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A HEAVY DUTY DIESEL ENGINE EXHAUST MANIFOLD THERMO-
MECHANICAL FATIGUE TEST RIG DESIGN, ANALYSIS AND
VERIFICATION

SUMMARY

In past decades, there is a significant improvement in every respect of automotive
industry. New special materials have been started to use. New technologies are also
started to use in automotive industry. The engine is most important part of a vehicle
for all time. With competition in the market, engine manufacturers need to
manufacture more economically while guaranteeing higher performance and
reducing exhaust emissions due to legal regulations and environmental issues.

The main goal is to produce silent, low-cost and lighter new generation green
engines with low exhaust emissions that also present higher performance and
consume less fuel. There are many research studies on this issue and progresses to
meet expectations. Increasing the peak firing pressure and improvements on the
design has provided important solutions for these expectations. On the other side,
thermal mechanical fatigue (TMF) occurring during the start-stop cycle of the engine
has become an important issue with higher exhaust gas temperature and light
designs. This issue should be taken into consideration more carefully with these
modifications, increasing internal pressure and working temperature inside engines.
Exhaust manifold is one of the parts exposed to the highest temperatures in a vehicle.
In addition, its performance is very critical for new generation green engines. High
silicon molybdenum (HiSiMo) ductile cast iron (DCI) is commonly used for high
temperature engine parts, such as exhaust manifolds, which are also exposed to harsh
thermal cycles. HiSiMo is an alloy developed specifically for such components.
HiSiMo Grade 3 according to ASTM standards is the most powerful alloy used as
exhaust manifold material. Materials show different mechanical and thermal
properties with different temperature and working conditions. To obtain certain
properties, physical tests with real working conditions and temperatures are
necessary but costly and time-consuming.

Critical parts such as exhaust manifold must be guaranteed for satisfying thermal
mechanical fatigue behavior. Best way for TMF behavior test is the use of a test
vehicle or using engine dynamometers to simulate the real road and combustion
conditions. All parameters have an effect on the fatigue life but some of them have
higher priority. In reality, a test vehicle is very close to a mass production step. After
this stage, making design changes are very difficult. Automotive manufacturers
prefer to complete the testing of these critical parts with special test rigs. Despite the
complete engine requirement for a test vehicle or engine dynamometers, specific test
rigs could work without a complete engine but still simulates the real situation. In
recent years, specific test rigs are become very important and useful for research
projects. TMF tests are commonly very long time consuming and expensive.
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Minimizing the test rig with only necessary parts and equipment provide more test
opportunities with the same cost and facility. A new TMF test rig is designed for a
heavy duty diesel engine exhaust manifold with using commercial CAD program
CATIA V5. The TMF test rig will be installed at the Ford Otosan Kocaeli Plant Test
Center. It is tried to use existing equipment such as natural gas burner and vibrational
shaker. A finite element method program called HyperMesh is used for the
calculation of natural frequencies of the new designed components and the design is
revised to achieve the natural frequency targets.

On the other hand, it is possible to achieve great profit in the design stage with
computer-aided analysis. With the correct material and working conditions data,
advanced TMF analysis give accurate results. To compare the test and analysis
results is important for future works. Due to the cost and long time-consuming
behavior, it is not desired to test all the design changes. To observe the effects of the
numerous design iterations, TMF analysis is the best practical way. However, to
verify material and working condition properties, TMF tests are required at the
beginning. Commercial CFD analysis program STAR CCM+ is used for heat transfer
analysis inside exhaust manifold during hot gas transfer. These CFD results are used
on HyperMesh model and applied to ABAQUS program for structural analysis. To
calculate a fatigue life result, commercial analysis software nCODE DESIGNLIFE is
used.

In this study, the main goal is to develop a methodology for thermal-mechanical
fatigue life estimation of diesel engine components, design a thermal-mechanical
fatigue test rig for exhaust manifold, simulate thermal-mechanical fatigue loading
with some conditions in the software in a virtual environment to develop a reliable
analysis methodology and verify the design of critical engine parts. In addition to
cost advantages, pollution created by combustion of thousands of liters of fuel in
engines will be reduced by using natural gas because the diesel/gasoline is not used
in this TMF rig. Thus, an environmentally friendly test method is developed for
green engines with less equipment and dependency to other engine parts.
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AGIR VASITA DiZEL MOTOR EGZ0OZ MANIFOLDU TERMOMEKANIK
YORULMA TEST SISTEMi TASARIMI, ANALiZi VE DOGRULAMASI

OZET

Son donemde otomotiv endiistrisinde her anlamda ¢ok Onemli gelismeler
yasanmaktadir. Bilimsel ve teknolojik ilerlemenin sonucunda elde edilen yeni
yontemler, yazilimlar ve donanimlar i¢in otomotiv her zaman iyi bir uygulama alani
olmustur. Glinlimiizde farkli siif ve 6zellikteki araglar hayatimizin vazgecilmez bir
pargas1 olmustur. Gelisen ve biiyiiyen rekabet¢i otomotiv piyasasinda énemli bir rol
sahibi olmak isteyen iireticiler de degisen ¢evre ve miisteri taleplerine gore stirekli
kendilerini yenilemek ve gelistirmek i¢in ¢alismalarini siirdiirmektedirler.
Baslangigtan itibaren motor bir aracin en 6nemli bilesenidir ve temel arastirma-
gelistirme faaliyetleri burada yogunlasmistir. Motor {ireticileri her zaman daha
yiiksek performansli motorlar yapmaya calisirken ayni zamanda rakiplerine oranla
maliyetlerini de daha diisiik seviyede tutmaya calisirlar. Ote yandan 6zellikle Avrupa
tilkelerinin basini cektigi egzoz gazi emisyon oranlarini saglamak ve ¢evreyle dost
bir motor yapmak da artik bir gereklilik haline gelmistir.

Motor {ireticilerinin temel amaci sessiz, diisiik maliyetli, hafif, emisyon seviyesi ve
yakit tiiketimi diisiik ancak yliksek performansli uzun Omiirlii ¢evre dostu iiriinler
ortaya cikarmaktir. Bu konuda gerek akademik gerekse de uygulamali olarak
diinyanin her yaninda calismalar halen devam etmektedir. Caligmalarin belirgin
sonucunu olarak son 20 yildaki motorlarin emisyon, yakit tiiketimi ve performans
ciktilarina bakarak gorebiliriz. Daha yiiksek performanslar beraberinde daha yiliksek
yanma sicakliklari ve basing degerleri getirmektedir. Motorda olusan yiiksek
sicaklik, malzemelerin mekanik davranisini ciddi oranda etkilemektedir. Bu yiizden
daha onceden kullanilan malzemeler artik bu sicaklik ve calisma sartlarina cevap
veremedigi i¢in Ozel alasimli malzemeler kullanilmaya baslanmistir. Sicaklik
farkliliklarindan dolayr olusan yorulmaya termal-mekanik yorulma (Thermal
Mechanical Fatigue-TMF) denir.

Motorlarda meydana gelen TMF durumu genelde kisa Omiirlii yorulma olarak
nitelendirilir ve etkiledikleri pargalarin Omiirleri 10%-10* ¢evrim mertebesine
kisaltirlar. Ara¢ calismaya basladiktan sonra ¢alismaya devam ettigi siire boyunca
parcalar bu sicakliklara maruz kalir sonrasinda ara¢ durdugunda ise ortam sicakligina
geri donerler. Aracin her calisip durmasi bir ¢gevrim olarak nitelendirilir. Hem termal-
mekanik yorulma durumuna dayanikli hem de yliksek performans taleplerine cevap
verebilecek yeni nesil egzoz manifoldlar1 igin yiiksek silisyum ve molibden
(HiSiMo) alasimli siinek dokme demir en ¢ok kullanilan malzemelerin basinda gelir.
Gelistirmeler sonucunda “Grade 3” olarak adlandirilan 6zel alasim bu calismada
incelenen agir ticari dizel motorun egzoz manifoldunda da kullanilmistir.Bu
manifold yliksek sicakliklarda meydana gelen genlesmeleri soniimleyecek sekilde li¢
pargali olarak tasarlanmistir ancak parcalarin kendi icinde birden fazla baglanti
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noktast olmasi sebebi ile birim sekil degisimleri ciddi gerilmeler meydana
getirmektedir.

Yorulma analizlerinde karsilasilan 6nemli sorunlardan biri de malzeme modellerinin
olusturulmasidir. Malzeme modellemesi ile ilgili ¢ok sayida yaklasim yapilmistir.
Yaklagimlarda dikkate alinan faktorler artikca malzeme modellerinin gergege olan
yakinliklar1 da artmaktadir. Ancak modelin dikkate aldigi faktdr sayisinin artmasi
ayni zamanda modeli olusturmak i¢in yapilacak deney sayisimi ve maliyetini
artirmaktadir.  Ozellikle malzemelerin sicakliga bagli yorulma modellerinin
olusturulmasi olduk¢a uzun ve maliyetli bir is oldugu i¢in sadece belli bagh
malzemelerin modelleri mevcuttur.

Seri iiretimde motor kafa-blok, egzoz manifoldu, pistonlar gibi kritik pargalarin
dayanimindan ve TMF 0mriinden emin olmak ¢ok énemlidir. Bu tarz uzun émiirlii
parcalarin genelde aracin 6mrii boyunca ¢alismasi beklenir. Ancak ekonomi, hafiflik
ve uzun Omiirliilik kriterlerinin bir arada istendigi durumlarda optimum tasarimlarin
yapilmasi 6nem kazanir yani par¢anin dngoriilen ¢evrim sayisina yakin bir degerde
hasara ugramasi bagarili bir tasarim olarak kabul edilir. Bu durumda pargalarin
Omiirlerinin tahmin edilebilmesi 6nem kazanir. Farkli yaklasim ve kabuller esliginde
uzun yillar mertebesinde olan ¢alisma Omiirlerini haftalar icinde yapilan testlerle
belirlemek miimkiindiir. Testlerin gercek¢i olmasi i¢in en iyi se¢cenek gercek araglar
ile 6zel yollarin ve kosullarin saglanmast veya motor dinamometrelerinde testlerin
kosulmasidir. Ancak bu yontemler oldukca pahali ve yiiksek ilk yatirrm maliyeti
gerektirmektedir. Ayrica test etmek istedigimiz parcanin ait oldugu ara¢ veya motor
hazir degilse test yapilamayacaktir. Test yapmak istedigimiz kritik parcanin hasara
ugramasi tiim testi sonlandiracagi i¢in motor iireticileri motor blogu, piston, krank
mili, egzoz manifoldu gibi parcalarini tasarim gelistirme esnasinda tekil olarak test
edecekleri 6zel diizenekler kullanirlar. Pargaya veya sisteme ait bu test diizenekleri
ile ¢ok farkli kosullar altinda farkli malzeme ve tasarima sahip parcalar diger
degiskenlerin etkilerinden bagimsiz olarak test edilebilir. Par¢aya veya sisteme 6zel
test diizeneklerinin ger¢cek calisma sartlarin1 yansitabilmesi i¢in minimum dahil
edilmesi gereken yardimci sistemlerin ve olusturulacak kosullarin tespiti ve
uygulanmasi kritik 6neme sahiptir.

