member says 5 and sommnc dsc
says  6. the ding in this case
should bc 6 (5 and 6 arc adjacent
caregorier  Thenfore  5 t 6 = I I,
II/2 = 5.5~6).

1. If the diinienr jumps one
cawgory,  then cnnscnsus  must bc
rachcd.  Even with one person
holding out wul consensus must
be rcachd.  No wcrage.  no
majority. Evcryonc in char ream
must have  omenhip  of rhc
nnking.  They my nor *xc 100
percent. but  they can live with it.



DCWliiolI fbnk C,K Criteria CNFllOOO

Almorr  new I >I.67

Remore 2 71.50

Vcly slight 3 71.33

Slight 4 >1.17

Low 5 >l.OO

Medium 6 >0.83

M&rarely hi6 7 >O.67

High

very high

Almost cuuin

8

9

10

YO.51

z-o.33

co.33

Failure  unlikely. History shows
no hiluru.

Rare number of failure likely.

Very few failures likely.

Few failures  likely.

Occasional number  of failures likely.

Modente number of failures  likely.

Frequent high number of failures
Iii)?

High number of Lilurer likely.

Very high number of hilurcs likely.

hilure almost  certain.  History of
failures  exists  from previous or
similar designs.

c.ooo5g

.0068

.0063

.46

1.7

12.4

46

134

316

~316

If Ihe numeriul  value falls bcween
ova numbcnduq~sdm  the higher
number.

If rhe ram hu I diicnt in rhc
ding value she following may help.

I. If chc diivgrcuncnr  k an adjxenr
orcgosy,  avenge out rhc
differcna.  Far aample.  if one
mcmbu  sa)n 5 and sxnmne  CIX
sap 6&e rdhg in chir uy
dmbJ be 6 (5 and 6 are rdjrcmr
wg&i&Tberefo~5+6.11.
IlR.5.5i6).

Table F.9 Occurrence guideline for service FMEA (l-l 0 qualitative  scale).*
*All ttw obas guidelines and rankings may be changed 10 ret&~  specific situations.

DettCtilJn Rank cdterir

Almost amin I Current  conrroL  almost always will dctm rhc  failure. Rclirblc
detmion conrrols UC known and used in siiilar procass

Very high 2 Very high likcliiwd cuntm conrrolr  will detect the failure.

High 3 Good likdihwd current  coonrmls  will detect  the failure.

Madenrdy high 4 Modenrdy  higb likelihood current cormols will dctm the
hilw

Medium 5 Medium  likelihood currem  controls will dcrccr rhc failure.

Low 6 Low likcliiwd current  conuols will detect  Ihc failure.

Slight 7 Slight likdiiood currem  c~nwlr  will derccr rhc  failure.

very rligbr 8 Very slight  likelihood cur~nt  conw~ls  will detect  the failure.

Remote 9 Rcmorc  likelihood currem controls will dcrccr the failure.

Almost impossible IO No known conrmls  anilable m detect  rhe failure.

Table F.10 Detection guideline for service FMEA (l-1 0 qualitative  scale).’
*AlI he da.n-s guidelines and rooking,  may be changed IO reflect ,pcii;c ,i,,,ation,.

Resolution

If the numerical value hllr between
(~0 numben  dwuy  &CI rhc higher
number.

If rhc tam ba a dimgsccmenr  in the
ranking v&c rhe following may help.

I. If dw diimcnr L m adjrccnr
caqmy, avenge  OUR  the
difference For example. ifone
member sap 5 and somconc  else
says 6. the nnkhg in this ax
should be G (5 and  6 are adjacenr
uregoria.  Thcrcforr  5 + 6 = I I,
1112-5.5~6).

2. If rhc disagrccmenr  jumps one
uwp-y,  then conscns~s mur be
reached. Even  with one person
holding out rornl cnrwnsus  musr
bc cached.  No wengc.  no
mrjoriry.  Everyone in rhrr warn
musr have ownership of rhe
rmking.  They  mry nor agm 100
~~rccnr,  but rhcy can live wirh it.
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List of Participants
FMEA Workshop I

November 15-17,1995

Failure Analysis Associates, Inc. (FaAA)

General Motors Corporation

Representatives from the following component and subsystem suppliers:
l Valves
. CNG tanks
. Hose and tubing
l Electronic control systems and parts
l Seals
. Connectors and fittings
l Cables
l Fuel sensors
l Assembly materials for specific systems
l Pressure regulators
l Wiring assemblies
l The system integrator

B-2



List of Participants
FMEA Workshop II
February 21-23,1996

Failure Analysis Associates, Inc. (FaAA)

General Motors Corporation

Representatives from the following component and subsystem suppliers:
.

.

.

.

.

.

.

.

.

.

.

.

.

.

.

