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SIMULATION OF THE CLUTCH HILL START TEST FOR HEAVY
COMMERCIAL VEHICLES

SUMMARY

Clutch hill start test is one of the most critical and specific vehicle tests for validating
the clutch system. It helps us to understand the thermal capability of the clutch
during repetitive vehicle operation.

During the vehicle launch, the kinetic energy in the clutch is converted to heat with
respect to the first law of thermodynamics. The heat dissipation takes place by
conduction between the clutch’s frictional components, while it takes place by
convection to the environment. The components of the clutch are heated due to this
process. The clutch must be capable of dissipating the heat throughout the assembly
in order to cool itself down. If the clutch is exposed to extreme heat, it may
potentially cease to function due to thermal destruction.

The amount of dissipated heat energy in the clutch depends highly on several vehicle
properties such as the transmission gear ratio, final drive ratio (FDR), tire size and
vehicle mass. It also depends on the driver’s operating behavior, namely, the duration
of the gas and clutch pedal inflection.

Before the test, thermocouples are installed inside the clutch housing, which houses
the clutch mechanism and instrumentations. During the test, the temperature of the
air within the clutch housing is measured to see if the clutch passes the test and
operates within acceptable temperature limits.

In the procedure defined by the Ford Motor Company, the test is performed with a
fully loaded vehicle, on a road with a 10% slope. The driveline properties are
selected to ensure that the wheel traction force is minimum so that the slip time and
the heat dissipation in the clutch is maximum. The test begins when the air
temperature inside the clutch housing is 80° celsius. The driver shifts the gear from
neutral, moves the vehicle by depressing the gas pedal and releasing the clutch pedal,
then stops, and waits for 60 seconds. This cycle is repeated 100 times. Temperatures
are observed at each step of the test and final temperatures are evaluated whether the
test is successfully passed.

In this thesis, the simulation of clutch hill start test has been established. This type of
simulation has not been available within the Ford Motor Company. It has been built
on GT-SUITE commercial software. Not only has the entire driveline been created,
but also a model for the driver. Furthermore, a thermal section has been created and
optimized for heavy commercial vehicles. In the simulation, the driver changes the
gears (first gear), drives the vehicle at a certain speed, stops it, and waits for 60
seconds. Then runs the vehicle again. The air temperature within the clutch housing
is determined at the end of the simulation The simulation works in correlation with
vehicle tests. The results have also been compared with recorded data from three
physical vehicle tests.
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AGIR TiICARI ARACLARDA DEBRiYAJ YOKUS KALKIS TESTININ
SIMULASYONU

OZET

Debriyaj, icten yanmali motorlarda motor ile sanziman arasinda bulunan ve
motordan sanzimana aktarilan tork miktarin1 diizenleyen bir aktarma organidir.
Gerektiginde tork iletiminin kesilmesine yardimci olmakta ve vites
degistirilebilmesini saglamaktadir. Aktarilan tork miktarin1 ayarlayabilmesinin
yanisira, icten yanmali motorlarin silindirlerinde yanmadan dolay1 olusan titresimleri
izerinde bulunan damper yaylariyla filtreleyip soniimledigi icin i¢in konfor agisindan
da cok Onemli bir sistemdir. Debriyaj sistemi, krank miline bagli volan ve volana
bagli debriyaj baski komplesi arasinda sanziman prizdirek mili tizerindeki debriyaj]
balatasindan, baski komplesine bagli ayirma rulmanindan ve ayirma-kavramayi
gerceklestiren hidrolik ayirma sisteminden olusmaktadir. Siiriicii debriyaj pedalina
bastiginda baski komplesinin yaylarina bagl ayirma rulmani, pedala bagh hidrolik
sistem vasitasyla baski yaylarim1 hareket ettirir, debriyaj balatasi tizerindeki baski
kuvveti ortadan kaybolur ve ayirma gerceklesir. Debriyaj ayirma konumundayken,
yani vites degistirilmeden hemen once krank mili ve sanziman prizdirek milleri farkl
hizlarda donmektedir. Siiriicti vitesi degistirip ayagin1 debriyaj pedalindan kaldirdig:
zaman kavrama baglar ve tekerleklere tork aktarimi gerceklesir. Hiz farki
sifirlandiginda ise kavrama tamamlanir.

Gecmisten giinlimiize kadar bir¢ok debriyaj cesidi kullanilmistir. Bunlardan ilk
kullanilanlardan1 ve giliniimiiz siirtiinmeli tip debriyajin atas1 olarak kabul edilen
konik tip debriyajdir. Bu debriyaj c¢esidi basit bir tasarima sahip olmasinin
avantajiyla ve yapilan iyilestirmelerle 1920’lerde yaygin olarak kullamilmistir. Ancak
yapilan iyilestirmelere ragmen balata siirtinme malzemesinin kolay asinmasi ve
parcalariin degitirilmesinin zaman almasi nedeniyle kullanim1 sona ermistir. Ayni
donemlerde Profesor Hele-Shaw ¢ok ylizeyli debriyaj tizerinde ¢alismaktaydi. Hele-
Shaw cesidi debriyajin avantajlar1 daha genis bir baski yiizey alanina sahip olmasi ve
montaj icin daha az yer tutmasiydi. Dezavantaji ise ayrilma ger¢eklesmesine ragmen
tam tork transferinin kesilmemesi, buna bagh olarak sanziman diglilerinin zarar
gorme olasiliginin yiiksek olmasiydi. Bu dezavantajindan dolayr Hele-Shaw debriyaj
cesidi fazla kullanim alanina sahip olamamustir.

1920’lerden itibaren giiniimiize kadar tek balatali kuru tip debriyajin kullanimi
yayginlasmistir. Ozellikle asbestosun bulunmasindan sonra en ¢ok kullanilan
debriyaj cesidi olmustur. Bu sistemde vites gecisleri cok kolaydi ve kullanilan balata
agirligi daha azdi. Tork iletimini iletmede helisel yaylar kullanilmaktaydi. Otomotiv
endiistrisindeki hizl1 gelisim sonucunda daha yiiksek devirlere ¢ikan gii¢lii motorlar
tiretilmekteydi. Helisel yaylarin yiiksek devirlerde merkezka¢ kuvvetinin etkisiyle
baski kuvvetindeki degisikliklerin ¢ok olmasi nedeniyle c¢oziim olarak diyafram
yaylar kullanilmaya baslanmistir. Modern araglarda kullanilan debriyajlarda
diyafram yay kullanilmaktadir.
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Kuru tip debriyajin temel olarak iki ¢esidi vardir: Cekme tip ve itme tip. Cekme tip
debriyajda tork iletiminin kesilmesi diyafram yaylarinin sanziman tarafina dogru
cekilmesi; Itme tip debriyajda ise motor tarafina dogru itilmesi vasitasiyla
gerceklesir. Cekme tip debriyaj genel olarak yiiksek torka sahip ticari araglarda
kullanilir. Yiiksek baski kuvvetine ve tork kapasitesine sahip olmasi ¢ekme tip
debriyajin baghca avantajidir. Dezavantaji ise daha kompleks ayirma rulmam
tasarrmi ve montajinin karmasik olmasidir. Itme tip debriyajimn avantajlari montajimin
kolay ve pargalarinin basit olmasidir. Fakat tork kapasitesi nispeten diisiik
oldugundan torku yiiksek araclarda itme tip debriyajin kullanilmasi tavsiye edilmez.
Bu nedenlerden dolayr kamyon uygulamalarinda genellikle cekme tip debriyaj
kullanilir.

