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LUBRICATION ANALYSIS OF CAM AND TAPPET CONTACT

SUMMARY

Mainly, there are three different friction loss sources in internal combustion engines,
which are valve train system, piston-ring assembly and engine bearings. A significant
source of mechanical inefficiency in ICE is the lubricated valvetrain components.In
this study, improvement of a computational model for the simulation of cam - tappet
lubrication has been investigated using both elastohydrodynamic lubrication theory
and mixed lubrication concept. A computational scheme for mixed lubrication
concept based on Akalin and Newaz’s (1999) model has been adapted for cam -
tappet contact. A MATLAB code has been developed to simulate lubrication
condition of cam - tappet contact. Program contains two main parts to calculate
lubrication parameters within contact zone. To calculate the lubricant film thickness
and pressures between the contact surfaces of cam - tappet, average Reynolds
equationwas solved simultaneously with the initial and boundary conditions for the
mixed lubrication regime. Apart from mixed lubricated contact zones,
elastohydrodynamic lubrication regime occurs in cam - tappet interaction. Minimum
oil film thickness was calculated according to equation Dowson and Higginson
formula for the EHD lubrication.Hydrodynamic pressure distribution, asperity
contact pressure, lubricant film thickness, load carried by oil film andnon-
dimensional squeeze film velocity are calculated for each cam angle degree.Variation
in the load, the radius of curvature and the hydrodynamic entraining velocity were
considered in the analysis. For the hydrodynamic lubrication regime, surface
roughness characteristics were taken into account.According to the code algorithm,
calculated minimum oil film thickness from Reynolds equation cannot be smaller
than Dowson and Higginson formula. Hence, some contact zones were found in
hydrodynamic lubrication while some of them were found in EHD lubrication. At the
results section, oil film thickness resultswere examined in terms of lubricant
viscosity and rotational speed parameters.Oil film thickness increases with the higher
engine speed and lubricant viscosity.
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KAM VE SUPAP FINCANI TEMASININ YAGLAMA ANALIZi

OZET

Igten yanmali motorlarda, supap mekanizmasi, piston segman takimi ve motor
yataklari, temel {i¢ farkli siirtlinme kaybi kaynagi olarak gosterilebilir. Yaglanan
supap mekanizmasi elemanlari, icten yanmali motorlarda mekanik verimsizlige
sebep olan baslicaetmenlerdendir.i¢ten yanmali motorlardaki toplam siirtiinme
kaybinin % 7.5 — 21°lik bir kismini supap mekanizmasinin siirtiinme kayiplari
olusturmaktadir. Supap mekanizmasi dahilinde, kam ve supap fincani temas1 6nemli
bir béliimii olusturmaktadir. itici gubuklu supap mekanizmalarinda, kam supap
fincan1 kaynakli stirtiinme kayiplari, toplamin % 85’ini olusturmakta, direkt etkili
supap mekanizmalarinda ise neredeyse toplam siirtlinme kaybini olugturmaktadir. Bu
calismada supap mekanizmasi elemanlarindan, kam ve supap fincani yaglamasi
incelenmis ve yaglama simiilasyonu i¢in hesaplamali bir model gelistirilmistir.
Calismanin basinda, elasto hidrodinamik ve hidrodinamik yaglama rejimlerinin
prensipleri dzetlenmis, analiz algoritmasinin temelini olusturan denklemler
cikarilmistir. Elasto hidrodinamik yaglama rejimi temelinde, temas yiizeylerinin ince
bir film ile birbirinden ayrilmasinin haricinde, temas eden yiizeylerin sekil
degisimlerinin de etkisi bulunmaktadir. Elasto hidrodinamik yaglama rejimi genel
olarak yogunlagmis yiikleme sekillerinin gerceklestigi sistemlerde gozlenmektedir.
Bunlar yuvarlanmali yataklar, kam ve itici mekanizmalar1 ve benzeri sistemlerdir.
Hidrodinamik yaglama rejiminde ise birbiri ile temas halinde olan yiizeylerin, olusan
bir yag filmi tabakasi ile birbirlerinden ayrildig1 kabul edilir. Olusan yag film profili,
ylizey geometrilerindeki farkliliklara, yiizey kinematik 6zelliklerine ve kullanilan yag
ozelliklerine baghdir.