Screens and filters
Dust and pressure caps
Springs
Valves
CNG tanks
Hose and tubing
Electronic control systems and parts
Seals
Connectors and fittings
Systems risk analysis
Fuel sensors
Assembly materials for specific systems
Pressure regulators
Wiring assemblies
The system integrator
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Appendix  C

FMEA Ta hles .

Note: The indices assigned in the following tables represent the consensus of a
large group of participants and do not necessarily represent the sole
opinions of FaAA.
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Failure Modes and Effects Analysis for CNG-Fueled Vehicles

I 711 Receptacle / Fikr

ID

1 . 0-
1.1

1.2
1.3

Equipment
Description

Fill Receptacle / Filter
Fill Nozzle

Fill Receptacle-O-Ring
Housing - Fill Valve Mounting

1.4 Housing - Fill Valve Mounting

I.5 Gasket - Fill Valve Housing
I.6 Valve - Fill l/4 Face Seal

-
1.7 Valve - Fill l/4 Face Seal

I.8

I.9

I.10

I.11

I.12

Valve - Fill l/4 Face Seal

Fill Receptacle _ Poppet Seal

Valve-Fill l/4 Face Seal

Valve -Fill l/4 Face Seal

Cap, Dust A

-

ID
-

-E-

-ii--
B

-
A

- i i --
G

-
B

-
G

B

-
A

F

Risk I Failure Mode SV

Leakage (non-injury) 2

L&kage (non-injury) 2
Leakage (non injury) 2

Customer 1
dissatisfaction
Leakage (non injury) 2
Large gas release 9

Leakage (non injury) 2

Large gas release 9

Leakage (non injury) 2

Customer I
dissatisfaction
Loss of crashworthiness 9

Customer I
dissatisfaction

Failure
Scenarios

Driving away from tilling station
while fill nozzle  is still attached.
Debris in gas contaminates seal.
Potential for failure of part resulting
in leakage.

Bent mounting causing improper tit
with till nozzle.
Damaged gasket and leaking line.
Form ice in the fill process, causing a
restriction preventing the v&e  f&n
closing.
Form  ice in the till process, causing a
restriction preventing the valve from
closing.
Loss of nozzle/till receptacle interface
O-ring.
Damage to poppet seal by gas
stream/contaminants.
Ice blocks the till path, increasing till
t ime.
Corrosion causes reduced
crashworthiness.
Absence of dust cam  can cause filter
blockage; can be inconvenient  ts,+e
in winter.

OC M N RPN

8 8 I28

6 2 24
I 5 IO

I 2 2

I 5 IO
6 5 270

6 5 60
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Failure Modes and Effects Analysis for CNG-Fueled Vehicles

High  P r e s s u r e  F u e l  L i n e

1 ID 1 Equipment 1 ID 1 R i sk / Failure Mode 1 SV 1 Failure 1 OC 1 MN 1 RPN
1 ! Descrintinn  I I I I s..mm-inr I I I ----..-..  “_

2.0 High Pressure Fuel Line
2.1 Tube Assembly, Fill Valve to G Large gas release 9 Corrosion I fatigue of the tubing. 2 2 36

Tank (HP)
2.2 Tube Assembly, Fill Valve to F Loss of crashworthiness 9 Corrosion I fatigue of the hlbing. 2 2 36

Tank (HP1
, I

2.3 Tube Assembly, Fill Valve to G Large gas release 9 Failure of braze joint results in large 2 2 36
Tank (HP) leakage.

2.4 Tube Assembly, Fill Valve to F Loss of crashworthiness 9 Failure ofbraze joint results in large 2 2 36

Tank (HP) leakage.

2.5 Tube Assembly, Fill Valve to B Leakage (non-injury) 2 Failure of O-Ring. 6 8 96

Tank (HP)
2.6 Tube Assembly, Fill Valve to F Loss of crashworthiness 9 Failure of O-Ring. 6 2 I08

Tank (HP)
2.7 Tube Assemblv. Fill Valve to G Laree  eas  release 9 Vibration and thermal effects loosen 2 5 90.’ - .

Tank (HP) connections.

2.8 1 Tube Assembly, Fill Valve to 1 F i Loss ofcrashworthiness 1 9 1 Vibration and thermal effects loosen 1 2 I 5 1 90

-Tank (HP) connections.

2.9 Tube Assembly, Fill Valve to G Large gas release 9 Absence of label leads to servicing 8 2 144

Tank (HP) injuly.

2.10 Tube Assembly, Tank to Vent G Large gas release 9 Corrosion I fatigue of the tubing. 2 2 36

Box (HP)
2.11 Tube Assembly, Tank to Vent F Loss of crashworthiness 9 Corrosion I fatigue of the hlbing. 2 2 36

Box (HP)
2.12 Tube Assembly, Tank to Vent G Large gas release 9 Failure of braze joint results in large 2 2 36

Box(HP) leakage.

