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ANALYSIS AND FIELD OBSERVATION OF DIESEL INJECTOR NOZZLE
RELIABILITY

SUMMARY

In this study, the field reliability of injector nozzles from common rail diesel injection
systems is analyzed. In order to understand the requirements from the common rail
system and the nozzle, the developments in the automotive industry and the technical
requirements originating from the environmental problems and therefore the emission
regulations are evaluated. Based on the injector nozzle requirements, the related
injector nozzle functions are listed and the connection between field requirements and
nozzle strength requirements are shown. The evolution and the milestones of diesel
Injection systems and the construction of modern diesel injector nozzles are covered.
Modern injector nozzle design and its effects on injector nozzle strength functions are
remarked.

Injector nozzle strength is also inevitably effected by the properties of the material.
The nozzle material needs to have certain qualities such as high strength, wear
resistance, good machinability properties, availability in large quantities and
acceptable cost. The formation of impurities in the material can cause low material
performance. The continuous casting process and the formation of impurities such as
non-metallic inclusions are explained.

For the statistical evaluation of the nozzle field reliability, a Weibull analysis is made.
The advantage of using Weibull ditribution for the field reliability analysis and its
typical application areas are given. The characteristic parameters defining the shape of
the Weibull distribution plots and the effect of these parameters on the probability
density function, failure rate, reliability and unreliability characteristics are covered.
are explained.

In order to evaluate the field reliability properties of the diesel injector nozzle, the data
from the field is sorted and organized. Properties such as the spray design, nozzle tip
geometry, manufacturing date non-metallic inclusion type and dimensions, the
positions of the found impurities, failure mileage and customer are used as criteria for
organizing the failure data. The main causes found for field falures are listed. It is seen
that the majority of the field reliability problems are linked to non-metallic inclusions.
Different shapes and types of inclusions are given as examples. Based on the
manufacturing date of failed nozzles, it is shown that the failures due to impurities are
not due to a problem with a single steel melting batch. The positions of the impurities
causing failures from the nozzle tip are shown. Based on the field loads acting on the
nozzle tip, the positions of the failure causing impurities and the design properties
effecting the nozzle tip strength, a load coefficient is defined. Based on the failure data
from the field, the mileage until which almost all failures originating from non-metallic
inclusions occur is found. The daily mileage for each nozzle design in field is given.
The relevant nozzle manufacturing volume which already covered the critical mileage
is found. Using the number of failures and the number of runout nozzles in field, the
failure data and the suspensions which will be the inputs for the Weibull analysis are
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found. Using Minitab software, the Weibull plot for the field reliability of four
different designs are plotted. Based on these plots, it is discussed, whether the
distribution represents the field data correctly. Based on the estimated parameters, a
discussion is made over whether the estimated parameters and the load coefficient of
nozzle tip design have a correlation. It is concluded that due to very low field falure
probability and hence scarce data related to failures, the parameters could not be
estimated very accurately and therefore a direct correlation of Weibull parameters
could not be found. However, the failure probability of these four designs and the load
coefficient show an exponential correlation and therefore may indicate that with more
data, the Weibull distribution could prove adequate for the analysis of non-metallic
inclusion related injector nozzle tip failures.

In order to search for a corelation between the field experience and the estimated
Weibull distribution parameters from a different perspective, the combined field
character of the previously compared four designs is analyzed. The results and the
estimated Weibull distribution parameters are then compared to that of a fifth design.
Comparison and analysis of field data related to the first 4 designs combined and the
5th showed that because of very few failures in field resulting in very small failure
probability and therefore scarce data related to failures, the parameters could not be
estimated very accurately, as a result of which a direct prediction of Weibull
parameters was not possible. However, it was found the estimated shape factors for
other designs combined and the 5th design did not show a very high variance,
indicating that the Weibull distribution could prove adequate to analyze and predict
non-metallic inclusion related injector nozzle tip failures seen in field.
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DiZEL ENJEKTOR MEMESININ SAHA GUVENILIRLiGININ
INCELENMESI

OZET

Bu ¢alismada, dizel motorlarinin yakit piiskiirtme sistemlerinde kullanilan enjektor
memelerinin saha giivenilirligi incelenmistir. Dizel yakit piiskiirtme sistemi ve
enjektor memesinin karsilamasi gereken beklentileri anlayabilmek igin, cevresel
problemler, bu problemlerin 6niine gegmek tizere hazirlanan emisyon regiilasyonlari
ve otomotiv endiistrisindeki genel egilim degerlendirilmistir.

Atmosferdeki sera gazlarinin miktar1 sanayi devriminden bu yana hizlanarak
artmaktadir ve bu durum kiiresel ortalama yiizey sicakliklarinin giderek artmasina yol
acmaktadir. Motorlu tasit kaynakli kirletici emisyonlarin insan sagligina ve ¢evreye
etkisinini azaltmak amaciyla emisyon standartlar1 gilincellenmekte ve eksoz gazi
emisyonlarinin kontrol altinda tutulmasi igin yakit enjeksiyon sistemlerinin
karsilamas1 gereken teknik gereklilikler de giderek artmaktadir. Bu gereklilikleri
karsilamak icin dizel enjektor memesinin saglamasi gereken fonksiyonlar listelenmis
ve saha gereklilikleri ile enjektér memesinin dayanim 6zellikleri arasindaki baglanti
gosterilmistir.

Dizel motorlarinda kullanilan yakit piiskiirtme sistemlerinin gelisimi ve bu gelisimin
kilometre taglarinin tizerinden ge¢ilmis ve dizel enjektér memesinin konstriiksiyonuna
deginilmistir. Tasitlarin emisyon standartlarina uyumluluk gosterebilmesi i¢in giderek
daha diistik kirletici emisyon ¢iktisi tiretmesi gerekmektedir. Bu gerekliligi karsilamak
amaciyla, yanma odasi igerisindeki havanin daha etkin sekilde kullanim1 ve hava-yakit
karigtminin daha homojen sekilde saglanmasi gerekmektedir. Bu durum dizel yakit
enjeksiyon sistemi tarafindan giderek daha yiiksek piiskiirtme basinglarinin
saglanmas1 gerekliligini ortaya ¢ikarmistir. Yiiksek sistem basinci nedeni ile enjektor
memesinin sahada karsilagtig1 yiikler giderek yiikselmistir. Bu gereklilikler 15181nda
modern enjektor memesi tasarimiin gelisimi ve tasarim oOzelliklerinin kubbe
dayanimina olan etkisinden bahsedilmistir.

Enjektor memesinin dayanim ozellikleri kaginilmaz olarak malzeme 6zelliklerinden
de etkilenmektedir. Meme malzemesinin yiiksek mukavemet, yiiksek asinma
dayanimi, kolay islenebilirlik, yiiksek miktarlarda temin edilebilirlik ve diisiik maliyet
gibi 6zelliklere sahip olas1 gerekmektedir.

