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1 Introduction

Over the past few years more attention has being given to the question of the environment,
which has led to various legidations “ad hoc” for different industrid sectors regarding
methods of production, use of the product and itsfind disposdl.

The product’s working life, rather than the actud disposal of the product, often has grestest
effects on the environment [1]: if we condder the problems tied to the emisson of pollution in
the amosphere by vehicles with an interna combustion engine we redise that there is much
we can do to improve the qudity of life from the point of view of bettering the environment in
which welive

In the automotive field, as known, the phase of use of the vehicle contributes heavily to the
cdculaed totd of emissons during its life cycde In this context, the automotive industry
finds vaid support in the agpproach proposed by DFE (Desgn for Environment) in
confronting dl the problems tied to the new and evermore grict EC directives exigting about
exhaugt emissions.

In this memory a new tool named RAEGIE (Rdiability Andyss for Exhaust Gas Impact
Evduation) will be proposed for bettering the characteristics of vehicdl€s environmenta
compatibility. It is developed in accordance with a modular approach based on the
devdopment and integration of some other innovative methodologies RAEGIE has been
cregted to be applied to any injection sysem and catdyser, with the purpose of identifying the
mafunctions tha influence the increase of emissons in the amosphere and the products
compatibility with the norms in force. The method has been demondrated by means of an
gpplication on two different configurations of injection sysem and cadyser [2]. This “user
friendly” approach, integrated with an experimentd activity, could be used as a comparison
tool for the better choice between different desgn solutions dlowing the improvement of the
vehide environmenta efficdency of injection systems and catalyser with reduction of cost and
time resources.

2 Method

The proposed method dlows the systematic individuation of falures that could occur on the
injection system and catayser of an automotive vehide dassfying the falure effects in terms
of emisson vaiaion and defining an intervention priority order for the mogt criticd
components.

The am of the method is to direct designers towards the most efficient solution, from the
point of view of environmentd impact caused by vehide emissons. The procedure for the
development of the andys's can be summarized in the following Sages.



1. Top-down Phase

o0 Individuation of Top Eventsreative to emissons

0 FTA for each Top Event

0 Individuation of components which can cause each Top Event
2. Bottom-up Phase

o FMEA only on critica components

0 Définition of intervention priority order on critical components by means of
IPN (Impact Priority Number)

2.1 Top-down Phase

The first step of the method regards the identification of the events directly responsible for the
emisson vaidion (example wrong fud mixture compodtion, high temperaure In
combugtion chamber, midfiring, short fud remaning time in combugion chamber, €c). In
paticular, through this gpproach it is possble to identify the exiging ties among the system
components and the associated assemblies and sub-assamblies in terms  of  rdiability,
examining al the possble combinations of falures which can lead to the Top Event. At the
end of this phase the causes of the failures that lead to the Top Event are determined and in
thisway it is possible to identify the components which directly or indirectly generate it.

2.2 Bottomrup Phase

A more in depth andyss of the cause-mode-effect can be carried out on the components
identified in the previous gep. This is done by means of a specific FMEA, suited to the
evaduation of the environmental impact by subdituting the classc RPN with a new parameter
representative of effect's environmentd severity relaed to the criticad component. This
parameter iscaled IPN (Impact Priority Number) and is cdculated as:

IPN = >C¥ Q)
where:

Impact (1), indicates the importance of the emissons in amosphere caused by a certain
madfunctioning or falure. The vaue is obtaned on the bass of the actud environmenta
condition and on the effects on human hedth.

Compliance (C), indicates how fa emissons ae from legidation limits and if they
exceed them. The vaue range is crested darting from the future standards (Euro 4) or
from those now in force. This index is very important, as in the automotive sector
legidation is continuoudy changing and can determine whether a vehicle is put on the
market or not.

Frequency (F), indicates the probability that a certain falure could happen and it depends
directly on the component’ srdliahility.
2.2.1 Determination of the Impact Index

The fird gep in determining this index is to subdivide the environmenta damege into
different impact categories, that is to say into different environmentd effects (i.e
acidification, ecotoxicity, land use, respiratory inorganic, ozone layer, €tc..).