Bu tez kapsaminda agir ticari dizel motor egzoz manifoldu TMF Omiir testleri i¢in
Ford Otosan Kocaeli Fabrikas1 biinyesinde bulunan test merkezinde kurulacak test
diizeneginin tasarimlar1 ticari modelleme yazilimi olan CATIA kullanilarak
yapilmustir. Tasarimlarda daha onceden Ford Otosan ve ITU’niin ortaklasa
kurduklar1 motor kafa-blok TMF test donanimi 6nemli bir referans olmustur. Mevcut
dogalgaz briilorii ve 3 eksenli titresimli sallayiciy1 kullanacak sekilde test odasindaki
fiziki sartlar1 dikkate alind1 ve sallayicinin agirlik kapasitesi iginde kalacak sekilde
tasarim gerceklestirildi. Tasarlanan sistemin statik ve titresim karakteristigi
HyperMesh ticari sonlu elemanlar programiyla hesaplandi ve tasarimlar hedefleri
yakalamak i¢in gilincellendi.

Tasarim caligmalari sirasinda sallayici ekipmanin kapasite sinirlar1 dolayisiyla egzoz
manifoldunun normalde baglandigi motor kafa-blok yapisi kullanilamamistir. Onun
yerine ig¢inde sogutma kanallar1 olan bir yap1 tasarlanmigtir. Egzoz manifoldunda
normal g¢alisma sartlarinda meydana gelen sicaklik dagiliminin test sirasinda da
gerceklesmesi icin her bir egzoz manifoldu girisine kontrollii debide yanmis gaz
verecek sekilde valf sistemi yerlestirilmistir. Egzoz manifoldunun bir gorevi de
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turboyu tagimak oldugundan {iizerinde ciddi gerilmeler olusan bir pargadir. Bu
yiizden egzoz manifoldu, turbo, egzoz borulart muffler (susturucu) kismina kadar test
sistemine dahil edilmistir. Tasarimi yapilmis test diizeneginde temel hedeflerden
birisi egzoz manifoldu iizerinde olusacak sicaklik haritasinin gergek arag iizerindeki
calisma kosullarinda meydaha gelen sicaklik haritasi ile miimkiin oldugu kadar
benzer olmasidir. Bu sebeple tek bir dogal gaz yakicisindan alt silindir baglantisina
ayrilan gaz hattindaki debilerin homojen olmasi i¢in hesaplamali akiskanlar mekanigi
(Computational Fluid Dynamics - CFD) programi yardimi ile tasarim optimizasyonu
yapilmistir. Ayrica manifold portlarina giden kanallar {izerindeki valfler sayesinden
egzoz manifoldunun ger¢ek calisma kosullarindaki sicaklik haritasi yakalanmaya
calisilmistir. Tasarlanmis TMF test sisteminin ¢ok sayida test sonrasinda da islevini
korumasi gerektigi igin ilk yorulma analizleri test sistemi i¢in yapilmistir. Sistemin
agirlik hedeflerini asmayacak sekilde yorulma omrii yiiksek bir sistem tasarimi
yapilmasi amag¢lanmaistir.

Ote yandan gelisen teknoloji ve bilgisayar yazilimlari sayesinde TMF Omiir
hesaplamas1 konusunda da basarili analizler yapilabilmektedir. Bu analizlerin
basarist calisma sicakliklarina gore degisen malzeme Ozelliklerinin ¢ok iyi
belirlenmesinden ve gercek calisma sartlarina uygun olarak sistemin ¢ok iyi
modellenmesine bagldir. Ozellikle ilk defa analizi yapilacak pargalar ve malzemeler
icin fiziksel testlerin varligt ¢cok onemlidir. Fiziksel testlerden alinacak sonuglar
analizlerle karsilastirarak ileri seviyede giivenilir analiz modelleri olusturulabilir.
Sonraki siiregte olusturulan analiz yontemi ile tasarimdaki degisikliklerin ve ylikleme
sartlarindaki degisimlerin etkisi fiziksel olarak parcalara gerek duymadan ¢ok diisiik
maliyetler ile hizlica tespit edilebilir. Ticari CFD analiz yazilimi1 olarak STAR
CCM+ egzoz manifoldu igerisinden gegcen sicak gazin olusturdugu sicaklik
dagilimini tespit etmek i¢in kullanildi. Elde edilen sicakli dagilimlart sonlu elemanlar
yazilimi ABAQUS kullanilarak egzoz manifoldu geometrisinde meydana gelen sekil
degisimleri ve gerilme degerleri tespit edildi. TMF Omiir hesab1 yapilabilmesi i¢in
yani par¢anin ka¢ ¢evrimde hasar gdreceginin tespiti i¢in ticari analiz yazilimi olan
nCODE DESIGNLIFE kullanilmistir. Bu program yapisal analiz programlarindan
farkli olarak s6z konusu malzemenin sicakliga bagli malzeme 6zelliklerinin ¢evrim
sayist ile degisimini gosteren egriler kullanmaktadir. Bu egriler, etkiyen yiiklerin
zamana ve cevrim karakteristigine bagli degisimini dikkate aldigindan parca veya
sistemlerde kritik bolgelerin ka¢ c¢evrim sonrasinda hasara ugrayabilecegini
sOyleyebilmektedir.

Yapisal analizler sonucunda tespit edilen kritik bolgeler ile dmiir analizinde en diisiik
cevrim sayisinda hasara ugrayacagi tespit edilen belgeler biiyiik benzerlik
gostermektedir. Ayrica fiziksel testlerde tespit edilen catlaklarin konumu ile analizler
ile tespit edilen kritik bolgeler de yaklasik benzer konumlardadir. Bu benzerlikler
analizlerin giivenilirligini ve yiiksek dogruluga sahip oldugunu ifade etmektedir.

Bu caligmadaki temel hedef termal-mekanik yorulma omrii hesabi i¢in bir yontem
gelistirmek, bir dizel motor egzoz manifoldu i¢in gercek calisma sartlarini yansitan
termal-mekanik yorulma test donanimi tasarimi yapmak, tasarimi yapilan sistemin
test numunesinden 0miir olarak ¢ok daha iyi durumda oldugundan emin olmak i¢in
modal, satitik ve yorulma analizleri ile tasarim dogrulamasi ve egzoz manifoldu igin
test sonuglariyla tutarli bir analiz methodu gelistirmektir. Test ve analizlerin
sonuglara gore parca icin TMF yorulma omrii belirleyerek parcanin tasariminin
dogrulanmasi amaglanmaktadir. Parcaya Ozel test diizeneginin diisiikk maliyetinin
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yaninda ayrica ¢evre dostu olmasi da 6n plandadir. Haftalarca siiren ara¢ veya motor
dinamometre testlerinde ¢ok fazla benzin/mazot tiiketimi gerceklesir ancak tasarimi
yapilan sistem ile egzoz gazini temsil edecek olan yliksek sicakliktaki gaz, dogal
gazin yakilmasi ile elde edilecektir. Hesaplanan yorulma omiirleri deney sonuglari ile
karsilastirilmis ve yaklasik %15 hata payr ile sayisal sonuglarin dogru oldugu
bulunmustur.
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1. INTRODUCTION

From an industrial perfective, thermal mechanical fatigue (TMF) resistance of the
components has become a very important issue in recent years. In a globalized world,
reliability and substantiality have become very important for customers. In a
competitive industry like the automotive sector, all critical parts must be high
quality. Recalling vehicles for safety or other reasons are extremely embarrassing
and loss of prestige. At the same time, with increasing performance and lower
emission level targets, vehicle engines tend to work at higher temperatures and
pressures during nominal working usage periods. Taking into account these
evolutions, the choice of a design and of an associated material for an engine part has
to be accurate in the early conception stages and engineers should have access to an
efficient experimental basis to quickly assess alternative geometries, materials or

processes [1].

An automotive engine is one of the most primitive technologies but after decades,
new technologies and improvements are embedded into the basic engine concept.
Now, an automotive engine is a very complex mechanic and electronic system.
Cylinder head, engine block, crank case, pistons and manifolds are the main parts.
They are subjected to many types of loading, determined by the normal use of the
vehicle and a reduced number of exceptional or accidental events. The automotive
industry produces worldwide tens of millions vehicles per year for which
manufacturers must ensure a significant level of reliability while assuring the
production costs as low as possible and production rates as high as possible. These
constraints allow a few choices in terms of types of materials and manufacturing
technologies. Undesirably, there is a significant increase in combustion temperatures
and design trend going towards the light vehicles. Combustion temperatures increase
because of reducing emissions but also controlling the fuel consumption. With higher
temperatures and light designs, coupled thermal and mechanical stresses emerge on
the critical parts such as cylinder head, pistons and exhaust manifold. Moreover, the

steady increase in combustion temperatures coupled with high mechanical stresses



on components such as cylinder heads, pistons and exhaust manifold superpose a

serious risk of thermal mechanical fatigue [2].

Fatigue life prediction, (namely life cycle number), is very important during design
procedure. Especially the critical parts for the vehicle should be verified before mass
production in consideration of TMF issues. Stresses and strains computed by means
of a complete structural analysis have to be post-processed in order to predict the
component life. This procedure has to be performed before manufacturing
component itself, allowing designers to make corrections during the design stage,
when modifications are less costly. A lot of approaches and models to treat the
problem are described in literature, taking into account as realistically as possible the
phenomena and the influencing factors related to multiaxial fatigue, e.g.,
proportional or non-proportional loadings, working temperature, material
characteristics including heat treatment, microstructure, anisotropy and

environmental effects [3].

TMF life prediction is not so easy with classical methods because the changing
material properties and working conditions are difficult to simulate or test.

Temperature dependence of mechanical properties of 1040 Steel is shown in the

Figure 1.1.
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Figure 1.1 : TMF life cycle test results for 1010 Steel [4].



1.1 Fatigue

After decades, it is well understood that temperature affects dramatically the fatigue
life of a structure. Under the same cyclic or repeated stress or strain loading
conditions, fatigue life of a structure could vary significantly in different
environment temperatures. Such an environment could be a merely low, moderate,
high temperature or a cyclic temperature that may or may not couple with the cyclic
loading. In the last decades, there are many research and projects about different
fatigue mechanism with different materials. However, a universal theory to
characterize quantitatively the temperature effect on fatigue has yet to be established,
and such a theory that applies to all materials over a broad temperature range may
never be established due to the complexity of the topic and significant differences
among applications. The state of the art, at least for the time being, remains to be the
semi-empirical approach to evaluate the effect of temperature on fatigue under

specific application [4].