Gelistirilen yaglama modeli i¢in hem elasto hidrodinamik yaglama rejimi hem de
karma yaglama rejimi gz 6niinde bulundurulmustur. Akalin ve Newaz tarafindan
piston segman takimi i¢in gelistirilmis karma yaglama rejimi modeli, kam ve supap
fincan1 temasi i¢in adapte edilmistir. Modelleme siirecinde, supap mekanizmasinin
tabi oldugu yiikler belirlenmistir. Bu ytikler temel olarak, hareketli supap
mekanizmasi pargalari i¢in toplam atalet kuvveti ve valf yay1 sikistirma kuvvetidir.
Supap mekanizmasinin ¢alismasi incelendiginde, kam ve supap fincani temas
ylizeyleri arasinda olusan yag filmi, toplam atalet ve yay yiikiinii dengelemektedir.
Bu prensip iizerinden modeller kurulmus ve analizler yakinsatilmaya ¢aligilmistir.
Kam ve supap fincani yaglama analizi icin MATLAB programi kullanilarak bir
simiilasyon kodu yazilmistir. Program temel olarak iki kisimdan olusmaktadir. Kam
ve supap fincani ylizeyleri arasindaki yag film kalinligin1 hesaplamak i¢in ortalama
Reynolds denklemi doniis agisina bagli olarak anlik sekilde ¢oziimlenmistir. Karma
yaglama rejimi i¢in, yag film kalinlig1 ¢6ziimii, ilgili baslangi¢ ve sinir kosullari
denklemlerde kullanilarak saglanmistir. Analiz girdisi olarak, ilk asamada kam
geometrisi kullanilmistir. Verilen kam yiikseltme egrisi kullanilarak, yiizey
koordinatlar1 hesaplanmis, bu veriler 1s181inda da temas noktasindaki akiskan giris
hiz1 anlik olarak hesaplanmistir. Yiizey akis ve temas faktorleri Akalin’in
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calismasindan alinmis ve analizlere girdi olarak kullanilmistir. Program girdileri ile
analizler gergeklestirilmis, ylik dengesini esas alan yakinsama kriteri kullanilarak
temas ylizeyleri arasi basing dagilimi elde edilmistir. Karma yaglama rejiminin
hesaplandig1 bolgeler haricinde, kam ve supap fincani temasinda elasto hidrodinamik
yaglama rejimi gozlenmistir. Elasto hidrodinamik rejimin baskin oldugu kimi temas
acilarinda, minimum yag film kalinligi Dowson ve Higginson tarafindan
gelistirilmisformiilasyon kullanilarak hesaplanmistir. Bu ¢6ziim algoritmasinda,
toplam atalet kuvveti ve toplam yay ylikii her bir kam agis1 i¢in hesaplanmis ve
analiz girdisi olarak kullanilmistir. Bunun yani sira yine her bir kam agisi igin, ylizey
temas noktasinda egrilik yaricapi ve akiskan giris hizlar1 hesaplanmis, yag filmi
kalinlig1 hesabi i¢in girdi olarak kullanilmislardir. Hidrodinamik ve piiriizliiliik
temast basing dagilimlari, yag film kalinliklari, olusan yag filmi tarafindan taginan
yiik ve boyutsuz yag filmi sikigsma hizi her bir kam mili doniis agisi igin
hesaplanmuistir. Sistem tizerine uygulanan yiikteki degisim, kam iizerindeki egrilik
yarigapindaki degisim ve hidrodinamik giris hizindaki degisim, hesaplar yapilirken
g6z onilinde bulundurulmuslardir. Hidrodinamik yaglama rejimi i¢in ylizey
purtizliiliik profilleri ayrica hesaplamalara katilmigtir. Gelistirilen kod algoritmasina
gore, Reynolds esitligi kullanilarak hesaplanan minimum yag filmi kalinligi, Dowson
ve Higginson’un gelistirdigi formiil kullanilarak hesaplanan yag film kalinligindan