Then, conddering the different substances which together condtitute the totad emissons (CO,
CO2, NOy, PM10...), we will assgn to each of them a rdevatt coefficient for each
environmenta  effect as defined before These coefficients, shown in figure 1, have been
caculated by means of the theory of the Eco-indicators implemented in Sima Pro software.[3,
4, 5]
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Figure 1. Impact evaluation by means of Ecoindicator 99 implemented in Sima Pro software
In this way it is possble to creste a matrix which corrdates the emissons with the impact
categories, thus to quantify the “dbsolute’ severity of each emisson category on the

environment. The last column of table 1 shows the tota weight, caculated as the sum of the
partid weights, of each emisson on each impact category.

Table 1. Impact categories

I Respirator Respirator Climate |Acidification/ .
SEE[ETE eoqrgganic Y ini)?ganicy change | Eutrophic R ()
CO 1.42E-5 Wco=0,13
COz 4.08E-6 Wco220,05
HC 2.48E-5 Whc=0,43
N Oy 0.00173 0.000557 | Wnox=21,33
PM10 0.00728 Wpm10=67,88
SO« 0.00106 0.000101 Wsox=10,9

All the vaues refer to 1g of substance in the air, independent of the source which has
produced it. The geographica scenario is Western Europe, in the period 2000/2004.

The next step, in order to define a corrdation between the different failure modes and the
consequent emissons worsening, is to create the following correlation table where the Top
Events are reported in the rows and the emissons in the columns.



Table 2. Failure mode impact coefficients

Emis.
CO CO, NOy HC PM 10 Total
Top Ev.

a>147 | Yi1Wco | Yio-Weoo | Y13'Wnox | Y14'Whe | Yi5:'Wpm1o Y1

a <147 | YorWceo | YooWeoz | Y23'Whox | Y24Whe | Yo5:'Wpm1o Yo

highT®in
gc.c. Y31Wco | Yz2Wco2 | YazWhox | Y3aWhe | Yas-Wpmio Y3

miffiring | YaiWco | YaoWecoz | YazWnox | Yaa-Whe | Yas'-Wpm1o Y4

<tr.in
e Ys1Wco | YsoWeoz2 | YsaWhox | YsaWhe | Ys5-Wpemi1o Ys

Each coefficient Yj; of the matrix cen be evauaed by the integration of empiric-anaytic
condderations and experimenta measurements obtained by opportune monitoring of the
emisson leve and of the system parameters.

Then, multiplying these coefficients by the totd weight W; obtained in table 1 and adding dl
the numbers in a row, it is possble to obtain, in the last column, for the consdered Top Evert,
a severity impact number. The Impact index can be normaized in a decima scae (table 3) o
thet al the factorsin the IPN will bein arange of 1-10.

Table 3. “1” index evaluation

Yn 0-5 | 510 | 10-20 | 20-30 | 30-40 | 40-50 | 50-60 | 60-70 | 70-80 |80-100

I 1 2 3 4 5 6 7 8 9 10

2.2.2 Determination of the Compliance Index

This index is important because of the need to confirm the compliance of the design with the
European dandards. Paticularly, in the method proposed we will refer to the different
normative Euro 3 and Euro 4 summarised in the table 4 where are reported the emissons
limitsin relation to the vehicle type.