Figure 1.2 shows that in-phase and out-phase TMF waveform behavior of the strain

and temperature.
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Figure 1.2 : Schematic representation of an; (a) in-phase TMF waveform, ¢=0° and
(b) out of-phase TMF waveform, ¢=180° [5].

1.1.1 High cycle fatigue

Broadly, if the fatigue occurs at higher than 10° cycle, this is a high cycle fatigue
(HCF) behavior. This applies to most of the machine parts and this can be analyzed
by idealizing the S-N curve for, say, steel, as shown in Figure 1.3. The line between
10 and 10° cycles is taken to represent high cycle fatigue with finite life and this can

be given by



logS = blogN +c (1.1)
where S is the reversed stress, b and ¢ are constants.

At point A log (0.8 o, ) = b log10® +c where oy is the ultimate tensile stress while at
point B logoe=b 10g10° +c where o, is the endurance limit [6].

From that;

0.8o0u (0.8c0u)"2
c=log——
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b=-log (1.2)
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Figure 1.3 : A schematic plot of reversed stress against number of cycles to fail [6].

1.1.2 Low cycle fatigue

This is mainly applicable for short-lived devices where very large overloads may
occur at low cycles. Commonly fatigue life cycles are lower than 10 for low cycle
fatigue (LCF) behavior. Typical examples include the elements of control systems in
mechanical devices. A fatigue failure mostly begins at a local discontinuity and when
the stress at the discontinuity exceeds the elastic limit there is a plastic strain. The
cyclic plastic strain is responsible for crack propagation and fracture. Experiments
have been carried out with reversed loading and the true stress-strain hysteresis loops
are shown in Figure 1.4. Due to the cyclic strain, the elastic limit increases for
annealed steel and decreases for cold drawn steel. Low cycle fatigue is investigated
in terms of cyclic strain. For this purpose, we consider a typical plot of strain

amplitude versus number of stress reversals to fail for steel as shown in Figure 1.5

[6].



Stress
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Figure 1.4 : A typical stress-strain plot with a number of stress reversals [6].

Here the stress range is Ac. Agp and Ag, are respectively the plastic and elastic strain

ranges, and the total strain range being Ag. Considering that the total strain amplitude

can be written as;

Ae = AgptAcee (1.3)

Strain amplitude, Ag
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Figure 1.5 : Plots of strain amplitude v.s. number of stress reversals for failure [6].



A relationship between the strain and a number of stress reversals can be given as;

Ae =L (N)® + (N
E (L.4)

Where N is the number of stress reversals, E is the elasticity modulus, of and &; are
the true stress and strain corresponding to fracture in one cycle and a, b are systems

constants. The equations can simplified as follows:

3.50 (Sp JO'B
Ag = L4 —
ENO.12 N

In this form, the equation can be readily used since oy, &, and E can be measured in a

(1.5)

typical tensile test. However, in the presence of notches and cracks, determination of

total strain is difficult.

1.2 Thermal Mechanical Fatigue

Thermal mechanical fatigue (TMF) means the damage caused by synchronous
changing temperature and mechanical load conditions. For example, TMF loading
occurs in hot section components of gas turbines such as turbine blades. The stress-
strain responses of materials under TMF conditions are complex and depend on
phasing between thermal and mechanical loads. Therefore, modeling TMF behavior

is a challenge for life prediction of such kind of components [7].

From the early 1980s to the late 1990s, some frameworks for "unified constitutive
laws of plasticity and creep” are developed, which are also applicable to
thermomechanical fatigue. In these constitutive models, the inelastic strain rate is
described by a flow equation, which depends on two state variables such as the back
stress and drag stress that are responsible for kinematic hardening and isotropic

hardening, respectively.

The specific forms of those hardening rules, i.e., governing equations for back/drag
stresses, however, differ from a model to another model, and depend on several

parameters, which are difficult to verify experimentally [8].



There are many different damage mechanisms occur during TMF behavior. In the
Figure 1.6, most common types are showed such as pure fatigue, oxidation damage

and creep damage.
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Figure 1.6 : The different damages involved in thermomechanical loading [9].






2. LITERATURE SURVEY

Because of increasing performance and emission demands, turbo charged gasoline
engines are becoming popular in the passenger car market. These downsized engines
have higher thermal loads and experience increased levels of vibration. The exhaust
manifold metal temperature may rapidly increase from the ambient temperature to
about 600°C and large transient temperature gradient may occur. The larger
temperature variation causes a larger thermal stress on the structure. Due to cyclic
thermal loads, thermal mechanical fatigue cracks on exhaust manifold and gasket
sealing failure are often observed during engine durability tests, such as thermal
shock test [10].

CAE engineers play an important role to find the weakness of an exhaust manifold
layout at the early stage of the engine development. During the design phase of the
exhaust manifold development, it is important to develop a concept, which allows
local thermal mechanical restraining to be relieved and temperature level and
temperature gradients to be lowered. Besides, the exhaust manifold has also to be
designed to meet engine performance target and emissions target, in consideration of
tight package requirements and challenging under hood cooling conditions with a
large heat shield.

During the validation phase of the engine development process, exhaust manifold
cracks and gasket leakage were observed during thermal shock tests. As shown in
Figure 2.1, the crack locations are at (a) the collector rib, (b) the internal baffle and
(c) the area on the exterior side of the internal baffle near the runner #3. To solve the
test failure problems, CAE tools are used in the iterative design process, in which the
analysis work supplements testing investigations and provides directions to design
modification [10].

Under automotive operation conditions, thermal mechanical fatigue damage in

exhaust manifolds is influenced by many factors, which include material properties,



mechanical strain range, strain rate, temperature, and the phasing between

temperature and mechanical strain.

(b) (c)

Figure 2.1 : Cracks on the exhaust manifold [10].

A TMF lifetime-prediction model needs to consider the damage through mechanical
fatigue, creep and oxidation mechanisms and part of the interactions between these
mechanisms. There is no TMF model which is valid under general load conditions
for all types of materials. The uncertainty of TMF prediction is due to the factors
such as temperature prediction accuracy, material properties, phase of temperature
and mechanical loads, material variation, failure criteria, etc. according to Sehitoglu
[11].

Damage from each mechanism is summed to get an estimation of the total fatigue
life. Manson-Coffin formula is widely used to describe the fatigue life, in which
plastic strain amplitude is used. The fatigue ductility coefficient and fatigue ductility
exponent have to be obtained from TMF tests. Taira proposed a relation between

thermal fatigue and low cycle fatigue durability [10].

This model is modified in as follows;

— AP
N =MT,)-A¢’, -

Ag, = JZeren dr
cycle || 3 (22)

There is a failure mode analysis results for cast iron exhaust manifold component in
the Table 2.1.
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Table 2.1 : Failure mode analysis of cast iron exhaust manifolds [10].

yield stress under high
thermal loading,

cyclic plastic straining of the
material (TMF)

;I'ype of Root causes Influencing factors
ssues
Extreme magnitude of gas Engine calibration
temperature
High metal temperature Manifold shape
| _gradient design
Extreme vibration level Vibration mode of
(HCF) exhaust system
Bracks on Mate_nal property not meet
requirements
Sdiaut Local stress exceeds the
manifold Geometric shape

and stiffness
distribution,
thermal expansion

Casting defect

Wall thickness not meet
design guideline

Exhaust leak
at the
interface
between
cylinder head
and exhaust
manifold

Flange shape and
thickness, bolt

exhaust manifold

Exhaust manifold flange pattern, bolt
distortion number,
Temperature
distribution
Interface deformation Temperature
between cylinder head and bt
distribution

Exhaust gasket failure

Gasket material
type, multi-layer
gasket, bead

design, coating

Loosen bolts

Plastic deformation
of bolt, thread
length, anchor
hole, engine
vibration

Loosen nuts

bolt pretention,
tightening
sequence,
vibration level,
washer, strength
grade of nut

Exhaust leak
at the
interface
between
exhaust
manifold and
turbo housing

Flange distortions at the
manifold side and/or at the
turbo side

Bolt pattern,
clapboard design,
ribs from turbo
housing flange to
runners.

gasket failure

Material type,
layers, bead
design, coating

Loosen nuts

bolt pretention,
tightening
sequence, turbo
bracket design,
washer, strength
grade of nut
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Here N is the number of cycles to failure, Ageq IS the equivalent plastic strain
accumulated between two cycles. The coefficient M(Teq) IS dependent on an
equivalent temperature and several empirical constants. To determine these material
constants, different thermal mechanical cyclic tests are required, in which different
maximum temperatures and dwell times are considered. For simplicity and
practicality, in this work the thermal fatigue life is estimated based on the equivalent
plastic stain increment during the third cycle and the equivalent accumulated plastic
strain in three cycles. In addition, the level of metal temperature is also considered
for risk assessment. In the Figure 2.1, a growth crack which is happened due to TMF
Is showed.

Figure 2.2 : An exhaust manifold part with TMF crack.

2.1 Fatigue Life Models

Four fatigue life models exist:
1. Nominal stress-life (S-N) method

» First formulated in the 1850s to 1870s.
= Uses nominal stresses and relates these to local fatigue strengths for notched

and un-notched members.
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2. Local strain-life ( €-N) method

= First formulated in the 1960s.

= Local strain at a notch is related to smooth specimen strain controlled fatigue
behavior.

=  Analytical models can be used to determine local strains from global or

nominal stresses or strains.
3. Fatigue crack growth (da/dN-AK) method

= First formulated in the 1960s.

» Requires the use of fracture mechanics to obtain the number of cycles to grow
a crack from a given length to another length and/or to fracture.

= This model can be considered as a total fatigue life model when used in
conjunction with existing initial crack size following the manufacturing

process.

4. Two-stage method by combining 2 and 3 to incorporate both fatigue crack

nucleation and growth.

= Incorporates the local €-N model to obtain the life to the formation of a small
macro-crack and then integration of the fatigue crack growth rate equation for
the remaining life.

= The two lives are added together to obtain the total fatigue life [12].
2.2 Fatigue Design Criteria

There are many fatigue criteria developed until now. Most of them still has its place
for some aspects. It is also called infinite life to damage tolerance. The criteria for
fatigue design include the usage of the four fatigue life models (S-N, €-N, da/dN-
AK, and the two-stage method) explained in the previous section. Mainly there are

four fatigue design criteria according to fatigue life cycle counts [12].