daha diisiik bir degerde olmasi engellenmistir. Bu sayede kam profili lizerinde, bazi
bolgeler hidrodinamik yaglama rejimine sahip goriiliirken, bazi bolgeler ise elasto
hidrodinamik yaglama rejimine sahip olacak sekilde hesaplar gergeklestirilmistir.
Calismanin sonug boliimiinde, yag film kalinliklari, degisken yag viskoziteleri ve
farkli motor ¢alisma hizlar1 agisindan incelenmistir. Artan yag viskozitesi ve motor
hizi ile birlikte yag film kalinliklarinin da arttig1 gézlenmistir. Sonuglar ayrica kam
ylizeyi kinematigi acisindan incelenmis ve yiizey profili li¢ kisma ayrilarak sonug
degerlendirmeleri yapilmistir. Buna gore; kam profilinin temel daire boliimiinde,
duragan yag filmi kalinlig1 tespit edilmistir. Egrilik yaricapt ve temel daire boyunca
yag giris hizi sabit oldugu i¢in, hesaplanan film kalinlig1 da sabit olmustur. Buna
ragmen kam yan yiizey gecisindeki ufak film kalinlig1 artislari, yine o bolgelerdeki
artan yag girig hizlari ile agiklanabilmektedir. Yine de temel daire boliimiinde, diisiik
egrilik yaricap1 ve diisiik giris hizlar1 sebebiyle elasto hidrodinamik yaglama rejimi
baskin olarak gozlenmistir. Kam profilinin her iki yan tarafi i¢in, bolgede
hidrodinamik yag filmi olusumu goézlenmistir. Yiiksek egrilik cap1 ve yag giris
hizlar1 sebebiyle ortalama Reynolds denklemi ¢oziilebilmis ve bolgedeki basing
dagilimi elde edilmistir. Bunun yani sira bolgede piiriizliiliikk basinglar1 da saptandigi
icin, bu kisim ise karisik yaglama rejiminin gerceklestigi sdylenmistir. Son boliim ise
kam ucu olarak adlandirilmistir. Cok diisiik egrilik yarigap1 ve neredeyse 0’a yakin
yag girig hizlar sebebiyle, bolgedeki yaglama rejimi tekrardan elasto hidrodinamik
olarak adlandirilmistir. Yapilan ¢alisma ile kam supap fincani temas1 yaglama
performansini degerlendirebilecek yeni bir yontem ortaya konmustur. Gelistirilen
yontem ile hem elasto hidrodinamik hem de karma yaglama rejimleri bir arada ele
almmistir. Yiik degisimleri, egrilik yarigap1 ve akiskan giris hiz1 degisimleri goz
oniinde bulundurulmustur. Gelistirilen simiilasyon araci ile her ¢esit kam supap
fincani tasarimi, yaglama 6zellikleri agisindan incelenebilir hale gelmistir. Kullanilan
akiskanin 6zellikleri ve ilgili temas yiizeylerinin malzeme 6zellikleri de gelistirilen
model igerisinde etkileri gdzlenebilir parametreler olarak tanimlanmigtir. Bu sayede
kurulan model ile karmasik yapidaki kam supap fincan1 dinamikleri incelenebilir
yorumlanabilir duruma getirilmistir. Son olarak, yapilan ¢alismay1 ilerletmek,
genisletmek adina bir kac¢ hususa deginilmistir. Bunlardan ilki, elasto hidrodinamik
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rejime sahip bolgelerde, kam agisina bagli anlik ¢oziimlerin yapilabilecegi sekilde
kurulan algoritmanin genisletilebilmesidir. ikinci olarak modele, kam tac yarigap1 ve
koniklik agis1 gibi parametrelerin de eklemesi ile yaglama analizi performansi
artirtlabilir. Bunlarin yani sira, siirtlinme katsayisi belirlenmesi ve aginma
mekanizmalarinin eklenmesi ¢alismanin gelecekteki asamalarindan bazilar olarak
gosterilebilir.
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1. INTRODUCTION

