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ABSTRACT

DESIGN AND ANALYSIS OF AUTOMOTIVE CLUTCH SYSTEMS

Mumecu, Adnan Tibet
M.S. Department of Mechanical Engineering
Supervisor: Prof. Dr. Metin Akkdk

Co- Supervisor: Prof, Dr. Samim Unliisoy

July 2002, 128 Pages

This study is an attempt to include the engagement characteristics of clutches in
vehicle performance studies. A computer simulation of engagement dynamics is
used in order to study the clutch engagement. The simulation includes engine
torque characteristics, diaphragm spring characteristics, driveline components,
rotational inertias, vehicle parameters and road conditions. The engine throttle
level and clutch pedal release scenarios are also included in the analysis. The
vehicle performance in terms of vehicle acceleration, velocity and distance taken

during the clutch engagement are analysed.

A mathematical model is used to determine sliding velocity between clutch side

and engine side, torque transmitted through the clutch, engagement time, surface

iii



temperatures reached and energy dissipation of the clutch during slipping period.
Numerical examples and detailed results of the clutch engagement are presented
and discussed. The case studies have shown that the driver behaviour is the most
effective parameter in the engagements. Low rpm engagements and thus low
slipping periods are more advantageous when the clutch temperature and clutch
life is considered. Gradient angle of the road has also a great effect on engagement
characteristics and it is the prior parameter when selecting a clutch. Different
clutch discs are analysed for the same cases and results are compared. Larger
clutch discs are found to have shorter slipping times and reach lower temperatures

for the same conditions.

Keywords: Clutches, Diaphragm Spring Clutches, Clutch Engagement, Friction,

Friction Discs, Friction Clutches, Disc Clutches.
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OTOMOTIiV KAVRAMA SISTEMLERI TASARIM VE ANALIZi

Mumcu, Adnan Tibet
Yiiksek Lisans, Makina Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Metin Akkdk

Ortak Tez Yoneticisi: Prof. Dr. Samim Unliisoy

Temmuz 2002, 128 Sayfa

Bu caligmada araglarin kavrama karakteristiklerin ara¢ performansi iizerine etkisi
incelenmistir. Kavrama dinamiklerini esas alan bir bilgisayar programi hazirlanmgtir.
Analizde motor tork karakteristik egrileri, diyafram yay kuvvet karakteristikleri, gii¢
aktarma elemanlari, donel ataletler ve yol kosullar1 g6zoniine almmugtir. Siiriiciiniin
gaz ve debriyaj pedalina basma senaryolari da analize eklenmigtir. Kavrama
sirasindaki ara¢ performanst ivme, hiz ve katedilen yol olarak detayli sekilde

incelenmistir.

Kurulan matematiksel model, siirtlinme hizi, aktarilan tork, kavrama siiresi, ulasilan
sicakliklar, ortaya c¢ikan 1s1 gibi degiskenleri degisik durumlarda incelemekte
kullanilmigtir. Niimerik Ornekler {izerinde detaylh kavrama analizleri yapilms,

sonuglar tizerinde tartisilmugtir. Ornek analizlerde, kavramada en etkili parametrenin



stirlicii davramiglant oldugu belirlenmistir. Diisik motor devirlerinde tamamlanan
kavramalarin sicakliklar ve balata omrii agisindan avantajli oldugu gézlemlenmistir.
Yolun egim agisimin da kavramada ¢ok etkili bir parametre oldugu ortaya ¢ikmmstr,
Farkli boyutlardaki debriyaj balatalan ile yapilan analizler sonucu, biiyiik balatalarin
daha kisa kavrama siiresinde ve daha diisiik sicakliklarda kavramay: tamamladiklan

goriilmilstir,

Anahtar Kelimeler: Kavrama, Debriyaj, Diyafram Yayli Kavramalar, Siirtiinme,

Balata, Siirtiinmeli Kavramalar, Debriyaj Balatalari.
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CHAPTER 1

INTRODUCTION

Friction clutches are torque transmitting devices designed to be engaged and
disengaged while driving or driven members rotate. Clutch is the essential
component between the driven and driving plates that synchronises the rotational

speeds.

The introduction of the internal combustion engine has had a substantial
influence on the development of clutches. The automotive requirements has been
of primary concern. The task of clutch is connecting the driven machinery to the
~ prime mover, while maintaining the latter at a minimum operating speed with

good torque response, and sufficient energy absorption capacity.

The driving and driven plates are the primary torque transmitting members of the
clutch. Their two main functions are to generate the frictional torque transmitting
capacity at the interface and to transmit the applied torque. During a clutch
engagement, the torque applied to the plates is equal to the frictional torque
capacity of the clutch until clutch slip has ceased; after the clutch is locked up,
clutch torque is the torque applied by the prime mover or sometimes by the

driven machinery.




Materials for clutch plates are under continual development. The major emphasis
has been aimed at obtaining high friction coefficients, consistent friction
coefficients, low wear rate for both the friction material and the matting surface,
resistance to seizing, low swell, high temperature resistance, high energy
absorption capacity, resilience, quiet and chatter-free engagement, and lately to
eliminate asbestos. The plate interface is usually made up of a friction material

and a ferrous opposing surface.

The clutch engagement analysis must be made from the clutch pedal to the
engine. Every parameter between tires and the engine should be considered to
make a realistic analysis. The large number of variables and the complexity of
the analysis make the need of a computer aided design procedure. Using a small
time interval solution procedure with numerical methods can simulate the
engagement action. Iterati.ve approaches should be used to converge the needed

parameters.

A large number of clutch configurations result from the many methods of
applying the clamp force to the plates. The commonly utilised force generating
principles are: Manual, coil spring, diaphragm spring, air pressure, torque assist

and combinations of these.

Before designing a clutch system, the input parameters should be well defined.
These input variables are the engine torque-speed characteristics, vehicle
specifications, design conditions and the operator variables. The operator

controls both the clamping force (by clutch pedal) and the input torque (by the



throttle pedal) in a vehicle. In order to make the analysis, these operator inputs

must be considered in detail.

The engine and vehicle specifications must also be considered in detail to make a
successful simulation. The vehicle inputs should contain gear ratios, masses,
moment of inertia of the rotating parts, tire resistances, aerodynamic drag
coefficient and so on. The design conditions should be taken as the worst
conditions under which the engagement occurs. The number of engagements, the

gradient and the ambient temperature are some of these conditions.

1.1 Literature Survey on Clutches

A large number of studies have been performed on clutch design. Different types
of clutches (friction, wet friction, cone, jaw, gear, expanding rim, etc.) are used
for engagement processes. The selection of the clutch type depends on its usage.
For a smooth engagement, friction type clutches will be appropriate. If large
torques are to be transmitted, wet clutches will be the right choice although they

have more complex structures.

Clutch life is usually limited by the facing wear and it is highly depended upon
the quality of the engagement process. Engagement time, torque to be
transmitted and the variation of the torque transmission with time are the factors
that designate the engagement quality. Engaging the clutch from a stand still

requires the coordination and modulation of engine torque with the throttle pedal,



torque transmitted through the clutch with the clutch pedal and vehicle speed. A
large number of clutch facing and clutch control parameters have profound
effects on the engagement characteristics, clutch performance and the overall
performance of the vehicle. A poor engagement may be responsible for both

vehicle performance problems and clutch failures.
1.1.1 Works on Engagement Characteristics and Energy Calculations

Szadkowski and Morfold [1] worked on clutch engagement and ideal
engagement characteristics are defined. No lurge and no kill conditions are
discussed and the objectives to perform an ideal engagement are listed. Using a
mathematical modelling of the system, a relation between clutch torque and
engine torque is expressed. Engagement without throttle is studied for typical
examples of commercial trucks by using a computer simulation. Also the plz;te
load, facing material properties, effect of number of plates, clutch size and clutch
pressure is studied in this paper. A simulation of first gear start with throttle is
made and the results are compared with experimental values. An important
observation was made as a result of this study; fast aggressive starts do not
produce greater temperature problems for dry friction materials. On the contrary
thermal problems occur when the vehicle experiences a series of slow clutch

engagements.

The work of Szadkowski and McNerney [2] is a continuation of engineering
efforts on mathematical expressions and computer simulation presented in [1].

The modelling and study is extended on starting a vehicle with use of the throttle.



The basic mathematical models are modified in this paper because clutch
engagement with throttle makes the researchers consider the human factors. Not
only the clutch release but also the accelerator pedal is controlled by vehicle
operator. The definition of ideal engagement is modified and throttle lead time
and throttle level inputs are added in the mathematical model. Moreover, the
model has been adjusted to predict low range characteristics of diesel and gas
engines. Discussion of various simulation cases and results of extensive studies
for various clutch parameters (such as the plate load, facing materials, pressure,
damper size, damper stiffness, number of plates, engine parameters) are
presented. Important extreme cases (repeated clutching, low loading rate etc.) are
examined to determine when the clutch lock-up cannot be accomplished or the
engine cannot be stalled. Important conclusions of this paper are: The vehicle
operator should be able to keep the engagement speed under a certain level,
which relates directly to the clutch plate-loading rate. It is a way to ensure ideal
or close to optimum engagements. Larger starting throttles will result in longer
engagement times and less favourable engagement characteristics. Also the plate
loading rate corresponding to the optimum engagement decreases with throttle
level increase. A quality engagement in a truck with a gasoline engine is more
operator dependent than in diesel trucks. Not only too large but also too small
throttles make smooth engagements difficult for the operator to perform and
negatively affect the wear of the clutch. The throttle lead-time allows
simplification of human factors in this mathematical model. The lead-time may

be considered as a secondary factor in the design of engagement systems.
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Michael [3] reviewed the use of disc type wet brakes and clutches in off-highway
machines and pointing out some key design elements like torque capacity, energy
capacity, cooling capacity and noise of brake and clutch design. Importance is
given to torque and energy capacity design techniques in this study. Also the
design data of different friction materials, calculations of clutch torque and
absorbed energy by the clutch are given. Uniform facing pressure and uniform
coefficient of friction assumption is made to calculate the clutch torque,
clamping force and energy capacity. The formulation is nearly same with
Szadkowski’s work [1] but average diameter is used instead of using outer and

inner diameters.

Disc type clutches are important components of many vehicle drive trains. Wet
clutches are becoming widely used for heavy-duty applications where durability
is important [3]. Traditionally clutches are designed to provide sufficient torque
capacity using simple and well known techniques, but all other variables need to
be considered. While the design analysis of clutches for energy capacity and
chatter can be extremely complex. For most applications there are some

relatively simple relationships that can be applied to obtain an adequate design.

Hermanns [4] worked on design refinements, which will improve the clutch life
and operating characteristics. This study deals with clutch sizing, two plate
clutches, heat effect, temperature increase, startability of the wvehicles,
characteristics of the friction materials, engagement characteristics and torque
capacities. A large part of the paper is on the analysis of two plate clutches from

the viewpoint of torque capacity and energy absorption. Benefits of the two plate



disc clutches are discussed. Vehicle test data is given in this paper which
indicates the amount of energy converted to heat by the clutch during a normal
vehicle start. Start ability of vehicles that has a great effect on clutch life is
investigated. Operator factor is found to be the most important parameter in

determining clutch life.

Unliisoy and Akksk [5] presented a dynamic model of clutch engagement. Both
the engine and the transmission dynamics are simulated with this model. A
number of scenarios for the simulation of gas and clutch pedals are used. The
motion of vehicle is determined by solving the model with these scenarios
numerically. The engagement analysis is made both on the level road and uphiil.
The input and output speeds of clutch, vehicle speed and distance covered by the
vehicle are calculated. With this model, engagement characteristics of a specified

vehicle can be determined which can be very useful for the designers.

Willyard’s [6] considered the ergonomic and operational advantages of single
plate diaphragm spring type clutches over the twin plate coil spring type
clutches. Comparisons between these two different clutch types are made. The
functional differences between these two types are described and comparison of
single plate clutches with twin plate clutches is given. In this work clutch pedal
effort, torque capacity, shift effort comparisons, clutch wear life and clutch
reactive torque comparisons are made between single plate diaphragm spring
type clutches and twin plate coil spring type clutches. This work also includes the
experimental studies of friction materials including temperature effects. These

experimental studies include a long-term wear test that is performed with



different vehicles. The typical diaphragm spring clamped load characteristic of a
clutch is investigated in this study also. In all of these comparisons and tests, it is
shown that the single plate diaphragm spring clutches are more convenient for

the vehicles.