Malzeme igerisinde olusan safsizliklar malzemenin diisiik performans gostermesine
sebebiyet verebilmektedir. Siirekli dokim teknigi ile celik iretimi ve dayanim
diisiisiine neden olan endojen ve eksojen metal disi1 safsizliklardan bahsedilmis, bu
safsizliklarin alt smniflandirmalara deginilmistir. Oksit ve siilfit inkliizyonlarinin
olusum yollarindan ve siirekli dokiim prosesi sirasinda bu inkliizyonlarin sayilarinin
artt1g1 ve boyutlarmin yiikseldigi durumlardan s6z edilmistir.

Metal dis1 inkliizyonlarin ¢elik kalitesine dogrudan ve dolayh etkileri bulunmaktadir.
Safsizliklarin ¢elik yapisina dogrudan etkileri, malzemenin dayanim o6zelliklerinde
gozlemlenmektedir. Dolayli etkilerden biri ise dokiim memesinin tikanmasi
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durumunda kalite diislisii ve bazi1 durumlarda siirekli dokiimiin durma noktasina
gelmesi olmaktadir. Biiylik boyutlardaki safsizlilara daha nadir rastlanirken, daha
kiiciik boyutlu safsizliklarla daha sik karsilagilmaktadir.

Celik icerisinde oksit ve siilfit miktarmin artisi, ¢eligin siinekligi ve kirilma toklugu
tizerinde negatif bir etkiye sahip olmaktadir. Kritik boyutun tizerindeki inkliizyonlarin
sayist ve kritik miktarin iizerinde oksit igerigi, lirliniin dmriinii kisaltmaktadir.

Inkliizyonlarin sertlikleri, plastik sekil verme islemleri sonrasinda injkliizyonun
gelecegi sekle ve dolayisiyla neden olacagi centik etkisi ve dayanim diisiisiine etki
etmektedir.

Celik igerisindeki inkliizyonlarin tespiti i¢in ¢esitli yontemlerden faydalanilmaktadir.
Bu yontemlerden bazilari seri liretim kosullarina uyarlanabilmistir ve ¢elik iiretiminde
kalite kontrol amagl kullanilmaktadir. Bu amagla faydalanilan ve kabul goren
yontemlerde ¢eligin oksidik ve siilfiirik safsizliklar bakimindan mikroskopik
diizeydeki arilifi ve makroskopik inkliizyonlarin varligi ve boyutlart kontrol
edilmektedir.

Enjektor memesinin saha giivenilirliginin incelenmesinde Weibull analizinden
faydalanilmistir. Weibull analizinin esneklik, sinirli hata verisine dayanarak makul
tahminler iiretilmesine imkan saglama, dagilim parametrelerine bagli olarak diger
dagilimlar gibi davranma, hata oraninin zamana gore degistigi durumlar
modelleyebilme gibi avantajlarindan bahsedilmistir. Weibull analizinden elektron
tiipleri, rdleler, bilyali yataklarin saha performansinin modellenmesi, hava durumu ve
rizgar hiz1 tahminleri gibi pek c¢ok alanda faydalanilmaktadir. Weibull dagilimi
grafiklerinin seklini belirleyen karakteristik parameterler ve bunlarin olasilik yogunluk

fonksiyonu, giivenilirlik, hata olusum sikligina etkisi agiklanmaistir.

Dizel yakit enjektorii memesinin saha giivenilirlik 6zelliklerinin incelenmesi igin,
oncelikle sahadan gelen bilginin diizenlenmesi ve dogru sekilde siniflandirilmasi
gerekmektedir. Bu amagla enjektér memesine dair sahadan gelen bilgiler ve hatanin
gorildiigli enjektdor memesinin piiskiirtme sprey geometrisi, kubbe bolgesinin tasarimi,
tretim tarihi, eger bulundu ise safsizliklarin gesidi, boyutlar1 ve meme govdesi
tizerindeki pozisyonlari, hata olusmadan evvel sahada kat edilen mesafe ve miisteri
bilgileri, hatalarin siniflandirilmas1 ve diizenlenmesinde birer kriter olarak
kullanilmistir.

Calismada, enjektor memesinin kubbe bdlgesinden ¢atlamasi hata olarak
tanimlanmistir. Hata olusumuna neden olan ana nedenler listelenmistir. Bu bilgilere
gore sahada gozlemlenen hatalarin c¢ogunlugunun metal disi1 safsizliklardan
kaynaklandigr goriilmistiir. Degisik tip ve sekildeki safsizliklar 6rnek olarak
gosterilmistir.

Hata yasanan enjektor memelerinin {iretim tarihleri ve hata oranlari incelendiginde,
metal dis1 safsizliklardan kaynaklanan hatalarin tek bir ¢elik dokiim sarjina ait
olmadig1 ve dolayisiyla benzer safsizliklarin ¢elik {iretiminde belirli bir tarih araliginda
degil, iiretim prosesinin bir yan iirlinii olarak olustugu gézlemlenmistir.

Sahada hataya sebebiyet veren safsizliklarin meme govdesi iizerindeki pozisyonlari
gosterilmistir. Memenin kubbe bolgesine sahada etki eden yiikler, hataya sebep olan
safsizliklarin pozisyonlari, ve memenin kubbe dayanimima etki eden tasarim
parametreleri goz Oniinde bulundurularak, degisik tasarimlarin karsilastirilmasinda
kullanilabilecek bir “yiik katsayis1” tanimlanmaigtir.
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Sahadan elde edilen hatali parga bilgilerinden yola ¢ikilarak, metal dis1 safsizliklardan
kaynaklanan hatalarin tamamina yakini ortaya ¢ikmadan Once ilgili araglar tarafindan
sahada kat edilen mesafe belirlenmistir. Yine hatali parga bilgilerinden yola ¢ikilarak,
karsilastirmada kullanilan her bir tasarimin {iretim tarihinden itibaren bir giinde kat
ettikleri ortalama mesafe hesaplanmistir. Bu bilgilerden faydalanilarak, karsilastirmasi
yapilacak her bir tasarim igin Sahada hatalarin tamaminin ortaya g¢ikacagi Kritik
mesafeyi kat etmis olan enjektér memelerinin sayisi bulunmustur. Her bir tasarim i¢in
hata sayis1 ve sahada kritik mesafeyi asmis olan parga sayist Weibull analizinde birer
girdi olarak kullanilmistir.

Weibull dagilimi parametrelerinin tahmin edilmesinde Minitab yazilimi kullanilarak
karsilastirmasi yapilacak olan tasarimlarin Weibull dagilim grafikleri olusturulmus ve
en kiiciik kareler yontemi kullanilarak parametreler hesaplanmistir. Yapilan tim
degerlendirmelerde, yalnizca metal dis1 safsizliklardan kaynaklanan hatalar goz
oniinde bulundurulmus ve diger hatalar gozardi edilmistir. Olusturulan grafikler
degerlendirilerek, dagilimin saha bilgilerinin isabetli sekilde temsil edip etmedigi
degerlendirilmistir. Dagilimin saha verilerine uygunlugunun degerlendirilmesinde,
korelasyon katsayisi ve saha verilerinin Weibull dagilimi grafiklerinde beklenen diiz
cizgi karakterinden sapma durumlar dikkate alinmistir. Gerekli durumlarda saha
verisinin genel karakterinden sapma gosteren veriler gozardi edilmis ve saha
kosullarinda hatanin kesinlikle goriilmeyecegi bir siirenin var olma olasilig1
gozetilerek sahada goriilen hatalarin degerlendirmesi iki yerine {i¢ parametreli Weibull
dagilimi ile tekrar edilmis ve 6nceki degerlendirme ile karsilastirilmistir.