2.2.1 Infinite-life design

Unlimited safety is the oldest criterion. It requires local stresses or strains to be
essentially elastic and safely below the pertinent fatigue limit. For parts subjected to
millions of cycles, like engine valve springs, this is still a good design criterion.
However, most parts experience significant variable amplitude loading, and the
pertinent fatigue limit is difficult to be defined or obtained. In addition, this criterion

13



may not be economical or practical in many design situations. Examples include
excessive weight of aircraft for impracticality and global competitiveness for cost

effectiveness [12].

2.2.2 Safe-life design

Infinite-life design was appropriate for the railroad axles that Wohler investigated,
but automobile designers learned to use parts that, if tested at the maximum expected
stress or load, would last only hundreds of thousands of cycles instead of many
millions. The maximum load or stress in a suspension spring or a reverse gear may
occur only occasionally during the life of a car; designing for a finite life under such
loads is quite satisfactory. The practice of designing for a finite life is known as
“safe-life” design. It is used in many other industries too-for instance, in pressure

vessel design and in jet engine design.

The safe life must, of course, include a margin for the scatter of fatigue results and
for other unknown factors. The calculations may be based on stress-life, strain-life,
or crack growth relations. Safe-life design may be based solely or partially on field
and/or simulated testing. Examples of products in which field and simulated testing
play a key role in safe-life determination are jet engines, gun tubes, and bearings.
Here appropriate, regular inspections may not be practical or possible; hence, the
allowable service life must be less than the test life or calculated life. For example,
the U.S. Air Force historically has required that the full-scale fatigue test life of
production aircraft/parts be four times longer than the expected or allowable service
life. With gun tubes, the U.S. Army has required both actual firing tests and
simulated laboratory pressure fatigue tests of six or more tubes to establish the
allowable service life as a fraction of the mean test life. Ball bearings and roller
bearings are noteworthy examples of safe-life design. The ratings for such bearings
are often given in terms of a reference load that 90 percent of all bearings are
expected to withstand for a given lifetime-for instance, 3000 hours at 500 RPM or 90
million revolutions. For different loads, lives or for different probabilities of failure,
the bearing manufacturers list conversion formulas. They do not list any load for
infinite life or for zero probability of failure at any life. In the Figure 2.3, sample

product life design optimization process diagram is showed.
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The margin of safety in safe-life design may be taken in terms of life (e.g., calculated
life = 20 X desired life), in terms of load (e.g., assumed load = 2 X expected load), or
by specifying that both margins must be satisfied, as in the ASME Boiler and
Pressure Vessel Code [12].

= Service Loads B
—1 Stress Analysis Fatigue Analysis |  Product Ljfe
Material
™ Properties ||
Product Life -

Figure 2.3: Design process for optimum product life.
2.2.3 Fail-safe design

When a component, structure or vehicle reaches to its allowable safe life, it must be
retired from service. This can be inadequate since all the fleet must be retired before
the average calculated life or test life is attained. This practice is very costly and
wasteful. Also, testing and analysis cannot predict all service failures. Thus, fail-safe

fatigue design criteria were developed by aircraft engineers.

They could not tolerate the added weight required by large safety factors, danger to
life created by small safety factors or high cost of safe-life design. Fail-safe design
requires that if one part fails, the system does not fail. Fail-safe design recognizes
that fatigue cracks may occur, and structures are arranged so that cracks will not lead
to failure of the structure before they are detected and repaired. Multiple load paths,
load transfer between members, crack stoppers built at intervals into the structure,
and inspection are some of the means used to achieve fail-safe design. This

philosophy originally applied mainly to airframes (wings, fuselages, control surfaces
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etc.). It is now used in many other applications as well. Engines are fail-safe only in
multiengine planes. A landing gear is not fail-safe, but it is designed for a safe life
[12].

2.2.4 Damage-tolerant design

This philosophy is a refinement of the fail-safe philosophy. It assumes that cracks
will exist, caused either by processing or by fatigue, and uses fracture mechanics
analyses and tests to determine whether such cracks will grow large enough to
produce failures before they are detected by periodic inspection. Three key items are
needed for successful damage-tolerant design: residual strength, fatigue crack growth
behavior, and crack detection involving nondestructive inspection. Of course,
environmental conditions, load history, statistical aspects, and safety factors must be

incorporated in this methodology [12].
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3. SYSTEM DEFINITION

An exhaust system is simply a pipe segment to guide reaction exhaust gases away
from a controlled combustion inside an engine. Every internal combustion engine
vehicle has one system according to properties and needs. In this study, we consider
the turbo charged heavy duty diesel engine exhaust manifold. To obtain reel life
working conditions, loadings, pretensions, turbo down pipes and brackets are also
integrated to the TMF test rig.

3.1 Exhaust Manifold

The exhaust manifold mounted on the cylinder head of an engine collects the gas
exhausted from the engine and combines it into one pipe. The manifold can be made
of steel, aluminum, stainless steel, or more commonly cast iron. Figure 3.1 shows
three pieces cast iron exhaust manifold. It is belong to six cylinder heavy duty diesel

truck engine.

W\

Figure 3.1: 1994-98 Dodge 12-Valve, T3, 3-Piece Cast Exhaust Manifold.
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The exhaust manifold plays an important role in the performance of an engine.
Particularly, the amount of emissions and fuel efficiency are closely related to the
exhaust manifold. The exhaust manifold is under a thermal fatigue loading produced
by temperature variations, which leads to a crack nucleation and propagation in the

exhaust manifold.

Table 3.1 shows most common used exhaust manifold materials and their
specifications. The table summarizes the main types of exhaust manifolds with some
sample materials. Still there are material development researches for better quality

exhaust manifolds.

Table 3.1 : Exhaust manifold types & materials versus demands [13].

Type Materials Trax "¢ | Main Pros & | Demands
(°C) Cons
GJS-SiMo-5.0-1.0 700 - 830 |+ production costs | Emissions,
GJV-SiMo-4.5-0.6 800 - 860 |+ design flexibility | Power,
@ | GJSAXNISICr355-2 | 850-1050 | - emissions Weight,
O | GX40CrNiSi25-20 1050 -1100 | - weight Size,
Production
o |X2CrTiNb 18 900 - 950 |+ emissions ic;tuséﬁcs
£ | X5Ci18-10 800 - 850 |+ thermal stability Dynarmic ’
% X6 CrNiTi 18-10 850 - 920 |- dynamic loading durabily
& X15 CrNiSi 20-12 950 -1000 |- complex design |
Thermal life

Exhaust manifolds are classified as cast and fabricated. Cast manifolds can be
designed as a separate part but can also be integrated in the cylinder head structure.
They are also could be an assembly consisting of many sub-parts. Fabricated
manifolds are known in single and dual wall design, where interior and exterior sheet

metals are separated by an isolating air gap [13].

Exhaust manifold design has to reflect the individual material characteristics and
loading conditions by appropriate stiffness and low operating temperatures in
addition to satisfying main objectives of engine development; namely emissions,

power characteristics and fuel consumption.
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Major players always select test-analysis way to obtain the optimum design. Figure
3.2 shows sample the exhaust manifold which is used at this study. Figure 3.3

presents the gas circulation diagram for TMF test rig.

Before mass production, critical parts must be verified for different aspects and
conditions. Exhaust manifold failure is unacceptable for global manufacturers.
Companies could complete TMF tests and analysis or make their designs too strong.

Figure 3.2: Ford Otosan heavy duty diesel engine exhaust manifold.
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Figure 3.3: Exhaust gas simulation system by Hitachi-Japan.
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In most systems, exhaust manifolds, turbo and down pipes are mounted to each
other. In the Figure 3.4, engine cylinder head mounted casting exhaust manifold is
seen. Especially, with casting exhaust manifolds, it is very common situation. In such
a case, extra components make an important effect on the fatigue life properties.
Extra components are always produced by casting that are very heavy. To obtain real
working conditions, rigidly mounted parts should be tested as a single part.

Figure 3.4 : Exhaust manifold, turbo and down pipe assembly on a V8 engine.
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4. TMF TEST RIG DESIGN

The main thermal mechanical loading is caused by cyclic temperature variations
coming from the hot/cold cycles induced by the start—stop operation and the transient
load variation during engine operation. The calculation of the cyclic temperature
field is a complex task involving the use of computational fluid dynamic (CFD),
conjugate heat transfer (CHT) and non-linear finite element (FE) analysis tools for
different components under consideration. In the mechanical FE analysis the material

deformation is described with a visco-plastic material model [14].

In the Figure 4.1, a TMF test rig is shown for cat exhaust manifold. The test rig

simulates hos exhaust gas without engine combustion.

Figure 4.1: Experimental set-up at Hitachi-Japan showing the extensometer and
thermocouple locations for an exhaust manifold.
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Thermal mechanical fatigue systems simulate the complex effects of thermal cycling
combined with mechanical loading, normally experienced by gas turbines and similar
equipment during operation. More sophisticated than isothermal fatigue, TMF testing
helps to better evaluate the life of many materials and engineering components that
are used in high temperature applications. A dynamic heating and cooling system is
combined with a high temperature materials testing system to achieve complex

mechanical and thermal cycling.

TMF test rig design requires very specific knowledge about modeling target parts or
systems. Especially, viscoelastic material modeling is very difficult and hard to be
sure about modeling. For very high precision results; FE results, TMF test results and
real life working results should be properly close. Even if detailed finite element
calculations are made there is no guarantee that a component will not be subjected to
damage. So, tests are requirement for verification and obtain reliable FEA
methodology.

It is faced with many questions when setting up a TMF test rig. Some types are
unique for the single component like Figure 4.1 but some rigs are general purpose
like Figure 4.2. Specimens are generally tested in a general purpose rig for having
information about the TMF characteristics of the material regardless of geometry.

Extensometer

Cooling
nozzles

e

‘ Induction y
heating coil '

Figure 4.2: Siemens experimental TMF test set-up for a tensile test specimen with
heating and cooling systems.
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But, most of the time it is wanted to observe effect of geometry on TMF fatigue life.
In this study, geometry of the exhaust manifold is wanted to investigate for TMF life
behavior so the rig will be specific for the component. Also used some related parts
to provide real working conditions. Gas burner bench and engine bench are main

concepts of the TMF test rig which are showed in the Figure 4.3.

Figure 4.3: Sango Co. Ltd. thermal stress test (A: gas burner bench, B: engine
bench).

4.1 General Concept

A cycle means heating up the exhaust manifold until reaching to the maximum
operating temperature and cooling it to ambient temperature. Exhaust manifold has
different temperature values at different points. These values are measured from
engine dyno tests. For a heavy duty truck, starting the engine and going with high
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speed then stopping the engine means one cycle. In real life, realization of this is
extremely difficult but the worst case scenario must be considered in the design-
analysis process. If a truck engine faces this extreme loading condition once in every
3 days, it makes approximately 120 cycles per year. To guarantee twelve years
product life of twelve years, specimens should still be in operation beyond after 1500
cycles without any damage. Temperature changes like a symmetrical waves during
the TMF test as in the Figure 4.4.