Hong [7] developed a computer-based simulation of a vehicle to design the
power-train system of passenger cars aiming to operate at optimal performance.
In this study, dynamic simulation of road vehicle under transient accelerating
conditions has been accomplished through the combination of a dynamic engine
model, a dynamic power-train model and a dynamic road load model. This
dynamic simulation is capable of prediction of the transient performance of road
vehicle power-train systems with a good accuracy and without inputting
experimental engine performance maps. Hence, it is possible to parametrically
determine the real engine characteristics and the engine-transmission matching

with this model.

Burgan [8] developed a formula to calculate the instantaneous energy during
engagement when coefficient of friction, applied pressure, slip speed are
estimated. This paper claims the idea of controlling the energy capacity to
prevent the clutch failure and to obtain a higher clutch life. In high-energy clutch
applications, the designer must consider both the total energy absorbed by the
clutch and the instantaneous rate at which energy is dissipated. The main
conclusion is: if the designer can estimate the energy capacity, he also can

control the energy capacity and thus the clutch life.



Schremmer [9] developed the force-deflection equations of slotted conical disc
springs. The load-deflection diagrams are given and they are compared with the
measured resuits taken by the testing machine. The deflection of the tongues and

stress analysis of the spring is also given in this paper.
1.1.2 Works on Friction Materials

Wet clutch facings are mainly used in automatic transmissions of automobiles as
annular multi disc clutches. The wet disc clutches used in automatic
transmissions consist mainly of multiple separators and friction plates. During
the engagement of clutches a large amount of friction heat is generated at the
separator friction plate interface depending on the friction material, pressure

applied and time.

In the friction clutches there is a considerable uncertainty about the distribution
of axial load P over the contact surfaces. Between surfaces made of hard
frictional materials such as sintered metals, contact is far from uniform and the
pressure distribution is highly irregular. With soft friction surfaces of low elastic
moduli such as certain asbestos — resin materials, fairly uniform contact can be
assumed and hence the pressure is independent of the radius. Moreover when the
clutch life is considered, the rate at which surface wear depends not only on the

pressure but also the velocity of sliding between the surfaces.

Lucas and Mizon [10] defined the equations of motion of a two-degree of

freedom system for clutch engagement. A numerical method was employed to



.solve the equations with a digital computer. Clutch torque and engine torque are
taken as functions of time. Also practical tests are performed with different
drivers and the results are compared with the analytical results. Different
gradients are taken into consideration in these tests and a statistical table of

driver behaviours is formed.

These statistical works have shown that generally driver applies a sufficient
clamp load to hold the vehicle and this is held constant throughout the
subsequent engagement until the slip speed is nearly zero. Then the rest of the
clamp load is applied rapidly. The length of time in which the vehicle is held on
the clutch can be quite long, of the order of 0.5 s on the level and more than 1 s
on the gradient. Another conclusion of this paper is that a quick take-off obtained
by using of higher initial engine speed and a higher clamping force generates
more heat and temperatures. Less heat is generated if the driver allows the engine

speed to drop during clutch engagement.

Lucas and Mizon [11] used the same mathematical model but a different friction
model that includes the temperature, sliding speed and pressure effects. This
model used provides information on the instantaneous torque output from the
clutch, instantaneous speed and the instantaneous spatial temperature

distributions through the clutch components during engagement period.
Gibson and Taccini [12] introduced a new type of friction material for the brake

and clutch applications. This material is composed of carbon fibre reinforced

carbon matrix composite, which has been subjected to high processing
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temperatures. The properties of this material are high coefficient of friction, low
wear, low density, excellent stability at high temperatures and consistency of
performance when using the same material against itself. This paper discusses

the results obtained from dry friction applications.

Rhee [13] worked on three different friction materials to derive a friction force
formulation, which involves the temperature, sliding speed and pressure effects.
This paper also reviews past studies about friction force in the literature and
searched the reliability of these equations. A new equation is given according to
the test results including some constants. These constants are given as intervals

to be appropriate for different type of friction materials.
1.1.3 'Works on the Effect of Temperature and Contact Pressure

“Many authors have stated that excessive temperatures and heat rates are major
causes of clutch failures. Simulation of these temperatures is preferred over trial
and error methods. The purpose of all simulation models is to describe the reality
as closely as it is needed for the purposes without getting lost in complex details.
Another approach to the problem of clutch temperature is to first calculate the
generated heat under some circumstances as a function of time and then use this
or a simplified heat characteristic as boundary condition for the Fourier equation

to obtain the values of the temperatures.

Some of the most important conclusions are that both the dynamic and static

coefficients of friction slightly decrease and the engagement time increases with

POKIMANTASYON & amm
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increasing temperature. It was also found that the. static and dynamic friction
coefficients are not influenced by energy if the instant temperature is the same.
Another important parameter is the stick-slip motion of the clutch, which
depends on the difference of static and dynamic coefficient of frictions.
Increasing the temperature will decrease the difference between the static and

dynamic coefficient of friction and thus increase the risk of stick-slip.

Thermal loading in clutches is affected by normal pressure distributions on
friction surfaces. When the pressure distributions are non-uniform, the
distributions of heat flux generated on friction surfaces are also non-uniform.
This can result in high local temperatures and high thermal stresses. The
distribution of pressure depends on both design and material factors. They can
also be subjected to changes during the clutch engagement due to thermal

deformations [14].

During clutch engagements, the friction surface temperature reached becomes
excessive and clutch failure may occur. To prevent the clutch failure, it is
necessary to know the value of maximum surface temperature, how this depends
on known conditions of loading, physical properties and dimensions of clutch
plates and the degree of air-cooling. With repeated clutch engagements the
temperature depends mainly on the coefficient of heat transfer from the clutch to
the atmosphere and the area of the rubbing path. If the heat transfer coefficient is
known or can be estimated, then by taking a limiting temperature, the area of

clutch surface needed can be determined.
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Zagrodzki [14] developed a theoretical model of a multiple disc clutch. With this
model, distribution of initial pressure and temperatures are examined. Using the
pressure distributions the temperatures and the stresses in the cross-sections of
friction discs are calculated. The most important factor in thermal loading is the
mean heat flux generated on friction discs during engagement. Experimentally
determined values of heat flux are given for a specified material in this paper.
The study also indicates that under non-uniform pressure distributions, stresses in
discs can reach values several times higher than those reached under uniform

distributions.

Wouters [15] presented a new approach; all variables mechanical and thermal
must be calculated in the same loop. A computer program was developed to
solve the heat transfer equations. In the study also the torque and energy
equations are derived to calculate the generated heat rate. The graphical results of
this computer program includes generated heat in clutch versus heat rate and

temperature changes versus time.

Holgerson and Lundberg [16] investigated the influence of temperature and
energy on various engagement conditions. A test setup, which operates with both
drive torque and inertia was prepared to measure the characteristics of clutch
engagement. Tests were performed with two different energy/friction area and
with different starting speeds. Starting temperature is the clutch face temperature
just before the engagement and it is adjusted by hot air. The results show that
energy levels and sliding speeds do not affect the static and dynamic coefficient

of frictions at the same instant temperatures. The difference between the static

13



and dynamic coefficient of friction slightly decrease with increase in temperature
and the engagement time increases while the torque capacity decreases with the

increasing temperature

Newcomb [17] considered the torque capacity, rate of energy dissipation and
temperatures reached in a single and multiple engagements. Expressions are
given to determine the torque capacity of a clutch and rate at which heat is
dissipated by dry friction during a single clutch engagement. In the study it is
shown how the maximum friction surface temperatures varies with thickness of
the pressure plate for design purposes. A rapid method of calculating
temperatures when the slipping time is known is given. A good agreement
between the theoretically and experimentally determined values prove the
equations reliability. A formula is given to enable the area of the rubbing path to

be calculated if the temperature is not to exceed a specific value.

Newcomb’s other work [18] mostly dealt with drum brakes. The heat generated
during braking, the transient temperatures during a single brake application are
considered. A general expression for the temperature rise is given and its
application to the determination of the area of friction path for a given vehicle is
made. Newcomb [19] calculated the effect of the dimensions and thermal
properties of the brake components on the rate of temperature rise and on the

limiting temperatures reached during a series of applications.
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1.2 Object of the Study

The aim of this study is to develop an efficient, user friendly and modular
computer program to take into account all the necessary parameters of the
vehicle system, starting from the drivers clutch and throttle pedals to the wheels

for analysing vehicle performance during clutch engagement.

The previous works analysed the clutch parameters individually. Researchers
worked on clutch torque capacity, clutch temperature, engagement characteristics
and so on. But there is no available work in the literature that has worked on the
complete analysis starting from the clutch pedal to the driving wheels. This study
plays an important role in combining these analyses together and predicting the

effects of different variables on vehicle performance.

In this study, a computer program is aimed to be developed with the following
contents:

-During clutch engagement engine torque output will be determined from
experimental engine torque characteristics.

-Clutch pedal displacement and engine throttle level scenarios will be used to
simulate drivers feet motions.

-Thermal analysis will be carried out to predict the temperatures reached.

-The effect of temperature, sliding velocity and pressure on the coefficient of

friction of clutch friction material will be taken into account.
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-The program will include a vehicle model with total mass of the vehicle,
rotating masses, gear ratios, tire radius and transmission efficiency to simulate a
vehicle drive-train.

-The user will be able to compare the effects of different clutch system
components and road conditions on different vehicles as well as drivers driving

habits by plotting the vehicle performance parameters.
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CHAPTER 2

INTRODUCTION TO PLATE CLUTCHES

2.1 Overview

The improvement of ésbestos—based friction materials permitted the clutches to
endure greater torque and above all, higher temperatures with smaller friction
surfaces. The improvements on friction materials permitted reducing the number
of the discs for a given type of use. At the end of the 20°s and into the 30’s,
practically the only vehicles to retain the multiple-disc clutch were industrial
vehicles, race cars and some high powered sedans. In single plate clutches,
efficiency, performance and durability were prime objectives. Dry friction disc
clutches offered the advantage that they were practically maintenance-free and,

since they operated dry they didn’t pose complex housing design problems.

Earlier plate clutches had shown problems similar to expanding shoe and cone
clutches. However the torque capacity of the spring loaded dry plate clutch was
predictable. The clutch was compact; it provided good heat absorption capacity
and low output mass inertia. Therefore, it was readily accepted as the preferred
clutch for automotive internal combustion engine application. Its attractiveness
was further enhanced by successful development of low cost stamped steel cover

plate assemblies.
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2. 2 Coil Spring Clutches

This design offered some unquestionable advantages, among them a better
distribution of the load on the trust plate and restrained axial dimensions.
However, it was necessary to find the declutching system to work directly on the
thrust disc. A very simple solution consisting of direct action from the control of a
sleeve applied to the thrust disc had the disadvantage of requiring a very great
actuating force. Then declutching system was invented that spread rapidly and

remain in use for many years until the invention of the diaphragm spring clutch.

The design involved three levers arranged radially in equal distance positions.
These levers rested on a thrust ring in the centre, which intern was activated by
the pedal by suitable linkage, which conveniently multiplied the force exerted by
the driver. One of the advantages of this system was declutching the levers
through movement is directly against the flywheel. This meant that the thrust disc
could simply come to rest on the levers during the declutching without having to

be solidly connected to the mechanism.
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Fig 2.1. A Coil Spring Single Disc Clutch [20]

The coil spring clutch evolved from the single coil spring whose axis is coincident
with the friction cluich axis of rotati;)n, into a design with various springs
arranged around in a circumference with the centre located on the axis of rotation
as shown in Figure 2.1. Technically, functioning could be defined as an applied
pedal force that surpassed 15-20 kg, therefore not too burdensome, and a 15-20

cm travel.

¢, YOKSEK SCRETIM KURULE
T POKTRANTASYON mxr.zﬂ

19



The cylindrical springs could not all be exactly equal and therefore the pressure
on the plate was not uniform. And when there were initially different reactions to
fatigue, there were different returns after a certain period. Moreover the
cylindrical springs required an increasing force during the declutching phase. It
was tiring to hold the pedal pressed down while rapidly losing load as the thrust
disc plate approached to the disc. It was especially heavy when the disc is worn,
because the clutch tended to slip more easily. Finally, with the increase in
maximum engine speeds, the centrifugal effect increased on the declutching levers

producing losses of the clutch useful load [20].

Coil spring clutches with cast iron covers in both single and twin plate designs
were the universally accepted design worldwide for medium and heavy duty
trucks until 1972. At that time, diaphragm spring clutches with stamped steel
covers produced by Valeo were introduced by Renault Industrial vehicles. By
1987, usage of the older cast iron cover coil spring clutch was virtually eliminated
in Europe in favour of the newer'diaphragm spring designs with the great majority

of these being the large single plate type.