2. I3 Tube Assembly, Tank to Vent F Loss of crashworthiness 9 Failure of braze joint results in large :2 2 36

Box (HP) leakage.

c-3



Failure Modes and Effects Analysis for CNG-Fueled Vehicles

Turn  Valve (HP) I I I I I I I
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Failure Modes and Effects Analysis for CNG-Fueled Vehicles

H i g h  P r e s s u r e  F u e l  L i n e



2.44

2.45

2.46

2.41

2.48
2.49-

Failure Modes and Effects Analysis for CNG-Fueled Vehicles

Tube Assembly, l/4 Turn Valve

I
114” Flex Line 1 G
I /4” Flex I.ine I R Idissatisfaction

Large gas release I
Vibration and thermal  effects loosen
connections.
Absence of label leads to servicing
injury.
Impurity causes pin hole and resultant
small leak.
Impurity causes pin hole and resultant
small leak.
Severed during service.
Severed during service.

2

8

6

6

d
4
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Failure Modes and Effects Analysis for CNG-Fueled Vehicles

entering the passenger comparhnent.

I I , If ignited, results in combustion. I I

c-7
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Failure Modes and Effects Analysis for CNG-Fueled Vehicles

ValvdLockoffPRLI valve closure. CNG system

C-8
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Failure Modes and Effects Analysis for CNG-Fueled Vehicles

H i g h  P r e s s u r e  Valve/ P R D

4.13 Electric Tank H
ValWLockoff&‘RD

4 . 1 4  1 ElectricTank 1 G

Valve/LockoffiFXD
4.17 1 Electric Tank 1 H

Sudden high pressure IO Mechanical binding of PRD leading 2 5
failure to failure to protect tank from

overpressurization  in a fire.
Large gas  release 9 Premature activation of PRD. 6 5

Large gas release 9 PRD failure to activate in tire. 3 5

Sudden high pressure IO PRD failure to activate in tire. 4 5
failure
Sudden high pressure IO PRD failure to activate as designed 3 5
failure during overfilling.

Leakage (non injury) 2 Thermal  shock, leading to external I 5
leak (see tank).

100

270

I35

200

I50

IO

c-9
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Failure Modes and Effects Analysis for CNG-Fueled Vehicles

I D

5.0
5.1

‘uuel  S t o r a g e  T a n k

Equipment
Description

Fuel Storage Tank
Fuel Tank

5.2 Fuel Tank

5.3 Fuel Tank
5.4 Fuel Tank

5.5, Fuel Tank
5.6 Fuel Tank

5.1 Fuel Tank
5.8 Fuel Tank
5.9 Fuel Tank

5.10 Fuel Tank
5.11 Fuel Tank

5.12 Fuel Tank
5.13 Fuel Tank

5.14

5.15

5.16

5.17

Fuel Tank

Fuel Tank

Fuel Tank

Fuel Tank

-iii

H

H

G
H

G
,H

G
G
G

B
H

F

H

H

F

F

F

-

Risk I Failure Mode SV Failure
Scenarios

O C  M N RPN

Sudden. high pressure
failure
Sudden high pressure
failure

Large gas release
Sudden high pressure
failure

Large gas release
Sudden high pressure
failure
Large gas release
Laree  Ias release

10 Accident, collision. 8 2 160

IO Stress corrosion cracking. 8 2 160

9 Corrosion, internal. 2 5 90

IO Corrosion, internal. 2 5 100

9 Corrosion, external. 8 2 144
IO Corrosion, external. 8 2 I60

9 Fire in the system, vehicle tire. 8 2 144

9 Fire external to the vehicle. IO 2 180- -
Large gas release 9 Abrasion. 8 5 360

Leakage (non injuly) 2 Abrasion. 8 5 80

Sudden high pressure IO Overpressurization. IO 2 200
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Failure Modes and Effects Analysis for CNG-Fueled Vehicles

Sudden high pressure propemes  poor  to
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Failure Modes and Effects Analysis for CNG-Fueled Vehicles

Risk I Failure Mode SV

dissatisfaction

dissatisfaction

dissatisfaction

Failure
Scenarios

O C  M N RPN

Fatigue, corrosion (external and I 2
internal).

I8

Failure of the electronics. 8 2 I6

Failure of the electronics. 8 2
Mechanical failure / blockage. System 4 2
defaults to gasoline.
Failure of the electronics leading to 6 5
“full” output when empty. Inability to

128
8

3 0

3 0

.
initially use gasoline.
Failure of the electronics leading to 1 6 1 5
%m” output when full. System
switches to gasoline from CNG
prematurely (before complete loss of
1

CNG). Could be due to FSU problem,
incorrect fuel level indication or ECU
circuit failure (input signal shorted).

c-13
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I D

7.0
7.1E7.2

1.3

7.4

Failure Modes and Effects Analysis for CNG-Fueled Vehicles

I

l/4 Turn Valve (Small) A

Risk I Failure Mode SV

Customer

dissatisfaction

Failure
Scenarios

O C  M N RPN

External leak from valve components,
valve breaking off.