1,2
1

vo L/ / / /

0,4 I
0,2

Temperature Ratio

. \
2

Time (sec)

Figure 4.4 : TMF test rig temperature variation.
4.1.1 Vibration shaker

Vibration shaker is one of the essential parts of hot shaking concept design. It is
capable of applying special moving map with high precision and short response

times. The test rig has two shaking plates for different axes.

The big limitation of the machine is in universal Z axis (perpendicular to the ground)
having the shaking mass capacity is 1500 kg. In addition, 300 kg head expander mass
is also included in this mass capacity. Consequently, total mass of moving parts

cannot be heavier than 1200 kg.

Table 4.1 gives the capacity of the shaker that is shown in Figure 4.5.

Table 4.1: TIRA special vibrational testing machine.

Sine sweep 55000 N
Random 55000 N
Shock 165000 N
Frequency range 5-3000 Hz
Displacement (peak-peak) 76.2 mm
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4.8 meters

2.8 meters

Figure 4.5 : TIRA vibrational testing machine.
4.1.2 Hot gas burner

To simulate hot gases formed in combustion engines, “FAKT hot gas generator
HG600” will be used which is shown in Figure 4.6 and its properties are given in
Table 4.2. It supplies high temperature and pressure gases with high mass flow rates.

Properties of the hot gas burner has direct effect on the TMF test cycle time.

Most of the time, burner number is equal to the cylinder number for exhaust
manifolds or engine TMF fatigue test rigs. Nevertheless, the capacity of existing
instrumentation is determined to be sufficient for six cylinders; thus single burner is

used and a separator is designed with mass flow control valves.

A pressure drop analysis is performed during CFD analysis to ensure pressure
capacity of the burner will be adequate for the test.

The hot gas burner could work with natural gas (CNG) and it will be supplied with
existing installations. In addition, there is an exhaust installation for discharging the

burned gas to the end of the test system.
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Table 4.2 : FAKT heatFACtory ® HG400HD technical properties.

heatFAKTory® HG400HD

Performance 8KW - 400KW
Temperature range 80C - 1200°C
(optional: 1300°C)
Temperature transien (max) =200K/s
MassFlowRate (MFR) 40 - 1500kg/h
0.011 - 0.417kg/s
Max. high pressure: 3.0bar abs.
(optional: 6.0/8.0 bar abs.)
Adjustment range/scale 1:50
Combustible Natural gas [CNG]
{optional: Liquid petroleum
gas [LPG])
Energy consumption ~ 0.1men/kW (CNG)
Automation ThermControl-Mini [TCmini]
Communication interface Ethernet (optional: Profibus, ...)
Dimension [mm] ~ 1200x390x1100
Weight ~ 170kg

Figure 4.6 : FAKT hot gas generator HG600.
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4.2 Exhaust Manifold Test Rig Design

CATIA V5 R22 design program is used during design. Before the design, there are
environmental restrictions and constraint of using existing parts. The final design

satisfies all necessary requirements and approved by the firm.

At the beginning, engine block and cylinder head were thought to be included in the
TMF test rig. In particular, the existence of cooling system in the test rig and no need
for new base part were great advantages. But the weight capacity problem did not
allowed this configuration. After some benchmark studies, it is decided to design a

base plate instead of the cylinder head and assembling the exhaust manifold on it.

Total exhaust TMF test rig design could be seen in the Figure 4.7 with vibration
shaker and hot gas burner. Air cleaner is also added to the system for supplying clean
air for the turbo. Exhaust down pipe bracket and air cleaner are fixed with a stand
because they are vehicle chassis parts and do not make any engine movement. This
fixing table and burner table are adjustable for the different vibrational shaker

position.
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Figure 4.7 : Complete exhaust manifold TMF test rig design.
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In the Figure 4.8, designed TMF test rig components are showed over vibrational
shaker with closer view. Base plate and vibration shaker connection plate have
cooling channel inside. Connection plate material is aluminum, all other parts are
steel because they will be exposed to high temperatures during the tests. Hot gas
supplied from the burner will be integrated into the system with separator parts.
There is a flex part between burner and shaker for damping. Hot gas will be
separated into six sections and the flow rate will be controlled by the valves. Across
the base plate, exhaust manifold collects six ways to single outlet way like in real
working condition. During this setup, the turbo will also work. TMF system will end
with an exhaust down pipe through which the burned gas is removed from the

environment by the discharge system.

Figure 4.8 : Main parts of exhaust manifold TMF test rig design.

Hot gas temperature will be enough to make exhaust manifold temperature
distribution as observed in the real working conditions. The maximum observed
temperature on the exhaust manifold is almost 545 °C. This maximum temperature
depends on the fuel type, euro emission level and engine architecture. Main

components of the TMF rig is showed in Figure 4.9 with exploded view.
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Air Induction Exhaust Manifold

System And Turbo

Figure 4.9 : Exploded view of the TMF test rig design core parts.
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A special stainless steel burner separator is designed for the almost equal gas flow
through the base plate. However, the flow rates are not clear for the exhaust manifold
temperature map. Trial and error is the best method according to the testing team;
thus six valves are placed on the separator to the control flow rate manually. In

Figure 4.10, detailed cut-off section is showed for design details.

Figure 4.10 : Detailed cut-off view of the TMF rig (Manual valve control).
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5. ANALYSIS METHODOLOGY

For thermal mechanical analysis, prediction of metal temperature during heat-up and
cool-down cycles are very important. Exhaust manifold heat transfer analysis is a
typical multi-physics problem where there is a strong interaction between the fluid
and solid domains, so the CFD and FE solvers have to be coupled for these CAE
studies [16].

TMF analysis briefly could be separated into three main parts. The first part is heat
transfer analysis and the second part is transient nonlinear finite element analysis of

exhaust manifold. The last one is to determine the number of fatigue life cycles.

Generally used methodology is long cycle fatigue (LCF) which gives a directional
assessment of TMF vulnerability. The equivalent plastic strain (PEEQ) is used here
to evaluate the yield condition of the critical parts. In an isotropic hardening

plasticity theory, for most materials, the PEEQ is defined as;

Edem: dePl = PEEQ (5.1)

PEEQ value criteria for TMF analysis is not specified here because it is confidential
information of the company but they are considered during fatigue life interpretation.

For more reliable fatigue life prediction, fatigue analysis programs could be used.

On this study, commercial nCODE DesignLife program is used for fatigue life
prediction. Cast manifolds are modeled with tetrahedral elements with a maximum
size not exceeding 5 mm. Extra care should be paid to the critical areas of the

manifolds, with an average element size 1-2 mm [15].

5.1 Heat Transfer Analysis

The ability to accurately predict metal temperature of exhaust manifold is very
important for a robust/durable design of the exhaust manifold. In light of this fact,
the first step in the manifold development is the accurate metal temperature
prediction of the manifold that requires the coupling of CFD and FEA. This is an
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iterative approach between CFD and FE solvers and requires the proper data type
exchange on the interface between CFD and FE models [16].

The exhaust manifold is modeled in HyperMesh software with dummy plate as seen

in the Figure 5.1.

Figure 5.1 : Three pieces cast exhaust manifold model.

5.2 Thermal Mechanical Analysis

There are two different approaches to TMF analysis for exhaust manifold in this
study. The first approach is to make inferences about the fatigue life with PEEQ
values. Another approach is using a fatigue post-processor FE analysis program like
nCODE DesignLife. Actually, the second approach preferred to the first method.
There will be a common structural analysis integrated with CFD results.

A transient nonlinear Finite Element Analysis (FEA) is undertaken to simulate the
inelastic deformation and predict thermo-mechanical fatigue (TMF) failure. The
maximum temperature and gasket sealing are two other design concerns in manifold

thermal mechanical fatigue durability.

Critical areas are usually very localized in small zones of high stress and
temperature. These include inter-runner ribs, fillets, socket clearances, wall junctions
etc. Internal walls that are usually used for flow separation could also lead to critical
areas. Since the TMF calculations are based on element inelastic strains in critical
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areas, it is very important that the elements in critical areas should have good quality.
A refined sub-model is recommended for accurate TMF calculations and subsequent

iterations. Figure 5.2 shows modeled exhaust manifold with mesh structure.

Figure 5.2 : Three pieces cast exhaust manifold model with mesh structure.

The FEA model should be checked for connectivity, duplicate elements, free element

edges, warpage, skewness, and Jacobian of elements.

Exhaust manifold structural analysis contains 11 steps. The first three steps are bold

pretension steps. Then there are eight sequential heating and cooling steps.

As mentioned earlier, the manifold skin temperatures are very critical for the life of
the manifold. Overestimating the temperature could lead to a very conservative life
estimate. Thus, skin temperatures should always be checked against Dyno data of the
same manifold or similar manifolds whenever possible. Calculations of N* are based
on extrapolating the displacement results from 4 cycles, which is difficult to do, and
could lead to inaccurate estimates of the number of cycles to contact. This could also
significantly affect the TMF estimates. Values of N* should also be checked against

tested manifolds.

FEA uses transient heat transfer analysis to simulate the thermal loads on the
manifold, and includes the bolts, nuts, bushes, gasket and representative cylinder
head. Turbo assembly is also included in the model if necessary. The analysis
combines detailed elastic-plastic and creep material models. After bolt tightening
step, sufficient number of cycles, i.e., heat up and cool down steps, are applied to the
complete model and equivalent creep and plastic strains are calculated [16].
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6. TMF TEST RIG ANALYSIS

Before testing the exhaust manifold and other components, TMF test rig design
should be proven to failsafe against experimental conditions. Many analyzes were
performed to verify the reliability during the design such as modal analysis, CFD

analysis and thermal fatigue analysis.

In TMF test rig, stainless steel was used for the parts in contact with the hot gases.
Due to the corrosion resistance, formability and weldability characteristics, AISI 304
is selected based on past experiences of the firm. There are cooling channels inside
the mounting plate. The dimensions are 800mmx800mmx50mm and its material is
selected as AI5083 H111 for good machinability and high strength. ST52 steel is

selected for the other parts.

Detailed mechanical properties and chemical analysis results of these materials are

showed in the Table 6.1 separately.

Table 6.1 : TMF test rig materials and their properties.