2.3.Diaphragm Spring Clutches
The diaphragm spring clutch has almost completely replaced the traditional coil

spring clutch in passenger cars, light trucks, and tractors. There are many reasons

why the diaphragm spring clutch became so successful. Its simple, rotationally
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symmetrical design and the low axial height make it easier for the automotive

designer to fit the clutch into today’s shrinking clutch housings.

The single plate diaphragm spring dry clutch is composed of relatively few

components as shown in Figure 2.2. These components are:

1. Clutch Cover

2. Pressure Plate

3. Diaphragm spring

4, Fulcrum rings

5. Fulcrum rivets

6. Rivets to attach drive straps to clutch cover and pressure plate.

7. Friction Disc

diaphraga spring—2

Fig 2.2. A Diaphragm Spring Clutch [20]
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The flywheel is bolted firmly to the crankshaft, which transmits. part of the engine-
torque to the clutch disc. The rest of the torque passes into the cover through the
bolts holding the clutch to the flywheel. From there, the straps transfer it to the
clutch pressure plate. The diaphragm spring clamps the pressure plate against the
clutch disc to achieve positive lock-up with the flywheel. The clutch disc
transmits the entire engine torque to the transmission with a splined connection to

the transmission input shaft.

Fig 2.3. Disengagement of A Diaphragm Spring Clutch [20]
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When the driver depresses the clutch pedal, the release bearing actuates the
diaphragm spring levers as shown in Figure 2.3. The diaphragm spring is
supported on a fulcrum ring attached to the clutch cover. The diaphragm spring
pivots on this fulcrum ring, so that the outside diameter moves away from the
pressure plate. This causes the preloaded drive straps to pull the pressure plate
away from the clutch disc, interrupting torque transmission. When the driver
releases the clutch pedal, the outer portion of the diaphragm spring acts on the
pressure plate which clamps the clutch disc between the pressure plate and the

flywheel.

2.4 Advantages of Diaphragm Spring Clutches

Design comparisons, installation measurements, drive evaluations, laboratory
tests, fleet tests and theoretical analyses demonstrated the following advantages

[20].

Ergonomic Advantages:
-Reduced pedal effort
-Improved clutch engagement quality
-Reduced transmission shift effort

-Improved noise and vibration problem solving capability

Operational Advantages:

-Easier installation
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-Reduced and simplified in service maintenance adjustments
-Longer wear life
-Improved reliability

-Greater torque capacity under thermal loading

In the diaphragm spring clutch, the lever performs the release function. In spite of
the high clamp load requirements, the diaphragm spring’s regressive characteristic -
curve provides the low release loads demanded by the today’s comfort minded
drivers. Finally, when coupled with an appropriately tuned cushion characteristic
in the clutch disc, the diaphragm spring offers excellent engagement performance

and exceptional start-up comfort.

The coil spring clutch loses clamp load as the clutch disc wears because the coil
spring is extending. The diaphragm spring gains clamp load as the clutch disc

wears. The Figure 2.3 shows the load characteristics of the coil and diaphragm

spring clutches.
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Fig 2.4. Load Characteristics of Diaphragm and Coil Spring [20]
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The clutch is defined by three characteristic curves: the clamp load exerted on the
pressure plate friction surfaces, release load and pressure plate lift as shown in

Figure 2.5.
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Fig 2.5. Diaphragm Spring Plate Load and Release Load Characteristics {20]

Clamp load is the force that presses on the pressure plate. Release load is the force
on the clutch bearing. These two forces are linearly proportional to each other

| ) dépending on the ratios of the diaphragm spring. (See Section 3.6).

: Startmg out in the new condition, the load of the diaphragm spring clutch slowly
increases as the facmgs wear. Then it decreases to its original value until it
reaches the wear limit. The clamp load remains nearly constant throughout the life
of the clutch. The reason is in the special form of the diaphragm spring. Due to the
internal lever ratio of a diaphragm spring clutch, the release load amounts to only

30 percent of the clamp load value.

The current trend is toward “low-lift designs” which reduce pedal loads even

" more than in the past. Here the internal lever ratio of the clutch has been further
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optimised, reducing lift off. The addition of the properly tuned cushion
characteristic yields the good engagement performance that the customer
demands. This design requires a special wear adjustment feature to retain the

diaphragm spring.

The increased mechanical lever ratio used on the diaphragm spring type clutch
results in greater clutch modulation control due to the slower rate of clutch
pressure plate clamped load application during clutch engagement. Also it has
predictable and repeatable pressure plate retraction and advancement versus
release bearing position. This is because of the drive straps, which does not

restrict pressure plate movement.
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CHAPTER 3

DESIGN AND ANALYSIS OF FRICTION CLUTCHES

3.1 Torque Capacity of a Clutch

In a single plate clutch the elements of which are shown diagrammatically in
Fig.3.1 p and N are the pressure and total axial load acting at the clutch interface

respectively and R; and R, the internal and external disc radii.

dr

£
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Fig 3.1. A Friction Disc [17]

If uis the coulomb coefficient of friction between clutch face and disc, then the

total axial load supported by the disc is:

T YOKSEX BCRETIM ma{? ‘
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N=2z[ prdr G.1.1)

and the total torque capacity of the disc due to the tangential force on each radial

element (clutch disc and pressure plate) is:

! (.12)
T= ZﬂE u.prt

Before these equations can be integrated the manner in which p and p vary with
respect to radius (due to change in velocity) must be known. There is a
considerable uncertainty about the distribution of axial load N over the contact
surfaces. Between surfaces made of hard frictional materials such as sintered
metals, contact is far from uniform and the pressure distribution therefore is
highly irregular. With soft friction surfaces of low elastic moduli such as certain
asbestos-resin materials, fairly uniform contact can be assumed and hence the

pressure is independent of the radius.

Moreover, when the clutch life is considered, the rate at which surfaces wear
depends not only on the pressure but also on the velocity of sliding between the
surfaces. That is the rate of wear f{p,v). Since there is little detailed knowleage as
to the exact relation between the rate of wear, pressure and rubbing velocity,
there are two alternatives. It will be assumed first that the rate of wear is directly
proportional to the product p.v.
Thus,

Rate of wear = a;.p.v (3.1.3)
and since v varies directly with r

Rate of wear = ayp.r (3.1.4)
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If the coefficient of friction is assumed to be constant then equation (3.1.4)
enables equations (3.1.1) and (3.1.2) to be integrated. In this instance when the

rate of wear is uniform over the friction surface and p is constant then

N=2xpr(R,-R) (3.1.5)
T =1Vzﬁ(1e,, +R) (3.1.6)

for a single disc, and 7, = n.T for n pairs of friction surfaces in contact providing

each carries the same torque.

If however, p is constant
N=n(R}-R).p G.L7)

and if p is substituted in equation (3.1.2) and integrated then for a single disc;

3 3
r=2Nu R —R/) (.1.8)
3 (R)-R))

With clutch discs in which R, is not much larger than R;, say R/R; =1.25 to 1.35,
then equations (3.1.6) and (3.1.8) give torque capacities which for all practical

purposes are the same [17].
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3.2 Analysis of the Vehicle Model

The vehicle model shown in Fig 3.2 is simplified to a two degree-of-freedom
mechanical system containing input and output units having two rotating
equivalent inertias /; and I; moving with two unequal (in general) rotational

velocities ®; and ®; and loaded by torques T; and 7.
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Fig 3.2. The Vehicle Model Used In the Analysis

Here I is the moment of inertia of the clutch output side. It will be approximated
by adding the moment of inertias of the parts rotating at propeller shaft speed and
wheel speed reduced to the speed of the gearbox input shaft to the effective

moment of inertia due to vehicle mass. I, can be calculated as [25]:
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rr I, -
2

I, = L+ L2+, (3.2.1)

2
rg N I"g r .l"f

The resistance torque 75 is the torque on the clutch by rolling resistance, gradient
resistance and the aerodynamic resistance of the vehicle. Here M is the total
vehicle mass.

a) Torque on Clutch Due to Tire rolling resistance:

Tire rolling resistance can be expressed as: [25]

Frr=(a+bV . Mg (3:2.2)
where a and b are constants depending on the type of the tires used. They are
determined experimentally and given as:

a=0.011 and 5=0.000015 for radial ply tires on asphalt road surface.
And Vyepicre is vehicle speed in kph.

This force creates a resistance torque on clutch axis:
Ty =(rw.Fr)/(rg. 1. 1) (3.2.3)

where 1 is the overall efficiency of the driveline components.

b) Torque on Clutch Due to Gradient resistance [25]:

Te=(M.g.r,.Sin(@)/(rg. rs. 1) (3.2.4)

¢) Torque on Clutch Due to aerodynamic effects [25]:

Ty = (0.047.CpApVsenici’) / (rg. 17, 1) (3.2.5)
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where the vehicle speed is in kph . Cp is the aerodynamic drag coefficient, 4y is
the area of front view of the vehicle. 4y can also be approximated by the
expression;

A, = 0.80.(Maximum height ) (Maximum width) (3.2.6.)

The total driven side resistance torque on the clutch axis can be written as:
T,=T,+T,+Ta (3.2.7)
The input unit in this model is an internal combustion engine that has a moment
of inertia of I; and supplies a torque 7. T} is a function of both the engine speed
and the throttle level, which is controlled by the operator (driver). In order to
properly calculate 7;, a detailed engine characteristic must be considered in the
analysis. Figure 3.3 shows the torque characteristics of a gasoline engine for

different throttle levels.
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~
P
-

engine torqua (N-m)
8
yi

[EREPEY AT AN S

engine speed (rpm) throttle (%)

Fig 3.3. Torque Characteristics of 4.0 L. Jeep Cherokee Engine [27]
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3.3 Clutch Engagement Model

Two rotating inertias I; and I, are involved which at the beginning, =0, are
moving with unequal rotational velocities @; and @, and at any instant t they are
rotating at different angular velocities @, and @, respectively. Let I; and I, are

the moment of inertias of the engine and the driven components respectively.

L

CLUTCH
il

Fig 3.4. Simplified Dynamic Model

The clutch torque T¢ is a function of coefficient of friction and normal force. The
coefficient of friction is also a function of sliding speed, temperature and
pressure. So a detailed coefficient of friction analysis should also be made. The
clutch plate normal force depends on the clutch pedal travel and the diaphragm
spring. This is a changing variable that depends on the driver throughout the

engagement process.

The only way to analyse the engagement process is to investigate the process in

very small time intervals and assuming clutch torque, engine torque, resistance
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torque and resistance inertia as constant in these time intervals. If the coefficient
of friction and the normal force are constant and the system is assumed to be

perfectly rigid, then the following dynamic relations exists [17],

do
T -T.=1I.—- 3.3.1)
1 C 1 dt
. % 3.3.2)

Integrating these equations for constant time intervals and substituting the initial

conditions give:

LS At+ (3.3.3)

o) = (D) At + o, (3.3.4)

By repeating these equations n times, the rotational speed of both the engine and

the clutch can be calculated at time = n. Az,

3.4 Models for Variation of Coefficient of Friction

Friction basicly arises from two sources: 1) Mechanical interlocking of asperities

between reaction surfaces, and 2) Chemical adhesion of the reacting surfaces.

The first phenomenon accounts for y being a result of normal versus applied

pressure. But the second and more elusive factor depends on the activation
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energies between molecules of the opposing surfaces, and it is temperature
sensitive. Therefore in trying to determine the x of a particular friction material
one must consider not only an absolute characteristic number that can be applied
to any new design, but one which is a function of many factors:

a. The composition and type of manufactured form of the friction material and

opposing plate.
b. The temperature, speed, and pressure at which p is determined.
c. Environmental contamination and prior usage history of the friction

application.

There are two types of u, dynamic (1) and static (u) which effect the
smoothness of engagement in the transition from sliding to lock-up of the

surfaces.

Most clutch design engineers will base their calculations on a minimum
coefficient of friction of around 0.27 to 0.28 [20]. A typical range of friction
found in clutch materials would be 0.3 to 0.4. Coefficient of friction of a friction
material for a particular application is the single most sought-after number that a
clutch designer needs. Unfortunately, it is often the most elusive and requires
extensive lab and field experience with the particular design in order to achieve
90% confidence that the coefficient will fall within an often wider than desired
range of values. It needs to be emphasised that dynamic coefficient of friction is
not a fixed number even for a single and perfectly manufactured friction
formulation. The coefficient varies with temperature, sliding speed, pressure,

length of engagement, presence of wear particles, contamination, condition of
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mating surface, air flow in the assembly, and other parameters. In addition,
variations in these parameters may influence other parameters. No successful
statistical approach to quantifying and predicting these variables has yet been
evident in the literature. Table 1 shows typical values for one commonly accepted

clutch facing. Note how these values vary from one test to another.