Mainly, there are three different friction loss sources in internal combustion engines,
which are valve train system, piston-ring assembly and engine bearings. A significant
source of mechanical inefficiency in ICE is the lubricated valvetrain components.
The friction losses of the valvetrain components represent about 7.5-21 percent of
total friction losses in ICE (Messe et al, 1999). One of the most critical parts is the
cam - tappet interaction. Cam - tappet friction losses account about 85 percent of the
total friction losses in push rod valve trains and almost the total friction losses in
direct acting valve mechanism (Teodorescu et al, 2002). Figure 1.1 illustrates two

different valve train systems; direct acting valve train and push rod valve train.

Direct Acting Valve Train Push Rod Valve Train

Figure 1.1 : Valve train mechanisms (AVL Excite TD Users Guide)

Since the cam - tappet contact is subjected to continuous variation of load, speed,
geometry and dynamic effects of the valvetrain system, it is critical to understand
what occurs inside a cam-follower contact (Vela et al, 2010). The motivation behind

this study is to understand complex phenomena between cam and tappet contact.



1.1 Literature Survey

Lee (1971) has developed a transient solutions for elastohydrodynamic lubrication.
In the study, both transient Reynolds equation and the elasticity equation are solved.
It is stated that velocity plays an important role for the solutions since it causes the
lubricant to be entrapped within the contact region. A relation between an asperity
and lubricant in terms of pressure and lubricant film thickness was found. Itwas
shown that surface asperities have a significant effect in generating a continuous

fluid film in the contact zone.

Dowson and Higginson (1977) have developed a full numerical solutions, including
a wide range of lubrication conditions. An oil film thickness formula which was used
by several authors in order to calculate oil film thickness at EHD contacts were

derived.

Kreuter and Pischinger (1985) have developed a mathematical model to describe the
dynamic behaviour of valve train system. In the study, they have modeled the oil
film between cam and follower and investigated the lubrication conditions in the
contact area of cam and follower. The surface speed between and the normal
movement between cam and follower are the main parameters that affect the existing
thickness of the oil film. They used the Dowson and Higginson formula in order to
compute oil film thickness and performend an experimental study to measure oil film
thickness betwen cam and follower. Their results showed that there is a good

correlation between the calculated values and measured oil film shape.

Lubrecht (1987) has investigated elastohydrodynamic lubrication in terms of line and
point contact. In the study, first aim was the calculation of film thickness in
lubricated line and point contacts under various loads. In order to investigate the
influence of surface roughness, the point contact problem was solved , using many
calculation points. In the research, elastohydrodynamic lubrication governing
equations were derived. Reynolds equation was solved with the following
assumptions; isothermal and pure viscous fluid flow, without internal and external
forces, time dependency only through boundary equations and narrow gap
assumption. The elastic equations were solved both line and point contact conditions.
Barus and Roelands viscosity - pressure relations were used in his study. As a density

— pressure relation, Dowson and Higginson formula was used. The multigrid



technique was developed for the numerical solution of elastohydrodynamic
lubrication field. The main role of the multigrid technique is not to reduce error, but

to smooth it out. Thus, convergence is faster and the work involved is much smaller.