Sahada goriilen hatalarin Karakterinin anlagilmasi ve degisik tasarimlarin sahada
gbzlemlenen giivenilirlik performansinin karsilagtirilmasi i¢in, bu tasarimlarin maruz
kaldiklar1 yiikler ve tasarim Ozellikleri goz Oniline alinarak birer yiik katsayisi
hesaplanmistir.  Dagilim  parametrelerinin ~ karsilastirilan  enjektér  memesi
tasarimlarinin degisik yiik katsayilari ile degisme yoniinde korelasyon gosterip
gostermedigi incelenmistir.

Enjektdor memelerinde gozlemlenen saha hata oranlarinin ¢ok diisiik olmasi ve bu
nedenle sahadan gelen hata sayis1 ve bilgisinin azlig1 nedeni ile, Weibull dagilim
parametreleri yiiksek bir isabetle hesaplanamamistir. Bu nedenle yiik katsayis1 ve
Weibull dagilim parametreleri arasinda dogrudan bir korelasyon bulunamamistir.
Ancak, karsilagtirilan sahalarin sahada gozlemlenen hata oranlar yiik katsayisina bagl
istel bir korelasyon gostermistir ve bu nedenle daha yiiksek sayida hatanin bilgisi
kullanilarak hesap yapilmasi durumunda Weibull dagiliminin, sahada metal dig1
safsizliklarin neden oldugu hatalarnin analizinde kullanilmasinin uygun bir yontem
olma ihtimalinin oldugu sonucuna varilmistir.

Weibull dagiliminin sahadaki duruma ne derece uyumluluk gosterdigini degisik bir
yonden tekrar degerlendirmek amaci ile, daha dnce saha bilgileri ayr1 ayri incelenen
tasarimlarin toplamdaki genel karakteristigi analiz edilmistir. Sonuglar ve elde edilen
Weibull dagilimi parametreleri ile farkli bir tasarimin saha bilgilerinden elde edilen
sonuclar ve Weibull dagilimi parametreleri karsilastirilmistir. Bu karsilagtirma
sonucunda, sahada g6zlemlenen hata oranlarinin ¢ok diisiik olmasi ve bu nedenle
sahadan gelen hata sayisi1 ve bilgisinin azlig1 nedeni ile, Weibull dagilim parametreleri
yiiksek bir isabetle hesaplanamamistir ve bu nedenle farkli bir tasarimin
parametrlerinin dogrudan tahmin edilmesi miimkiin olmamistir. Ancak, daha 6nceki
degerlendirmelerde kullanilan tasarimlarin genel karakteristigini ifade eden sekil
parametresi ile kontrol amaci ile kullanilan tasarimin saha karakteristigini ifade eden
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sekil parametresine yakin oldugu goriilmiistiir. Bu sonu¢ Weibull dagiliminin, sahada
gozlemlenen metal dis1 safsizliklarin neden oldugu hatalarmin analizinde
kullanilmasimin, daha yiiksek sayida hatanin bilgisi kullanilarak hesap yapilmasi
durumunda uygun bir yontem olmasi ihtimalini gii¢clendirmektedir.
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1. INTRODUCTION

Looking back at the history of mobility, one can surely state that combustion has been
a core process, catapulting mankind from riding animals to machine based
transportation. The development of combustion engines and the advantages thereby
obtained have boosted further research since the first uses of the kind of machine
transforming chemical energy to kinetic energy through external or internal

combustion.

As the industry grew into its size today, the CO, concentration of the Earth, which

showed an increasing trend since the industrial revolution took pace (see Figure 1.1).
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Figure 1.1: Change of carbon dioxide and methane with respect to years [Url-1].

Due to the increase of the CO, concentration, the greenhouse effect have become
prominent, pushing the atmospheric temperature measurements higher and higher (see
Figure 1.2).
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Figure 1.2: Change of calculated temperature anomaly with respect to years [Url-1].

Another problem which emerged with the wide use of internal combustion engines in
vehicles is the ambient air quality geing reduced by pollutants resulting from the
chemical reactions taking place in the combustion process. Recent studies have shown
that due to the relevant decrease of air quality through particulate matter, a vast number
of people died in 2014 prematurely and that the the situation is expected to get better
or worse in 2030 based on the application of further measures to decrease driving
emissions (see Figure 1.3).
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Figure 1.3: Global premature deaths from light and heavy duty vehicle exhaust PM
(Miller et al, 2014).



In many cities, the WHO standards for air quality cannot be met. The scatter of PM
with a diameter of 2,5 microns or less in the world can be seen below (see Figure 1.4).
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Figure 1.4: Worldwide PM 2.5 emission measurement results
(Miller et al, 2014).

With ever bigger natural problems caused due to the increasing atmospheric
temperature, measures were taken in order to limit and decrease the environmental
damage. With the effect of emerging emission standards and times of crysis pushing
the fuel prices higher, the manufacturers are forced to develop vehicles which are more
economical and environmentally friendly, in order to keep up with the competitors and

to comply with the laws.

Due to the increasing costs, and need for vehicles along with stringent emission
standards, the claim for delivering “the best” has become even more vital for
companies, pushing the engine and vehicle development targets in the direction of
developing the best components and systems with minimum cost (see Figure 1.5).
With car companies pushing the design limits further and further, contradicting design
parameters make the development process more complicated and critical. For better
fuel economy, performance and compliance with emission standards, the materials
used for internal engines face increasingly higher loads, increasing the demand for
lighter and stronger materials which can offer better resistance to demanding field
conditions. With ever increasing loads on materials, the field observation becomes

even more important.
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Figure 1.5: Change of vehicle technical parameters with respect to years
(International Council on Clean Transportation, 2015).

The longing for faster, cheaper, more reliable and safer transport have created an
industry in which competition has become inevitable. A wide diversity of choices and
methods to design an internal combustion powertrain has become more and more
standardized, as the legal requirements and customer expectations has eliminated all

but the best combustion and emission control technologies.

One of the most important contributors in controlling diesel vehicle emissions have
proven to be controlling the combustion process itself, using a highly versatile and
precise fuel injection system. As the interface of the injection system to the
combustion, the injector nozzles have developed in many aspects, enabling better fuel

pulvarisation and optimized use of the air inside the cylinders.

Diesel injector nozzles are expected to satisfy very low failure probability values in
field when working under loads and conditions such as combustion and compression
(engine brake) heat, corrosive combustion gases, combustion residues called “coking”

and internal loads such as very high fuel pressure levels of up to 2500bar.