2 2 36

Inadvertent or failure to open I
difficult to use or find.
Inadvertent or failure to close I 8 5 40

8 5 40

difficult to use or find.
Inadvertent or failure to close I 1 8 ) 5 1 280
difficult to use or find.

c-14
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Failure Modes and Effects Analysis for CNG-Fueled Vehicles

H igh  Pressure  Regularor  / PRD
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Failure Modes and Effects Analysis for CNG-Fueled Vehicles
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Failure Modes and Effects Analysis for CNG-Fueled Vehicles
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Failure Modes and Effects Analysis for CNG-Fueled Vehicles

L o w  P r e s s u r e  Regulalor

I D Equipment ID Risk / Failure Mode SV Failure O C  M N RPN
Description Scenarios

11.0 Low Pressure Regulator
Module

II.1 Low Pressure Regulator Assy. G Large gas release 9 Rupture. I 2 I8
11.2 Low Pressure Regulator Assy. A Customer I Shut off due to primary pin sticking 2 2 4

dissatisfaction from contamination. CNG system
inoperative.

II.3 Low Pressure Regulator Assy. D Drivability and 5 Pin sticking due to contamination. 2 2 2 0
perfomlance

II.4 Low Pressure Regulator Assy. D Drivability and 5 Incorrect output pressure. 6 2 6 0
perfomlance

II.5 Low Pressure Regulator Assy. E Loss of compliance 1 Loss of vehicle emissions compliance 6 2 84
due to improper fueling.

I I .6 Low Pressure Regulator Assy. B Leakage (non injury) 2 External leak. 8 5 8 0

I I .7 Low Pressure Regulator Assy. G Large gas release 9 Overstressing of regulator body due to 2 2 3 6

excess torque in fittings.

:!I
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Failure Modes and Effects Analysis for CNG-Fueled Vehicles

I n t e r m e d i a t e  P r e s s u r e  L i n e

I D Equipment ID Risk I Failure Mode
Description

12.0 Intermediate Pressure Line
12.1 Intermediate Pressure Line B Leakage (non injury)

12.2 Pipe thread fitting B Leakage (non injury)

12.3 Intermediate Pressure Line F Loss of crashworthiness

I I I

12.4 1 Intermediate Pressure Line 1 G ( Large gas release
12.5 1 Intermediate Pressure Line 1 A 1 Customer

dissatisfaction system inoperative.

S V Failure
Scenarios

O C  M N RPN

2 Vibration and thermal effects loosen 1 2 4
connections.

2 Vibration and thermal effects loosen 6 2 24

Vibration and thermal effects loosen

Severed or disconnected line.
Severed or disconnected line. CNG

c-19

,,.,_,_,_,  “,_,^ ,.,.,, I ,,., I ,,,,,, ,,, ,,,.,,,,, ,,,



Failure Modes and Effects Analysis for CNG-Fueled Vehicles

CMS/MCV

~

13.2 GMSIMCV  Assy A~

13.3 GMSIMCV  Assy D

13.4 GMSiMCV  Assy E
13.5 GMSIMCV  Assy A

13.6 GMSiMCV  Assy D

Risk I Failure Mode SV Failure O C  M N RPN
Scenarios

performance
Loss of compliance

Driveability and
perfomlance
Customer

Customer

dissatisfaction
Driveability and

I I
I 7 I

5

Sol?  failure of sensing

Internal leak.

element. 1

6 5

10

150

1 2

I

1

Hard failure of sensing element

140

IO 5

I

50

I I

leading t” gasoline operation.

lnterf..rence  ofcontrol

5

valve leading

Soft failure of sensing element.

1

IO 2

10 1

100

5 1 50
dissatisfaction

Driveabilitv  and

to shut off. System defaults to
gasoline.

5 Interference of control valve leading 2 5 50

performance to wide open condition.
Leakage (no” injury) 2 External leak. I 8 16
Loss of compliance 7 External leak. 1 8 56
Drivability and 5 Drift  in set point of butterfly valve. 6 2 60

c-20
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Failure Modes and Effects Analysis for CNG-Fueled Vehicles

G a s  D i s t r i b u t i o n  R i n g  /AdapIer

ID Equipment ID Risk I Failure Mode
Description

14.0 Gas Distribution Ring I
Adapter

14.1 Gas Ring I Adapter B Leakage (non injuly)
14.2 Gas Ring I Adapter D Driveability and

perfomla”ce
14.3 Gas Ring I Adapter E Loss of compliance s sv Failure

Scenarios
O C  M N RPN

2 External leakage. 6 2 24
5 Internal leakage. 6 5 150

I I I I
7 I Internal leakage. 1 6 1 5 1 210

:/

I
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Failure Modes and Effects Analysis for CNG-Fueled Vehicles