Chang (1988) has developed a multi level computational algorithm that can
efficiently and accurately solve both steady-state and transient EHD line contact
problems. The calculation model also simulates the processes of micro-EHD
lubrication associated with surface irregularities. It is reported that the simulation
results show good correlation with previous experimental results. Chang also
investigated the effects of lubricant rheology on the film thickness and pressure in
micro-EHD lubrication. It is indicated that, under simple sliding conditions, the local
pressure generation and surface deformation depend on the lubricant rheology.
Surface kinematic conditions, especially the time dependent term dh/dt, can

significantly change the local pressure generation.

Gecim (1992) has studied the lubricant film thickness and Hertzian pressures at the
cam - tappet contact. In order to find EHD film thickness lubrication regimes chart
was used with the thermal and squeeze-film effects considerations. Thermal
correction factor was used in order to find the corrected film thickness. Besides the
elastohydrodynamic contact analysis, a mixed friction model was integrated into the
analysis. The aim was to predict the respective contributions from hydrodynamic and
boundary lubrication to overall friction at the cam - tappet contact zone. The model
was based on Greenwood and Tripp. Gecim also included a model of tappet spin
allowing for slip at the contact area. At the results section of the study, the overall
coefficent of friction, surface flash temperatures, effects of lubricant types, surface
roughness and tappet spin were reported. With the knowledge of influential
parameters which are tappet-foot radius, cam-taper angle and tapeet-crown radius,
the optimization possibility of the cam - tappet contact for lower friction loss was
indicated. In additon to the calculations, the results are compared with the

experimental data.

Jiang et al. (1999) has an investigation regarding a mixed elastohydrodynamic
lubrication model with asperity contact. Their model deals with EHL problem in the
very thin lubricant film zone where the film is not thick enough to separate
contacting surfaces. They used the Reynold equations only in the lubricated area. In

the asperity contact zone, asperity pressure is calculated by the interaction of two



mating surfaces. As a result, total applied load is carried out by the lubricant film and
the asperities. They introduced the load ratio, contact area ratio and average gap to
characterize the performance of mixed lubrication with asperity contacts. They also

reported the asperity orientation and the effect of rolling-sliding condition.

Kushwaha et al. (2000) have been conducted an analysis non-linear constrained
valve train system. They showed the simultaneous solution of the Lagrangian
dynamics for the system, together with an approximate quasi-static
elastohydrodynamic solution of the lubricated contact. They used an extrapolated oil
film thickness formula which includes both entraining and squeeze film effects. They
examined the effect of spring surge on the contact separation and residual vibrations
of the system. They also investigated the lubricant pressure distribution and film

thickness, including during start-up and acceleration.

Messe and Lubrecht (2000) have performed a transient elastohydrodynamic analysis
of a cam - tappet contact. They used multi-grid, multi-level and multi-integration
techniques to reduce the computing time. Their model includes the variations in the
radius of curvature of the cam, the variations in the hydrodynamic velocity and the
variation in the load. They indicate that the variation in the radius of curvature is
dependent on the cam geometry. Radius of curvature is defined as a function of cam
rotational angle. They found a relation between the entrainment velocity and the
displacement of the contact point. They described the variation in the load as a
function of the stiffness of the spring and the inertial forces and consequently of
angular velocity. They reported their results for the different zones of the cam.
According to their study, both elastohydrodynamic and hydrodynamic lubrication
regimes have been observed. They also reported the importance of squeeze effect on

the oil film around cam nose contact.

Glovnea and Spikes (2001) investigated the influence of cam follower motion on
elastohydrodynamic film thickness. They indicate that at some points in the cam
cycle event, the entrainment velocity and theoretical steady state film thickness
becomes zero. Since the possible acceleration or squeeze effects did not consider in
steady state solutions, they intented to test the validity of this approximation. They
simulated cam-follower kinematic cycles in a model ball on disc. The results showed

that squeeze effects play ab important role in the lubrication of this type of



mechanism. They also reported that a finite lubricant film was retained even in the

positions where the entrainment speed was zero.