With design and manufacturing improvements enabling the nozzle manufacturing to
meet higher and higher field loads, material defects such as non metallic inclusions
gain importance, as they become the main cause for concern. The observation of the

failure characteristics and statistics of a product in field can give the manufacturer an



overview of what the problem is, how the failure probability in field will change under
which loads and design parameters. In the design phase of the product, it is necessary
to estimate the risk due to material failures as well as validating the design, as the
development tests can be done with limited number of samples, whereas a large
quantity of a product is released after the design process for field operation. The
evaluation and prohibition of field problems in the design phase of the product helps
to minimize the costs through the lifetime, satisfy the customer quality expectations

and maximize the profit.

A question raised during the design phase of diesel injector nozzles is whether it could
be possible to estimate the field failure probability of diesel injector nozzles based on
the field experience with the predecessors. It is aimed in this study, to search for a

method to estimate the failure probability due to non metallic inclusions in steel.






2. DIESEL FUEL INJECTION SYSTEM

2.1 The Evolution of the Diesel Fuel Injection System

Diesel engines have gone through many stages of development until reaching the
current widely utilized state of the art (see Figure 2.1). In the early industrialization
phase, the diesel engine was mainly used as a replacement for bigger and less efficient
steam engines, and on platforms which could accomodate large engines, such as ships,
submarines, generators, locomotives and trucks. The use of a diesel engine in a car
would not be seen until the debut of the Mercedes-Benz 260D in 1936, with 10 to 11
liters of fuel consumption per 100 kilometers at a time the price of diesel fuel was
roughly half of of gasoline fuel (Wintrich et al, 2017).
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1894 Robert Bosch Diesel-injection system
first met the diesel for passenger cars
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1=t electronic diesel control
system EDC (electronic
diesel control)

Figure 2.1: Diesel fuel injection system development milestones (Wintrich et al,
2017).



The start of manufacturing for diesel injection components gained pace with the first
diesel pump prototypes in 1923, followed by the testing and approval of first samples
by original equipment manufacturers and then the start of series manufacturing in 1936
(Wintrich et al, 2017).

Further evolutions could be summarized below as:

e In 1986, diesel engines started to be governed by electronic circuits,

significantly improving the precision of fuel metering.

e In 1989, a diesel injection system used in the Audi 100TDI with an
electronically governed high pressure pump, 950 bar injection pressure, a
multi-sprayhole nozzle, turbocharger and pilot injection capability made way

for the wide use of diesel engine in cars.

e In 1996, the injection pressure rose to 1800bar and the injection quantity had

become precise down to the level of 2 mm?3 diesel fuel for pilot injection.

e In 1998, the unit injector system with 2050 bar injection pressure was

introduced.

e In 1997, the first common-rail system with 1350 bar injection pressure was
introduced, enabling the independance of injection timing, injection pressure
form engine load and speed conditions.

e In 2003, the second generation common-rail system with 1600 bar injection
pressure was introduced. This geneartion had better precision for smaller pilot

injection amounts and smaller hydraulic dwell times between each injection.

e In 2003, the third generation common-rail system with 1600 bar injection
pressure was introduced as well. This generation had higher precision based on
a piezo actuator, thereby improving raw engine emissions through capabilities
such as enhanced multiple injection performance and the ability to reach higher

injection rates faster.

After the introduction of the second and third generation common rail injectors, the

injection pressure was constantly improved up to 2500 bar (Wintrich et al, 2017).



2.2 The Diesel Injector Nozzle

The diesel injector nozzle is the most critical and important part of the whole injection
system with many functions and targets related to engine objectives, as it is the
interface of the fuel injection system to the combustion chamber and cylinder (see
Figure 2.2). The function of the rest of the system, including the injector is to deliver
the needed fuel quantity to the nozzle, to lift the needle at the start of the injection and

to close it at the end of injection.

The main functions of the nozzle can be summarized as:

The create and regulate the injection pressure and volume with respect to
crankshaft angle.

Optimum atomization and distribution of fuel

To seal the whole injection system against the combustion conditions (Reif,
2012).
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Figure 2.2: Objectives and functions related to the diesel injector nozzle (Robert
Bosch GmbH, 2015).

The nozzle design has many major effects on the characteristics of the engine such as
cold startability, power and emission output. It directly interacts with the cylinder,
injector and the fuel itself. Therefore a diesel injector nozzle design is made focusing

on the aimed engine characteristics and with mechanical and chemical durability mind.



The mechanical loads on diesel injector nozzles have increased tangibly with the need

of higher injection pressure in order to enable lower emissions.

The effect of higher injection pressure on emissions and the load on the nozzles can

be shown with the following chain:

e NOx limits have been getting more and more stringent as stricter emission

standards have emerged.

e Higher EGR usage is needed in order to keep NOx emission under control and

within the limits dictated by the emission standards.

e The air inside the cylinders is diluted more as more EGR gas is used to lower

the combustion temperature.
e Lower oxygen content is available due to air dilution inside the cylinders.

e Higher PM emission is produced due to the lower oxygen content, as the
available oxygen content is insufficient to efficiently oxidize the carbon atoms
inside the fuel.

e Better air-fuel mixture is needed in order to improve the PM emission output.
e Lower sprayhole diameter is needed in order to deliver better air-fuel mixture.

e Higher injection pressure is needed to deliver the needed injection quantity
within the specified crank angle period, despite higher flow restriction due to
smaller sprayholes.

e Higher pressure is needed inside the nozzles and the common rail system in

order to deliver higher injection pressure.

e Higher internal pressure inside the nozzles cause higher load on the injector

nozzles

With the need to implement higher injection pressure, higher accuracy and efficency
for fuel injection, the injector nozzles have evolved to the current state of the art (see
Figure 2.3 and Figure 2.4). Today, widely utilized state of art nozzle designs can be
divided into two main categories:

e P-Nozzle

e Nozzle module
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Figure 2.3: Modern diesel injector nozzle construction (Robert Bosch GmbH, 2015).

In both nozzle designs, there are specific regions which are highly loaded and therefore
stressed. During the closing phase of the injector, the needle seat sits on the body seat
and creates a sealing which stops the flow of the fuel into the cylinder. The closing
forces during and after the closing phase of the injector are high in order to maintain
the sealing function against the lifting force created by the high pressure acting on the

needle.
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Figure 2.4: Sachole design and its effects on nozzle properties (Robert Bosch
GmbH, 2015).
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The design of the nozzle tip plays a major role both for the robustness and the emission
performance of the nozzle. A bigger sachole brings higher robustness and better spray
symmetry due to smaller difference of fuel pressure at the entrance of the sprayholes,
whereas a smaller sachole brings smaller volume, in which the diesel fuel can reside
between the injections. The heat from the cylinder promotes the evaporation of the fuel
in this volume, thereby increasing the unburned HC emission of the vehicle.

The design is made with all effects in consideration and an optimum compromise is

made based on the needs of the application.

12



3. IMPURITIES IN MATERIAL AND NOZZLE FAILURES

The robustness properties of the nozzle is equally dependant on the material and
manufacturing. There are many aspects which should be satisfied by the nozzle

material, including:
e Strength
o High statistical strength
o High strength againt pressure pulsation in the internal surfaces

o High strength against the forces acting on the nozzle body seat under

engine conditions such as high temperature
o No flaws or irregularities are wanted

» High material purity = Less quantity and smaller size of oxides

and less number of sulfides
» No brittle phases such as large carbides

e High wear resistance
e Good machinability properties

o Adequacy for pressing operations

o Temperability and hardenability

o Adequacy for grinding and eroding operations
e Availability at large quantity and low cost (Robert Bosch GmbH, 2015).