Kavrama devam ederken volan ile baski komplesine bagl baski plakasi arasindaki
debriyaj balatasi arasinda siirtiinme nedeniyle 1s1 enerjisi meydana gelir. Ara¢ durgun
halde hareketine bagladig1 sirada atalet maksimum oldugu i¢in ilk kalkista meydana
gelen 151 en fazladir. Ac¢iga cikan 1s1 enerjisi debriyaj sistemi pargalarini isitir.
Siirtiinme esnasinda iletilen 1s1 malzeme &zelliklerine bagli olarak pargalara belli
oranlarda yayillmaktadir. Sicaklik artisi, debriyajin siirtiinen parcalar1 arasinda, yani
volan, debriyaj balatas1 ve baski plakas1 arasinda iletim yoluyla; ¢cevredeki pargalara
ise tasinim yoluyla iletilmektedir. Debriyajin diizgiin ¢alisabilmesi i¢in ac¢iga ¢ikan
1s1y1 lizerinden atabilmesi ve sogumasi gerekmektedir. Nispeten dar bir sicaklik
araliginda balata malzemesinin performansi yeterli olmasina ragmen belli bir
sicakliktan sonra hizla diismektedir. Dolayisiyla debriyaj balatasi yiiksek sicaklik
nedeniyle yanabilir ve hatta diger metalik parcalarda bu nedenle termal catlaklar
olusabilir. Bu durumda debriyaj sisteminin ¢aligmasi imkansiz hale gelir.

Aci8a cikan 1s1 miktar1 bir¢ok parametreye baghdir. Bu parametrelerden araca bagl
olanlardan bazilarina sanziman disli orani, diferansiyel son disli orani, tekerlek ¢ap1
ve aracin kiitlesi ornek gosterilebilir. Ayrica siiriiciiniin arac1 kullanim sekli, yani gaz
ve debriyaj pedalini nasil kullandig1 da ¢ikan enerji miktarin1 degistirmektedir.

Debriyajin sicaklifa karsi performansi konusu miihendislerin siirekli ilgi odagi
olmayr basarmis ve performansim arttirmak icin gecmisten giiniimiize bircok
aragtirma yapilmaktadir. Hem siiriiciiye hem de ara¢ 6zelliklerine bagh oldugu igin
sistem validasyonunda gerek bilgisayar ortaminda simiilasyonlar gerek cesitli parca
ve arac testleri yapilmaktadir. Parca testleri debriyaj imalatgilart tarafindan
tezgahlarda yapilirken arac testleri genellikle otomotiv ana sanayi tarafindan
yapilmaktadir. Calisma sirasinda maruz kaldigi yiiksek 1s1 etkisi nedeniyle en ¢ok
zorlanan giic aktarma organlarindan biri oldugu i¢in bu ara¢ testlerinin basinda
debriyaj yokus kalkis testi gelmektedir. Debriyaj yokus kalkis testi, hem siiriicliniin
hem de ara¢ Ozelliklerinin etkisini gosteren ve sistem validasyonu i¢in yapilan en
Oonemli karakteristik testlerden biridir. Periyodik kalkisa maruz aractaki debriyajin
termal kapasitesi bu test ile belirlenmektedir.

Test yapilacak aracin debriyajinda kalkis esnasinda olusan 1s1 miktarinin maksimum
olabilmesi i¢in aracin yarattifi diren¢ torku maksimum olacak sekilde belirlenir.
Arag tam olarak yiiklenir, diferansiyel son disli oran1 ve tekerlekleri prosediire gore
giincellenir. Bu durumda tekerleklere giden tork miktar1 minimum olur. Ayrica,
sicaklik Olgerler debriyaj muhafazasi igerisine yerlestirilir, varsa gerekli motor
kalibrasyonlar1 yapilir ve test baglamadan 6nce tiim ekipmanlarin ¢alistigindan emin
olunur.
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Ford Motor Company tarafindan belirlenen prosediire gore, hazirliklar
tamamlandiktan sonra, debriyaj muhafaza i¢indeki hava sicakligi 80 °C’ye ulasana
kadar arag belli bir siire siiriiliir. Sicaklik sensorleri 80 °C’yi gosterdiginde test tam
yiiklii aragla %10’luk bir egime sahip yolda baglar. Siiriicii durgun haldeki aracin
vitesini birinci vitese getirir, gaz ve debriyaj pedallarim kullanarak araci hareket
ettirir, belli bir hiza ulastiginda sonrasinda araci bekletir. 60 saniye bekledikten sonra
aymt dongii 100 kez tekarlanir. Testin her basamaginda debriyaj muhafazasi
icerisindeki hava sicakliklar1 sensorlerden okunur. Testin basariyla tamamlamp
tamamlanmadigina test sonrasinda okunan son sicakliklarin yorumlanmasindan sonra
karar verilir. Test sonug¢larmin yorumlanmasindan sonra ara¢ veya debriyaj
degisiklik yapilmasi gerekebilir.

Bu ¢aligmada siiriiciiye bagli bir test olan debriyaj yokus kalkis testi modellenmistir.
Simiilasyon, testin her asamasindaki ve sonundaki debriyaj muhafaza sicakliklarini
ara¢ testlerini yapmadan hesaplayabilmek i¢in olusturulmustur. Bunun yamsira
simiilasyon ile riskli goriilen durumlar i¢in Onlem alinmasi, ©nemli arag
parametrelerinin ve debriyaj sisteminin optimize edilmesi ve testin olduk¢a maliyetli
ve zaman alic1 olmasindan dolayr test boyunca yapilan masraflarin oniine gecilmesi
hedeflenmektedir.

Bu testin simiilasyonu simdiye kadar Ford Motor Company’de mevcut degildi.
Simiilasyon, sirket biinyesinde lisansl olarak kullanilan GT-SUITE ticari yazilimiyla
olusturulmustur. Aracin tamami ve yol kosullar1 modellenmistir. Teste tabi tutulan
araglarda kullanilan kuru siirtiinmeli tip debriyajin malzeme, agirlik, yiizey alani,
atalet bilgileri kullanilmig, bunlara ek olarak agir ticari araglara 6zgii bir termal
kismin korelasyonu geg¢miste yapilmis testlerle olusturulmustur. Bu ara¢ modeli
programdaki kontrol {initesi ile birlikte birbirine baglanmistir. Simiilasyonda siiriicii
test prosediiriinii izlemektedir. Siriicii vitesi degistirmekte, gaz ve debriyaj
pedallarma basmakta, araci siirmekte ve 60 saniye bekletmektedir. Simiilasyon
sonucunda debriyaj muhafazasi igerisindeki hava sicakliklar1 hesaplanmistir ve
sonugclar {i¢ farkli aragtan dlgiilen sonuglar ile karsilagtirilmistir.

Validasyondan sonra baglica onemli ara¢c parametrelerinin debriyaj sicakliklarina
nicel etkisini gorebilmek i¢cin GT-SUITE programinda toplam 432 farkli kosulun yer
aldig1 deney tasarimi c¢aligmasi yapilmistir. Deney tasarimi sonucunda debriyaj
enerjilerine en ¢ok etki eden parametreler biiyiikliiklerine gore belirlenmis, sonuclar
yorumlanmig ve Onerilere yer verilmistir.
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1. INTRODUCTION

The friction clutch is an essential component for the torque transmission and still the
most widely used clutch type in the automotive industry. Due to its working
principle, the clutch is frequently subjected to frictional heat, especially during the
vehicle launch. Plenty of improvements have been implemented over time to
maximize the performance of the clutch. In the meantime, the investigation of the
heat energy generated during sliding has always been of interest as it is one of the
biggest challenges ever faced in the advancement of automotive industry. Heat is the
biggest enemy of the clutch system since it leads to a reduction in the lifecycle of the
system. The performance of the clutch degrades dramatically with increasing
temperature since the excessive heat damages the friction lining of the clutch and
other components such as the clutch pressure plate and flywheel. Eventually, in
extreme temperatures, torque transfer becomes impossible. Also, thermal cracks and
permenant distortions might occur. According to the feedbacks from the customers,
most of the failures in the clutch system are due to excessive heat, resulting in a

fading clutch [1,2].

In order to overcome such obstacles, Original Equipment Manufacturers (OEM) and
clutch manufacturers perform various vehicle and component tests from the initial
design phase to the final product phase. These tests include vehicle and bench tests.
Vehicle tests are performed by OEM, while individual components are validated

during the bench tests performed by suppliers.

For the validation of the thermal performance of the clutch, the Ford Motor
Company carries out a vehicle test called clutch hill start test. Prior to testing, the
vehicle is equipped according to the lowest traction at the wheels to ensure that the

resistance torque caused by the complete truck is maximum.