Table 4. Automotive standards Euro 3 and Euro 4

Limit Value

Reference Weight (HC+NOy)
RW (ko) CO (g/km) HC (g/km) NOy (g/km) k) PM10

Category | Class Petrol Qil Petrol Qil Petrol Oil Petrol Qil
al 2,3 064 | 020 - 0,15 0,50 - 056 | 0,05
Euro3 | ! RW<1305 2,3 064 | 020 - 0,15 0,50 - 056 | 0,05
vehicle | Il | 1305<RW<1760 | 4,17 080 | 025 = 0,18 0,65 = 0,72 | 0,07
I 1760<RW 5,22 0,96 0,29 - 0,21 0,78 - 0,86 | 0,10
al 1,0 050 | 0,10 - 0,06 0,25 - 0,30 | 0,025
ENEER RW<1305 1,0 050 | 0,10 = 0,06 0,25 = 0,30 | 0,025
vehicle | || | 1305<RW<1760| 1,81 0,63 0,13 - 0,10 0,33 = 039 | 0,04
I 1760<RW 2,27 074 | 016 = 0,11 0,39 = 046 | 0,06

As the consdered vaues should not be exceeded, it will be necessary to give the maximum
index vaue to the maximum emission limit. Moreover, it has been edimaed tha an engine,
after 80' 000 km, increases the emisson according to the following coefficients (table 5).




Tableb. Corrective coefficients

Engine category Deterioration Coefficient
CO HC+NOXx PM 10
Petrol Engine 1,2 1,2 *
Oil Engine 1,1 1,0 1,2

If the emisson levels exceed the limits of the normative, this is represented in the method by
a negaive number (-1). This index is ds0 on a decimd scde we divide the emisson limit in
10 parts and then assign to the measured emissions a vaue in accordance with this table:

Table 6. "C" index evaluation (100% = limit emission value, standards Euro 3 or Euro 4)

% | <10% | <20% | <30% | <40% | <50% | <60% | <70% | <80% | <90% | <100% | >100%

C 1 2 3 4 5 6 7 8 9 10 -1

2.2.3 Determination of the Freguency Index

The index O is directly corrdated to the rdiability aspects of the system components and
represents the likelihood that a specific cause will result in the falure mode [6, 7, 8, 9]. tis
expressed by the following formulation:

O=ak @)

Where a represents the likeihood of the faillure mode happening (%) and | is the falure rate
(fallurelkm). Even in this case the occurrence is classfied in different categories, each one
with a different vaduein therange 1-10 as shown in table 7.

Table 7. "F" index evaluation

Probability | Remote Low Moderate High Very High

<lin <lin <1lin <1lin <lin <lin <lin | <lin | <lin <1l

(0] 200000 | 180000 | 160000 | 140000 | 120000 | 100000 | 80000 | 60000 | 40000 | 20000

km km km km km km km km km km

F 1 2 3 4 5 6 7 8 9 10
3 Application

The methodology described has been theoretically applied to an injection sysgem and
catayser mounted on a 6 cylinder petrol engine, chosen as reference to consder dl the
devices of alatest generation engine (figure 2).
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Figure 2. Schematic representation of an injection system and catal yser



In particular, two different configurations of catalysers have been considered:
1. under-floor

2. double catdyser close coupled and under-floor with on board diagnoss system
(OBD).

The firg solution is no longer used, actudly, but it is useful in order to evidence the
differences with the newer one.

The fird stage of the method's gpplication has permitted the identification of the following
Top Events doichiometric ratio dteration, high temperature in combugtion chamber, short
remaning time in combustion chamber, misfiring (as dready shown in table 2).

As an example, the case a < 14,7 will be andysed. From the results of the FTA (figure 3),
among the different failure causes, we will consder the contamination of the Lambda oxygen
sensor, which determinates a change in the fuel mixture ratio, or a change in the frequency a
which it sends information to the ECU, depending on the contaminating substance. We
condder the hypothess that the migtake in the mixture, due to lead contamination, is 1% in
enrichment and that the catalyser is perfectly efficient.
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Figure 3. FTA on Top Event| <1

Notorioudy, the catayser needs a good exhaust mixture compostion, and the treated gas
should be produced by a stoichiometric combustion. The efficiency of emisson reduction of
each polluter is function of the stoichiometric ratio in combustion chamber (figure 4).
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Figure 4. Efficiency of the catalyser