During the casting sequence, melted steel inside the large melting pot is transferred via
ladle and afterwards poured into the tundish. Inside the tundish, the flow of the steel
is controlled by the stopper and the shroud and mold ensures that the casting is

continuous. The steel is then transferred between rolls as it solidifes.

The required steel quality changes based on the product it will be used for and therefore
the requirements related to the size, the amount and the composition of inhomogenities
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inside the steel such as non-metallic inclusions also changes (see Table 3.1). An
optimum compromise between quality and productivity is sought during the continous
casting of steel (Nakashima et al, 2013).

Table 3.1: Accepted adequate impurities and inclusion in steel products (Zhang et al,

2003).
Steel product Maximum impurity fraction Maximum inclusion size
Automotive & deep-drawing | [C]<30ppm, [N]<30ppm 100pm ™
Sheet
Drawn and Ironed cans [C]<30ppm, [N]<30ppm, 20pum™
T.0.<20ppm ?
Line pipe [S]<30ppm 2, [N]<35ppm, 100pum™
T.0.<30ppm '@, [N]<50ppm*”
Ball Bearings T.0.<10ppm™™® 15pm'™ ™
Tire cord [H]<2ppm, [N]<40ppm, 10pm'®
T.0.<15ppm*® 20pum™
Heavy plate steel [H]<2ppm, [N]30-40ppm, Single inclusion 13um"
T.0.<20ppm*® Cluster 200um*
Wire [N]<60ppm, T.0.<30ppm'® 20pm'®

During continuous casting, inhomogenities such as non-metallic incluions can occur
due to a number of reasons and at certain steps of the process (see Figure 3.1). With

respect the the source they originate from, inclusions can be classified as:
¢ Indigenous Inclusions
o Deoxidation products

o Precipitated inclusions which are created during cooling and

solidification steps
e Exogenous Inclusions
o Reoxidation products
o Slag entrainment products
o Inclusions formed due to erosion/corrosion of refractory lining

o Inclusions from chemical reactions (Zhang et al, 2003).
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Figure 3.1: Diagram showing molten steel reoxidation (Nakashima et al, 2013).
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Figure 3.2: Size distribution of oxide inclusions during steady state casting and ladle
change (Ren et al, 2014).

While the steel is being continuously cast, oxide inclusions form during the process
steps in which the steel is in liquid state and sulfide inclusions precipitate during later

process steps of cooling and solidification. As seen in Figure 3.2, the oxygen content
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as well as the quantity of oxide and sulfide inclusions are increased during the ladle
change period, compared to the steady state casting conditions (Ren et al, 2014).

Along with their direct effect on steel characteristics and quality, NMIs also have
indirect effects such as clogging casting nozzles as seen in Figure 3.3, resulting in
process problems such as molten steel drift in mold and powder entrapment
(Nakashima et al, 2013).

While the steel is continously trransferred from the tundish to the mold, the inclusions
can attach to the submerged entry nozzle installed to the tundish, in case the inclusions

inside the molten steel are not in fluid form.

Figure 3.3: Clogging materials (mainly Al,0; — CaO — M gO inclusions) at the
submerged entry nozzle (Ren et al, 2014).

This can cause severe clogging and in some cases, an interruption of the casting
process as the steel can no longer flow through the nozzle. As shown in Figure 3.4, the
inclusions disengaging from the nozzle is also an important reason for relatively big
sized Al, 05 inclusions (Ren et al, 2014).
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Figure 3.4: Formation of non-metallic inclusions (Robert Bosch GmbH, 2017).

The size of the inclusions is very critical as the deterioration of mechanical properties
is significantly increased as the inclusion size increases (see Figure 3.5). Smaller
inclusions can be found in higher quantites as larger inclusions are rarer. The total
volume fraction can be higher either for smaller or bigger inclusions. The ductility and
of the steel deteriorates in cases with higher oxide or sulfide content. Fracture
toughness is also negatively effected for high strength steels (Zhang et al, 2003). As
seen in Figure 3.6 and Figure 3.7, the oxygen content and the number of inclusions

above a critical size can be decisive on the lifetime of the product.
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Figure 3.5: Fatigue strength reduction factor vs mean inclusion diameter (Murakami,
2002).
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The hardness of the inclusions after solidifcation of steel dictates whether the inclusion
will deform along with the steel in the following deforming operations such as rolling
(see Figure 3.8).
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Figure 3.8: Inclusion forms of hard and soft inclusions before and after rolling
(Zhang et al, 2003).

The inclusions, inhomogentites and other defects have the effect of influencing the
crack initiation based on their shape and their size have a crucial effect on the fatigue
limit. For steels with high hardness of more than 400HV, the fatigue strength reduction
due to this effect can be greater than that of steel microstructure and hardness and
therefore the size, quantity and the distribution of incluions is often the point with the

highest improvement potential for lower field failure probability (Murakami, 2002).

For the aim of detecting NMls in end products, various methods can be utilized.
Detection of NMIs by X-ray computed tomography makes it possible to detect NMIs
without a destructive operation, but has the downsides of being time consuming
besides other difficulties such as high absorption in steel, limited penetration lengths,

image noise, and contrast problems caused by artifacts.

Fatigue life testing, an destructive test method can be used in order to measure and
detect critical sized NMls. After the testing for a failed sample is completed, the
fracture surface can be analyzed using scanning electron microscope and energy
dispersive X-ray spectroscopy can be utilized in order to identify the characteristics of
the NMI in question (Gusenbauer et al, 2014).
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Based on their size, non-metallic inclusions can be grouped in two main categories as
microscopic and macroscopic inclusions. Inclusions allocating up to a maximum area
of 0,03 mm? on the polished specimen surface are categorized as microscpoic
inclusions, whereas larger inclusions are called macroscopic inclusions. At the stage
of steel bar manufacturing, the microscopic degree of purity for the steel is evaluated
with respect to either a maximum size rating values or an index indicating percentage
of area for inclusions larger than a specified size, both for sulfuric and oxidic
inclusions, using a metallurgical microscope and automated devices (Norm, D. I. N.,
1985).

An inline ultrasound testing along with Eddy-current testing is utilized in order to find

out whether the steel bars include macroscopic inclusions above a certain size.
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4. WEIBULL ANALYSIS

The Weibull distribution is often preferred as a basis for lifetime analysis to model the
field situation due to its versatility and its ability to give the reasearcher accurate
predictions based on limited number of failures. With more failures involved in the

analysis, the model suggested by the distribution gets more accurate.

For the field analysis of products, Weibull analysis is chosen as it is very often the
preferred lifetime distribution to model field problems. Based on the shape parameter,
the Weibull ditribution is also able to behave similarly to the other distributions. Unlike
the exponential function, the Weibull function can model situations in field, where the
failure probability changes with respect to time. The most common applications of
Weilbull analysis include the field performance evaluations of electron tubes, relays,
ball bearings, as well as weather forecasts, wind speed estimations and signal level

distributions of radar systems (Tiirkan, 2007).