In this research, clutch hill start test is simulated using GT-SUITE commercial
software. The complete vehicle and a driver profile are modeled. The inputs of the

simulation are given in Chapter 6. The simulation results are compared with the data



obtained from three vehicle tests in Chapter 7. The parameters that effect the heat
energy dissipation, and the resulting temperature increase in the clutch are analyzed.
Later on, these parameters are determined with their magnitude and compared by
Design of Experiment (DOE) on GT-SUITE. Discussions and conclusions are given

in the final chapter.

1.1 Purpose of Thesis

The objective of this master’s thesis is to develop a reliable and complete vehicle
model on GT-SUITE, building a simulation of the clutch hill start test for heavy
commercial vehicles with manual transmissions, which is routinely performed at
Ford Motor Company. The thesis aims to optimize the parameters that heavily
influence the amount of heat energy generated in the clutch during the vehicle

launch.

The simulation aims to predict the clutch temperatures and any possible thermal
damages that may occur in the clutch without performing the vehicle tests, and to
extend the clutch system’s service life by optimizing the properties of the driveline
and the clutch. It also aims to provide a credible reference for product validation at

Ford Motor Company.

Last but not least, the simulation tool has been created to save time and expenditures

required for the preparation throughout the test.

1.2 Methodology

This project is implemented by using defined engineering methods in a structured
manner and aligned with Ford Motor Company’s working approach, which includes
various problem solving methods such as Six Sigma DCOV and DMAIC. The

project consists of the following sections:
a) Literature survey
b) Mathematical analysis
c) Testing and modelling

d) Optimization and implementation



2. CLUTCH SYSTEM

2.1 Functions of Clutch
A clutch is a mechanical device placed between the engine and the transmission. The
main functions of a clutch of a motor vehicle are:

a) To allow gear shifting while the vehicle is driven.

b) To transfer the torque flow to the drivetrain.

¢) To equate the speed of the engine and transmission by modulating the torque

flow.
d) To make a smooth start-up possible by filtering irregularities and vibrations.

e) To permit the engine to keep on running while the vehicle is in a gear as the

clutch is disengaged [1,3].

As shown in Figure 2.1, the engine and the transmission speed are syncronized

during the clutch engagement process and become equal when the clutch is fully

engaged.
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Figure 2.1 : Engine and transmission speed during the clutch engagement [4].
In principle, clutches must be designed according to the following requirements:

a) The coefficient of the friction must be as constant as possible against the

temperature.



b) The heat energy generated due to the clutch slip must be dissipated
efficiently.

¢) The wear in the clutch must be as low as possible to extend the clutch life [5].

2.2 Operating Principle of Clutch

The clutch system operates according to the following principle:

When the driver depresses the clutch pedal, the clutch release system actuates and
the clutch release bearing pushes (or pulls, depending on the clutch type) the pressure
plate away from the flywheel to remove the diaphragm spring fingers’ pressure from
the clutch disc. This allows the clutch disc to run free and disengages the engine

from the transmission. This process is illustrated for a push type clutch in Figure 2.2.
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Figure 2.2 : Clutch function; engagement (left) and disengagement (right) [6].

When the driver releases the clutch pedal, the spring thrust forces the pressure plate
towards the flywheel, and sandwiches the clutch disc between two surfaces [7].
Then, in the period of full engagement, the engine and transmission rotate at different
speeds. Full torque transfer starts when engine and transmission rotate at the same

speed.

When torque transfer is active, the clutch is considered to be engaged and the clutch
disc is pressed between the engine flywheel and the clutch pressure plate. In this

situation, the power that is generated in the cylinders of the engine is transferred via



the crankshaft, the flywheel and pressure plate, respectively. When torque transfer is
inactive, the clutch is called disengaged, disconnecting the drive between engine and
transmission, leading power flow to be cut. An overview of a complete clutch system

is illustrated in Figure 2.3.

vibration
damper

release bearing
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Figure 2.3 : Overview of the clutch and clutch actuation system [8].
2.3 A History of Automobile Clutch Technology

For over a century, almost every component in the automobile industry, including
the clutch, has had significant developments. Driver’s comfort, safety, vehicle
reliability, and environmental concerns are the main criterias which inspire engineers

to design better products.

Early electric and steam engines did not require clutch systems as they provided
nearly constant torque. When the internal combustion engine was introduced, a
division between the engine and the transmission became a necessity since its output
is obtained at engine speed. The very first type of clutch for this purpose, which is
actually based on our modern friction clutches, was used by Daimler in 1889. It was
a cone friction clutch. The advantages included self adjusting and a simple design,
which is illlustrated in Figure 2.4. On the other hand, there were a few disadvantages,
namely, the friction lining used to wear out swiftly and the process for replacing it
was complicated. The cone clutch has undergone numerous improvements to

eliminate the disadvantages, helping it to become prevalent through the 1920s.



from engine

engine flywheel with hollow cone

coil spring

] to transmission

driver cone with leather lining
Figure 2.4 : Cross section of a cone clutch showing the typical components [9].

Professor Hele-Shaw was also developing a multi-plate clutch at the same time.
Hele-Shaw’s clutch had some significant advantages as it had a larger friction
surface area, allowing a higher torque to transmit, and it required less space to install.
Multi-plate clutches operated either immersed in oil or in a dry medium. The cross

section of the Hele-Shaw’s clutch is shown in Figure 2.5.
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Figure 2.5 : Professor Hele-Shaw’s clutch [9].

Despite its advantages, Hele Shaw’s multi-plate clutch had a significant disadvantage
due to the drag effect and full clutch disengagement was not possible. Thus, gear
shifting operation was quite difficult and it had a tendency to damage the

transmission.

Starting from the 1920s, single plate clutches began to become more common over
cone and multiplate clutches, especially with the invention of asbestos linings. The
single plate clutches had a relatively complicated design but great advantages over

the other types available at that time. With a single plate clutch, the gear shifting was



much easier and the clutch plate had a lower mass. During this time, engineers
focused on the developments for the single plate clutch. One such developement
aided, the coil springs to gain acceptance. The clamp load required to transfer torque
was obtained by the force of compressed coil springs. The levers compress the coil
springs by a release bearing. The disadvantage of the coil spring usage was that due
to the centrifugal force, the springs were forced outwards against the spring housing.
This situation caused friction between the springs and the housings, resulting in a
change in clamp load. The cross section of a single plate clutch showing the typical

components is shown in Figure 2.6.
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Figure 2.6 : Single plate clutch [9].

As more powerful vehicles were manufactured, diaphragm spring clutches were
becoming more widely used by the end of the 1960s. The advantages of a diaphragm
spring are that it provide higher and more constant clamp loads and that it takes up
less space to install. Diaphragm springs are almost the only type of the spring type

used nowadays.

During the diaphragm spring development, the flywheel and clutch plate were also
being optimised [9].



2.4 Clutch Types

Vehicles are equipped with one of two fundamental designs of clutches, push type
clutches and pull type clutches, the use of which is determined by the specifications

of the powertrain and required clutch pedal loads.

2.4.1 Push type clutches

The working principle of push type clutches is that depressing the clutch pedal makes
the clutch release bearing push the diaphragm spring fingers toward the engine to

release the clutch. Figure 2.7 illustrates the working principle of the push type clutch.
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Figure 2.7 : Working principle of the push type clutch [10].

Push type clutch is the preferred design for the majority of the applications due to its
easy assembly process, small installation area and simple release bearing design. An

actual photo of a push type clutch is shown in Figure 2.8.

Figure 2.8 : Push type clutch [11].



24.2 Pull type clutches

In pull type clutches, the release bearing pulls the diaphragm fingers away from the
flywheel to release the clutch. The wire ring in the clutch cover provides a pivot
surface so that the pressure plate can move away from the flywheel to disengage the

clutch. The working principle of the pull type clutch can be seen in Figure 2.9.
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Figure 2.9 : Working principle of the pull type clutch [10].

Vehicles with high engine torque use mostly pull type clutches. The advantage is that
pull type clutches maintain higher torque capacity and reduce clutch pedal loads with
the aid of the clutch release fork. Also, the heat absorption of the pressure plate in the
pull type clutch is more efficient as it allows a larger pressure plate to be used.
Another reason why pull type clutches are used is because they can provide greater
clamp load and are lighter in weight. The disadvantages of the pull type clutch are
that it requires a more complex release bearing design and an installation procedure.