ECU) causing both CNG and gasoline
to run at the same time: NGV enable
circuit- open. Mode does not render
vehicle inoperative. Vehicle can still

n in gasoline mode with no

Failure (wire between VCM and
ECU) causing both CNG and gasoline
to run at the same time: NW enable

both CNG and gasoline
e same time: NGV enable

air mass, coolant, MAT

dissatisfaction
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15.8

Failure Modes and Effects Analysis for CNG-Fueled Vehicles

hgine  C o n t r o l  U n i t

ECU Assembly 1 A I Customer 1 I
dissatisfaction

Failure in circuit leadingto switching 1 6 I 8 I 48 1
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Failure Modes and Effects Analysis for CNG-Fueled Vehicles

W i r e  H a r n e s s

connected; misaligned; b
connectors. CNG system

ch disables gasoline
Vehicle inoperative if CNG

indicate fuel level

* Adequate information and associated MN, OC, and WN indices were not provided by the manufacturer or supplier by the freeze date for this document analysis and
production.
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Failure Modes and Effects Analysis for CNG-Fueled Vehicles

W i r e  H a r n e s s

16.9 Wire Harness Assembly (Fuel A Customer I Failure in fuel pump relay. CNG * * *
pump  relay) dissatisfaction system inoperative.

16.10 Wire Harness Assembly (Lock- A Customer I Failure in lock-off relay: fails closed. f * *
off relay) dissatisfaction CNG system inoperative.

16.1 I Wire Harness Assembly C Vehicle inoperative 8 Failure in ignition relay. * * *

(Ignition relay)

* Adequate information and associated MN, OC, and RPN indices were not provided by the manufacturer or supplier by the freeze date for this document analysis and
production.
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I D

17.0
17.1

t

Failure Modes and Effects Analysis for CNG-Fueled Vehicles

/P S w i t c h  A s s e m b l y

Equipment
Description

I/P Switch Assembly
I/P Switch Assembly

1 ID 1 Risk I Failure Mode

C Vehicle inoperative I be unaware that the vehicle is running
on gasoline. When the gasoline runs
out, their is no reserve fuel as

DC

-
8

-

8

:!
I
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Failure Modes and Effects Analysis for CNG-Fueled Vehicles

ID Equipment
Description

18.0 Interface Issues

18.1 O-rings/face seal

18.2 O-rings

18.3 O-rings

18.4 O-rings/face seal

18.5 Electrical connectors

18.7 Electrical connectors

ID Risk I Failure Mode SV Failure O C  M N RPN
Scenarios

B Leakage (non-injury) 2 Surface defects on O-Ring or metal IO 5 100
seat, internal corrosion , degradation
duet” storage conditions,
materials/manufacturing defects, O-
Ring is missing, O-Ring extrusion
(design dependent), compound does
not meet specification, undercured
material, incorrect installation,
excessive temperature conditions (age
dependent).

B Leakage (non-injury) 2 Failure of O-Ring due to combination * * *
of low temperature
(< -65 “C) and stress- directly after
HPR.

B Leakage (non injury) 2 Improper O-Ring (e.g. wrong material 10 5 100

or size).
G Large Gas Release 9 Improper torque at assembly 4 5 180

A Customer I Failure to properly mate connections 8 5 40

dissatisfaction during manufacturing or service.
CNG system inoperative.

D Drivability and 5 Failure to properly mate connections 8 5 200

performance during manufacturing or service.

* Adequate information and associated MN, OC, and RPN indices were not provided by the manufacturer or supplier by the freeze date for this document
analysis and production.
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Failure Modes and Effects Analysis for CNG-Fueled Vehicles

I~lter/oce  Issues

18.8 Customer-to-system A

18.9 Customer-to-system E

IS. IO Customer-to-system G

IS. I I Customer-to-system A

18. I2 Customer-to-system C

18.13 Customer-to-system A

18.14 Customer-to-system C

18.15 Customer-to-system D

18.16 Customer-to-system E

18.17 Customer-to-system C

IS. 18 CNG service-to-system A

18.19  CNG service-to-system C

18.20 CNG service-to-system D

18.21  CNG service-to-system E

18.22 CNG service-to-system B

dissatisfaction

Customer I I

I
Drivability and 1 5

Customer fails to properly connect
tilling line, hose flies off and causes
injury.

IO

Customer fails to properly wnnect
filling line, hose flies off and causes
injury.

10

Customer fails to properly connect
tilling line, hose flies off and causes
injury.

IO

Customer is unable to disconnect
fueling line.

IO

Customer is unable to disconnect
fueling line.

10

Customer fails to cycle gasoline fuel
as recommended.

2

Customer fails to cycle gasoline fuel
as recommended.

2

Customer fails to cycle gasoline fuel
as recommended.

2

Customer fails to cycle gasoline fuel
as recommended.