The characteristics defining the shape of the Weibull curve are:
f: Shape parameter (also called slope)

n: Scale parameter (also called characteristic life)

v: Location parameter (also called failure free life)

The Weibull probability density function can be written as:

tory

(o) = %(%)B_l e (5

f(t)=0,t=00ry

(4.1)

g >0
n>0

—00 <17 > 00
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In case the location parameter vy is 0 or in other words when the failures can be observed
immediately after the product is inroduced to the field, the Weibull probability density

function can be written in the 2-parameter form:

Fo =L (42)

n

In special cases where the shape parameter [ is also already known from previous
similar products, the probability density function can be written in the 1-parameter

form:
_e(e° )
f@=2(5) e (4.3)
y=0
B = C = Constant

As seen in Figure 4.1, with respect to the value of the shape parameter B, the function
can display a character similar to other lifetime distributions. In a situation where the
shape parameter 3 is equal to 1, the Weibull PDF becomes a 2-parameter exponential

distribution function:
1 T
f) = ;exp (— ;) (4.4)
where % = failure rate

In another situation where the shape parameter B is equal to 2, the Weibull probability
density function then becomes the same as that of the Rayleigh distribution. The shape

parameter is dimensionless (Cakir, 2009).
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Figure 4.1: Weibull probability density function with respect to f§ value [Url-3].
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On the cumulative distribution function graph, the slope of the line representing the
field failures change with respect to the shape parameter B (see Figure 4.2).
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Figure 4.2: Effect of shape parameter 3 on unreliability [Url-3].

As shown in Figure 4.3 and Figure 4.4, the value of the shape parameter dictates how
the reliability and failure rate changes over the lifetime. For different values of the

shape parameter, the following comments can be made:

B <1 -> Infant mortality, decreasing failure rate over lifetime
B =1 -> Random failures, constant failure rate over lifetime
B =3 -> Early wearout, increasing failure rate over lifetime

B =6 - Old age wearout, increasing failure rate over lifetime (Abernethy et al, 1983)

23




Weibull Reliability Plot with0<B<1,B=1,andp > 1
1,00

Reliability

=

Time (t) 700,00

Figure 4.3: Effect of shape parameter B on reliability [Url-3].
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Figure 4.4: Effect of shape parameter 3 on failure rate [Url-3].

The scale parameter 1) is the interval at which 63,2 percent of the failed parts complete
their lifespan (see Figure 4.5). Therefore as the shape parameter gets higher, the
Weibull plot is shifted to the right, the probability density function gets wider towards
higher time or mileage (see Figure 4.6).
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Figure 4.5: Weibull PDF and characteristic life (Warwick Manufacturing Group,
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Figure 4.6: Weibull PDF and scale parameter 1 [Url-3].

As seen in Figure 4.7, the location parameter y shifts the whole probability density

function and therefore the Weibull unreliability plot towards higher time period or
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maileage before failure. It defines a time interval, before which any failure in field can
not happen.
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Figure 4.7: Weibull PDF and location parameter y [Url-3].
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5. EVALUATION OF NON METALLIC INCLUSION RELATED NOZZLE
FIELD FAILURE PROBABILITY

In order to satisfy the needs of the automotive industry, millions of injector nozzles
are sent to field annually. Due to a variety of reasons, a certain quantity of nozzles fail

to reach their lifetime goal. The leading reasons for diesel injector nozzle failures are:
¢ Non metallic inclusions inside the steel
e Hydrogen stress corrosion cracking
e Thermal overload

When we try to focus on the root cause with the highest priority, the overview of the
field records show that around 80% of the nozzle failures in field are caused by non-
metallic inclusions (NMlIs), which are the byproduct of the steelmaking process,

effecting the cleanliness of the steel in a negative way (see Figure 5.1).

Classification of Nozzle Field Failures with
Respect to Their Root Cause

11% 2%

m Non-metallic inclusion

Other

Al

87%

Figure 5.1: Classification of nozzle failures with respect to their root cause (Robert
Bosch GmbH, 2017).

During the manufacturing processes of the nozzle, these non metallic inclusions can
be cut. Whereas the presence of non metallic inclusions are never welcome, their
presence in the nozzle body seat area is more critical as the seat area is subjected to

impact forces during the closing phase of the injector, and the angular shape of the
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nozzle body seat increases the risk of exposing the NMI to the surface during

manufacturing operations.

NMIs causing nozzle tip cracks are observed in different shape and sizes. Examples
for main inclusion shapes observed on parts which cracked in field are given in the

following pages, starting with Figure 5.2 and ending with Figure 5.9.

Globe Shaped Inclusions (see Figure 5.2 and Figure 5.3):

Figure 5.2: SEM photograph of a diesel injector nozzle (Robert Bosch GmbH,
2014).

Figure 5.3: SEM photograph of a diesel injector nozzle (Robert Bosch GmbH,
2014).
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Line Shaped Inclusions (see Figure 5.4 and Figure 5.5):

2014).

Figure 5.5: SEM photograph of a diesel injector nozzle (Robert Bosch GmbH,
2014).
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Cigar Shaped Inclusions (see Figure 5.6, Figure 5.7, Figure 5.8 and Figure 5.9):

| 4

2016).

Figure 5.7: SEM photograph of a diesel injector nozzle (Robert Bosch GmbH,
2016).
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Figure 5.9: SEM photograph of a diesel injector nozzle (Robert Bosch GmbH,
2016).

The NMls located on the seat region of the nozzle can cause relatively high failure
probability when combined with factors such as a very heavy application, misuse or
high stress on the seat. As the steel quality does not systematically differ from one
nozzle design to the other, the load on the nozzle, and the nozzle tip design are the
dominating factors for the robustness of the seat region.
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As each customer complaint is a source of information to understand the problem,
different aspects of each case are documented with details such as:

» Spray design
» Tip geometry
* Manufacturing date

* NMI type and dimensions

* NMI position
* Mileage
»  Customer

With the accumulation of data from field complaints, the designs which are more prone
to failures due to non-metallic inclusions are identified. The manufacturing date of the
cracked nozzles are documented and it is seen that the number of nozzles delivered is
coherent with the number of failed nozzles in field and therefore the failure mode is
independent of manufacturing date, indicating that the problem does not come from a

single steel melting batch (see Figure 5.10).

Failure Probability with Respect to Nozzle Manufacturing
Year

Field Failure Probability

- )

2009 2010 2011 2012

Nozzle Manufacturing Year

Figure 5.10: Field failure probability in a nozzle type in series manufacturing.

The position of the NMI on the seat region is critical, as this effects the distance of the
NMI from the needle seat when the injector is closed and therefore the stress during

the needle closing impact. When the NMI positions from the field cases are marked on
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the injector nozzle body, it is seen that the critical positions causng nozzle tip cracks

are between the needle seat and the sachole entrance (see Figure 5.11).

Figure 5.11: Positions of the NMIs which caused field failures.