A photo of a pull type clutch is seen in Figure 2.10.

Figure 2.10 : Pull type clutch [11].



All Ford Trucks undergone the clutch hill start test mentioned in this study had the
pull type clutch.

2.5 Clutch System Components

2.5.1 Clutch disc assembly

The clutch disc assembly is the central friction element of the clutch system. The
main function of the clutch disc is to transmit torque to the transmission input shaft

by forming a friction system between the engine flywheel and pressure plate.

The clutch disc should have a sophisticated design such that it allows smooth startup
and fast gearchanging, as well as keeping the engine vibrations away from the
transmission and preventing the transmission noise as a result. It also should have as
much lower inertia as possible to improve gear shift efforts and hence reduce the
wear on the transmission synchronizers [12]. The clutch disc assembly consists of
clutch facings, also called friction linings, which are riveted to spring segments,
torsion pre/damper springs, the cushion plate, and the hub [7,9,13]. The components

of a typical clutch disc are given in Figure 2.11.

3 2 116 13 1514

11 Mating disc
1 Drive disc 6 Hub flanges 12 Damper cage assemblies
2 Friction lining rivet 7 Friction rings 13 Centering taper
3 Friction lining 8 Support disc 14 Axial spring cushion segment
4 Pressure springs (idle) 9 Diaphragm springs 15 Spring cushion rivet
5 Pressure springs (load) 10 Spacer plate 16 Hub

Figure 2.11 : Components of the clutch disc [9].
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Torsional damper springs are utilized in order to provide a smooth start and reduce
torsional vibrations and irregularities generated by internal combustion engines. It
has a great significance considering its duty is to optimize vibration characteristics of
the powertrain [14]. As shown in Figure 2.12, the vibration levels are almost equal
for the engine and transmission without torsinal damper springs, whereas they are

significantly reduced at transmission side with the use of damper springs.
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Figure 2.12 : Torsion damping effect of the damper springs [9].

In modern vehicles, clutch discs with pre-dampers and main dampers are used. Pre-
dampers are comparatively low stiffness springs that are active during idle speeds,
while main dampers are active as the torque transfer is in progress [16]. Their

location in a clutch disc is seen in Figure 2.13.

Figure 2.13 : Typical damper and predamper springs in a clutch disc [15].

11



In order to filter vibrations of different torque ranges, various main dampers with
different stiffness values can be used. This is called a multi-stage characteristic

system.

Another important part of the clutch disc assembly is friction facings which are
responsible for the torque transmission. Generally, the friction facings are made of
carrier thread from glass or aramide fiber and brass armature and copper, embedded
in a mixture of resin and rubber [17]. The friction material must have a stuctural
integrity and this is measured with the heat endurance, the clamping loads and the

slip speeds of the clutch disc [22].

The heat is one of the major factors that limits the torque transmission. Depending on
the usage, the clutch disc either wears out and the friction material over time or is
burnt. When friction is high, which occurs specifically during clutch engagement, the
temperature of the facings might increase to extremely high values quickly. In this
situation, the coefficient of friction decreases in a significant manner and it is very
likely to damage the base material [8,18]. In most applications where organic facing
is utilized, when surface friction exceeds 300 °C the clutch starts fading with
exponentially increasing damage of the material [18, 19]. Unfortunately, although
plenty of studies have been performed, there is still no available friction material that
has a positive gradient of friction coefficient with respect to temperature [20].
Otherwise, it would have provided a perfect torque transmission as well as fine

damping characteristics [21].

The cushion spring is another significant part of the clutch disc assembly which is
placed between the clutch facings and plate, shown in Figure 2.14. Together with

friction facings, they account for a smooth and a gradual take up drive.

Figure 2.14 : Cushion disc [9].
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During the clutch engagement, the cushion spring is pressed between the friction
linings while the pressure plate pushes it against the flywheel. In return, the
transmission speed can be gradually adjusted to the engine speed thanks to flexing of
the cushion spring. The cushion spring also provides a good wear pattern and a
uniform heat distribution as well as help reduce judder and chatter phenomena in
addition to smooth startup [9]. A cushion spring’s typical axial displacement with

respect to clamp load can be seen in Figure 2.15.

Load on sub-assembly disc/facings [IN]
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reduction )

Thickness reduction of
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Figure 2.15 : Typical cushion disc curve [15].
2.5.2 Clutch cover assembly

Clutch cover assembly consists of a number of essential parts, that is, a pressed steel
housing, a pressure plate with a machined flat surface, diaphragm spring, a number
of tangential leaf springs and wire rings. Figure 2.16 shows the components of a

typical clutch cover assembly.

Diaphragm spring
1

Leaf spring

ff ‘ Wire ring

. Rivet
Pressure plate

Figure 2.16 : Components of the clutch cover assembly [21].
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The clutch cover transmits the engine torque to the clutch disc via the housing, the
tangential leaf springs and the pressure plate during the clutch engagement. The
pressure plate is assembled to the clutch cover via tangential leaf springs. Tangential
leaf springs account for transferring the engine torque to the pressure plate from the
clutch cover, moving the pressure plate during clutch disengagement as well as

center aligning.

The pressure plate transfers the axial force, which is also called clamp load. It
pushes the clutch plate to the flywheel, so that the clutch disc gets interposed
between the pressure plate and the flywheel. The pressure plate and the cover are
kept together by leaf springs. While the clutch is engaged, these springs deflect and
thereafter transfer the torque from the cover to the pressure plate without any friction
between them [21]. The second function of the leaf springs is that during clutch
disengaging process, the leaf springs pulls the pressure plate away from the clutch

disc assembly [23].

The pressure plate might be exposed to high slippage during abusive clutch
engagement, and kinetic energy can generate heat, eventually causing high peak
temperatures. At high temperatures, even distortions may occur. Hence, adequate
rigidity is required. Another reason why rigidity is needed is that the pressure plate
must provide as uniform a pressure as possible. Also, the component should have
sufficient mass and high thermal conductivity to cool itself down. Due to all of these
reasons, high tensile grey iron is the most optimal and commonly used material for

the pressure plate [21].

Diaphragm springs are pretensioned belleville springs with integrated actuating
levers. They axially press the pressure plate to the clutch disc and lift it when the
clutch is engaged and disengaged, respectively. Wire rings are located in the clutch
cover to support the diaphragm spring. When the spring fingers move to the engine
side, the edge of the inner wire ring bends away from the engine and takes the

pressure plate back to the transmission side.

The shape and the material of the diaphragm spring are substantial in terms of
operating comfort and service life. The typical material is high quality spring steel.
The diaphragm spring characteristic is designed such that the clamp load increases

for the first phase of the clutch wear and reaches to a maximum value. Then it

14



decreases to its original new value while the facing wear is at maximum. Due to this
characteristic, the clutch continues to operate without any trouble [14,24]. The

typical clamp load curve for a diaphragm spring is given in Figure 2.17.
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Figure 2.17 : Typical clamp load curve of the diaphragm springs [24].

Figure 2.18 indicates the several clutch characteristic curves. The y-axis on the left
and on the right specify the load and the pressure plate lift, respectively as the x-axis
represents the release travel. The dotted line shows the release load characteristic
curve, which is the load on the release bearing to actuate the clutch. The release load

rises as the clutch linings are worn out.
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Figure 2.18 : Clutch characteristic curves [9].
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The dashed line in Figure 2.18 is the pressure plate displacement with respect to the
release bearing travel. From the lift off curve, clutch lever ratio is determined, which

1s ratio of the release travel to the lift off.

2.5.3 Clutch release bearing

The clutch release bearing is used to transmit the force that is delivered from the
clutch actuation system to the diaphragm spring in order to disengage the clutch. It is
mounted to the diaphragm spring with a snap-ring and a coupler. It rotates at the
engine speed and slides on a guiding tube of the transmission [26]. The appearance

of a clutch release bearing is shown in Figure 2.19.

Figure 2.19 : Clutch release bearing assembly [24].

