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1. Introduction

As a part of the international project “DME as an automotive fuel”, sponsored by
IEA/AMF and NOVEM (NL), a safety assessment has been carried out under the
responsibility of TNO. For a number of possible storage iank sysierms, a Failure
Mode and Effect Analysis (FMEA) was performed, the outcomes of which are re-
ported in this document.

A Failure Mode and Effect Analysis is a well-known and often applied hazard as-
sessment technique, which provides a quick insight into the hazards of an installa-
tion and in the relative contribution of the individual hazards to the overall risk. It
may be carried out by a single analyst or by a group of experts in one or more in-
teractive sessions. The FMEA of DME vehicle storage tanks was carried out by a
team consisting of representatives of TNO Road Transport Institute (automotive
knowledge), TNO Industrial Safety (risk assessment expertise, session leader),
Renault (DME vehicle developer) and AKZO Nobel Chemicals (DME producer).

The FMEA addresses a well-defined installation or part of it, which is formalised
in the so called system definition. For every system component, the following in-
formation is collected:

a. name, identification, function;

b. possible modes of failure (malfunctioning) and failure causes;

c. effects and consequences of failure;

d. compensating provisions.

Failure modes are best identified at one installation level at a time. Failure effects
will include connected installation parts. Often, failure effects of one level may be
regarded as failure modes of the next level up. In the current study, the DME stor-
age tank and connected appendages and piping are regarded as one level; the motor
parts up to the injector system are considered as the next level up.
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2, System definition

2.1 Introduction

In this particular case, the system to be assessed was basically the storage tank
with appendages and the pipework immediately connected to the tank. Failure
modes were only determined for this part of the system. The effect assessment in-
cluded the connected motor parts up to the injectors.

The following systems were assessed in the FMEA:

1. membrane tank;

2. in-tank pump system;

3. multiple tank system (p.nz.);

See figure 1 for a schematic overview of systems 1 and 2.

The systems analysed are at the moment not on the market. The design is based on
LPG-systems and prototypes of DME systems. Differences between LPG and
DME systems can be found in operating pressure, test pressure, burst pressure and
maximum filling. More information on these parameters can be found in an an-
other TNO-report i.e.: “Proposal for safety provisions for DME fuelling systems
and their installation in vehicles”, report ref. 98.0R.VM.051.1/JV by J.Verweij
and J. Berendsen.

2.2 Membrane tank

The membrane tank system consists of a tank which is connected to the Fuel In-
jection System (FIS) by pipelines and a high pressure pump. The FIS includes the
common rail, solenoid valves, resilient checks and injector nozzles (see figure 1 in
the annex with FMEA worksheets).

The membrane tank consists of two parts which are separated from each other by a
synthetic membrane. The two tank parts are connected by a boli-and-seal connec-
tion. Prior to delivery of the system, one part of the tank is filled with propane; al-
though the system contains a propane filler unit, it is envisaged that the tank is
only filled once in a lifetime. The propane part is provided with a pressure relief
valve.
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Figure 1 Schematic overview of system 1 and 2.

The other part of the tank, the actual DME container, is connected to the FIS by
pipelines provided with a filler unit, a pressure relief valve and an electrical -
magnetic shut-off valve.

Probably the tank will also contain a level gauge, an 80% fill-stop,

one or two excess flow valves and a valve -+ line to the vehicle heat-

ing system (the line to the heating system to be used in specific appli-
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cations for example in buses). However, during the FMEA session, no
specific information on these items was available. Therefore, they
were preliminary excluded from the FMEA.
All appendages are placed inside a gas-tight housing which is connected to ambi-
ent by a pipeline, most often ending underneath the vehicle.

Furthermore, the injection system is connected to a carbon canister which is vented
with purge air from either the turbo or from the brake system. Since DME njec-
tion leaks are fed to the canister, it was decided to include these iterms in the
FMEA. Failure modes considered were erroneous positions of the valves num-
bered 1, 2 and 3 in figure 1. This is systematically explored in table 2.1.

Table 2.1 Positions of valves 1, 2 and 3 in system 1 (see figure 1).

Open Open Open b.3
Closed Open Open a.2, a3
Open Closed Open a.1,c.3
Open Open Closed c.2
Closed Closed Open normal
Closed Open Closed b.1
Open Closed Closed b.2
Closed Closed Closed a4, c.1

Engine operation mode:

a. Engine not running; valves 1 and 2 closed, valve 3 open.

b. Engine running, purge mode; valves 1 and 2 open, valve 3 closed.

¢. Engine running, no-purge mode; vaive 1 open, valves 2 and 3 closed.

2.3 In-tank pump system

The second storage philosophy assessed was the in-tank pump system, consisting
of a storage tank connected to the injection system.

Inside the tank itself, one or more pumps are placed which are provided with a dis-

charge valve. Furthermore, the tank is provided with:

— an excess flow valve and electrical magnetic shut-off valve, connected to FIS
by a pipeline;

= anon-return valve connected to FIS by a pipeline;

~ alevel-gauge (on the tank) and level detector (in the tank);

~ a pressure relief valve;
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~  an elecirical magnetic shut-off valve connected to an optional line to the vehi-
cle heating system;

— afiller unit (at the outside of the vehicle) with a pipeline and non-return valve,
connected to an 80% fill-stop and a level detector;

= aman-hole, allowing for access to the tank and pump mounting.