Based on this, it can be told that a design delivering lower stress would decrease the
NMI related failure probability in field. A definition combining the load and the tip
design can therefore be used as a criteria for the criticality of the stresses on the seat
and therefore the failure probability due to non-metallic inclusions. The load ratio of a
nozzle is obtained by dividing the needle closing force to the steel volume located
directly under the seat region shown in Figure 5.12 and is denoted by “F/A”. As this
ratio gets smaller, the design gets more robust against the damaging effects of the field

application.

*Volume under seat

Figure 5.12: Definition of the volume withstanding the needle closing force.

The needle closing creates the main impact force acting on the needle seat region and
therefore it is crucial to keep it in mind during the design process. The closing force
differs from one injector generation to the other as the state of the art servo-hydraulic
injectors are available with different maximum system pressure values. Although
much smaller than differences between injector generations, peak nozzle pressure and
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needle closing force values differ from one project to the other as well. In order to
check whether a correlation between the load coefficient F/A and the field failure

probability, the load coefficients of 4 nozzles types are calculated (see Table 5.1).

Table 5.1: Load coefficient comparison of different designs.

Design 1 Design 2 Design 3 Design 4
FIA: 43,76% FIA: 48,62% F/A:100%  F/A:83,71%

As a prerequisite for the correct calculation of the failure probability in field, the
number of nozzles which fail and which did not or most probably will not fail need to
be found.

All reported nozzle failure data is sorted based on the criteria given before and the
number of failures per nozzle type relevant to non metallic inlusion is documented (see
Figure 5.13).

Number of NMI induced nozzle tip failures per design

100%
(reference)

18,8%
12,5%
. .
I -
Design 1 Design 2 Design 3 Design 4

B NMI induced nozzle failures

Figure 5.13: Number of NMI induced nozzle tip failures per design.

In order to calculate the number of parts without failure, the behaviour of NMI induced

nozzle failures is analyzed. The mileage of the relevant failures are evaluated. As
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shown in Figure 5.14, It is found that around 80% of the cracks occur within the first
20.000 kms and all parts failed from the nozzle tip have failed within the first 80.000

kmes.

100
90
80
70
60
50
40
30
20
10

NMI induced nozzle tip failures
%

0 10 20 30 40 50 60 70 80 90
Mileage (T km)

Figure 5.14: NMI induced nozzle tip failures percentage per mileage in field.

Based on the field release dates and the failure dates of the failed nozzles from these 4
designs, the usage statistics are prepared. The calculation of mileage per unit time
shown in Figure 5.15 gives an idea about how much of the latest manufacturing

volume should be ignored in order to accurately calculate the number of runout

nozzles.
Kilometers Per Day Since Nozzle Manufacturing, Until Failure
90
146,91%
80 76,38
114,25%
70 100%
0 59,4
60
86,81% 5199
50 45,13
40
30
20
10
0
Design 1 Design 2 Design 3 Design 4
B NMI induced nozzle failures

Figure 5.15: Daily mileage in field per design.
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To be more conservative about the failure probability calculation, the number of
nozzles which have not completed 80.000 km mileage in field, shown in Figure 5.16,

are calculated and are excluded from the classification of runout nozzles.

Nozzles in millions, which completed 80.000 km

14 100% 102,77%
86,43% 1,157 1,1891

1,2
1

66,48%

0,769230769
0,8

0,6
0,4
0,2

Design 1 Design 2 Design 3 Design 4

B NMI induced nozzle failures

Figure 5.16: Comparison of number of runout nozzles per design.

The number of runout nozzles for each design is used as censored units in the Weibull
analysis. Right censoring is applied in the analysis as the runout nozzles have
completed at least 80.000 kms. For the Weibull analysis, the Minitab software (version
17) is used. With the aim of comparing and evaluating the results, both the maximum
likelihood estimation and the least squares estimation are used. It is aimed to find
whether a tangible correlation between the load coefficient of the deisgn and the
Weibull distribution parameters, which can be used to plot the field reliability of

another design after the first failures in field, or before field implementation.
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6. RESULTS AND CONCLUSIONS

The Weibull plots for different designs were analyzed in order to evaluate the fit of the
distribution to the data. The nozzle type with design #1 only had 2 nozzle failures in
field which were relevant. The sample size for failed nozzles is very low and therefore
an accurate estimation for the Weibull parameters is not possible. The distribution,
based on least squares estimation and 2-parameter Weibull distribution, shows that for
a long mileage, no failure would be observed, meaning the character resembles that of
a 3-parameter Weibull distribution (see Figure 6.1). This is thought to be a side effect
of a very small failed nozzle dataset.

Estimation based on few samples generally result in high shape parameter § and low
characteristics life n (Abernethy et al, 1983). As the shape parameter cannot be
estimated accurately based on the data of only 2 failed nozzles, evaluation based on
experience of shape parameter with the other cases can be meaningful. This is method
is called “Dauser shift”, shifting the Weibull plot with the same shape parameter 3 but
a different scale parameter 1, which satisfy the failure probability (Abernethy et al,
1983). As stated by Simpson in 1994, for the same root cause, the Weibull shape
parameter can also be expected to stay the same.

Design #1
Weibull - 95% CI
Censoring Column in Status - LSXY Estimates
i Table of Statistics
50 Shape 20,5140
- Scale 66452,2
Mean 647319
5 StDev 391445
2 Median 652754
1 QR 498235
e AD* 53,262
@ Correlation 1,000
=4
@
o
0,01
0,0001
30000 40000 50000 60000 70000
Design #1

Figure 6.1: Weibull distribution plot for design #1.
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The nozzle type with design #2 only had 4 nozzle failures in field which were relevant.
While not as scarce as the failed nozzle data for design #1, the sample size is still low.
The accuracy is therefore better and the data points mainly folow the Weibull plot with

least squares estimation (see Figure 6.2).

Design #2
Weibull - 95% CI
Censoring Column in Status - LSXY Estimates

35 Table of Statistics
50 Shape 0,777485
20 Scale 4,49434E+11
5 Mean 5,20063E+11
? StDev 6,76209E+11
= Median 2,80502E+11
S IQR 5,93586E+11
I AD* 106,523
& 0,01 Correlation 0,953

0,0001

Figure 6.2: Weibull distribution plot for design #2.

The nozzle type with design #3 has a a larger failed nozzle group and therefore the fit
is Weibull distribution to the field situation is better. The data follows a straight line,

which indicates that 2-parameter Weibull distribution is adequate (see Figure 6.3).

Design #3
Weibull - 95% CI
Censoring Column in Status - LSXY Estimates

35 Table of Statistics
50 Shape 0,532243
20 Scale 8,10109E+12
5 Mean 1,45311E+13
% StDev 2,98254E+13
- Median 4,06893E+12
5 IQR 1,41850E+13
= AD" 1278,180
& R Correlation 0,953

0,0001

FFeor YN PLLHH D FPE A0 ) D
b ”»»Qg&@@e@@@e“

‘\z D
)

Design #3

&
s
QQB

SN

Figure 6.3: Weibull distribution plot for design #3.
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The nozzle type with design #4 also has a larger failed nozzle group and therefore the
fit of the Weibull distribution to the field situation is expected to be better compared
to the data obtained from the field experience with design #1 and design #2. As shown
in Figure 6.4, the data does not follow a straight line, which indicates that 2-parameter
Weibull distribution is inadequate. The shape of the data points on the Weibull plot
resembles a curve. This indicates that there can be failure free time, or in other words,

a need for a location parameter (Abernethy et al, 1983).