Chemical Analysis (%) Mechanical Properties
Standard Quality X
C (max) Si Mn S (max) | P (max) UTS ,N/mm2 Yield , N/mm~ Fracture, %
DIN 2391 STS2 022 |max. 0.55 | max 1.6 0.05 0.05 490.0 - 630.0 min. 355.0 2
Chemical Analysis (%) Mechanical Properties
Standard Quality Hardness .
Fe Mn Mg Cr. Al A UTS ,N/mm2 Yield, N/mm~ Fracture, %
(Brinel)
EN 485-2 | 5083 H111 04 | 04-10 | 4049 0.05-0.25 | Rest 75 270-345 250 15
Chemical Analysis (%) Mechanical Properties
Standard Quality Hardn
c| si | Mo e | Ni | Fe | S2CPSS | UTS,Nmm2 | Yield,N/mm® | Fracture, %
(Brinel)
AISI304 | AISI304 | 0.08 1.0 2 20 11 Rest 150 520 310 30
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6.1 TMF Rig Modal Analysis

HyperMesh finite element program is used for the test rig analysis. The first mode
goal was 150+ Hz for the system. There are many design iterations and modifications

to achieve this target.
2400= Max. Engine Operating Speed

3" Engine Order = 2400 x 3/ 60 = 120 Hz. (6.1)
120Hz= Min. required rig frequency

C3D10M tetra secondary 3D meshes are used with 5mm mesh dimensions. Mesh
size control was not performed for this analysis because similar part size and analysis
were previously made for the mesh size of the control.

From Figure 6.1, the first mode of the rig design is 184 Hz and it is satisfactory.
After mounting the other parts, it will be even higher due to more connections to the
outside frame. The second mode is 226 Hz and third mode is 260 Hz but they are not
important for the scope of work. According to engine operating speed and analysis

results, design natural frequency safety factor:

184Hz /120Hz = 1.53 Safety Factor (6.2)

Figure 6.1 : Modal analysis results for TMF rig designed parts.
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6.2 TMF Rig CFD Analysis

By the use of Star CCM+ software, CFD analysis is performed to assess the flow
balance among runners and inlet flow distribution in the rig with the help of firm’s
CFD department. There is an optimization process between the design and CFD.

After many design iterations, acceptable results are obtained.

CFD analysis parameters are given in Table 6.2. Firstly, CFD analysis are performed
in 2-D due to bilateral symmetry of the part. In the Figure 6.2, detail views of the

separator part are showed.

Table 6.2 : CFD analysis parameters and settings.

Boundary Conditions
Inlet 1900 kg/h 500 °C
Oulet Pref=101325 Pa
Physics Settings
Physics Model Two Diomensional
Turbulence Model K-Epsilon Turbulence Model
Temperature Dependence Segregated Flow 2nd Order
Wall Treatment Two Layer All y+
Time Dependence Steady State
Density Definiton Ideal Gas
Viscosity Sutherland's Law
Mesh Settings
Mesh Model Trimmer
# of prism layer used 2
Prism Layer Stretching 1.05
Prism Layer Thickness 0.75 mm
# of volume mesh ~215k
CPU Time (24 CPU ) Avarage 0.5 hours (Star CCM+ 10.02.010)

Figure 6.2 : Critical hot gas separator part.
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CFD analysis model is showed in the Figure 6.3. In the Figure 6.4, 2-D analysis
resutlts are showed.

Extrusion from runnerl 2D: runnerl extrusiontop

Extrusion from runner2 2D: runner2 extrusiontop

Extrusion from runner3 2D: runner3 extrusiontop

Extrusion from inlet 2

Extrusion from runner4 2D: runner4 extrusiontop

Extrusion from runner5 2D: runnerS extrusiontop

Extrusion from runner6 2D: runner6 extrusiontop

Figure 6.3 : 2-D CFD model of the seperator part.
~%13 R6
~%16 R5
~%20 R4

Velocity Inlet
~%21 R3

~%16 R2

~%13 R1

Velocity: Magnitude (m/s)
50.031 75.046 100.06 125.08

0.00000 25.015

Figure 6.4 : 2-D CFD results for the separator part.
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2-D CFD results shows that runner flow rates are similar and could be equal with
valve control process. There is some undesired low velocity volumes on the mixture
reservoir but in order not to complicate manufacturing process, rectangular prism

geometry preferred.

As seen in the Figire 6.5, 3-D CFD analysis is also performed for the design
confirmation and its results are found to be closer for each runner. The middle plate

with small holes is very effective in flow distribution.

On the other hand, total pressure drop is measured as 6.64 kPa from 3-D CFD
results. (6.64 kPa =0.0664 bar) In comparison to the working pressure of 2 bar, it is

not very important.

Velocity: Magnitude (m/s)
2.4758 25.518 48.560 71.603 94.645 117.69

i il

X

‘f‘ —

Figure 6.5 : 3-D CFD results for the separator part.
6.3 TMF Rig Structural and Fatigue Analysis

After completion of 1D and 3D CFD analyses, gas temperature and heat-transfer
coefficients (HTC) are obtained. This CFD analysis is a type of conjugate analysis,

therefore metal temperature distribution is achieved at the same time. The maximum
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temperature value is observed around the inlet pipe and around the middle perforated
plate. Modeled parts are showed in the Figure 6.6.

Following, more accurate model is created for fatigue analysis via HyperMesh
software. 2D shell mesh structure is created with S4R element type. This is a general
purpose linear 4-sided shell element. S4R is a robust, general-purpose element that is
suitable for a wide range of applications.

The parameters which are used to optimize mesh structure are showed in the Table
6.3.

Figure 6.6 : Meshed model for the structural and fatigue analysis.

Table 6.3 : Element quality check parameters for HyperMesh [15].

Entities 2-D (tria) 3-D (tetra)
Warpage 5/40(min) 5/40
Aspect Ratio 3 5
Skew 60 60
Chord. Dev. 0.1
Jacobian 0.5 0.5
Length -

Taper 0.5 -

Min. Angle 45/20 20/5
Max. Angle 120/160 120/160
Tetra Collapse - 0.1
Volume Skew - |
Volume A.R. - 5
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Then, C3D10M element type (10-node second-order tetrahedral element) is used for
the rigid mesh structure creation. Examples representation geometry as shown in
Figure 6.7. 3mm mesh size for the separator and 5mm mesh size for the other
components are used. There was no need for mesh size verification based on

previous experiences.

These elements take the advantage of automatic triangular and tetrahedral mesh

generators and are robust for large deformation problems and contact [20].

The maximum temperature is around 560 °C, as shown in Figure 6.8 and Figure 6.9.
These temperature values are not high enough to generate static damage, but there is
the possibility of creating problems during the TMF cycle.

face 1
10 - node element

Figure 6.7 : C3D10M Element geometry [20].

Figure 6.8 : Temperature distribution for the model-1.
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Figure 6.9 : Temperature distribution for the model-2.

Analysis card like below is used for the structure analysis with temperature mapping.
This is a single step explicit thermal-mechanical analysis. The heating time is taken

as 300 seconds which is the same as physical test heating process on the TMF rig.

**k*k

*INITIAL CONDITIONS, TYPE = TEMPERATURE
NALL,21

*BOUNDARY, OP=NEW

bc,1, 3

*STEP

*VISCO,CETOL=5.0000E-02

1.0E-2, 300, 1.0E-5, 20.0

*contact controls, stabilize

*TEMPERATURE,FILE =HT _yeni3, BSTEP = 1, MIDSIDE
*QUTPUT, FIELD, FREQUENCY =3

*NODE OUTPUT

U,

NT,

*ELEMENT OUTPUT

S,

PEEQ,

CEEQ,

*END STEP

**k*
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Displacement values are seen in the Figure 6.10 whose maximum is 4.2mm. Most
moving section, inlet pipe, is connected to hot gas burner with metal flex. Note that,
slot designs on the connection legs prevent accumulation of stress during thermal

expansion.

The PEEQ is the ABAQUS parameter name for the equivalent plastic strain which is
defined in section 5. It gives us a brief information about the fatigue behavior of

components according to past experiences ,e.g., see Figure 6.11.

According to Ford Otosan’s past experiences with this kind of stainless steel welded

components, the PEEQ is acceptable in terms of thermal mechanical fatigue.

From Figure 6.11, the max. the PEEQ value is on the critical separation neck section.
The PEEQ value was higher before adding extra cross welded stiffener features. The
PEEQ value in the Figure 6.11 is an acceptable value but its location not on the hot
gas touch region. If later added features are masked, the results will be more useful.
After masking, the PEEQ value is lower like seen in the Figure 6.12.

As a result, max. the PEEQ value and other stress values are O.K. that TMF test rig

will remain standing against the cycling test conditions.

Figure 6.10 : Displacement plot for the model.
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Figure 6.12 : The PEEQ criteria for the TMF rig.
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7. EXHAUST MANIFOLD MATERIAL DEFINITION AND MODELING

The maximum predicted metal temperature should not exceed the allowable limit of
the material used in the test rig. The maximum metal temperature of cast exhaust
manifolds made of HiSiMo material (SAE J2582 Grade 3) should not exceed 840 °C

at any time during real working or test process.

7.1 HiSiMo Cast Iron

High silicon molybdenum (HiSiMo) ductile cast irons (DCI) are frequently used for
high temperature engine components, including exhaust manifolds and turbocharger
housings. HiSiMo DCI containing 4-6% silicon with greater than 0.3% molybdenum
is characterized by good high-temperature strength and oxidation resistance. The
high silicon content increases oxidation resistance of DCI through the formation of a
silicon-rich surface layer and improves microstructural stability of the ferritic matrix

at elevated temperatures [17].

The tensile engineering stress-strain curves are shown up to 20% strain in Figure 7.1.
Duplicate specimens were used at all temperatures, and representative curves are
reported in Figure 7.1. In the Table 7.1, chemical percentage composition is showed
for the HiSiMo. The tensile properties of the HiSiMo used in this study are
summarized in Table 7.2 as average values from both tests conducted at each
temperature. The Young's modulus, 0.2% offset yield (proof) strength and ultimate
tensile strength decrease with increasing temperature. The minimum value of both
elongation and reduction in cross-sectional area is seen at 400°C. Elongation at
400°C is found to be just 3% in a 10 mm gauge length. Ductility is recovered above

400°C as demonstrated by an increase in elongation and higher reduction in area[17].

Table 7.1 : Composition of the HiSiMo DCI (wt%).

C Si Mn P S Mo Mg Fe

3.26 4.28 0.21 0.018 0.010 0.48 0.032 Bal.
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Figure 7.1 : Engineering stress-strain curves for tensile tests conducted at different
temperatures at a strain rate of 0.05 per second [17].

Table 7.2 : Summary of tensile properties for the HiSiMo DCI [17].