Depending on the clutch type, the place where the release bearing is retained varies.
In a push-type clutch system, the releaser rests on the tips of the diaphragm spring,
whereas in a pull-type clutch system it is locked accordingly for the safety of the
assembly. This makes the pull-type clutch more complex than a push-type clutch, as
it is subjected to high axial forces. Hence, the release bearing must absorb high axial

forces in this respect [14].

2.54 Flywheel

The flywheel is bolted to the crankshaft and rotates with the engine speed. It is a
large metallic disc in appearance and made of cast iron in most cases. It provides a
friction surface for the clutch disc and sandwiches it with clutch cover. Figure 2.20

shows a typical engine flywheel utilized in heavy duty vehicles.
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Figure 2.20 : Flywheel assembly [25].

The main functions of the flywheel are:

a) To reduce acyclism with inertia: Due to the explosions in engine cylinders,
acyclism occurs at crankshaft since the torque generation is not constant.
Flywheel inertia helps smooth the variations in engine torque together with
the crankshaft and clutch cover.

b) To maintain the clutch cover assembly.

¢) To provide friction surface for the clutch disc.

d) To dissipate energy due to friction.

e) To store and release energy from the crankshaft [25].

The Ford Trucks are equipped with a rigid solid mass flywheel.

2.5.5 Clutch release system

The basic purpose of the clutch release system is to convert the mechanical force
generated by the clutch pedal into a force acting on the clutch lever throughout a

hydraulic linkage.

The clutch release system consists of a hydraulic subsystem. It is comprised of the

clutch master cylinder with a hydraulic reservoir mounted to the clutch pedal, the

17



clutch servo mounted to the clutch housing and a hydraulic pressure line between the

two, which is illustrated in Figure 2.21.

The clutch release loads of the trucks with high engine torques are high, which may
result in unacceptably heavy pedal loads. To overcome this problem, the clutch servo
with air support in addition to hydraulic system are utilized. The air is supplied to the

clutch servo as proportional to pedal loads.

Clutch master cylinder

Hydraulic line

Chitchfork ~ Shutchservo

S |

ek
-

Clutch release bearing

Figure 2.21 : Typical clutch actuation system of a heavy duty clutch [26].

When the driver depresses the clutch pedal, the pedal stroke is transferred to the
clutch master cylinder so far as the clutch pedal ratio. The piston inside the clutch
master cylinder moves toward the hydraulic line due to the mechanical force
generated by the driver’s foot. In return, hydraulic line is pressurized. The
pressurised hydraulic line pushes the hydraulic piston and the push rod connected to
it inside the clutch servo. The push rod pushes the clutch release fork, and finally

disengages the clutch. There is no torque transfer as the clutch pedal is depressed.

There are numerous parameters considered in clutch release system design. Mainly,

they are:

18



a) System’s life expectancy, namely, the number of release cycles specified
during service life.

b) The ratios of the clutch master cylinder and the clutch servo in order to meet
the required pedal forces and release strokes.

¢) Operating conditions, which include the specified operating pressure and

temperature range, clearances to other components [22].
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3. THEORY

3.1 Clutch Torque Capacity

Torque transmissibility of the clutch is one of the key factors in clutch design. The
transmittable torque through the clutch is a function of its geometry, the actuating force

of the clutch cover and the properties of the friction material.

I'o

Figure 3.1 : Single surface axial disc clutch [27].

Assuming an uniform pressure from the geometry in Figure 3.1, the elemental area

can be obtained in (3.1).
dA = 27trdr 3.1)
(3.2) states the normal force exerted on this elemental area:
dN = 2mprdr 3.2)
where p is the total pressure on the clutch linings generated by the clutch cover.
In return, the frictional force dF on this area can be seen in (3.3).
dF = 2mpurdr 3.3)

where W is the coefficient of the friction between the sliding surfaces.
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The torque transmitted through the elemental area depends on the frictional force and
the moment arm around the radius r. The equation is given in (3.4) and it can also be

written in the form of (3.5) and (3.6).

dT = dFr = pdNr = ppAr 34
dT = 2mrpprdr 3.5)
dT = 2mppridr (3.6)

Integrating (3.6) between the inner and outer radius of the clutch yields the total
torque that can be transmitted through the clutch, as shown in (3.7), and (3.8) after

the integration.

T = f 2mupr2dr (3.7)

T= Smup(r’ — 1) (3.8)

The actuation force which is required to apply for the total torque transmitted
through the clutch is obtained by the inegration of the normal force between the inner

and the outer diameter of the clutch, as given in (3.9).

F, = f 2mprdr (3.9

Fo = mp(r,° — ;%) (3.10)
Combining (3.8) and (3.10) gives the torque equation as seen in (3.11).

— 2(r’-ri®)

T 3rerrp A

3.11)

(ro®-ri®)

(roz_riz)

becomes:

where g is the mean radius of the clutch and denoted by Ry,. (3.11) finally

T = R,uF, (3.12)

(3.12) gives the torque equation for a single surface. Denoting the number of the

frictional discs in contact as N, the torque equation finally becomes;
T = NR,uF, 3.13)

N=n,+n,—1 (3.14)
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where n; and n, in (3.14) are the number of the driving and the driven discs,

respectively.

Equation (3.13) is the final result of the clutch torque capacity and relates the amount

of transmittable engine torque through the clutch, based on its properties.

3.2 Clutch Torque During Vehicle Launch

The configuration of a rear wheel driven vehicle with a manual transmission is
illustrated in Figure 3.2. The powertrain consists of an engine, a clutch, a

transmission, a propeller shaft, a differential and driveshafts connected to the wheels.

Troap Iwow

[ Wheel |

Tolo @ | Driveshaft

T

Te Ie @ TrIr R ToIp op . .
Engine — Clutch T e Differential
Propeller

shaft

[ Wheel ]

Figure 3.2 : [llustration of the powertrain for a rear wheel driven vehicle.

In the following equations, the engine output torque, clutch torque, transmission
output torque, propeller shaft output torque and driveshaft output torque are denoted
by Te, Tcr, Tr, Tp and Ty, respectively. In a similar fashion, I, Ig,Ip,Ip and
We, WR, Wp, Wg denote the respective mass moment of inertias and angular velocities
of the engine, the transmission, the propeller shaft and the driveshaft. Tj gap, Iy and
wyy represent the road load torque, equivalent mass moment of inertia of the vehicle

on driveshaft, and the angular velocity of the wheels, respectively.

The equations of the motion of the system are given as (3.15), (3.16), (3.17), (3.18),
(3.19) [28]:

Te - TCL = Ied)e (3.15)

TCL - TR = IRd)R (3.16)

23



Tp

TR - I = IDO,)D (3.17)
T, — ITF—‘; = Iyto (3.18)
To — Troap = lw®w (3.19)

where [ is the first gear ratio and Igp is the final drive ratio.

and w., WR, Wp, Wgo and wyy represent the respective angular accelerations of the

engine, the transmission, the propeller shaft, the driveshaft and the wheels.

The road load torque is the sum of the resistance torques and can be expressed as in

(3.20) [28].
TLOAD = (fW + RA + RG)r (3.20)

where f is the rolling resistance coefficient, W is vehicle mass, r is tire radius, R, is

the air resistance force and Rg is the grade resistance force.
The air resistance force is expressed in (3.21).

_ CpAg pVv?

R >

(3.21)
where Cp,Afg,p,V are the air drag coefficient, the frontal cross section area of the
vehicle, the air density and the vehicle speed, respectively.
The grade resistance force is given in (3.22).

R; = Wgsina 3.22)

where g and a are the gravitational acceleration and the slope of the road in degree,

respectively.

The angular velocities can be presented in (3.23), as well as (3.24), (3.25) depending

on the gear ratios.

Wy = W, 3.23)
Wp = wwlFD (3.24)
wWR = Q)WIFD11 (3.25)
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From (3.16), (3.17), (3.18) and (3.19), clutch torque T¢;, can be expressed in terms of
only the wheel acceleration since it is easier to measure the data from the wheels than

measuring from the shafts, finally giving the clutch torque equation (3.26),

Te, = G (2 + 12+ Iplep + Inlpply ) + 1042 (3.26)

Irpl1 Irpl1

According to Equation (3.26), during the vehicle launch, the clutch torque increases

until it is fully engaged.