Design #4
Weibull - 95% CI
Censoring Column in Status - LSXY Estimates
Table of Statistics

Shape 0.847149
Scale 2,61893E+10

N UKD

Mean
StDev
Median
1QR

AD*
Correlation

RNV © oo

Percent

0.01

2,85529E+10
3.38551E+10
1,69914E+10
3,24927E+10
505,982
0.831

Figure 6.4: Weibull distribution plot for design #4.

The analysis is done once again, this time with 3-parameter Weibull distribution. With

the addition of failure free time, the datapoints follow a straight line, which indicates

that 3-parameter Weibull distribution is adequate (see Figure 6.5).

Design #4
3-Parameter Weibull - 95% CI
Censoring Column in Status - LSXY Estimates

i

Shape
Scale
Thres
Mean
StDev
Median
IQR

AD*
Correlation

N L8

N S oo

Percent

0.01

0.0001

xxxxxxxxxxxx

Design #4

Table of Statistics

0,374771
1.81010E+18
1719.69
7.27619E+18
2,55409E+19
6.80733E+17
4,26212E+18
505,982
0,979

Figure 6.5: 3-parameter Weibull distribution plot for design #4.
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After the parameter estimation is completed, the results are gathered in Table 6.1 for

evaluation.
Table 6.1: Table of estimated Weibull distribution parameters.
Design #1 Design #2 Design #3 Design #4
FIA: 43,76% F/A: 48,62% F/A: 100% FIA: 83,71%
B=20,51 B=0,78 B=0,53 B=0,37
n= 664522 n=4,49E+11 n=8,10E+12 n=1,81E+18
Y = unnecessary Y =unnecessary Y =unnecessary vy =1719,69

It is seen that the shape parameter  and the scale parameter 1 does not change in a
direct correlation with the load coefficient F/A. The results show that the shape
parameter 3 is mainly smaller than unity, indicating an infant mortality problem. In
order to further assess the situation, the failure probabilities of the nozzles for each

design is calculated via the the formula:

Field failure probability: NumfCW | releg e aies (6.1)

Total number of relevant nozzles in field

The failure probability of each nozzle design is then plotted on the same graph with

respect to the load coefficient (see Figure 6.6).

Field Failure Probability with Respect to Load Coefficient

y= a*ebx
R?=0,8676

Failure Probvability (Log scale)

Load Coefficient F/A

Figure 6.6: Field failure probability vs load coefficient F/A.

The graph indicates a correlation in the form of an exponential function, which can be

used for NMI related nozzle tip failure probability estimation before the product is
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released for series manufacturing, or for early actions after receiving customer quality
complaints due to nozzle failures originating from non-metallic inclusions the seat

region.

It is concluded that due to very few failures in field resulting in very small failure
probability and hence scarce data related to failures, the parameters could not be
estimated very accurately, as a results of which a direct correlation of Weibull
parameters could not be found. However, the failure probability and the load
coefficient of the designs compared in this study show an exponential correlation and
therefore may indicate that given more data, the Weibull distribution could prove
adequate to analyze non-metallic inclusion related injector nozzle tip failures seen in
field.

In order to see the combined character from all designs, all failures from the four
previously analyzed design variants were combined in one list and a 2 parameter
Weibull analysis was performed. It is seen that the data does not follow a straight line,
which indicates that 2-parameter Weibull distribution is once again not adequate. The
shape of the data points shown on the Weibull plot resembles a curve, with some

failures not complying with the general behaviour (see Figure 6.7).

Probability Plot for Combined
Weibull - 95% CI
Censoring Column in Status - LSXY Estimates

Table of Statistics
Shape 0,608771
Scale 449701E+12
Mean 6,64113E+12

StDev 114672E+13

N U000
EFRW O oou

= Median 2,46295E+12
5 IQR 7,10940E+12
% Failure 73
o 0,01 Censor 5686512
AD™ 1944013
Correlation 0,946

0,0001

Combined

Figure 6.7: Weibull distribution plot for 4 variants combined.

The analysis is performed once again using 3-parameter Weibull distribution, and now

with the non-compliant failures cancelled out from the evaluation. With the addition
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of failure free time, the datapoints follow a straight line, which indicates that 3-
parameter Weibull distribution is adequate, similar to the situation for Design #4 (see
Figure 6.8).

Probability Plot for Combined
3-Parameter Weibull - 95% CI
Censoring Column in Status - LSXY Estimates

33 Table of Statistics
50 Shape 0,525359
20 Scale 1,00009E+14
5 Thres 1419,07
% Mean 1,83310E+14
. StDev 3,82910E+14
= Median 4,97800E+13
E IQR 1,76897E+14
Failure 69
& oo Censor 5686512
AD* 1837494
Correlation 0,993

0,0001

Combined - Threshold

Figure 6.8: 3-parameter Weibull distribution plot for 4 variants combined.

To see whether the combined character will resemble that of a newer design, the results
of another design, denoted by “Design #5” is analyzed. Similar to the other variant,
the milage per day is calculated as 33,20 kilometers. The amount of nozzles which
have not completed 80.000 kilometers in field are cancelled out. Using the field failure
data and the number of runout nozzles as right censored parts, the Weibull distribution

plot is prepared (see Figure 6.9).

Design #5
Weibull - 95% CI
Censoring Column in Status - LSXY Estimates

Table of Statistics

Percent

N LI0OW

N O oowm

0,01

0,0001

S @‘59@%9?6@ S 69

‘\-"r’\r

Design #5

Shape
Scale
Mean
StDev
Median
IQR

AD*
Correlation

1,09402

1021788454

987720616
903828707
730914360

1050115831

266,307
0936

Figure 6.9: Weibull distribution plot for design #5.
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The analysis is done once again, this time with 3-parameter Weibull distribution. With
the addition of failure free time, the datapoints follow a straight line as also seen in the
previous evaluation with 2-parameter Weibull distribution, but with higher correlation

coefficient (see Figure 6.10).

Design #5
3-Parameter Weibull - 95% CI
Censoring Column in Status - LSXY Estimates

20 e Table of Statistics
50 Shape 0,624648
20 Scale 4,32385E+12
5 Thres 1869,65
2 Mean 6,18568E+12
- StDev 1,03488E+13
5 Median 2,40463E+12
et IQR 6,70567E+12
o 0,01 AD* 266,307
’ Correlation 0,982

0,0001

Figure 6.10: 3-parameter Weibull distribution plot for design #5.

Comparison and analysis of field data related to the first 4 designs combined and the
5th show that due to very few failures in field resulting in very small failure probability
and hence scarce data related to failures, the parameters could not be estimated very
accurately, as a result of which a direct prediction of Weibull parameters was not
possible. However, the estimated shape factors for other designs combined and the 5th
design do not show a very high variance, indicating that the Weibull distribution could
prove adequate to analyze and predict non-metallic inclusion related injector nozzle
tip failures seen in field.
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