Temperature E 0.2% Proof UTsS Elong. Reduc. in
®C) (GPa) Strength (MPa) (MPa) (%) Area (%)
RT 168 412 632 14 9
300 159 342 536 12 7
400 154 326 486 3 2
500 146 266 358 11 11
600 139 175 192 31 32
700 118 80 98 35 37
800 86 32 38 50 61

7.2 Material Modeling

In materials where the viscous properties within the plastic range play an important
role, it is necessary to apply the elasto-viscoplastic constitutive relations. We can cite
the following elasto-viscoplastic models for example: Perzyna, Chaboche, Aubertin,
Lehmann-Imatani , Miller, Bodner-Partom, Krempl, Tanimura, Krieg-Swearengen-
Jones, Walker, Korhonen-Hannjula-Li, Freed-Virrilli. Their relatively large number
shows that they are not universal and can be applied only under certain conditions or

for a limited range of materials, as shown in Figure 7.3 and Figure 7.4 This
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constitutive model is suitable for analysis of isotropic materials (mainly metals at
high temperatures) in the range of small inelastic strains. In the Figure 7.2,
micrograph of the untested HiSiMo DCI with spherical graphite nodules and regions
of intergranular Fe;MoC eutectic phase are seen. 2% nital etch is used to reveal the

grain boundaries.

nodule

Figure 7.2 : Metallography results for the HiSiMo DCI.

Material models

. Frederik-Armstrong
Kinematic hardening and/or Plastic

Isotropic hardening Mroz

Cyclic plastic (Manson-Coffin Basquin)

Cyclic plastic + visco-plastic Chaboche

Unified models
Cyclic plastic + visco-plastic + creep

(Cyclic plastic + visco plastic + creep + oxidation)

Figure 7.3 : Fatigue material models.
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Elasticity + plasticity + visoplasticity + oxidation non linear
Sehitoglu 1996

Elasticity + plasticity + viscoplasticitv non linear
Modified Chaboche 1986, Jiang 1993

Elasticity + plasticity linear or non linear

* Linearkinematic hardening Prager 1956

* Non linear kinematic hardening: Armstrong-Frederick 1966
* [sotropic hardening: Ramberg-Osgood 1943

* Combined: Chaboche 1979

Elasticity + ideal plasticity bilinear
Mohr-Coulomb 1900

Elasticity linear
Hooke 1678

Figure 7.4 : Fatigue material models history [6].
7.3 Manson-Coffin-Basquin Method

Manson and Coffin did highly effective studies about the number of cycles to crack
initiation as a function of the amplitude of plastic strain. They were the first people
who work on this issue academically. Their works are based on the Basquin equation
led to the known equation of the strain—life curve (Figure 7.5) where the total strain

amplitude &,,; is divided into elastic €,,c and plastic &,,, COMponents as such:
= =ZL (2Np)P + €' ,(2N,)°
€at = €qe + Ea,p - ? ( f) + gf( f) (7.1)

The Young's modulus is obtained either by a static tensile material test or from the
first hysteresis loop obtained from the fatigue test. Still, four material constants are
necessary and they could be determined from several fatigue tests which are
performed with cyclic loading, constant amplitude and a load ratio of R, = —1. Also

specimens are un-notched and identical [19].

By hardening or softening effect are materials subjected to cyclic loading are often
unstable, causing stress amplitude variation during the tests. Thus, the stress
amplitude must be used according to the stabilized state, which occurs at the half of

the number of cycles to crack initiation which was determined at 10% stiffness loss
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of stiffness over cycles. The Young’s modulus, total strain amplitude and the plastic

part of the strain amplitude can be derived with stress amplitude.

€ap = €at — €ae T Eat — 7 (7.2)

To compute the material constant in Equation 7.1 from experimental data the least
squares method for fitting the curves can be applied. Linearization of the plastic part

of Equation 7.1 leads to
Y=log (¢’¢) + cX (7.3)

where Y = log (g,,p) and X = log (2Ng). While fitting the line, Equation 7.3, only
those points should be taken into account where the value of the plastic strain is
higher than the established limit € o. This limitation results from the measuring
accuracy of the total strain and from the operations of subtraction in Equation 7.2.
For steels, the value of € ¢ = 0.01% is recommended. Linearization of the elastic part

of Equation 7.1 can be done in the same manner;
Y =log(ZL) + bx (7.4)

where Y = log (ea,e), and X = log (2Nf).

0

1 0 1 I 1 1
Experimental
results
al & O St
10 E
O %e ]
A ca,p

Car Cae Cap' mm/mm

Nf, cycles

Figure 7.5 : Matematical example of the Manson—Coffin—Basquin curve according
to Equation 7.1 [19].
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8. EXHAUST MANIFOLD TMF ANALYSIS AND RESULTS

CFD analyses are completed for the model. Then, these results are used for the
structural analysis of the exhaust manifold on ABAQUS software. There is a reliable
method developed by Ford Motor Company. This method is correlated many times
for different TMF analysis case. It contains some bolt pre-tension and initial stress
values caused by casting process. Structural analysis is referenced this methodology.
As mentioned before, there are three bolt fixing steps and eight heating and cooling

steps as a loop. Below, there are basic heating step and output requests.

***STEP

cycle 1 heatup 1

*VISCO, CETOL =0.05

1.0000E-04, 50.0,1.0000E-05, 20.0
*TEMPERATURE, FILE = XYZ.odb, BSTEP =1, BINC =1, ESTEP =1,
EINC =62, MIDSIDE

*OUTPUT, FIELD, FREQUENCY = 100
*NODE OUTPUT

U,

NT,

*ELEMENT OUTPUT

S,

PEEQ,

CEEQ,

*CONTACT OUTPUT

CSTRESS,

CDISP,

*END STEP

**k*k

8.1 Exhaust Manifold Structural Analysis

After performing CFD analysis with commercial STAR CCM+ software,
temperature distribution is shown in the Figure 8.1. Max temperature values are
observed on the exhaust manifold engine head connection location as might be
expected. The maximum. temperature is 545 °C during the heating step as seen in the

Figure 8.1.
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283,473

241624
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Figure 8.1 : Exhaust manifold temperature distribution at end of the heating step.

During heating and cooling steps, max. VVon-Misses Stress values are 208 MPa and
195 MPa, respectively. As seen in the Figure 8.2, locations where stresses
accumulate could be seen as contours. Also, deformations with 1x and 100x scale
factors are showed in the Figure 8.3.

Beforehand, stresses and deformations are investigated. In the light of these results,

nCODE program will give TMF fatigue life cycle estimation HiSiMo Cast Iron
material.

S, Mises
(Average-compute)

5, Mises
(Average-compute)

Figure 8.2 : Von-Mises stress distributions for heating up and cooling down steps.
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Figure 8.3 : Deformations of exhaust manifold are scaled by 100(above) and 1
(below).

8.2 Exhaust Manifold Fatigue Analysis

As mentioned before, the PEEQ value is very informative for the fatigue behavior.
No critical PEEQ values are obtained on the exhaust manifold according to Ford
Otosan’s PEEQ fatigue criteria. This happens at the end of the latst step as shown in
the Figure 8.4. It can be concluded that there will be no fatigue damage on the

exhaust manifold on the basis of stress, deformation and PEEQ values.

PEEQ Max. PEEQ
ot T 545 C°

(varage-com Max. PEEQ
T 545C°

g

Soo0000000000
SEEEE8
LA

BRB2228
B39555

Figure 8.4 : Max. PEEQ values for exhaust manifold
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9. FATIGUE ANALYSIS METHODOLOGY FOR LIFE PREDICTION

As already mentioned, sequential heating and cooling cycles and high temperature
working conditions create significant strains on the exhaust manifold. In this study,
Strain-Life (E-N) approach is used to calculate fatigue life of the components.

Analysis model is showed in the Figure 9.1.

The E-N approach typically relates to situations where some of the cyclic loads are
relatively large and have significant amounts of plastic deformation associated with

them, together with relatively short lives [21].

nCODE DesignLife commercial FEM program is used to find critical low cycle

fatigue (LCF) locations and their life cycle predictions in the test conditions.

=

Model: structure251113.0db  [LEREES

Life (Repeats)

No Data

Beyond Cutoff

Above Range
8.497e+003
7.219e+003
= 6.134¢+003
| 5.212+003
442824003
3.762e+003

[
p

O
——

&

3.197e+003
2716e+003

B |

B Py
aE

] =

1 2
Node Fhell layer Material Group

174386 IN/A PART-1-1_MAN o
4474385 N/A pART-1-1 MaN:| | ‘
|
|
|

4474386 IN/A PART-1-1_MAN,
4474386 N/A PART-1-1_MAN.
4474386 N/A PART-1-1_ MAN. ~
<

[T Y [ <3 =

)
JestName: siructure251113 Channel: 1 Tite: Results Table: 1

Figure 9.1 : View from nCODE DesignL.ife interface.
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9.1 Modeling With nCODE DesignL.ife

This method sometimes referred to as the E-N approach and is used for finite fatigue
lives in ductile materials where plasticity around stress concentrations is important.
One of the most critical issues in the fatigue analysis is performed to identify the
material. HiSiMo exhaust manifold material is defined with parameters seen in Table

9.1. These parameters will supply E-N fatigue material curves.

Table 9.1 : HiSiMo nCODE E-N material parameters.

Dataset: HiSiMo
Name Value Description
) 0.087 Fatigue Strength Exponent
-0.58 TFatigue Ductility Exponent
E ;ESES fEl-astic Modulus ZM—?;as .
Ef' 0.589297619047619 :b:atigue Ductility Coeffident
FSN fFafeRi-Sode parameter
l(' 1042.8 Cydic Strength Coeﬁiciegi (MPa)
'(IC Fracture Toughness (MPa(m~1/2))
E_monohonic Mork Hardening Coefficient (MPa)
aterialType 99 Material Type
me 0.3 Elastic Poisson's Ratio
mp 0.5 Plasti_; Poisson's Ratio
n' 0.15 Cydlic Strain Hardening Exponent
n_monotonic Morﬁ-lard;gg»E—x;onent :
C 2E8 Cut-off
Ee Endurance Limit
<) Mang Brown parameter
SEC 0.01 Sgn_d—ard Error of Log(e) (Cydic)
SEe 0.01 Standard Error of Log(e) (Elastic)
ng 0.01 Standard Error of Log(e) (—Plgs;zc)_
Sf' 943 TFatigue Strength Coefficient (MPa)
TS 632 blﬁmate Tensile Strenga _(MPa)
YS 412 Yield Strength (MPa)
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For the TMF life time analysis, speciel material properties should be used. They are

cyclic stress-stain curve and strain life

curve as shown in the Figure 9.2 and 9.3

respectively. In the Table 9.2, E-N fatigue life analysis properties and parameters are

showed.

Cyclic Stress-Strain with elastic line

700

Stress Amplitude {MPa)

| |

1.5E4

St

2E4 2.5E4 3E4 3.564 4E4

rain Amplitude (uE)

Legend

I HiSiMo E: 1

HiSiMo - elastic line

68000 MPa n":0.15 K':1042.8 MPa

Figure 9.2 : Cyclic Stress-Stain curve with elastic line for HiSiMo material.