3.3 Heat Energy Generation During Clutch Engagement
During the clutch engagement, the kinetic energy due to the velocity differences
between the driving and the driven shafts is converted to heat energy.

First, integrating (3.15) and (3.16) for the initial conditions between the time frame 0

to t gives (3.27) and (3.28), and at t=0, w, = £, and wg = Oy

We = T—:t— Ii Jy Tedt + Qg (3.27)

wg = — Bt— = [ Todt+ g (3.28)
Ir Ir

Wpy, = We — WR 3.29)

where wy, in (3.29) states the relative angular velocity,

Substracting (3.28) from (3.27) yields (3.30):

wra = Kt — L[] Tepdt + o (3.30)
where
K= Tey TR (3.31)
I Ir
L=+ 21 (3.32)
o Ig
o = Qo — Qg (3.33)

Considering that there is no external torque, (3.30) becomes:
Wra = — L [[ Terdt + oo (3.39)

The slipping period is determined in (3.35), by putting w,, = 0 in (3.34).
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wro = L[ T dt (3.35)

There are three different cases where the slipping time varies with respect to the
applied pressure (or torque). In any of these situations, the clutch torque changes as

well.

a) Constant pressure

b) Linearly increasing pressure

c) Parabolically increasing pressure
3.3.1 Constant pressure
The pressure for this case is [29].

Prax(ty = Pmax(0)
(3.36) states the clutch torque, considering constant pressure;
Ter = Praxhmri(fo” —12) = Ty (3.36)

Slipping period tg in (3.37) is obtained by equating w. to 0 in (3.35),

_ ro
t = (3.37)

The relative angular velocity wy ) can be obtained from (3.34)
1
Wr(p) = Wro (1 — Z) (3.38)

The total heat energy dissipated on the clutch during a single engagement for the

constant pressure situation is expressed in (3.39)
Quc = %fcriAp—Pmax(O)wrots (3.39)
A =nn(r,? —1;?) (3.40)
In (3.40), A is the total contact surface area, n is the number of contact surfaces and
f. is the heat partition ratio. The heat partition ratio determines the proportion of the

heat that enters to the sliding components of the clutch, namely, flywheel, clutch disc

and pressure plate.

In most cases, the flywheel and pressure plate are made of the same material. The

equation of the heat partition ratio is given in (3.41) [30].
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f, = ——KaPdd__ 41
¢ JVKdapdca+vyKkepece (3.41)

where k is the thermal conductivity, p is the density and c is the specific heat. The
subscript d and f refer to the clutch disc and flywheel, respectively.
3.3.2 Linearly increasing pressure

The pressure function in this case is [29].

t
l:)max(t) = lDmax(O) (t_)
S
(3.42) states the clutch torque, considering linearly increasing pressure;
t t
Ter = Ti() = Prmax(o) (M (ro” = 13%) (3.42)

The slipping period in (3.43) and relative angular velocity (3.44) can be obtained by

following the same procedures applied for the constant pressure case

2Wrg

ts =T (3.43)

W) = Wro (1 - (1)2) (3.44)

ts

The total heat energy dissipated on the clutch during a single engagement for the

linearly increasing pressure situation is expressed in (3.45).
1
QH,L = chriAp-Pmax(O)wrots (3-45)

3.3.3 Parabolically increasing pressure

The pressure function for parabolically increasing pressure is [29].
t t
l:)max(t) = lDmax(O) (t_) (2 - t_)
S S

(3.46) states the clutch torque, followed by (3.47) and (3.48), considering

parabolically increasing pressure;

TeL = Ty (ti) (2- ti) (3.46)
Ter, = Prax(o (M2 = D" = 17) (347)
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TeL = Ty (ti) (2- %) (3.48)

ts

Then, the slipping time can be found in (3.49)

3Wro

ts = 2T, 3.49)
The relative angular velocity can be found in (3.50)
101\  1/1)?
orn = 0ro(5 (2) = 3(2) +D (3.50)

The total heat energy dissipated on the clutch during a single engagement for the

parabolically increasing pressure situation is expressed in (3.51).

1
QH,P = gfcriAp-Pmax(O)wrots (3-51)

3.4 Heat Dissipation During Clutch Engagement

The heat generated in the clutch will dissipate through the frictional components and
to the environment. The sliding components will heat up due to friction as the

convective heat transfer takes place to environment [31].

The temperatures of the sliding components will change at each step, and the heat
equation is given in (3.52) [32].

dT
QH - Qconv =m Cpa 3.52)

In (3.52), Q.onv is the convective heat lost from the clutch to the air within the clutch
housing. The rest of the thermal energy will change the temperature of the clutch
components. Knowing the heat partition ratios, the temperature increments of the

components per each period individually can be obtained from (3.52).

The equation for the temperature of the air within the clutch housing is given in
(3.53):

dT,
Qconv - Qout = macp,aF (3.53)

where Q¢ is the heat convected to the clutch housing case.
In (3.53), the subscript a refers to the air in the clutch housing.

Qout can be mentioned in (3.54):
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Qout = haAa(Ta - Tc) (3.54)
where h, and A, are heat transfer coefficient and area of convection, respectively.

The heat equation for the temperature of the clutch housing case is expressed in

(3.55) [34].

dT,

a4 (3.55)

Qc,in - Qc,out = rnccp,c

where Q¢in and Q¢ oy are the amount of heat convected from the air inside the

housing and the amount of heat conducted to ambient air outside of the housing,

respectively. The subscript ¢ indicates the clutch housing case.
The amount of heat convected to ambient air can be expressed as in (3.56) [34].
Qc,out = kcAc(Tc - Tamb) (3'56)

where k, A and T, are the conductivity of air, area of the convection of the clutch

housing and ambient temperature outside of the clutch housing, respectively.
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4. TESTING

4.1 Vehicle Configurations

Three different types of trucks were undergone the clutch hill start test. Each truck
has different engine output torque and power as well as purpose of usage. The
selection of the trucks was made such that the traction force at wheels was minimum
so that the slippage in the clutch was maximum. The properties of the vehicles are

given in Table 4.1.

Table 4.1 : Vehicle properties.

Vehicle ID Vehicle 1 Vehicle 2 Vehicle 3
Vehicle type Road Truck Mixer Tractor
Clutch Type Single disc - dry | Single disc -dry | Single disc - dry
Series 3232C 4142M 1846T
Engine displacement — [L] 9 11.3 12.7
Number of engine cylinders 6 6 6
Drive 8x2 8x4 4x2
Wheelbase - [mm] 5500 5100 3600
Maximum engine torque - [Nm] 1300 2000 2300
Maximum engine power - [PS] 330 420 460
Maximum vehicle mass - [kg] 35500 41000 43000
Transmission ratio 9.48 13.8 13.8
Final drive ratio 4.63 3.76 2.85
Tire type 315/80R22.5 315/80R22.5 12R/22.5
Clutch effective mean radius - [mm] 172 172 172

Vehicle 1 is a road truck and it is 3233C series, where 32, 33 and C imply the gross
total mass (GTM) in tons, one-tenth of the maximum engine power in PS, and the
command steer respectively. The vehicle is utilized for on-road purposes and carries
the payload via its trailer mounted on the chassis. The Vehicle 1 is illustrated in

Figure 4.1.
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The relevant dimensions of the vehicle from Figure 4.1 are tabulated in Table 4.2.

Figure 4.1 : Dimensions of the Vehicle 1 [29].

Table 4.2 : Dimensions of the Vehicle 1 [29].

Vehicle dimensions
Sign Description Dimension [mm]
A Front length 1465
B Wheelbase 5500
C Distance between rear axles 1305
D Maximum length 9350
H Chassis height 1125
K Cabin length 2225
L Maximum height 3910
M Width 2489
N Chassis width 866
P Rear length 935
U Useful chassis length 6705

A photo of the Vehicle 1 during the preparation for the test is shown in Figure 4.2.
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Figure 4.2 : Vehicle 1 during the test preparation.