During vehicle testing, it is not uncommon to find internal clutch housing air
temperatures above 200°C while a facing is failing [16]. Dynamometer test stand
measurements have exhibited facing surface temperature with standing spikes
above 650°C for milliseconds, where extended exposure at these temperatures

would have rapidly failed all conventional clutch facings [18].

Loss of friction due to increased temperature is one of the most important
parameters. Decrease in coefficient can not be allowed beyond that minimum at
which insufficient torque is developed to engage the maximum specified load of

the clutch design.

As the coefficient decreases with heat, slip time increases and this leads to further
temperature increase, which decrease the coefficient even more. Slippage and
subsequent heat increases can result from overload, oil contamination, or heat
build-up. Heat build-up can result from repetitive fast cycling such as those

abusive conditions produced by vehicles attempting to move out of snow or mud.

Clutch chatter (also called clutch judder) is very annoying to the driver. Clutch

facings must engage and disengage smoothly. This phenomenon has often been
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explained as an audible low frequency vibration created by the quickly
alternating sticking and slipping conditions, which result from the differences
between the static and dynamic engagements. Generally chatter is closely related
to the ratio of static to dynamic coefficients [13]. According to this theory, the
closer the ratio is to 1:1, the smoother engaging the clutch. This is a rule of thumb
rather than a hard and fast rule. In some wet clutch systems, chatter has been
attributed as much to a steep negative slope in the coefficient versus sliding

velocity curve.

In the literature some empirical relations are formed by dynamometer tests which
allows the extraction of the variation of coefficient of friction with sliding speed,
temperature and clamp pressure for the particular configuration under test. A
technique used by Lucas [11] is given as:

gt = P H(P)(T)p(v) GA1)
v uTyp

where u(p), (1), u(v) are the polynomials at the form
U=A,+A T+A,0....
and uv, uT, up are the are the normalising coefficients given and the constants

Ay, Ay, A; .. are also given in this paper. The results taken with this equation are

not quite realistic so a different approach is needed to be applied.

Newcomb [17] has given an empirical equation for the u versus vyig,e relation
as:

H= ﬂhigh+(ﬂstatic*/1high) eV (34.2)
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where fgarc is the static coefficient of friction and e is the coefficient of
friction at high speed and “a” is a constant depending on the type of the friction
material. This approach does not include the variation of coefficient of friction

with temperature and pressure, so it must be used with some other equations.

4 versus. Temperature graphs given by Ortwein [21] can be used to determine the
temperature effect on the friction coefficient. By curve fitting one can obtain
polynomials of temperature for different friction materials. The pressure effect
will be neglected in the analysis because there are no available equations to
combine the pressure effect into the temperature and sliding speed equations in

the literature,

3.5 Thermal Analysis of Clutch Engagement

Figure 3.5 shows a cross-section of a single plate clutch under the action of an
axial clamping force N. The two outer plates are steel of different thicknesses d;
(pressure plate) and ds; (flywheel plate) whilst the inner plate consists of two
friction plate materials riveted thin spring steel segments, the overall thickness
being denoted by 2d,. Rubbing surfaces can be thought of as plane sources of
heat, producing q(#). At the rubbing interface the surface temperature of both
plates 1 and 2 is the same. The rates of flow of heat into 1 and 2 are not equal but

depend on the thermal properties of two contacting members.
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Fig 3.5. Section of Pressure Plate, Friction Disc and Flywheel Plate [17]

In normal clutch applications the slipping period £ is at most a few seconds in ‘

duration and in this case the contacting bodies can be considered to be infinite in

thickness since only the immediate vicinity of the friction surface is heated in

time fs. This heat conduction problem has been considered by Newcomb [17, 18].

The surface temperature rise is given in the form:
Fort <ts:

2 NNC''? 2t
AT =220 o2
z'? ( 3ts)

and For ¢ > s

12 2 !

2NNC
= ._..-1_._
3( ts)

2t
AT 20 -=) =@t
i (" ( 3)ts) (t—ts)

where,
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C= " (3.5.3)
\/(7‘1 L16) + \/(kz P2:€;)
T
NN = -j—(a)l -,) (3.5.4)

The equation (3.5.2) refers to the temperature in the cooling period due to
conduction alone. When the equation (3.5.1) is applicable, the maximum

temperature of the surface at the end of slip period is given by:

T =0.53.NNs,"? (3.5.5)

The bodies considered are a typical asbestos-friction material slipping against
steel, where

k;=44.982 W/m.K, p;=7800 kg/m3, ¢;=502.38 J/kg K for steel and
k;=0.75386 W/m.K, p,=1796.5 kg/m3 , ¢2=1255.95 J/kg K for the friction

material [17].

The equations (3.5.1) and (3.5.2) allow the transient temperatures during a clutch
engagement to be calculated. Eventually however, the steel members and clutch
facing reach an average temperature, and knowledge of this value is important

when repeated engagements are to be considered.

If the relative rotational velocity at the instant ¢ is (w;-w;) then rate at which

energy is dissipated in the clutch during slipping is given by [17]:

40




g(r) = —Tﬂiﬂ (3.5.6)

The total energy dissipated Q at time ¢ = n. At is

0= dq(t) (3.5.7)

i=1

If all the heat generated during one application is uniformly distributed
throughout the contacting members, the rise in average temperature AT for a steel

pressure disc of weight PPW and specific heat c; is:

AT = T (3.5.8)
PPW c,
and
9 (3.5.9)
AT = A=V
Ad,c, p,

For clutch facing,

(3.5.10)
where y =,k p,c,C

For a typical asbestos-friction material and steel engagement (using the
parameters given above) and using d> = 3.6 mm with a pressure plate weight of

4.5 kg, AT =0.804 Q¢ for the friction disc. Thus both members approximately

attain the same average temperature after the slipping period.

The previous equations were given for single engagements but in the normal
operation of a friction clutch, repeated engagements are made and the average

temperature of the assembly during operation under these conditions must be
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determined. In a single engagement the friction surface temperature is highly
transient in nature since the slipping period is usually less than a second. The heat
developed flows into the components of the assembly until all are at a uniform
temperature. This occurs within a few seconds and afterwards the heat transfer is
mainly convection and radiation [17]. In a well ventilated clutch, the principal
method of heat transfer is by forced convection to the atmosphere, provided
temperatures of the order of 500-600 °C are not exceeded when radiation loses
must be included. In these circumstances Newton’s law of cooling may be used

provided that the following conditions are satisfied:

1. The temperature throughout the assembly, including the friction surfaces, is
the same at any instant.
2. The coefficient of heat transfer at the exposed surface is a constant,

independent of temperature.

These assumptions are approximately satisfied in practice if the thermal

conductivities are high.
Newton’s law of cooling states that when a solid body of weight W, specific heat

c¢;, and exposed surface area 4’ cools slowly from an initial temperature Tinisiar »

the temperature 7" at any subsequent time ¢ is given by:

T - TAmbiem = (Tinitial - TAmblent )‘e(_b“ (3.5 .1 1)
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where b = and corresponding to the body considered. 4 is the coefficient of

16
heat transfer, Tmpiene is the ambient temperature. Applying the above law of

cooling to intermittent clutch applications made at equal intervals of time, the

temperature reached after the n" (n>=1) engagement is given by:
1 _ e—n.b.to
T =T jpiem + AT FEpET (3.5.12)

AT is the increase in average temperature during a single engagement = Qt/W.c;,
O is the total heat entering the body and ¢ is the regular time interval between
clutch applications.

The steady state values of T is obtained by taking » large. Thus

AT
Timit = T ambiem + PEETSY (3.5.13)

In general 4.ty is small and a good approximation can be made as:

AT
Timit = T pbient +5Z (3.5.14)
which reduces to:
T =Y (3.5.15)

Limit A / h 10
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where coefficient of heat transfer can be determined experimentally by measuring
the rate of cooling of the assembly when operating at similar conditions to those
during continuous sliding. Thus

h= o.oss-’Z-R"” (3.5.16)

which virtually implies that £ is proportional to 0.75 power of the air velocity past
the body since other terms are substantially constant [17]. If a typical automotive
clutch pressure disc is considered L can be assumed as 54 mm and R can be taken
as a average value of 21110. Then A = 43.17 W/m’ K can be used as a typical

value for the calculations.

From the above equations it can be seen that the temperature of the clutch

components during repeated cycling depends mainly on the following factors:
1. The energy dissipated, Q¢ into the system during a cycle.

2. The coefficient of heat transfer. This has a considerable influence on the
temperatures attained and depends on how well the surfaces are exposed to the air
stream. In a well ventilated clutch cooled by turbulent air flow the coefficient of

heat transfer is proportional to v*7°.

3. Thermal capacity of the component considered, for bulk temperature equation
contains this term and shows that an increase in value of W.c;, that is a decrease
in the value of b, causes a reduction in the rate of increase in average

temperature.
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Figure 3.6 shows the variation of bulk temperature with n (number of
engagements) for pressure plates weighing 4.5 , 6.8 , 9, 13.6 kg when the areas
exposed to atmosphere are 86770 mm?, 91788 mm? , 96804 mm® , 106745 mm?

respectively and same Qf is used.

c 162
160 —— R i
/ 8.8 kg
137 Z | 8 ke
/ / 13.6 kg
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% 93.4 )/// /
§ 719 /I// /{
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26.6 j :
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oo ion 229 35 420 90 a00 OO 800 900 1000

MIJMBER CF CLUTCH ENGAGEMENTS
Fig 3.6. Steady State Temperatures Reached by Different Size Pressure Plates [17]
These curves show that the more massive the pressure plate, the less rapid the
rate of rise in bulk temperature with number of clutch engagements for the same

to. Furthermore the limiting temperature attained decreases with increase in the

weight of the pressure plate.

45



3.6 Diaphragm Spring Design

3.6.1 Characteristics
The diaphragm spring curve resembles that of a Belleville spring, because it is a

modified Belleville spring with long levers.

Fig 3.7. A Diaphragm Spring [20]

To properly design the diaphragm spring, two factors to be considered are the
clamp load requirements and the bearing travel. These factors influence the basic
size of the diaphragm spring. An advantage of the diaphragm spring clutch design
is that it achieves a relatively high clamp load with low deflections. The
diaphragm spring is a stamped steel ring with multiple levers. The spring is heat

treated to achieve the desired operational characteristics.
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Often supported at the edges only, these springs can.be loaded beyond flat.
Therefore have an even larger deflection range with very small load variation,

making them ideally suited for many clutch applications.

tﬂat:

Fig 3.8. Diaphragm Spring Dimensions and Load Characteristics [22]

Theoretically, this spring can be treated as a standard disc spring with the load
acting “outside” the inner diameter Dr. Such an approach would neglect the effect

of bending of the fingers or tongues. The following design equations apply when
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the bending of the tongues is taken into account and the load is applied at the .

edges [22].

Load F is as a function of material, dimensions and deflection S;, which is the
deflection of the closed ring section. That is the same deflection as if the inside of

the closed ring section is pivoted and outer side of the spring is deflected.

F is given with the following equation:

4E T°S, H S H S D D,
= 1+ (-D(=-Da-Hna-=
(1—02)K1.De2[ (T T)(T 2T ]{( De)( D)] (3.6.1)

e

where K is a factor and defined as:

Ay
L R __6 R-1 (3.6.2)
K‘"";;'R+1_i_ o K‘_ﬂ.lnk[ R’
R-1 InR
and,
R = De

¢

Both equations for K; can be used. The results are the same for all practical

purposes [22].

This type of spring will show a significantly larger deflection than the regular
disc spring. The closed ring section can be designed with a ratio H/T=1.4 which

provides an equal force transmission in the closed ring section. In other words if
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H/T ratio is equal to 1.4, the force applied on the inner part of the closed ring “
section is equal to the force on the outer part of the closed ring. The Figure 3.9

shows the calculated characteristics for disc springs with different ratios H/T.

Forca FIF,,
1.4
121 /f’
“trl =20 18 1.6] /‘1.4'; /;’/:7
0.8} Tis Ll Ll
////?'f.o’: A
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Fig 3.9. Effect of H/T Ratio on Spring Force [22]

3.6.2 Clamp Load

The clamp load characteristics of a diaphragm spring clutch is not a linear
function like a coil spring lever type clutch. The clamp load curve naturally
resembles that of a Belleville spring. Figure 3.10 shows a typical clamp load
curve [20]. Normally clamp load is plotted against the pressure plate travel, or

diaphragm spring deflection.
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Fig 3.10. Clamp Load Curve of a Diaphragm Spring [20]

The clamp load curve in the Figure 3.10 represents a measurement taken without
a clutch disc or gages installed under the pressure plate. This condition is
described as the free position. When the clamp load curve is taken with gages

representing the compressed thickness of a new clutch disc installed under the
pressure plate, this condition is described as the new gage position. The new gage

curve indicates a clamp load for a specified new clutch disc compressed
thickness.