Strain Life with elastic and plastic lines

B E = | | | r | | | 3
B \ 3
L N i
22 %
1E4 = ———— —
——— == ;
@ = —__*f_—Hv e —— -
:; 1000 = N
3 E e E
s C = ]
% I = |
5 100 E \\ —=
& £ = =
10 = > —=
C S
; ! | | | | ! | | N
1 100 1E4 1E6 1E8 1E10
Life (reversals)
Legend

HiSiMo - elastic line
HiSiMo - plastic fine

HiSiMo Sf:948 MPa b:-0.087 Ef:0.589297619047619 c:-0.58

Figure 9.3 : Strain life curve with elastic and plastic lines for HiSiMo material.
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Table 9.2 : E-N fatigue life analysis properties.

Name Value Description
(General
LoggingLevel Info w [The amount of detail to output to the message window during the run
VResuINdeaheInherval 10 ) Time interval between Woce;;ing result output - i
/AnalysisGroup
AnalysisGroup_GroupNames * (Groups to process
‘;nalysisGroup_MatueriaIAssignmentGroup SelectionGroup v Sets the grouping type to be used for material mapping B
f;\;alysisGroup_SelecﬁonGroupTvpe FEInput w Sets the grouping type to be used for extracting results
%nalysisGroup_SheI!Layer TopAndBottom v Shell layer to use
Ané[ytsns-G;o;p_SauhonLocahon A;/-é;égred}\]t;d‘eOnElement ¥ Solution location
fAnaIysisGroup_StressUnits MPa v [The units to use for stress values
Compressed results (for display) . -
:Compressed results (for display)_ChannelPerEvent | False v Whether to create a channel for each duty cyde event
ENEngine A
éNEngine_CertaintyOfSurvival i 56 i Iiequired confidence level on damage results N
ENEngine_CheckStaticFailure Warn w [The action to tége;isi{aﬁc failure

ENEngine_CombinationMethod

TypeBCriﬁcalPIaneShreiariirainr v

The method used to combine component stresses/strains

ENEngine_ElasticPlasticCorrection Neuber - ;ri';e c&rrecﬁon method for elastic plastic h'ansforma!vi;nvin biaxiality
ENEngine_EventProcessing Independent ¥ How to process separate events in duty cycles
ENEngine_MeanStressCorrection Morrow v The method used to correct the damage calculation for mean stress
ENEngine_MultiAxialAssessment Auto v Whether to perform assessment of the multi-axial stress state
.ENEngin;___Oun)utEvenResulis False v Whether to output results per event or not for duty cycle processing
ob i ' - ]
Job_NumAnalysisThreads The number of simultaneous analysis threads to use for this job

_fﬁunl B

R:Jn 1_Gate 20 The gate value to apply during time history compression

Run 1_TwneHrstoryComQression None v Specifies h‘?“’}’”i"_ compress. yqvg'bistory loading

9.2 nCODE DesignL.ife LCF Results

In Figures 9.4, 9.5 and 9.6, critical fatigue locations could be seen. Their locations

are almost the same with the max. PEEQ values (e.g., see Figure 8.4).

in = 1960.85
Atlode 4474386

Figure 9.4 : nCODE life repeat results with connection parts.
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FEDisplay1
Model:  structure251113.0db

Life (Repeats)
No Data
Beyond Cutoff
Above Range
17256004
5.836e-005
1.974e-005
6679e-006
2260e-006
7.644e-007
2586-007
8.748¢-008
2.959¢-008
1.001e-008

Max = Beyond Cutoff

At Node 4332207

Min = 1960.85

At Node 4474386

Figure 9.5 : nCODE life repeat results only manifold parts.

FEDisplay1
Modet: ~structure251113.0db
1-Resuts Life (Repeats)

No Data
Beyond Cutoff
Above Range
8.497e+003
7.219e+003
6.134e+003
52124003
4.428e+003
3762e+003
3.197€+003
2716e+003

——— 2308e+003
1.961e+003

Max = Beyond Cutoff

At Node 4332207

Min = 1960.85

At Node 4474386

Figure 9.6 : nCODE life repeat results for manifold center part.
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Fatigue life cycle count is observed as 1960 with this analysis as seen on the Table
9.3. This value is greater than the worst life cycle count target.

Table 9.3 : For the most critical elements, nCode life cycle analysis results.

DataValuesDisplay2

1 lls 7 |s J0 12
Remove Sort Node [loamage Plane angle |Mean biaxiality ratDominant stress dLife
| degrees | Jdegrees [repeats
1 74386 0.00051 130 0.88 -45.99 [ 1951
2 4474386 0.0005085 140 0.83 -45,99 1967
3 4474386 0.0004968 120 0.88 -45.99 2013
4 4474386 0.0004926 150 0.83 -45.99 [2030
5 4474386 0.0004711 110 0.88 -45.99 [2123
5 4474386 0.0004649 160 0.88 -45.99 2151
|7 4474386 0.0004372 100 0.88 -45.99 2287
B 4474336 0.00043 170 0.88 -45,99 2326
9 4474386 0.0004001 90 0.88 -45.99 2499
10 4474386 0.0003928 0 0.88 -45,99 2546
11 3972485 0.0003652 150 0.8365 -34.39 2739
12 4474386 0.0003647 30 0.83 -45.99 2742
13 3972435 0.0003642 140 0.8365 -34.39 2746
14 4474386 0.0003582 10 0.88 -45.99 2792
15 3972485 0.0003513 160 0.8365 -34.39 2847
16 3972485 0.0003487 130 0.8365 -34.39 2868
17 4474386 0.0003348 70 0.88 -45.99 | 2088
18 4474386 0.0003299 20 0.88 -45.99 3032
19 4319343 0.0003276 150 0.8322 -32.84 3052
20 3972485 0.0003253 170 0.8365 -34.39 [3074
21 4319343 0.0003246 140 0.8322 -32.84 |3081
22 3972485 0.0003215 120 0.8365 -34.39 3110
23 4319343 0.0003168 160 0.8322 -32.84 [3157
24 4474386 0.0003133 60 0.38 -45,99 3192
25 4474386 0.0003102 30 0.88 -45.99 [3224
26 4319343 0.0003083 130 0.8322 -32.84 [3244
27 4474386 0.0003017 50 0.88 -45.99 [3315
28 4474386 0.0003006 40 0.88 -45.99 [3327
29 4319343 0.0002941 170 0.8322 -32.84 [3400
30 3972485 0.0002919 0 0.8365 -34.39 [3426
31 3972485 0.0002876 110 0.8365 -34.39 [3477
32 4319343 0.0002817 120 0.8322 -32.84 3549
33 4474393 0.0002772 10 0.7611 7.202 |3608
34 4474393 0.0002734 0 0.7611 7.202 |3658
35 4474393 0.000264 20 0.7611 7.202 |3788
36 4319343 0.0002639 0 0.8322 -32.84 3789
37 3972485 0.0002564 10 0.8365 -34.39 [3901
33 4474393 0.0002535 170 0.7611 7.202 [394s
39 3972485 0.0002521 100 0.8365 -34.39 |396s
40 4319343 0.0002498 110 0.8322 -32.84 4003
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10. THERMAL MECHANICAL FATIGUE TEST RESULTS

Thermal mechanical test is performed at the Ford Otosan Sanayi A.S. test facilities as

seen in Figure 10.1 which is a full engine test.

This fatigue test continues for total 250 hours with completely the same cycle
characteristics. One cycle takes almost 10 minutes. A sample cycle conditions are
showed in the Figure 10.2. Engine speed, torque and exhaust temperature are the

critical parameters for the TMF test.
60 min / 10 min = 6 cycle/per hour (10.1)

250 hours x 6 cycle/per hour = 1500 Total Cycle (10.2)

—_—

Figure 10.1: Ford Otosan thermal mechanical fatigue test for exhaust manifold and
turbo system.
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Figure 10.2 : Single cycle for the thermal mechanical test.

To observe cracks on the manifold, penetration is performed on the exhaust manifold
as seen in the Figure 10.3. and no damage was observed on the exhaust manifold.

This is very important to show that the analysis and test results are consistent.

Also after continuing to this test with the same conditions, cracks are observed on the
critical locations which is predicted by fatigue analysis with high sensibility (after
2300 cycle). Life cycle is calculated as 1960 cycle via nCODE program.

[ (2300-1960) / 2300 ] * 100 = %15 Confidence level (10.3)

This high correlation between the analysis and test shows that analysis methodology

are so close to real working conditions with an error of less than 15%.

Figure 10.3 : Exhaust manifold center part after penetration.
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11. CONCLUSION AND RECOMMENDATIONS

Currently, proper fatigue design involves synthesis, analysis, and testing. Fatigue
testing alone is not a proper fatigue design procedure, since it should be used for
product durability determination, not for product development. Analysis alone is also
insufficient for fatigue design, since current fatigue life models, including
commercial and government computer-aided engineering (CAE) software programs,
are not adequate for the safety of critical parts. They are only models and usually
cannot take into consideration of all the synergistic aspects involved in fatigue, such
as temperature, corrosion, residual stress, and variable amplitude loading. Thus, both
analysis and testing are required for the components that should have good fatigue

design.

Safety factors are often used in conjunction with or without proper fatigue design.
Values that are too high may lead to noncompetitive products in the global market,
while values that are too low can contribute to undesired failures. Safety factors are
not replacements for proper fatigue design procedures, nor should they be an excuse

to offset poor fatigue design procedures [12].

Analysis conditions and test conditions should be similar with the real working
conditions. In this study, some simplifications and analogies are made necessarily.
Even if the test results could not show the real situation but they give very close
results. On TMF life prediction, although there is significant deviation, test results

are often sufficient for verification process.

In this study, full engine fatigue test results are used for the analysis and testing
correlation. But full engine testing is longer, expensive and very complicated
process. Thus, a specific exhaust-turbo TMF test rig is designed. Analysis of the

TMF rig also were completed successfully. It is in the manufacturing phase.

After the system is installed, TMF test will be performed again with same parameters
to see reliability. This new TMF test rig will provide more flexible and simplified

test opportunities with lower cost. Especially, this rig will give the chance to develop
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exhaust and turbo systems without engine dyno and working engine. With special
test equipment to a particular system, test times could be significantly lower by

reinforcing the input effects.

After verification of test and analysis results, only analysis results will be sufficient

for further design changes or working conditions change.

CFD results are used to find temperature distribution and heat transfer coefficients.
Coupled thermal mechanical FEM analysis are completed to find the stress and strain
fields. Fatigue damage criteria are employed to predict TMF damage. Test rig for
verification is designed. Numerical TMF results are verified by comparisons with
experimental data.

The TMF methodology followed in this study is verified by test results that yield an
error of less than 15%. Such a correlation is encouraging to predict TMF failures that

are difficult to calculate due to variations in test conditions.
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