Teodorescu and Tazara (2003) have an investigation regarding the simplified
elastohydrodynamic friction model of the cam - tappet contact. In this study, they
analyzed the contact conditions between cam and a flat tappet in order to develop a
method for the calculation of the friction force. They used Greenwood and Tripp’s
model for the contact of two rough surfaces. They argued that oil film thickness has
not a significant effect on the friction force when non- Newtonian behavior of the oil
is dominant. They also reported the followings; There is a poor influence of the load
on the oil film thickness in EHD lubrication, oil viscosity and entrainment speed are
the main parameters that affect the oil film thickness, Hertzian pressure distribution
is observed in the contact region, excepting the oil exit, the oil film is parallel in the
contact region and there is always oil film retained in EHD lubrication, even at the
reversal of the entrainment speed. At the end of their study their simplified friction
model was experimentally validated by their single cylinder diesel engine
experimental setup. They developed an original technique to allow the measurement
of the friction forces on the tappet. They used an equipped tappet which can measure
forces and moments applied on the tappet. With this measurement technique, they
also evaluated the friction force on cam-tappet and tappet-bore to determine the

angular rotation of the tappet.

Teodorescu and Taraza (2004) have an other study regarding the cam - tappet contact
condition. They investigated the tribological contact conditions between a
polynomial automotive cam and a flat follower. They used a multi body model of the
system to represent the complex tappet motions. They examine both cam-tappet and
tappet-tappet bore lubrication conditions. They reported that at high engine speeds
the boundary friction is observed at the closing event of the cam and hydrodynamic

and mixed lubrication is observed at the opening event of cam.

Zhu (2007) studied some aspects of numerical solutions of thin-film and mixed
elastohydrodynamic lubrication. He states that in elastohydrodynamic region,
converged and accurate numerical solutions become difficult. In his study, he
conducted analyses with various computational meshes, various cut-off values for

handling contact, on different levels of central film thickness. As a result of his



studies, he indicated that the computational mesh density plays significant role on the

EHD film thickness when the lubricant film is very thin.

Roshan et al. (2009) evaluated frictional losses in a direct attack valve train through
the use of tribofilm friction performance model in boundary and mixed lubriaction
conditions. They included mixed lubrication concept based on a transition model.
They assumed that the lubrication regimes ranges from EHD through mixed to
boundary lubrication is to be isothermal and full separation of the sliding surfaces is
not guaranteed. In the study, they also included the chemical sensitivity of the
additives used in automotive lubricants by using a typical friction modifier. With the
combination of elastohydrodynamic and mixed lubrication model, their friction
torque predictions showed good correlation with the experimental data from motored

cylinder head of a typical direct attack design.

Vela et al. (2011) have an investigation on cam follower contacts. In their study, they
modified the existing experimental apparatus to measure oil film thickness and
friction force between cam and follower. Besides the experimental study, they also

conducted theoretical simulations in order to interpret on the exprimental results.

1.2 Scope of Research

In this study, computational model for the simulation of cam - tappet lubrication has
been improved considering both elastohydrodynamic lubrication theory and mixed
lubrication concepts. A computational scheme for mixed lubrication concept based

on Akalin and Newaz’s (1999) model has been adapted for cam - tappet contact.



2. LUBRICATION ANALYSIS OF CAM - TAPPET CONTACT

2.1 General Remarks

There are three types of lubrication occur in valvetrain components: full-film, mixed
film and boundary lubrication. In full film lubrication condition, two contacting
surfaces are fully separated by a lubricant. In boundary lubrication condition, two
contacting surfaces are physically in contact because of geometry of surfaces,
excessive load, surface roughness or lack of sufficient lubricant. In mixed film
lubrication regime, two contacting surfaces face with both lubrication film and
asperity contact. Figure 2.1 shows three different lubrication regimes in terms of

Sommerfeld number and friction quantities.
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Figure 2.1 : Stribeck diagram

In this study, mixed film, hydrodynamic and elastohydrodynamic lubrication regimes
are introduced without presentation of complete derivations of the governing

equations since this is out of scope of study.