When the free position curve and the new gage curve are plotted together, the
point of intersection represents the clamp load for a fully engaged new clutch

disc. The new gage curve represents one of an entire family of curves that can
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exist inside the basic free position curve. As the gage height changes, the clamp
load will change, the thinner gages causing clamp load values move to left on the
clamp load curve, which is represented by the dashed lines in the Figure 3.10. In
case of the automotive diaphragm spring clutch, as the clutch facings wear, the
clamp load will change. One of the unique characteristics of the diaphragm spring
clutch is that during the initial stages of clutch facing wear, the clamp load will
increase. Continued wear may eventually result in decreasing clamp loads if the
clamp load goes over the hump in the curve. If sufficient wear travel is available
in the clutch, clamp load during wear will eventually decrease to a value below
the minimum required. This point would indicate the maximum wear limit due to
clamp load for this particular package. The total amount of wear provision
available in a clutch cover assembly due to clamp load can be maximised by
designing diaphragm springs capable of large deflections, limited only by

maximum stress [20].

Figure 3.11 shows the load limits of a diaphragm spring. As seen in the Figure
the clamp load increases significantly with the increasing facing wear. Most
automotive clutch applications have diaphragm spring wear provisions around 2
mm. Diaphragm springs designed with 2 mm wear provision can usually maintain

an acceptable pedal effort throughout the life of the clutch.
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Fig 3.11. Facing Wear Effect on Diaphragm Spring Force Characteristics [20]

The clamp load curves displayed in figures represent the clamp loads that can be
achieved during a complete engagement condition. They do not represent the
clamp load applied on the clutch disc during clutch modulation. The clamp load
applied to the clutch disc during modulation is a function of the clutch disc

cushion curve.

3.6.3 Release Load (Bearing Load)

Release load is the force required to actuate the clutch cover assembly. This force

is usually applied through the release bearing. The bearing release load is a
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function of clamp load and the lever ratio. The release load curve shape looks

similar to that of the clamp load curve as shown in Figure 3.11.

1k ot i

RELEASE LOAD

FEY GAGE CuRvEe

nanzes e
Fig 3.11. Bearing Load Characteristics of A Diaphragm Spring Clutch [20]

The basic characteristics and behaviour of the release load are also similar to that
of the clamp load. The release load, when measured over gages, will indicate the
load characteristics for a specified condition. During clutch facing wear, the

release load will also behave similarly to the clamp load.

The release load is the clutch characteristic that is most noticeable to the vehicle
operator. The release load is directly related to clutgh pedal efforts, with higher
release loads developing higher clutch pedal efforts. As the clutch pedal is
depressed, the pedal effort initially starts to increase. Then part way through the
pedal stroke, the load begins to decrease. This is a unique characteristic of the
diaphragm spring clutch. The actual clutch pedal hold down effort is quite

manageable even with high peak clutch pedal efforts. Conversely a conventional
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coil spring/lever type clutch will have a consistently increasing pedal effort as the

clutch is depressed.

The addition of fingers provides the diaphragm spring with an increased distance
of travel. The fingers act as a number of cantilever beams extending from the
inner diameter of the belleville spring. These fingers allow for the spring to
gradually load as the fingers are deflected. Each finger has the effect of restricting
the natural circumferential strain of the belleville washer at the inner diameter of
the washer. This effect shifts the effective inner diameter of the washer towards
the center of the spring. This theory defines the existence of an effective

diameter, which can be evaluated with the following equation.
Deff = Di— lDi 107 (25.6—0.483. No of ﬁngers)] (3.6.3)

Bearing load can be calculated by using the diaphragm spring dimensions.

ArEtsl (Log(—g—j)[(H - 521-)(1{ —s)+ tz] (3.6.4)

P2
6 fulcratio {LD_eZD_z)_}

BL =

(De — Di) (3.6.5)
(Dt —2 Deff)

Here fulcratio =

Deflection of the tongues is given by [22],

—— 7 3 —
s, =c . ;’3;2“ ) B, (3.6.6)
2
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where C is a constant depending on the ratio W,/W; and Z is the .number of

tongues.

Table 3.1 Deflection Coefficient of Tongues [22]

Wi/W, 0.2 0.3 0.4 0.5 0.6 0.7 08 09 1.0

C 1.31 125 120 116 112 1.08 105 1.03 1.0

3.7 Clutch Pedal Travel

The maximum distance the clutch pedal travels from top to bottom of the stroke
is known as pedal travel. There are several factors which determine an optimised
pedal travel. Considering existing ergonomic data from independent sources, the
recommended maximum clutch travel should not exceed 175 mm [20]. In
general, current passenger car clutch travels average around 150 mm. This

distance appears to be adequate for the normal range of vehicle operators.

There are several critical areas of clutch pedal travel that affect the perceived
clutch engagement quality and overall ease of operation. These are clutch pedal
reserve distance, the first engagement point, and the engagement modulation
zone. These zones are shown in Figure 3.12 in detail. Clutch pedal reserve is the
distance from point where the clutch is completely disengaged, to the end of the
clutch pedal travel. This point is normally encountered and measured on the

clutch pedal downstroke. The clutch pedal first engagement point where the
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clutch is transmitting enough torque to move the vehicle from standstill. This
point is normally encountered and measured on the clutch pedal upstroke. The
clutch pedal engagement modulation zone is the distance from the first
engagement point to the point where the clutch is completely engaged (Engine
speed equals transmission input speed). This area is normally encountered and

measured on the clutch pedal upstroke.

A clutch pedal reserve of at least 25 mm is desirable in order to ensure a positive
clutch release at all times [20]. The clutch and actuation system can experience
additional deflection when the clutch system is hot. This situation will decrease
the reserve distance. A very low reserve distance may not allow the clutch to
completely release unless the clutch pedal is depressed all the way to the floor.
The lack of reserve distance can cause gear lash, higher shifting efforts and
synchroniser wear when shifting. The reduced disengagement zone caused by
low reserve also requires a much more precise coordination of clutch, throttle and

shift lever in order to perform a smooth shift.

The clutch pedal engagement or modulation zone starts at the first engagement
point and ends when the clutch torque capacity varies from zero (at the first
engagement point) to maximum clutch torque (near the top of the pedal travel),
the engagement zone will vary along the pedal travel. Complete engagement at
maximum engine torque occurs near the top of the pedal travel while complete
engagement for part throttle low engine torque occurs closer to the first
engagement point. The torque transmitted through the clutch during any

modulation of the pressure plate is largely a function of the clutch disc cushion
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curve. Since most cushion curves start out with a low spring rate and progress to

a very steep rate near their maximum deflection, in the normal driving range most

clutch engagements will occur in a very narrow pedal travel range. The clutch

pedal reserve point depends on many parameters and it is also an adjustable

parameter. In this study only the clutch modulation zone will be taken into

consideration. The clutch pedal travel zones are shown in Figure 3.13.
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Fig 3.13 Clutch Pedal Travel Zones [20]
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3.8 Clutch Actuation System

The clutch actuation system converts the force and travel of the operator’s
(driver’s) foot on the clutch pedal into a larger force and smaller travel by the

release bearing acting on the clutch release levers.

There are several types of clutch actuation systems. These actuation systems can
either push or pull on the clutch release levers. The decision as to which system is
best suited for a particular application will be based on performance needs,
service life, reliability, available vehicle space, ease of assembly to the vehicle,
weight and cost. Some examples of these actuation systems are seen in Figures

3.14 to 3.16.

Fig 3.14. Direct Lever Mechanical Actuation System [20]
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The comparison of the actual input and output values of force and travel yields
the clutch actuation system force and travel ratios. These ratios include the
system losses (both irreversible and reversible) like friction and deflection of the
individual system components. A comparison of the actual system force and
travel ratios to the theoretical ratios determines the force and travel efficiency of
the clutch actuation system. In an ideal actuation system (no frictional losses or

deflection), the theoretical and actual force and travel ratios would be the same.

As described above, the clutch actuation system experiences losses in efficiency
due to friction and deflection of the individual components. These losses are
experienced when the actuation system is used to disengage and engage the
clutch. The operator experiences these losses as a lower pedal effort (force) and
as an increased pedal return travel before engagement of the clutch occurs. This is

known as system hysteresis and it is shown in Figure 3.17.
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Fig 3.17. Hysteresis Loss in a Clutch System [20]
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The design process should include this hysteresis effect. Since it is complex and
it depends on the actuation system, the designer can use a multiplier for

calculating the pedal force . The pedal force itself can be calculated by: [20]

PF = K (BearingLoad) (3.7.1)
leverratiol leverratio?

Here the lever-ratio 1 (b / a ) is the ratio of the lever at the pedal side and lever-
ratio 2 (¢ /d ) is the ratio of the lever at the clutch side as shown in Fig 3.14. K is

the hysteresis factor.

The specific form of each component in the actuation system is not considered in
the calculations. Each system is the sum total of the individual components. The
theoretical system ratio is computed by multiplying the individual component
ratios ( Ciorat = Cpedal Ceable Crork- €tc. ). In reality, there are two system ratios (ie,
travel and force) due to the effects of deflection and friction. The actual system
travel and force ratios are based on the known input travel and force compared to

the measured output travel and force based on system compornents.

The travel and force efficiencies of the system can be calculated by comparing
actual ratios to the theoretical system ratio. It should be noted that the mounting
surfaces for individual components (i.e. clutch pedal bracket and clutch pedal
bracket mounting surface, hydraulic master cylinder and external or concentric
slave cylinder mounting surface, pivot stud mounting surface, etc.) may deflect

under loading. However, these parts are considered to be rigid in this work.
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CHAPTER 4

COMPUTER IMPLEMENTATION

A computer program is developed in Visual Basic 6.0 to operate on a PC that
makes a non-linear clutch engagement analysis with the formulations used. Euler

method is used as the method of solution.

The program is user friendly which is easy to use. It has some libraries to help

users select the inputs. ( Clutch sizes , engine characteristics etc.)

In this program:

-A vehicle model is developed including rotating masses, gear ratios, tire radius,
and transmission efficiency.

-Engine characteristics are asked in a tabular form to determine the correct torque
output from the engine for the corresponding engine speed.

-Clutch motion and throttle level are the operator dependent input variables and
they are fitted into scererios that the user can easily define.

-A thermal analysis is made to see the interface and bulk temperatures throughout
the engagement process.

-Diaphragm spring analysis is made to determine the clamp load and bearing
force on the clutch.

-The actuation system is taken into consideration basicly.
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-A friction coefficient analysis is made to fit alternating conditions.
-The outputs are taken out in a graphical form to show the effects of variation of

the inputs.

4.1 Flowchart of the program

A detailed flowchart of the program is given in the Appendix A. The program
inputs are arranged in 5 different groups of inputs. These are friction disc and
clutch actuation system inputs, diaphragm spring inputs, vehicle parameters
inputs, engine torque characteristics inputs and driver scenario inputs. The
parameters are calculated as time dependent and the outputs are also given as

time dependent.
4.2 Description of the Computer Program and the Displays
4.2.1. Clutch Disc and Actuation System Input Screen

The clutch disc and actuation system parameters are entered from the first input
window of the program shown in Figure 4.1. The friction disc diameters,
thickness and initial temperature is asked in this window. A complete diaphragm
spring clutch and the actuation system are shown in the first window of the
program. The lever ratios of the actuation system are indicated and the hysteresis
coefficient is asked. The hysteresis coefficient is explained in detail in section
3.8. If a hydraulic actuating system is going to be used then the lever ratio at the
pedal side must be considered as the hydraulic cylinder diameter ratio. If repeated

engagements are considered for the temperature analysis, then the number of
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repeated engagements and time interval between these repetitive engagements
must be entered. If only one engagement is going to be analysed then these

6‘19’
.

spaces must be left as

CLUTCH INPUTS WIND OW

Fig 4.1 Clutch Disc and Actuation System Input Screen

Below the figure there are friction disc inputs. The friction material is selected in
this window. The user can select one of the most commonly used five friction
materials listed in the listbox, define a friction material or enter a constant friction
coefficient. For friction materials used in clutches, the variations of the
coefficient of friction with temperature are given in Appendix C. If a constant
friction coefficient is entered, the program will get this value and use it
throughout the analysis. The friction disc dimensions and cushion specifications

can either be entered by selecting one of the friction discs manufactured by
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Valeo® or by entering manually. Some of the Valeo® clutches used in passenger

cars are given in Appendix E.