If the equivalence ratio ( = a/asecn) IS dmogt 1, the emission reductions consdered are: 90%
COy; 87% NOy; 84% HC. If the stoichiometric ratio a is known, the real emisson reduction
and the function of the dependence of the efficiency from the Stoichiometric ratio can be
obtained from the same figure. This index, multiplied by the environmentd severity (W) of
the consdered polluter, represents one of the factor which will condtitute the Impact index
referring to a non-soichiometric a, and it is evauated differently for each emisson according
to the following formula

_CE( »1)-CE( 1)
Y, =
1j CEI (l » 1) FTP

3

where CE is the cadyser efficiency rdative to the i'" polluter and Eerp is the amount of the
polluter (g/mile) relaive to the sandard emisson cycle FTP 75. In this way it is possble to
correlate the emission increase due to the worsening of the catadyzer efficiency.

Applying, for example, thisformula to the NOy emissons, we have:

93- 87
Y13 =

x21,33x0,126 = 0,185

and, in case 2:

_93- 87

Y;; = x21,33>0,018 = 0,026

Extending this cdculation to al the other emissons and summing the coefficient obtained,
from table 1 we obtain 1=2 for the under-floor configuration and 1=1 for the close coupled.
Regarding the compliance index “C”, the limits, for the EURO 4 standard, are 291 g/mile for
CO and 0,21 g/mile for HC; known the emissons after misfunctioning (0,15 g CO - 0,08 g
HC; 0,07 g CO- 0,036 g HC), it ispossible to evauate the “C” index asfollows:

0,15% =0,57 g(CO)/mile correspondentto C =2

0,0SXigg—-;ll = 0,145 g(HC)/mile correspondenttoC=7

50, for the under-floor configuration we will consder the worst case: C=7.
For the case 2 it is consdered
0,07 xigg—gé = 0,266 g(CO)/mile correspondenttoC=1

0,036 xigg—;ll =0,09 g(HC)/mile correspondentto C=5

then the assumed valueisC = 5.

For the frequency index the falure rate of the Lambda oxygen sensor is needed: considering
from reliability databases a failure every 100 000 km, then the F index is 6.

In table 8 is shown an extract of the FMEA [10] caried on the oxygen sensor in the two
configurations, in which it is evidenced the IPN number evauation:



Table 8. Extract of the FMEA carried on the oxygen sensor

Component Mode Effects Cause I | F] C]|IPN Recommended actions
A dead sensor will prevent
Contamination with Environment the onboard computer from
lead from leaded d factors _ making the necessary
Lambda gasoline, phosphorous (road splash, alr/fu_el correct_l ons, causing
0Xygen sensor oM excess Ve oil Uncorrected | salt, ail, and 2|16(7| 84 the air/fuel mixtureto run
(underfloar) . g : rich in the "open loop"
consumption, or airffuel dirt), . N
silicone from internal mixture mechanical mode operation, resulting in
coolant lesksorusing | enrichment | Stressor muich higher fuel -
silicone sprays or mishandling. consumption and emissions.
Lambda gasket sealers on the
oxygen sensor engine. 1165 30
(close
coupled)

4 Conclusions

The ams ddfinition of a dedgn in the automotive sector comprehends the environmenta
impact agpect of the vehicle during its complete life cycle. The functioning period, however,
is the mogt effective one among the tota of the emissons produced in the life cycle of the
automobile. In this context, in the Ecodesgn environment, a new methodology has been
developed, whose name is RAEGIE, to dlow the evduation of the environmenta impact of
exhaug gas from vehicle.

This new gpproach focuses particularly on the influence of the injection system and catalyser
on exhaust qudity and on the possble environmentd effects caused by ther mafunctioning
or falures. The desgner can goply this method from the very beginning of the desgn stage,
by defining the gods in terms of environmental efficiency and compliance to the normative of
the automotive sector.

This methodology can be used, integrated with experimental andysis vaues, in two ways.
to identify the mogt critical components of a system, in environmenta point of view
to compare design dternatives, for afast selection of the better one.

This process darts from early desgn stages and is continuoudy updated, to fastener design
changes. This brings both to productivity bettering and to emissons compliance to the
European standards.
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