In order to comply with the regulations, also this system has to be provided with a
gas-tight housing with a connection to ambient which contains all the appendages
mentioned (except the filler unit at the outside of the vehicle).

The in-tank pump system is presented as figure 2 schematically in the annex with
FMEA worksheets.

2.4 Multiple tank system

During the FMEA-session of June 98 no information on this system was avail-
able.
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3. Physical and chemical properties of DME

Dimethyl ether is a chemical which largely resembles the well-known fuel LPG
(Liquefied Petroleum Gas). Actually, LPG is a mixture of propane and butane
whose composition may vary between certain limits. Table 3.1 contains the most
important physical and chemical properties of DME and of LPG and its constitu-
ents.

Table 3.1 Selected physical and chemical properties of DME and related chemicals.

Chemical formula - CaHsO - CaHg CaHio

Molar mass kg/kmol 46 approx. 50 44 56

Boiling point °C -25 approx. -20 -42 -0.6

Melting point °C -141 approx. -160

Flash point °C far below zero; flammable gas at ambient temperature

Auto ignition temp. °C 235 approx. 400 470 -

Flammability limits in air vol % 2.7-18.6 1.5-10 2.4-95 -

3.4-27[2]

Specific liquid gravity kg/dm® 0.7 [1] approx. 0.6 0.51 0.58
0.67 [2]

Relative vapour density (air = 1) - 1.6 [1] 1.8 1.52 -
1.59 [2]

Specific volume kg/m® 1.92 216 1.82 -

(= absolute vapour density, 20 °C)

Vapour pressure (20 °C) bar 53 [1] 4-8 8.35 (20°) [2] 2.4 (25 °C)
5.12 [2] 9.4 (25913}

[1] = Chemical Safety Sheets (Netherlands Assoc. of Chem Industry).
[2] = Safety Assessment of DME Fuel, M. Paas Consulting Lid., Winnipeg, Manisota, Canada, April 1997.
[8] = SC Sorenson, M. Glensvig, DL. Abata, Dimethyl Ether in Diesel Fuel Injection Systems, Soc. of Automotive Engineers

981159, 1998.

The main property of DME which clearly distinguishes the substance from LPG is
its reactivity with synthetic materials. DME will severely affect most elastomers,
causing it either to weaken or to brittle. This puts an important limitation to sys-
tems fuelled by DME, where possible metal-to-metal connections or sandwich
constructions should be used or DME resistant elastomers for seals of valves,
flanges etc.
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4, FMEA results

On assessing the safety and reliability of the DME storage system components, to
a large extent reference may be made to existing LPG guidelines. Nevertheless,
since no full scale FMEA of an LPG storage tank was known at the time of the
study, a systematic inventory has been made of the failure modes of the individual
components of the DME storage system. This is reported in the tables in Annex 1.

The consequences have been assessed to the categories:

~ H - health effects (injuries or death, caused by a release of DME followed by
ignition of the cloud, resulting in a fire or explosion);

~ - damage to the car, including engine operation;

— E - environmental impact.

On a total of about 50 failure occurrences, approximately 50% belongs to category
H, 40% to category C and some 10% to category E. This means that both human
risk and material losses can be significantly reduced by taking proper countermea-
sures. Environmental impact provides for a relatively small percentage of the total
failures.

From the technical information about the storage tank systems and the physical
and chemical properties it is obvious that DME vehicle storage tanks are to a very
large extent comparable with LPG vehicle storage tanks. Most LPG regulation will
hold for DME tanks as well. This impression is confirmed by the results of the
FMEA. The failure modes that have been identified, are to a large extent the same
as the ones that are expected for LPG storage systems.

The only, very specific problem of DME tanks is the incompatibility of DME with
synthetic materials. In fact this is the most important issue when considering DME
tank safety.

The most important recommendation is that DME tank systems should be con-
structed using DME resistant materials only. In view of the highly flammable and
also toxic nature of DME (that is to say the contaminants of DME such as metha-
nol, as DME itself is considered to be harmless at high concentrations), no conces-
sions should be accepted to this principle. This will probably mean that only
metal-to-metal connections should be applied.

Below, a summary is given of the specific recommendations that were drawn up:

- Observe LPG/pressure vessel design and installation regulations in order to
minimise tank failure probability (LPG rules are expected to be also applicable
to a large extent for DME).

-~ All appendages should be placed in a gas-tight housing with a vent to ambient.
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Consider use of non-return or failure-to-close valves, where appropriate (in or-
der to prevent leakage during standstill from a part of the sysiem into another
part, where it may give problems during restart for example).

Prevent fouling of discharge valve by using a proper filter system.

The carbon canister should be (high) pressure resistant.

NB: The carbon canister may be applied in the experimental set-up, but proba-
bly will not be part of the systern set on the market.

Prevent errors by providing tanks with fuel specific filling nozzle.

The vent outlet should be installed at a spot which is remote from hot (engine)
parts. '

Apply a proper installation and repair program and procedures.

Use DME resistant materials

NB: The present DME resistant material on the market is rather expensive. In
order to evaluate alternative options it is necessary to have available:

- a worksheet with material requirements and

- adequate test procedures.
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