By the “File” menu, user can save the inputs, open the previously saved inputs
and print all inputs. “Save” command includes all the inputs so after filling all the

inputs, user should view this screen and save the inputs.

4.2.2 Diaphragm Spring Input Window

The second input window asks the user to enter the diaphragm spring parameters
shown on the window. The user can select one of the Valeo® springs or enter the
dimensions of the diaphragm spring manually. If one of the springs in the list is
selected, the user should press on the “OK” button and see the new values of the
variables in the white blanks before going on to the next step. The diaphragm

spring input parameters are shown in Figure 4.2.

Fig 4.2 Diaphragm Spring Input Screen
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Since the clamping force is directly related on the dimensions of the diaphragm
spring, all the dimensions should be entered carefully. Preload deflection of the
spring is the initial loading deflection of the spring, which corresponds to full

release deflection from the free position of the spring.

4.2.3 Vehicle Parameters Input Window

This screen shows a basic vehicle model used in the program. The necessary
vehicle parameters such as gear ratios, wheel radius, vehicle weight are entered in
this window. The drive-line components, which have different rotational speeds
are represented with different axis in the Figure 4.3. Clutch and gearbox input
shaft is shown on the left of the gearbox. Gearbox output shaft, propeller shaft
and the differential input gear are shown on the left of the gearbox. The
differential output gears, axes and tires are represented with the vertical axis on
the right. The moment of inertias of these transmission parts should be entered
individually. Also the moment of inertia of the engine (including the flywheel)

should be entered in this window.
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Fig 4.3 Vehicle Parameters Input Screen

The gearbox ratio entered here can be any gear ratio of the vehicle to be analysed.
With this program not only the start-up condition but also the moving vehicle
condition can be analysed. If the vehicle is in motion during gear shifting, the
vehicle speed at this instant should be entered in this window. The road that the
analysis is going to be made can either be a level road or a road with gradient. If a
level road is considered, the grade angle should be left as “0”. Otherwise the
grade angle should be entered in degrees. After all the necessary vehicle inputs
are entered, the user can go on to the next step by pressing the button on the

bottom left corner.
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4.2.4 Engine Torque Characteristics Input Screen

In order to get the engine torque depending on the rotational speed of the engine
and the throttle level (which is adjusted by the driver), a detailed engine torque
characteristic analysis must be made. For that reason a part throttle input screen is

added to the program.

The user fills the white blanks according to the engines torque characteristics.
Program enables the user, to enter maximum 8 different throttle level
characteristics. For every different throttle level, the user must enter at least 5
torque values of the engine with the corresponding rotational speeds in order to
generate a sufficient torque map of the engine. In the screenshot given in Figure
4.4, a small size gasoline engine part throttle characteristics are shown. For 100
% throttle (Full Throttle) The engine gives 80 Nm torque @ 1000 rpm, 105 Nm
torque @ 4000 rpm and 92 Nm torque @6000 rpm. The program fits a curve for
the entered values and the user can see the torque—rpmk graph by entering the
throttle level to the “Wanted Throttle” space and press on the “Draw” button. The

user should enter at least 2 different throttle characteristics in this window.
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[Select aVehicle and Press 0K
i

Fig 4.4 Engine Torque Characteristics Input Window

If the torque characteristics at only two different throttle levels are available,
then the other spaces should be closed with the close button near them. If the
torque characteristics at eight throttle levels are available then all the spaces
should be open and filled. After filling all the available torque characteristics (Six
data sets is available in Figure 4.4), the user can enter any throttle value from 1 to
100 to the “Wanted Throttle” space and see the fitted curve by pressing on the
“Draw” button. The program first curve fits the available data (If four set of data
is given then four different curves are fitted) by “Newton’s Interpolating
Polynomials” method. After that, the program makes linear interpolation between

these curves to calculate the data between these curves. For example in the Figure
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4.4, 100 % and 70 % throttle values are entered by the user. When the program
needs the torque at 85% throttle and 1500 rpm, the torque values at 100% throttle
and 80% throttle at 1500 rpm are calculated. Then the program makes an
interpolation between these values to get the torque value at 85% throttle and

1500 rpm.

4.2.5 Operator Input Screen

This window enables the user to simulate drivers foot motions for the throttle
level and the clutch release. Previous statistical works [5], [10] have shown that
the driver applies sufficient clamp load to hold the vehicle and this is held
constant throughout the subsequent engagement until the slip speed is nearly
zero. Then the rest of the clamp load is applie(i rapidly. This is far from the
application of the full clamp load in zero time as it is often used in the

mathematical models in the literature.

The length of time in which the vehicle is held on the clutch can be of 0.5 s on the
level road and more than 1 s on a road with steep gradient. It is important to take
the heat generated and the temperatures into account when simulating clutch
engagement mathematically. The simulation in Figure 4.5 includes this holding
period, which can be adjusted by the user. The clutch release behaviour of the
operator is defined with 3 different curves. Clutch release scenario number 2 is
linear increasing while 1 and 3 are exponential increasing. The power factors

asked, determines the shape of the increase.
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Fig 4.5 Operator Inputs Screen

Figure 4.6 shows behaviour of throttle level and clutch release increase for
different power factors. The curves in Figure 4.6 are obtained by using equations
4.1 and 4.2. Here the first figure shows the power function (1) and second figure

shows the power function (3).

y(t) — CRMax _ CRMax° t_zt__;_t Power .Factor (4.1)
y(t) — C RMm t Power Factor ( 4.2)
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In equations 4.1 and 4.2, £, is the time at the end of clutch release period and
specified as 1.2 s in Figure 4.6. CRyy,, is the maximum clutch release percentage

specified.

The same input style is used for the throttle input, which allows user to enter most
of the real life scenarios. There is also a holding period for the throttle input
scenario. The user can lengthen the first part (increase part) if no holding period
wanted. If always constant throttle is wanted then both the throttle values

(minimum and holding) can be made same as the wanted constant throttle.

In the scenario given in Figure 4.5, the operator starts to press the accelerator
from the minimum throttle level of the vehicle (idle speed) to 30 % throttle level
in the first 1.2 seconds. In the first 0.5 seconds there is no clutch action and the
engine accelerates. Between 1.2 and 1.7 seconds the clutch is released by 90%
linearly. (2™ scenario input for the throttle and clutch is selected) After 1.7 s the
clutch is held at this level (90 %) and the throttle is still at 30 % . After 2.1 s the
throttle is depressed linearly to 100 % with the same slope of the first part. This
last part of the throttle scenario is added to see the vehicle motion after the
engagement. Generally it happens after the engagement. But it can also be added
in the clutching action by shortening the holding period. This can give

opportunities to the user to create different scenarios.

“Analysis time” input space enables the user to make the analysis from t=0 to the

specified time. If this time value is larger than the engagement period than the
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user can see the vehicle variables (velocity, acceleration etc.) after the

engagement.

4.2.6 Output Parameters Screen

This screen shows the outputs taken by the program at the specified analysing
time. This time can be changed also in this screen. By pressing the refresh button,
the outputs at the specified time can be seen. User can print both the inputs and
the outputs in this window. Some of these outputs seen are time dependent and

their variation with time can be viewed by going to the “Charts” window by

pressing on the button on the bottom left corner.

Fig 4.7 Output Parameters Screen
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In the Figure 4.7, the engagement is completed and the vehicle continues to
accelerate. Engine speed and clutch speed are both same. This means the contact
has ceased and they are rotating together. From the operator inputs at 1.5 s the
clutch release is at 75 % and the corresponding clutch friction torque provided by
the diaphragm spring selected is 267 Nm. Engine torque at 1375 rpm is 84.1 Nm

at 30 % throttle. Friction coefficient just before the engagement is 0.55.

From the temperature analysis section, clutch disc interface temperature is
reached to 81 °C from 38 °C at 1.2 seconds (The end of engagement). The
clamping load on the pressure plate exerted by the diaphragm spring at 75%
release by the operator is 2972 N and this force is controlled by 256 N clutch
bearing force. With the specified lever ratios of the actuation system, the operator
needs 21 N force to control the bearing and thus the pressure plate. The clamping

load on the pressure disc creates 104 kPa pressure on the clutch disc.
The specified vehicle’s acceleration is 2.0 m/s?, and the speed at 1.5 s is 2.4 m/s.
Distance covered by the vehicle in 1.5 s is 1.0 m (No movement in the first 0.5

seconds).

By the “Print Inputs” and “Print outputs™ buttons, user can print all of the inputs

entered in previous windows and the outputs calculated.
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4.2.7 Charts Window:

This Window includes some buttons that has the description of the chart it
includes. Related charts are combined in the same screen so the user can see the
relations between the parameters. All of the charts can be printed by the print
button near the chart. The detailed explanation of these charts will be given in

the case studies section.

Fig 4.8 Charts Window
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CHAPTER S

CASE STUDIES

In this chapter a number of sample applications of the program will be given in
order to compare the effects of different parameters on the clutching performance
of a vehicle. The vehicle parameters, clutch parameters and the road conditions
are defined. Results are given in terms of vehicle performance parameters. The

input and output parameters are given in tables and charts, discussions are made.

Vehicle and Clutch Parameters
The vehicle to be analysed is a small passenger car which has a 845 kg empty

weight. The parameters of the vehicle considered are:

Vehicle Mass: 845 kg
Vehicle wheel radius: 0.250 m
Vehicle Height: 1501 m
Vehicle Width: 1.610m
Drag Coefficient: 0.32
Gearbox Ratio; 3.90
Final Drive Ratio: 3.56
Transmission Efficiency: 0.85
Engine ldle Speed: 800 rpm
Moment of Inertia of Engine: 0.28 kg.m?
Moment of Inertia of Transmission

Rotating at Engine Speed: 0.02 kg.m?

Rotating at Shaft Speed: 0.03 kg.m’

Rotating at Wheel Speed: 6.76 kg.m?
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The clutch disc and corresponding clutch diaphragm spring to be used for this

vehicle is listed below.

Friction Disc:
Friction Disc Model: Valeo 190 K22 AX/408
Friction Material: Rigid molded high-friction material
Outer Diameter of Clutch Disc: 190 mm

Outer Diameter of Diaphragm Spring: 134 mm
Friction Disc Thickness 10 mm
Max Cushion Deflection of Friction Disc 0.9 mm @ 4000 N

Initial Temperature of Friction Disc 38 °C
Ambient Temperature 38 °C
Lever ratio of actuation system at pedal 4
side:
Lever Ratio of actuation system atclutch 3
side:

Diaphragm Spring:
Diaphragm Spring: Valeo 190 CPR 4000 Diaphragm

Spring

Outer Diameter of Diaphragm Spring: 190
Inner Diameter of Diaphragm Spring: 54 mm
Outer Diameter of Tongues: 132 mm
Spring Material Thickness: 2.5 mm
Spring Free Height: 5 mm
Number of Tongues 15
Modulus of Elasticity: 200 GPa
Poisson’s Ratio: 0.3
Preload Deflection 4 mm

These values are entered in the first three input windows (ie. Clutch Input

Window, Diaphragm Spring Input Window and Vehicle Inputs Window) of the

computer program
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The engine torque map of the vehicle can be entered in the engine characteristics
window. In Figures 5.1 and 5.2, the engine torque characteristics of the vehicle

and its application in the computer program is given.
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Fig 5.1 Actual Torque Map of The Engine
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Fig 5.2 Engine Torque Characteristics Input Window

Case Study 1: A Short Slipping Time Engagement

In the analysis, slip period starts when the contact between the clutch and
flywheel starts and ends when the clutch and the flywheel rotate at the same
speed. Engagement period is the period which starts at ¢ = 0 and ends when the

clutch fully engages the flywheel. Engagement period consists the initial lag time.

The first analysis will be done on level road and with only the driver inside the

vehicle. An average driver weight of 75 kg will be used in the analysis so the total
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vehicle weight is 920 kg. In case.studies 1 and 2, the effect of clutch release
period on the vehicle performance is investigated by considering a typical throttle
scenario and a 0.5 s clutch engagement lag period. The drivers behaviour is

entered by the operator input screen given in Figure 5.3.
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Fig 5.3 The First Driver Input Scenario for Case Study 1

First a linear increase in both the throttle level and clutch release will be used as
given in Figure 5.3. In the first 0.5 seconds there is no clutch action but the engine
accelerates by the linearly increasing throttle level. Between 0.5 and 1.7 seconds,
the clutch is released by 90% and the throttle level increases until 1.2 seconds
then remains constant at 30 % level. In this case the simulation results obtained

from the program is given in Figure 5.4. -
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Fig 5.4 Output window of Case Study 1

The clutch output speed starts to increase at 0.5 s where the engine speed
increased up to about 2000 rpm. The clutch engagement ends when the throttle
level reaches to 30 % constant level. The engagement takes about 1.17 seconds
with the slip period of 0.63 seconds. 7.2 kJ energy is dissipated by the clutch
during the slip period. The clutch torque at the end of clutch engagement is 184
Nm corresponding to 47 % clutch release by the operator which means that
engagement ceases before the full release of the clutch. The throttle is at 29 %

and the clamping force on the friction disc at 47 % release is 2048 N. The bearing
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load to control this clamping force is 590 N and the pedal force to control this

bearing load is 49 N.