Vehicle 2 is a mixer truck and it is 4142M series. The vehicle is utilized for off-road
purposes and carries construction goods such as cement via its superstructure mixer
mounted through the chassis. Also, it is equipped with an engine power take off unit
to be able to rotate the shaft connected to mixer to keep the material in a liquid state.
The engine power take off unit uses up additional torque from the engine since it is a
seperated driven shaft. Due to its nature, the vehicle is subjected to more frequent
clutch engagement and disengagement than road trucks. The vehicle is illustrated in

Figure 4.3.

Figure 4.3 : Dimensions of the Vehicle 2 [30].
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The relevant dimensions of the vehicle from Figure 4.3 are tabulated in Table 4.3.

Table 4.3 : Dimensions of the Vehicle 2 [30].

Vehicle dimensions

Sign Description Dimension [mm]
A Front length 1461
B Wheelbase 5100
C Distance between rear axles 1350
D Maximum length 8886
H Chassis height 1160
K Cabin length 1745
L Maximum height 3220
M Width 2250
N Chassis width 986
P Rear length 800
U Useful chassis length 6691

A photo of the Vehicle 2 during warm-up prior to the test is shown in Figure 4.4.

Vehicle 3 is yet another road truck, which is called tractor and it is 1846T series,
where 18, 46 and T imply gross vehicle mass (GVM) in tons, which means the
maximum allowable mass carried without trailer, one-tenth of maximum engine
power in PS, and tractor respectively. The vehicle is utilized for on-road purposes
and carries the payload via its trailer mounted on the chassis. The prominent

differences between the Vehicle 1 and the Vehicle 3 are that the Vehicle 3 has a

Figure 4.4 : Vehicle 2 during warm-up.
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shorter wheelbase and different trailer connection points onto the chassis. The

vehicle is illustrated in Figure 4.5.

Figure 4.5 : Dimensions of the Vehicle 3 [31].

The relevant dimensions of the Vehicle 3 from Figure 4.5 are tabulated in Table 4.4.

Table 4.4 : Dimensions of the Vehicle 3 [31].

Vehicle dimensions
Sign Description Dimension [mm]
A Front length 1500
B Wheelbase 3600
D Maximum length 6044
G Fifth tire height (laden) 966
K Cabin length 2581
L Maximum height 3678
M Width 2489
N Chassis width 866
P Rear length 954
Q Fifth tire location 590

The Vehicle 3 during the test can be seen in Figure 4.6.
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Figure 4.6 : Vehicle 3 during the test.

4.2 Clutch Hill Start Test

The test is performed to determine thermal effects in the clutch when the it is
subjected to a number of starts at short regular intervals with a fully loadad vehicle
on a slope. The thermocouples measure the temperature of the air within the clutch

housing. The components and final temperatures are examined after the test.

4.2.1 Instrumentation

Prior to the test, thermocouples are placed at appropriate places in the clutch housing
such as near the clutch release bearing from the inspection hole and the flywheel by

drilling the clutch housing.

Continuous temperature measurement from the sensors is crucial for interpreting the
test. Therefore, it is important to check all instrumentions work properly and arrange

wires and routings for the sensors.

A cross section view of the clutch system for the vehicles is shown in Figure 4.7. As
seen from the figure, there is a little space inside the clutch housing, which means the

thermocouple locations are quite limited for most of the cases.
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Figure 4.7 : Cross section view of the clutch system

Figure 4.8 shows the thermocouple placed right near the clutch release bearing.

Figure 4.8 : Thermocouple position near clutch release bearing.

Another thermocouple is put near the flywheel by piercing the surface of the clutch

housing, which is shown in Figure 4.9.

37



Figure 4.9 : Thermocouple position near flywheel.

4.2.2 Test preparation and procedure

The test is performed according to the following procedure:

a)

b)

c)

d)
€)

Part replacements are completed and test equipments are prepared.
Thermocouples are installed near clutch release bearing and engine flywheel
to measure air temperature in clutch housing. All the thermocouples and
wiring routings are checked to make sure they work properly.

After all instrumentations are done, clutch bedding is performed with the
fully loaded vehicle. The vehicle is driven at a moderate speed without any
kind of irregular behavior such as abrupt clutch engagement or
disengagement.

The test begins on a road with 10% slope once the air temperature within the
clutch housing reaches to 80 °C.

Hand brake is applied and the lowest gear is selected.

Clutch pedal and handbrake are released while the accelerator pedal is
operated. The vehicle is driven in a normal manner at a minimum determined
drive speed such that the engine speed is still sufficiently high to continue to
drive up the hill.

The air within the clutch housing temperature is recorded after each start,

until the test is completed.
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g) The aforementioned steps are repeated at 1 minute intervals for 100 cycles.

4.2.3 Test facility

Tests were conducted in Valeo Turkey’s Bursa City facilities, as seen in Figure 4.11.

Figure 4.10 : Test facility in Bursa.

Test and test facility information are shown in Table 4.5.

Table 4.5 : Test facility and dates.

Vehicle Vehicle 1 Vehicle 2 Vehicle 3
Road slope — [%] 10

Road type Asphalt

Ambient temperature — [°C] 10 10 21
Test date — [dd.mm.yyyy] 01.11.2013 28.02.2014 19.03.2014

As used here, the ambient temperature refers to the weather temperature.
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S. SIMULATION AND RESULTS

5.1 Model

The model consists of mainly five sections. Sections are linked to each other

accordingly in the model as shown in Figure 5.1.

Figure 5.1 : Basic model on GT-SUITE.
5.1.1 Control section

In the control section, the steps in the test procedure are modeled. Gearshifting and
braking strategy as well as clutch and gas pedal modulations are created. The virtual
driver releases the clutch pedal, depresses the gas pedal, shifts the gear and drives the
vehicle at a target speed as a function of the engine speed, gear ratios and tire size.
Then the vehicle waits at the idle speed for 1 minute and repeats the same cylcle for

100 times until the simulation is finished. These are achieved by the controller
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module and other connections in the control section linked to each other accordingly,

seen in Figure 5.2.

L]
R 1 ¥
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Figure 5.2 : Control section of the model.
5.1.2 Clutch mechanical section

Figure 5.3 shows the clutch module that is placed between the crankshaft and
transmission input shaft, both of which rotate at different angular speeds until the
synchronization is established. The moment of inertias of both shafts are also
inserted. The mean radius of the clutch, the clamp load of the clutch cover and the
variation graph of the clutch friction coefficient with respect to temperature are
placed in the clutch module. The information from the clutch mechanical section is

sent to the clutch thermal section at every step of the simulation.

®

Figure 5.3 : Clutch mechanical section of the model.
5.1.3 Clutch thermal section

According to the Figure 5.4, the frictional clutch mass is connected to the clutch
housing by means of the air inside the clutch housing, while it is connected to the
ambient air outside of the clutch housing. Mass and material information of the

clutch and clutch housing, the conduction and the convection heat transfer
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coefficients of the clutch and the air inside the clutch housing are put into clutch
thermal section. The heat generated in the clutch heats the clutch itself first, then the
energy goes to the clutch housing by air. The heat is then convected from the clutch
housing to the ambient air outside of the housing. The clutch housing mass and
surface area are correlated for the heavy commercial vehicles based on a former test

performed in the past.

® = ®
Figure 5.4 : Clutch thermal section of the model.
5.14 Vebhicle section

The vehicle section consists of the main vehicle body and powertrain components
such as transmission, driveshaft, differential, axles and tires. These elements are
linked on each other with rigid connections as shown in Figure 5.5. Ultimately, the

vehicle is connected to the road by tires and to the control section accordingly.
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Figure 5.5 : Vehicle section of the model.
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5.1.5 Engine section

The torque map is inserted to the engine section so that the clutch benefits the torque
as a function of the engine speed, clutch and gas pedal adjustments and engine speed.
The engine map in the engine module is three dimensional map that shows the
variation of engine torque with respect to engine speed and gas pedal percentage.

The rotating shaft of the engine connects the clutch module to the transmission.