2

Customer fails to fill gasoline tank. IO

Failure to follow proper procedures 2
for electrical system.
Failure to follow proper procedures 2
for electrical system.
Failure to follow proper prucedureS 2
for electrical system.

I

Failure to follow proper procedures ’ 2
for electrical system.
Failure to follow proper procedures 2
for fuel transfer system (e.g. failure to
torque a line, leading to problem).

8 32-T-
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Failure Modes and Effects Analysis for CNG-Fueled Vehicles

Interface ISSUt?S
18.23 CNG service-to-system G

I

18.24 1 CNG service-to-system 1 F

18.25 CNG service-to-system G

18.26 CNG service-to-system H

18.27 Vehicle service-to-CNG system G

18.28 Vehicle service-to-CNG system A

18.30 Metal-to-metal seals B
18.3  I Metal-to-metal seals B

18.32 Electrical system to CNG fuel G
system

IS.33 CNG components to heater D

18.34 CNG fuel to engine A

18.35 CNG fuel to engine D

18.36 CNG fuel to engine E

18.37 Threaded connections B

18.38  Bracket-to-component F

18.39 Bracket-to-component G

18.40 Bracket-to-component H

IS.41 Bracket-to-component G

(leads to tire)
Drivability and 5
performance

Customer 1
dissatisfaction
Drivability and 5
perfomlance
Loss of compliance 7
Leakage (non injury) 2

Loss of crashworthiness 9
Large gas release 9
Sudden high pressure IO
failure
Large gas release 9

ovatightening;  looseness. :j
Corrosion. 2 2 36

Corrosion /collision effect on tank.’ 2 2 36

Corrosion /collision effect on tank. 2 2 40

Corrosion /collision effect on valves, 2 2 36

regulators.
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Failure Modes and Effects Analysis for CNG-Fueled Vehicles

components in base vehicle
spray effects).

18.50 Vehicle manufacturer controller E Loss of compliance 7 Loss of fuel mode communication 8 2 II2

to CNG system integrator between the hvo fuel controllers,
controller resulting in DTCs  and miscellaneous

calibration issues.

18.51  Vehicle manufacturer controller A Customer I Loss of fuel mode communication a 2 I6

to CNG system integrator dissatisfaction between the hvo fuel controllers,
controller resulting in DTCs  and miscellaneous

calibration issue. CNG system
inoperative.

18.52 Vehicle manufacturer electronics C Vehicle inoperative 8 Loss of ground, transient, results in 2 5 80

to CNG system integrator damage to OEM component.

electronics
18.53 CNG system to body structure F Loss of crashworthiness 9 Impact of distribution of mass on :; 2 5 90

body struchwe  durability. ’

18.54 Internal corrosion of H Sudden high pressure IO Corrosion of internal high pressure 4 5 200

components (other than tank) failure components results in unexpected
high pressure release.
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Appendix  D

FMEA Tables Sorted by RPN

Note: The indices assigned in the following table represent the consensus of a
large group of participants and do not necessarily represent the sole
opinions of FaAA.
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ID

I.8

Equipment
Description

Valve Fill I14 Face Seal

5.29 Fuel Tank
18.10 Customer-to-system

18.32 Electrical system to CNG fuel

18.9
system
Customer-to-system

17.1 l/P Switch Assembly

IS.12 Customer-to-system

16.4 Wire Harness Assembly

5.25 Fuel Tank

5.9 Fuel Tank

18.27 Vehicle service-to-CNG system

Failure Modes and Effects Analysis for CNG-Fueled Vehicles
Risk Scenarios Sorted by Risk Priority Number (RPN)

ID
-
G

-
G-
G

-
G

-
E

-
C

-
C

-
C

-
G

-
G-
G

-

Risk I Failure Mode SV

Large gas release

Failure
Scenarios

Loss of nozzle/fill receptacle interface
O-ring.
Improper venting / service.
Customer fails to properly connect
tilling line, hose flies off and causes
injury.
Missing or broken ground strap,
causes  spark.
Customer fails to properly connect
tilling line, hose flies off and causes
injury.
No fuel mode indication. One could
be unaware that the vehicle is running
on gasoline. When the gasoline runs
out, their is no reserve fuel as
expected.
Customer is unable to disconnect
fueling line.
Short to ground of control wire to
VCM which disables gasoline
operation. Vehicle inoperative if CNG
tank is empty.
Damage to the tank due to vehicle,:
modification. 1
Abrasion.
Accidental damage to high pressure
system.