The vehicle performance during clutch engagement period is shown in Figure 5.5

in terms of vehicle acceleration, velocity and distance versus time graphs.

i wi. Acceleration; ¥Yelocity. Distance Taken ¥s,

5

S
S

L

Fig 5.5 Acceleration, Velocity and Distance Graphs for the Case Study 1
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This graph here is given until the end of engagement period. But after the
engagement can also be viewed by setting the Analysis time longer than the total
engagement time. As shown in Figure 5.5, in the first 0.5 seconds there is no
movement as expected. After the engagement starts, the vehicle accelerates and

takes a distance of 0.6 m in 0.63 seconds.

The Figure 5.6 shows the engine torque and clutch torque variations during clutch
engagement. The clutch torque is increasing almost linearly by the effect of linear
clutch release input and diaphragm spring force characteristics. The engine torque
variation in the graph is interesting but the reason is the decreasing torques with

the increasing rpm (in low throttle level situations).
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Fig 5.6 Engine and Clutch Torque Variation with Time in Case Study 1
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Case Study 2: A Long Slipping Time Engagement

A low clutch release rate engagement situation will be analysed in this scenario
for the same vehicle and same conditions. As it is seen in Figure 5.7, the
engagement starts at 0.5 s as it was in the previous example. But the clutch release
time is increased to 3.5 s to get a slower engagement. Other variables in the

scenario are the same as given in Case Study 1.

Y

Fig 5.7 The Driver Input Scenario of Case Study 2

The engagement is completed at 1.66 s at 2040 rpm of engine speed. The engine
speed is increased until 2700 rpm and the slow clutch release decreases the engine

speed to 2040 rpm when the engagement is completed. In this longer engagement

 YIKSEK
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period 11.6 kJ energy is dissipated (61 % more compared with the scenario given
in Case Study 1). Friction surface temperature is 143 °C after the engagement
which is again higher when compared with the Case Study 1. The output screen at

this situation is given in Figure 5.8.

S

Fig 5.8 Output Screen of Case Study 2

The vehicle performance during the engagement can be seen in Figure 5.9. All
variables are higher in this case but the time passed is also higher. In order to
compare both cases 1.66 s analysis should be made in the first case. When the
analysis is made, it is seen that 1.4 m of distance is covered by the vehicle during

short engaging period (In long engagement case it is about 0.6 m). In Figure 5.10,
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the 1.66 s analysis for Case Study 1 is given in order to compare output

parameters of Case Study 1 and Case Study 2 for the same analysis time.

cit; Distance Taken

Fig 5.9 Vehicle Performance for Case Study 2
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Fig 5.10 Output Screen for Case Study 1 for 1.66 s

The engine torque increases slowly by the effect of low throttle characteristics of
the engine. The variation of the engine torque and the clutch torque is shown in
Figure 5.11. The clutch torque increases almost linearly by the effect of the
selected scenario and the diaphragm spring properties. The clutch disc surface

temperature increase versus time is given in Figure 5.12.
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Fig 5.12 Clutch Disc Surface Temperature for the Case Study 2
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Short engagement period has many advantages. These are less heat generation
during engagement, lower temperatures reached (both the interface and the bulk
temperatures), higher velocity reached and longer distance is covered by the
vehicle in the same time period. The main reason for that is the low torque

characteristics of the engine for low throttle levels.

Case 3: Effect of Clutch Lag Time

In order to investigate the effect of the initial lag time on vehicle performance, the
throttle and clutch release scenarios are kept fixed while the clutch lag time is
increased. The screen shown in Figure 5.13 was used for 0.5 s of lag time. The
slope of the clutch engagement period is kept constant by taking 1 second for the
clutch release period. Linearly increasing throttle and clutch release scenarios are

considered.
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Fig 5.13 The Scenario Used for Calculating Lag Time Effects

The Figures 5.14 to 5.19 show the effect of clutching lag time on slipping time,
the distance covered by the vehicle during engagement, the vehicle velocity at the
end of the engagement period, average vehicle acceleration, engagement speed

and clutch disc surface temperature.

As the initial engine speed gets higher, the slipping time increases. By the

increase in difference between the engine flywheel and the clutch disc rotational

speeds, the engagement time lengthens.
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Fig 5.14 Effect of Clutch Lag Time on Clutch Slipping Time
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Fig 5.16 Effect of Clutch Lag Time on the Average Vehicle Acceleration
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Fig 5.17 Effect of Clutch Lag Time on Vehicle Engagement Speed
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Fig 5.19 Effect of Clutch Lag Time on Clutch Disc Surface Temperature
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Decreasing the speed of engine is easier than increasing the clutch speed. Because
the total moment of inertia of the engine is much less when compared with the
equivalent inertia of the vehicle on clutch disc. In other words, accelerating the
vehicle requires more energy than deceleration of the engine by overcoming the
engine torque. Theoretically, an ideal engagement happens in the lowest engine
speed possible. As in Figure 5.19, the clutch disc surface temperature reached is
much less in the short lag time engagement because of the lower initial engine

speed.

In terms of vehicle performance the distance covered by the vehicle in a long
engagement process may seem long but in fact in the short lag time process, the
engagement finishes earlier and the vehicle accelerates as fully engaged. If the
same time period is considered for both cases, (short clutch lag time and long
clutch lag time) short lag time case may be more advantageous in terms of vehicle
performance because in short lag time case the slipping period time is shorter and
rest of the time is spent on vehicle acceleration. Additionally the lag time is saved.
But the torque characteristic of the engine plays an important role here. If the low
speed torque characteristics of the engine is low then the engagement should end

in a high rotational speed to make use of the high torque values at high speed.

Case Study 4: Effect of Clutch Release Scenario Characteristics

In order to see the effect of the clutch release scenario, all the clutch release
scenario parameters are kept constant and only the characteristics of clutch release

motion is changed (Explained in Section 4.2.5). Figure 5.20 is the scenario used

94




for this analysis. The lag time is fixed at 0.8 s and the clutch release period is
fixed at 1.2 s. Scenario 1 represents initially a high clutch release rate and
expressed with a 3™ order power curve. Scenario 2 represents a constant clutch
release rate. Scenario 3 represents an initially lower clutch release rate and

expressed with a 3 order curve.

Fig 5.20 Scenario, Used for Clutch Release Characteristics Comparison

The output screen of the scenario shown in Figure 5.20 is given in Figure 5.21. It
shows the clutch release motion scenario “1” which is the initial high clutch
release rate scenario. The response is quick and the slipping time is 0.4 seconds.
The speed of the engine at the end of engagement period is 1480 rpm. The engine

may stall if a faster engagement is applied and the engine is not accelerated to a
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certain value before the engagement starts. The acceleration of the vehicle is high
because of the great energy transmission in small time but this may be
uncomfortable for the passengers. At the time engagement finishes, the
acceleration decreases suddenly to a low value since the engine speed is very low

and the torque of the engine at that speed is low.

Fig. 5.21 The outputs for clutch release scenario “1”
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. Results Screen ‘

Fig. 5.22 The outputs for clutch release scenario “2”

Figure 5.22 shows the parameters for the linear clutch release motion scenario.
The engagement finishes later since the clutch force increase is slower. Figure
5.23 shows the parameters for scenario “3”. The clutch release starts at 1.1
seconds although it is specified as 0.8 seconds in the scenario input window. This
is because of the selected clutch release motion characteristics. The engagement

finishes in 1.91 seconds. Here the slipping time is about 1.11 seconds.
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Results Screen

Fig. 5.23 The outputs for clutch release scenario “3”

A 2.0 s analysis is made with the scenario given in Figure 5.20 in order to
compare the scenario characteristics and effect of power factors. 2.0 seconds is
chosen to ensure a complete engagement in all scenarios applied. At the end of 2.0
seconds, the distance covered, vehicle velocity, average acceleration and slipping
time is given in Figure 5.24 for different clutch release scenario characteristics.
The vehicle average acceleration and vehicle velocity were not much effected but
distance covered is slightly effected by the change of clutch release scenario. The

reason is the increasing slipping time.
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Fig. 5.24 Comparison of Clutch Release Scenario Characteristics

A: Clutch Release Scenario 3, Power Factor = 4
B: Clutch Release Scenario 3, Power Factor =2
C: Clutch Release Scenario 2

D: Clutch Release Scenario 1, Power Factor = 2

E: Clutch Release Scenario 1, Power Factor = 4

Case Study 5: Effect of Road Gradient on Engagement

In the previous analysis, level road was considered and the vehicle was assumed
to be empty. But the design analysis should be made under the worst conditions
possible. So the analysis should be repeated with the vehicle mass of 1220 kg (1
driver + 4 passengers of 75 kg each). 10° grade angle will be used and 5
engagements will be done continuously with 10 s time intervals between each

engagement. The scenario used for Case Study 5 is shown in Figure 5.25:
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Fig 5.25 The First Driver Input Scenario for the Gradient Road Case \

Initial time lag is decreased to 0.2 s to prevent the excess backward motion of the
vehicle. The throttle scenario “17” is selected to accelerate the vehicle quickly to a

higher speed. The engagement in this case is shown in Figure 5.26.

HAotational Speeds [ Engine and Clutch

Fig 5.26 Rotational Speeds of the Engine and the Clutch in Case 5
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The engine speed first increases and then decreases below 800 rpm at 1 seconds
which is defined as the idle speed of the vehicle so engine stall occurs. This
engagement is unsuccessful so there is no need to look at other parameters.

Another try should be made by changing the scenario inputs as given in Figure

5.27.

Fig 5.27 The Second Driver Input Scenarto for the Gradient Road Case

Here the throttle level is increased to 60 % and its time is decreased to 1 s. Also
the engine idle speed is set to 2000 rpm which means that the driver should
increase the engine speed by holding the vehicle still, just before the clutch is

actuated. The output screen taken by the program is given in Figure 5.28.
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Fig 5.28 The Outputs of the Second Driver Input Scenario for the Gradient Road Case

The engagement in this case happens in 1.28 s and at 1363 rpm. The surface
temperature reached is 287 °C which is considered as a high temperature for an
engagement and it may cause the friction material failure in multiple
engagements. The change in the surface temperature during engagement is given
in the Figure 5.29. The surface temperature in this case almost tripled the values
calculated on level road. The reason here is the high resistance torque on the

clutch and relatively higher slipping time.
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Fig 5.29 The Clutch Disc Surface Temperature Change during Engagement on 10° Gradient Road

The vehicle performance in this case is given in Figure 5.30. The vehicle first
moves backwards 0.3 m and then starts moving forward. There is a negative
acceleration during the clutch lag time by the effect of gravitational acceleration.
After 0.65 m of forward motion the engagement is completed. This means that the

full engagement occurs at 0.35 m from the vehicle initial point.
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ceeleration. Yelocity, Distance Taken vs Tim

Fig 5.30 Vehicle Acceleration, Velocity, Distance Graphs of the Gradient Road Case

This clutch can be used for this vehicle in most conditions but when the extreme
cases (ie. steep gradient, repeated engagements) are taken into consideration there
may be failures in the friction material because of high temperatures. Generally
for clutch and brake pads the failure occurs after 400 °C. The wear also
accelerates exponentially after 250-300 °C [17, 18]. So for the extreme cases, the
analysis can be repeated with a larger diameter clutch pair. If the same vehicle is

analysed under the same conditions (ie. 10 ° gradient, fully loaded vehicle, 10
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repeated engagements) with Valeo ¢ 200 R32 QX/490 friction disk and a suitable
pressure plate of Valeo 200 CPO 3500 diaphragm spring, the engagement time
and temperatures may be reduced. The outputs taken from the program with this

friction disc and pressure plate is shown in Figure 5.31.