5.2 Simulation Inputs

Simulation inputs are illustrated by a fishbone diagram in Figure 5.6:

Clutch Vehicle

(fear ratio Tire size

Matenal type lutch size

FDR Vehicle mass
Friction e -
Mass coefficient Driveline inettias Aerodynamics
- Center of gravity Rolling force
Surface area Inertia Clatch
temperature
Max. speed Agression Engine inertia
fu"aiﬁng_ Driveaway Engine Ambient Road grade
intervals duration torque . temperature
Engine speed Road type
Driver . .
Engine Environment

Figure 5.6 : Fishbone diagram for the simulation inputs and outputs.
5.3 Assumptions in Simulation
There were a number of assumtions made in the simulation, especially due to fact

that the test is a driver dependent test. These assumtions are mentioned below:

a) The gas pedal inflection percentage flactuates around 80% in the simulation.

The actual value is also close, but not exact.

b) The clutch housing’s mass and surface area are a little larger than their actual
values since there are additional components such as clutch release fork and

release bearing in the clutch housing, which also absorb the heat energy.
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c) The engine does not reach extreme speeds, which is also instructed to drivers
prior to actual tests. This is achieved by the engine speed controller in the

model.

5.4 Simulation and Test Results

The air temperature within the clutch housing was recorded at each step of the test
and the final temperatures were analyzed. It was seen that all thermocouples inside
the clutch housing measured the same air temperatures. The comparison of the
simulation and the test results of the air temperatures within the clutch housing
according to time is given in Figure 5.7.
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Figure 5.7 : Clutch housing temperature vs time — Vehicle 1.

Figure 5.8 shows the comparison of the test and simulation results for Vehicle 2.
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Figure 5.8 : Clutch housing temperature vs time — Vehicle 2.

The same comparison for Vehicle 3 is shown in Figure 5.9.
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Figure 5.9 : Clutch housing temperature vs time — Vehicle 3.

The final air temperature values in the clutch housing for all vehicles are given in

Table 5.1.

Table 5.1 : Test and simulation results comparison.

Clutch housing final temperatures [°C]

Simulation Test
Vehicle 1 111 108
Vehicle 2 112 113
Vehicle 3 138 138
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6. DESIGN OF EXPERIMENT (DOE)

6.1 Setup

A full factorial DOE was performed on GT-SUITE to determine some of the most
important factors affecting the clutch energies with their magnitutes. The main
vehicle properties effecting the clutch heat dissipation and their number of levels

were selected, keeping the other variables constant. As a result of selected factors

and their number of levels in Table 6.1, total 432 simulations run in DOE.

Table 6.1 : Main factors and levels for DOE.

Factor Minimum Median Maximum # of Levels
First gear ratio 12.8 13.8 14.8 3
FDR 2.7 2.85 3 3
GTM [kg] 40000 45000 2
Grade [%] 10 12 2
Tyre size [mm] 458 492 526 3
Ambient temperature [°C] 10 30 2
Max. engine torque [Nm] 2040 2240 2

6.2 Results for DOE

6.2.1 Goodness of fit

Coefficient of determination (R?) and adjusted coefficient of determination are found

96.7% and 96.24%, respectively. The results for the goodness of fit are given in

Figure 6.1.
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Figure 6.1 : Accuracy of DOE.
6.2.2 Effects pareto for clutch housing temperature

Figure 6.2 mentions the pareto chart which shows the magnitute and the importance
of an effect. It can be understood that the transmission ratio effects the energy
dissipation in the clutch the most, followed by the tire size, FDR, vehicle mass,

engine torque, slope of the road and ambient temperature, respectively.
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Figure 6.2 : Pareto chart for the clutch housing temperature.
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6.2.3 Main effects plot for clutch housing temperature

The main effects plot shows how the clutch housing temperature changes with
respect to each factor. It can be seen from Figure 6.3 that the contribution of the

ambient temperature has the least effect on the clutch housing temperatures.

Ambient temp 14.758
Slope 16.207
. Engine torque
g
2 Vehicle mass 20841
[
FDR -30.86%
Tire size 38.827

First gear ratio | 40,687

50 40 30 20 10 0 1020 30 40
Main effect value

Figure 6.3 : Main effects plot for the clutch housing temperature.
6.2.4 Interaction plot for clutch housing temperature

The combined effects of the parameters on the clutch housing temperatures are seen

in the interaction plot in Figure 6.4.
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Figure 6.4 : Interaction plot for the clutch housing temperature.
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6.2.5 The equation for the clutch housing temperature by DOE

DOE gives an equation for the clutch housing temperature as a function of the
factors. The difference in the results between the DOE equation and the simulation is
less than 5% for a certain range of the factor values. The results can be seen in Table

6.2.

Table 6.2 : DOE and simulation results for clutch housing temperatures.

Factor Ist 2nd 3rd
Transmission ratio 13 13.2 14
FDR 2.75 2.8 2.7
GVM [kg] 41000 42000 45000
Grade [%] 11 11 12
Tire size [mm] 480 490 510
Ambient temperature [°C] 15 18 25
Max. engine torque [Nm] 2100 2150 2200
DOE result [°C] 156.08 154.68 189.2
Simulation result [°C] 147.7 144.1 178.2
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7. DISCUSSION AND CONCLUSION

7.1 Discussion

In this thesis, the simulation of the clutch hill start test has been established. A
complete vehicle structure and a driver profile have been modeled. The test
procedure is followed thanks to the driver profile in the simulation. Clutch housing
temperatures have been obtained as an output of the simulation. The integrity of the
simulation has been validated with three physical vehicle tests. The deviation
between the actual test and simulation results are as low as 2%. In addition, a DOE
has been performed to see the impacts of selected factors on the heat energy
dissipation and clutch housing temperatures. These effects were tabulated with their

magnitudes and the most critical factors have been found.

432 simulations run in DOE and the results have an accuracy rate of 94%. The
essential factors playing role in temperature rising of the clutch housing have been
determined with their degree of magnitudes. This means that each parameter has a
unique effect in the results. For instance, reducing the first gear ratio will influence
the clutch temperatures more than reducing the final drive ratio even if the percent of
the change is same. Another example of optimizing the clutch temperatures is that
since the ambient temperature effect has been evaluated, optimizing the clutch
temperatures and even fuel economy become possible for the vehicles shipped to the
cold regions. These vehicles could be equipped with a smaller final drive ratio. In
this situation, the clutch will heat up more, however, due to the ambient temperature,
it will cool down. Eventually, the vehicle can consume less fuel as the clutch
temperature remains in the safe range. Yet another benefit of the model is that
making a modicification in the transmission is very difficult unless the OEM is able
to manufacture its own. The transmission manufacturers sell the same transmission
to plenty of the OEM for reducing the product complexity. Hence, optimizing the
transmission gear ratios might be impossible. Knowing that each parameter

influences the clutch life at a different rate, the properties of different driver
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properties such as the final drive ratio or tire radius can be modified, considering that

transmission gear ratios are constant.

The model takes the variation of the friction coefficient of the clutch disc linings
with respect to temperature into consideration. The friction coefficient tends to be
constant at a narrow range of temperature values. However, it decreases drastically
as the temperature continues to increase. This means that the heat in the clutch due to
the friction increases exponentially at each step of the test as the temperature keeps
rising, which can burn the clutch easily. Considering this in the simulation is crucial
for obtaining consistent results. In addition, it enables us to compare different types

of clutch linings made of organic and ceramic, for instance.

According to the test procedure, each test is performed with a normal driver
aggression, meaning that the driver prevents any abrubt clutch and gas pedal
adjustments. This driver profile has been modeled in the simulation. As an input of
the tool, the aggression of the driver can also be modified with respect to the
different test conditions. For instance, a sport or a professional driver can be created.
In any case, the torque flow rate and the clutch housing temperatures will be

different.

7.2 Conclusion

Technically, the tool aims to investigate the clutch temperatures during the clutch hill
start test, which helps predict risky cases for the clutch as well as product validation
and optimization. In addition to driveline optimization, clutch properties such as

mass, surface area, inertia and friction material can be improved.

It is quite simple to apply the model to passenger cars as well, provided the clutch
thermal section needs to be correlated according to the passenger cars’ clutch

housing mass and surface area properties.

Finally, the model provides a tool to save money and time, which are spent for the

tests.
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