,DC
-
IO

IO
IO

-
IO

-
IO

8

-
IO

-
6

-
8

-
8-
8

-

8 512

t

5 400

8 384



I

Failure Modes and Effects Analysis for CNG-Fueled Vehicles
Risk Scenarios Sorted by Risk Priority Number (RPN)
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18.54

18.7

5.19

4.5

5.8
18.4
5.16

5.18

5.17

5.1

5.2

5.6

18.26

18.17

4.17

Failure Modes and Effects Analysis for CNG-Fueled Vehicles
Risk Scenarios Sorted by Risk Priority Number (RPN)

components (other than tank)

ValveiLockoffiPRD

D-4
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Failure Modes and Effects Analysis for CNG-Fueled Vehicles
Risk Scenarios Sorted by Risk Priority Number (RPN)

Intermittent function. 6 5 I50

Internal leak. 6 5 I50

Internal leakage. 6 5 I50

Failure (wire between VCM and 6 5 I50
ECU) causing both CNG and gasoline
to run at the same time: NGV enable
circuit- open.
Absence of label leads to servicing 8 2 144
injury.
Absence of label leads to servicing 8 2 144
injury.
Absence of label leads to servicing 8 2 144
injury.
Absence of label leads to servicing 8 2 144
injury.
Absence of label leads to servicing 8 2 144
injury.
Failure of PRD to open. 8 2 144

I I I
Freeze-up, leaving valve open. 8 2 144

Corrosion, external. 8 2 144

Fire in the system, vehicle fire. 8 2 144
Failure to follow twwer procedures 2 8 144
for fuel transfer k&m  (Le. failure to I I I
torque a line, leading tobroblem).

D-5
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Failure Modes and Effects Analysis for CNG-Fueled Vehicles
Risk Scenarios Sorted by Risk Priority Number (RPN)
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Failure Modes and Effects Analysis for CNG-Fueled Vehicles
Risk Scenarios Sorted by Risk Priority Number (RPN)

resulting in DTCs and miscellaneous

ValveiLockoffiPRD
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Failure Modes and Effects Analysis for CNG-Fueled Vehicles
Risk Scenarios Sorted by Risk Priority Number (RPN)

13.3 GMSiMCV  Assy D Drivability and 5 Soft failure of sensing element. IO 2 100
performance

18.1 O-rings/face seal B Leakage (non-injury) 2 Surface defects on O-Ring or metal IO 5 100
seat, internal corrosion, degradation
due to storage conditions,
materials/manufacturing defects, O-
Ring is missing, O-Ring extrusion
(design dependent), compound does
not meet specification, undercured
material, incorrect installation,
excessive temperature conditions (age
dependent).

18.3 O-rings B Leakage (non injury) 2 Improper O-Ring (e.g. wrong material IO 5 100
or size).

Leakage (non-injury)
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Failure Modes and Effects Analysis for CNG-Fueled Vehicles
Risk Scenarios Sorted by Risk Priority Number (RPN)

Tube Assembly, Fill Valve to

Tube Assembly, Tank to Vent

Tube Assembly, l/4 Turn  Valve

CNG system to body structure

I
I I .5 Low Pressure Regulator Assy.

=I--=--
‘“”

x.5 HPR-3600 Assembly

“’

G

G

G
F

F

F

F

F

F

E

H

H

D

D

Large gas release 9 Vibration and thermal effects loosen 2 5 90
connections.

Large gas release 9 Vibration and thermal effects loosen 2 5 1 90
connections.

Large gas release 9 Corrosion, internal. 12 5 90
Loss of crashworthiness 9 Vibration and thermal effects loosen 2 5 90

performance I I I I I

D-9
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Failure Modes and Effects Analysis for CNG-Fueled Vehicles
Risk Scenarios Sorted by Risk Priority Number (RPN)

dissatisfaction

components in base vehicle

restriction preventing the valve from

D-10
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Failure Modes and Effects Analysis for CNG-Fueled Vehicles
Risk Scenarios Sorted by Risk Priority Number (RPN)

dissatisfaction

dissatisfaction use CNG tank when tank is empty.

(before complete loss of CNG). Could
be due to FSU problem, incorrect ti&l
level indication or ECU circuit failure

D-l 1
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Failure Modes and Effects Analysis for CNG-Fueled Vehicles
Risk Scenarios Sorted by Risk Priority Number (RPN)

connected; misaligned, b
connectors. CNG system

D-12
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Failure Modes and Effects Analysis for CNG-Fueled Vehicles
Risk Scenarios Sorted by Risk Priority Number (RPN)

ly render CNG system

dissatisfaction

D-13
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-
I I .7 Low Pressure Regulator Assy. G

18.39 Bracket-to-component G
18.41 Bracket-to-component G

18.44 Bracket-to-vehicle
18.46 Bracket-to-vehicle

G
G

2.1 I Tube Assembly, Tank to Vent F
Box (HP)

2.13 Tube Assembly, Tank to Vent F
Box (HP)

2.2

2.20

Tube Assembly, Fill Valve to F
Tank (HP)
Tube Assembly, Vent Box to F
FSU Tee

2.22 Tube Assembly, Vent Box to F
FSU Tee

2.29

2.3 I

2.38

Tube Assembly, FSU Tee to I14
Turn Valve (HP)
Tube Assembly, FSU Tee to 114
Turn Valve (HP)
Tube Assembly, l/4 Turn  Valve
to HPR