Results Screen

Fig 5.31 The Outputs for the 10° Gradient Road Case with 200 mm Diameter Clutch Disc

With the same driver throttle and clutch release scenario, a lower temperature is
reached both at the surface and the clutch assembly. Practically the engine speed
(1370 rpm) at the end of engagement may seem low but the shortest and most

efficient engagements can be achieved by decreasing the engine speed to the
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lowest value possible. Higher starting speed.or higher throttle values can be used

in the scenario to decrease the probability of engine stall during engagement.
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CHAPTER 6

DISCUSSION OF RESULTS

The clutch size, spring properties, engine torque map, vehicle parameters and the
road conditions are the important parameters in the engagement process and
clutch selection. The case studies are performed to show the effect of these

variables on the engagement process and the vehicle performance.

The results taken from the case studies show that, the engagement process
depends mainly on the throttle level increase and clutch release. In the first two
case studies the effect of slipping time is performed on the level road with empty
vehicle. The first case study is given to analyse a high clutch release rate and the

second case study is for low clutch release rate.

Comparing vehicle performance characteristics of these two scenarios shows that
in the high clutch release rate scenario (Case study 1), the vehicle takes a longer
distance and the vehicle speed is higher in the same time period. The reason here

is due to the low release rate of the clutch pedal.

As it is expected in the high release rate situation, the engagement is quick and

the heat dissipated by the clutch is low. So both the clutch disc interface
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temperature and the bulk temperature of the clutch assembly after the engagement
is low. In low release rate situation, it is seen that the energy dissipated by the
clutch and thus the temperatures reached are increased. The engine is accelerated
to 2400 rpm and then comes down to 2000 rpm. The high angular velocity
difference between the engine and the clutch causes high energy dissipation. Also
the engagement time is much longer compared with the high release rate situation.
This example shows the idea of low throttle engagements causes shorter friction

time and less heat dissipation [1, 2].

Lower engine speeds at the end of the engagement means less heat is generated.
The moment of inertia of the engine is lower than the total moment of inertia of
the transmission parts. So lowering the engine speed is easier than increasing the
clutch speed. Theoretically engaging at the minimum engine speed (idle speed) is
the most advantageous case considering the temperature increase, wear and thus
the clutch life. But practically for the drivers, it is not easy to engage in this way
because the engine stall can occur. Also the low torque characteristics of the
engines at low rotational speeds makes it hard to engage at low speeds. It can also

be harmful for the engine to run at low speeds under load around its idle speed.

The effect of road gradient on clutching performance is analysed under the full
vehicle load with 10° grade angle. The fast pedal release caused engine stall
because of the sudden drop of the engine speed under idle speed. The reason for
the sudden drop is low engine speed and fast clutching action. So in the second
scenario an initially higher throttle level increase in a smaller time used. Also the

clutch is applied slowly letting the clutch speed increase while the engine speed

.0 YOS ROORIYIN Kivigs s 5
DO TMANTARVON W)

108




decreases slowly. The engagement is completed in 1.28 s. It is a short engagement
interval and at the end of the engagement period, the engine speed is 1360 rpm
which is a low value. Although the engagement is quick, the temperatures reached
both on the interface and the clutch assembly are quite high. The reason is the
high resistance torque on the clutch because of the gradient and the increased

weight of the vehicle.

In order to see the effect of the friction area of the friction disc on engagement,
200 mm diameter Valeo® clutch disc is assumed instead of 190 mm diameter one
in the next analysis. This caused a quicker engagement. With the same scenario,
the friction disc surface temperature and the bulk temperature of the clutch disc
assembly decreased. This shows the importance of the friction disc surface area

on the engagement parameters.

From the case studies given, it is observed that the temperatures reached are
directly related to the slipping period. Short slipping periods cause lower
temperatures and thus longer clutch life. Short slipping periods means less

difference between the engine speed and clutch speed.

Higher kinetic energy of the engine gives user the option of applying a higher
clutch release rate without stalling the engine. Even the heat dissipation of the
clutch is higher in this case, the transmitted energy is higher in the same time
period. So if the performance is the prior consideration, the engagement should

start with a high engine speed and a high clutch release rate should be applied.
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The time necessary to increase the engine speed should also be considered during

the analysis.

The decision of selecting the clutch size can be made by considering the
operational conditions. For example, if the vehicle to be analysed is a sports car
then the analysis should be made with repeated and high engine speed
engagements. After several tests under different simulation conditions, it will be

possible to select or design the most suitable clutch sizes for a specified vehicle.
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CHAPTER 7

CONCLUSION AND FUTURE RECOMMENDATIONS

This study’s main objective is to develop a design and analysis software for
friction clutches. This study is performed on a realistic basis trying to avoid
common assumptions in the literature. From the flywheel to the vehicle wheels, a
complete analysis has been made to predict the engagement parameters in a real

clutch engagement.

Although the computer program includes all the variables needed to be analysed,

there are some modifications that can be made on it. These are:

- Friction material list can be improved. Also the friction model can be
modified to give more realistic results. The effect of pressure can be added in
the friction model.

- Clutch disc and diaphragm spring libraries can be extended to cover larger
sizes for heavy vehicles.

- In the thermal analysis, the thermal properties of all the friction materials are
assumed to be the same because of the lack of data. This assumption can be
modified by using different k, p, ¢ values for different friction materials.

- A vehicle library can be formed. So that the user can select different vehicle-

clutch pairs easily and see the effect on performance of the vehicle.
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- Different types of actuation systems can be optional for the user to select. So
the clutch actuation system can be analysed in detail.

- Friction disc wear and clutch life analysis can be added in the program.
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A. FLOWCHART OF THE COMPUTER PROGRAM

Enter input parameters (Actuation system ratios,
hysteresis factor, Tiniga, Tambien, Pressure plate weight,
# of friction discs, # of engagements, Friction material,
Io, I;, t, cushion deﬂectio'n)

|
v

Enter Diaphragm Spring Parameters
(D,, D;, Dy, Thickness, Spring preload,
# of tongues, E, v)

Enter Vehicle Parameters (M, ry, 1, v,
ea rg: Iy, Wy, I[) Iga Ip’ Iw)

v

Enter Engine Torque Characteristics

v

Enter operator throttle and clutching
scenerios (Throttle vs time, Clutch
release vs time), Enter time to be
analysed.(tiimir)

v

Start time
» t=t+0.01

v

Calculate . (T) From
curve fitting

v

Get Clamping Load (By Diaphragm Spring Properties and Clutch Release (t) )

(3.6.1) ,

Calculate Bearing load (3.6.4)

'

Calculate 12 (3.2.1)

v

o o,

L BRI AGRETTR QR
LORTMARTASY N
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Get Clutch Release Rate From Clutch Release Scenerio

!

Calculate Clutch Torque Capacity: (3.1.8)

v

Calculate Torque on Clutch By Tire rolling resistance (3.2.3)

“T

v

Calculate Torque on Clutch By Grade Angle (3.2.4)

!

Calculate Vehicle Frontal Area (3.2.6)

Calculate Torque on Clutch By Vehicle Aerodynamics (3.2.5)

v

Calculate Total Drag Torque (3.2.7)

v

Get Throttle Level From Throtle Scenerio input

v

Get Engine Torque From Engine Characteristics Input

.

Calculate w, (3.3.4)

l

Calculate wy; (3.3.3)

|

Calculate Friction Disc Interface
Temperature increase: ATemp (3.5.1)

Friction Disc Interface Temperature
Temp= Temp + ATemp

!

Calculate Total Energy Dissipated (3.5.7)

l
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NO

Calculate Pressure Plate and Bulk Temperatures
(3.5.8)-(3.5.12)

Stop Engagement
Eaquations

t > tanalyse

T YES
Temp> Tlimit

Warning

\/

NO

Calculate Clutch Facing Area

;

Calculate Pressure on Clutch Facing

l

Calculate Pedal Effort (3.7.1)

OUTPUTS:

Te,(t) TI(Y), T2,(0), wi(t), w2,(t), 12, Surface
Temp(t), Pressure Plate Temp (t), Bulk
Temp(t), a(t), v(t), Distance(t), u(t), P(t),
Area, Charts, Pressure Plate Load(s,t) Bearing
Load (s,t), Pedal Effort(s,t)
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B. FRICTION MATERIAL LABARATORY TEST RESULTS
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C. COEFFICIENT OF FRICTION VS. TEMPERATURE GRAPHS FOR

DIFFERENT FRICTION MATERJALS

COEFFICIENT OF FRICTION
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Fig. C.1 Rigid Molded High Friction Material
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Fig. C.2 High Friction Material for Industrial Brakes and Off-road Equipment
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COEFFICIENT OF FRICITON
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D. PROPERTIES OF CLUTCH LININGS

Table D.1 Properties of Clutch Linings

Name of Property Woven Lining ~ Molded Lining  Rigid Block
Comp. strength, MPa 70-100 10-18 10-13

Tens. strength, MPa 17-21 27-35 2127

Max. temperature, °C 200-260 260 400

Max. speed, m/s 38 25 38

Max, pressure, kPa 340-690 690 1000
Frictional coeff., mean 0.45 0.47 0.40-0.45
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E. VALEO® FRICTION DISCS AND DIAPHRAGM SPRINGS

PARAMETERS
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Table E.2 Diaphragm Spring Parameters of Some Valeo Clutct

DIAPHRAGM SPRING
M/.\mI_Orm CODE Cuter Diameter inner Diameter Mass Moment of Inertia- |Release:Load/Dist|Charge L oad/Dist
‘ (rmm) mm) (kg) (kg m"2) (N ¢ mm) (N/mmY
Murat 124 180 CPO 3100 180.000 130.000 2.730 0.018 1100-1650 /8.5 3100 /7 1.5
200 CPO 3500 200.000 148.000 3.540 0.027. 1300-1500 /8.5 | 3500 / 1.5
| 1sooo0 | 132000 2980 0.021 Km?mma /85| 4250-4500° ¢ 1
Tempra, Kartal 190. CPR 4000 190.000 132.000 2.520 0.0189 1250-1800"-/: B 4000 7 13
Renault ~  |.200CPO 4000 Mooooo .......148.000 3.230 00286 . | _1200:1600 /.8 400071
12 /19421 | 180 CP 3300 180,000 | 130.000 2,730 0.018- 1200-1480.:4:8. 13300 717
e |200CPO3500 ) 200000 | 148.000 3.540 0.027 _1050-1500; 7:8° | :3500:4°1.4
170 DB 3000 - 170.000 120.000 1250-1420 . ) f
LADA 190 CP 4000 191.500 126.000 14601650
FORD TRANSIT 215 DBR 4850 215.000 154.000 4.300 0.041 12002000




ENGINE TORQUE CHARACTERISTICS OF JEEP CHEROKEE 4.0 L

GASOLINE ENGINE

Jeep Cherckee Engine : 1936 MY 4.0L 6

300

200

T sy

engine torque (N-m)
=)
(e}
—r

engine speed (rpm) throttle (%)

Fig. F.1 Engine Torque Characteristics of Jeep Cherokee 4.0 L Gasoline Engine
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Table F.1 Numerical Torque Values of Jeep Cherokee 4.0 L Gasoline Eng

Torgue Characteristics of Jeep Cherokee 4.0L

Throttle
Lavel (%)

S0 1200 1600 2000 2400 2800 3200 3500 4000 4400 47580 5008 BPH
10 152.12 112.9142 75.7044 48.9289 25.7348 2.0608 0 0 0 0 ”o, 1]
20 232.82 201.2355 168.6412 125.5217 108.7290 83.5678 £4.6460 44_1779 28.89132 12.4518 0 0
20 254.45 244.1520 232.8589 215.5591 193.9515 171.720%2 156.9526 132.4379 117.5852 35.56689 .qmwmmmq. 56.5128
40 255.232 259.4522 253.5892 252.9452 248.1534 234.5251 229.8284 215.1250 195.5522 178.4751 151.4115 145.4312
50 259.15  265.7223 272.3109 268.9741 257.8483 261.10%0 265.424) 255.5259 242.8353 mnbk.umpa. 213.9857: 198.8719
50 252.02 268.7842 275.5391 273.9657 275.9352 272.5885° 281.5700 277.1522 270,0185 wmmpwmmoﬁ, womrmum»m 230.6423
10 268.12 277.7172  287.4347 289.4015 294.0540 275.1620° 290.0797 285.7827 282.9252 277.9806 .waumwm 2485060
80 268.53 278.4554 288.2842 289.3744 296.1157 292.4941 291.8159 292.1994 289.9305 qmwm.womn..numwunauw demmmwm
g0 291.71 282.1719 292.6297 293.0095 298.7064 295.1391 295.55633 295.7495 292.65068 ”Nmo,wwomwmwdmuuuqmv 261.1070
100 274.65 283.3384 292.0229 292 1550 299.5087 295.7359 297.2586 295.9925 295.4239 .mmo.wpmm..nqmuwumﬂw 251.785¢2

* Torgue Valnes Are Given in Nm.