2.4 Tube Assembly, Fill Valve to F
Tank (HP)

2.40 Tube Assembly, l/4 Turn  Valve F

-
18.38-
18.43

Failure Modes and Effects Analysis for CNG-Fueled Vehicles
Risk Scenarios Sorted by Risk Priority Number (RPN)

1 leakage. I
Loss of crashworthiness 9 Corrosion / fatigue of the tubing. 2 2 36

leakage.
Loss of crashworthiness 9 Corrosion. 2 2 36
Loss ofcrashworthiness 9 Corrosion. 2 2 36
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Failure Modes and Effects Analysis for CNG-Fueled Vehicles
Risk Scenarios Sorted by Risk Priority Number (RPN)

dissatisfaction

“zero” output when full. S
switches to gasoline from
prematurely (before complete loss of

ECU) causing both CNG and gasoline
to run at the same time: NGV enable
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Failure Modes and Effects Analysis for CNG-Fueled Vehicles
Risk Scenarios Sorted by Risk Priority Number (RPN)

enger compartment

I I I I 1 connectons. I I I
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1.9

2.49
IO.1
13.7
4.1

4.10

Fill Receptacle - Poppet Seal B

114”  Flex Line B
Low Pressure Valve B
GMS/MCV  Assy B
Electric Tank A
ValveiLockofflPRD
Electric Tank A
ValvelLockoffWUI

6.2

8.4

Fuel Sending Unit A

HPR-3600 Assembly A

9.2 Low Pressure Line (Dry Gas 1 A
Hose)

15.4 Engine Control Unit (Air mass I A

18.18

18.51 Vehicle manufacturer controller 1 A
to CNG system integrator
controller I

2.46

8.3
I

HPR-3600 Assembly A

Failure Modes and Effects Analysis for CNG-Fueled Vehicles
Risk Scenarios Sorted by Risk Priority Number (RPN)

Leakage (non injury) 2 Damage to poppet seal by gas 1 4 1 2 16

dissatisfaction

Customer
dissatisfaction

Failure of PRD to open. 1 8 1 2

Freeze-up, causing a restriction or 8 2
valve closure. CNG system
inoperative.
Failure of the electronics. 8 2

Blockage due to contaminants in fuel. 8 2

Severed or disconnected line. CNG 2 8
system inoperative.
Loss of sensors (engine), data. CNG ( 8 1 2 16
system inoperative.
Failure to follow proper procedures I 2 I 8 I6
for electrical systkm.’
Loss of fuel mode communication 1 8 1 2
between the hvo fuel controllers,
resulting in DTCs  and miscellaneous
calibration issue. CNG system , I I
inoperative.
Impurity causes pin hole and resultant 1 6 I 2
small leak.
Shut off: filter clogs or sleeve cold 6 2
flow. CNG system inoperative.

I6
16
16
I6

I6

16

I6

I6

I6

I2

I2
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Failure Modes and Effects Analysis for CNG-Fueled Vehicles
Risk Scenarios Sorted by Risk Priority Number (RPN)

dissatisfaction
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Failure Modes and Effects Analysis for CNG-Fueled Vehicles
Risk Scenarios Sorted by Risk Priority Number (RPN)

12.5 Intermediate Pressure Line

Wire Harness Assembly (Lock-

Leakage (non-injury)

I
A 1 Customer

2 1 Vibration and thermal effects loosen 1 I 1 2
connections.

I Shut off due to primary pin sticking 2 2
from contamination. CNG swtem

Bent mounting causing improper fit

Severed or disconnected line. CNG
system inoperative.

I Incorrect routing increasing I 2
propensity for damage during service,
i.e. damage from sheet metal screw.
CNG system inoperative.

9 ESD bums hole in liner. 0 5
9 Gas hose melts in fire, gas  continues 0 N/A

Voltage spikes. Relays improperly

/

I I I
2 1 Failure dfO-Ring due to combination 1 * 1 *

of low temperature
(< -65 “C) and stress- directly after I I

Failure in lock-off relay: fails closed.

Voltage spikes. Relays improperly

4

4

2

2

2

0
0

l

*

*

*

*

* Adequate information and associated MN, OC, and RPN indices were not provided by the manufacturer OT supplier by the freeze date for this document
analysis and production.
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16.8E16.9

Failure Modes and Effects Analysis for CNG-Fueled Vehicles
Risk Scenarios Sorted by Risk Priority Number (RPN)

Customer I Failure in fuel gauge relay- doesn’t * * *
dissatisfaction indicate fuel level
Customer I Failure in fuel pump relay. CNG t * *

dissatisfaction svstem  inooerative.

* Adequate information and associated MN, OC, and RPN indices were not provided by the manufacturer or supplier by the freeze date for this document
analysis and production.
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