2.1.1 Principle of elastohydrodynamic lubrication

Elastohydrodynamic lubrication is a type of lubrication that includes the elastic
deformation of the lubricated surfaces. In EHD lubrication, the contact surfaces are
not only separated by a thin lubricating film, but also elastically deformed to an
amount comparable to the film thickness (Chang, 1988). EHD lubrication can be
seen under concentrated load supporting contacts such as rolling bearings, cam
follower systems etc. Typical shape of elastohydrodynamic contact between cam and

follower can be seen at Figure 2.2.
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Figure 2.2 : Elastohydrodynamic contact between cam and follower (Kreuter and
Pischinder, 1985)

There are large numbers of studies regarding to numerical solution of
elastohydrodynamic lubrication. These investigations include the deformation
behavior of the surfaces, hydrodynamic pressure generation in the fluid and non-

linear viscosity —pressure relation of the lubricant.

An extensive study is performed by Dowson and Higginson (1966). They have
developed a formula based on the results of their numerical computations, in order to

calculate the thickness of the elastohydrodynamic oil film.

U
hpup = 1.6 % %6 x 007 % (E')003 4 =013 x ROA3 4 lE 107 2.1



where,
o = Pressure coefficient of viscosity

n = Oil viscosity at the temperature of the surfaces and at atmospheric

pressure
E’= Combined Elastic Modulus of two contacting surfaces
w = Load per unit contact width
R = Combined radius of curvature of two contacting surfaces
U = Hydrodynamic entraining velocity
This equation considers Hertzian deformations in the contact area as well as the
pressure dependence of the lubricant viscosity (Kreuter and Pischinder, 1985).
2.1.2 Principle of hydrodynamic lubrication

In hydrodynamic lubrication, generation of a hydrodynamic pressure in the lubricant
provides the lubrication between two surfaces. The generation of hydrodynamic
pressure depends on the contact geometrical configuration, surface kinematic
conditions and the lubricant properties (Chang, 1988). For an isothermal and
incompressible lubricant, the pressure in hydrodynamic contacts is governed by the

Reynolds equation.

3 3
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where, hy is local film thickness, h is the nominal film thickness, p is local pressure

and 1) is viscosity of lubricant. The local film thickness is defined as,

hr =h+8 +6, 2.3)

where,8; and &, are surface roughness profiles of the surfaces that can be seen

Figure 2.2.



Figure 2.3 : Film thickness function (Akalin,1999)

Patir and Cheng (1978) modified this equation in order to include surface roughness
on partial hydrodynamic lubrication. This approach is based on Average Reynolds
equation in terms of pressure and shear flow factors, which are functions of surface

roughness characteristics.

o2\ P 1 ax ) T oy \ P 1z oy 7 ox 7 % Tt @9
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Here, h_T 1s average gap, o is composite surface rouhgness, U; and U, are the surface
velocities. ¢, ande, are pressure flow factors. Patir and Cheng (1978, 1979) have
developed a formula in order to calculate flow factors as a function of lubricant film
thickness to composite surface roughness ratio and surface roughness orientation.
Necessary empirical equations and coefficients to calculate surface flow factors are

taken from Akalin’s study (1999).

Simplified form of Average Reynolds equation for cam-tappet contacts, where

U; = U and U, = Ocan be written as,

d dp dhy  dos dhy 2.5)
—_ 3 ) — -7 __ .
I <¢xh dx) 6nU< I +o ix + 127

The following non-dimensional parameters are used as in Hu (1994),

T=t*w Ur=—

2x h U
c rw
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where,

¢ = Nominal radial clearance between cam and tappet
r = Base circle radius of cam

w = Camshaft angular speed

B =Db/r

Wu and Zheng (1989) introduced a contact factor ¢, in order to reduce numerical
work to calculate average separation in the average Reynolds equation. Non-

dimensional modified Reynolds equation can be written as,

d
dX

(¢xH3 3—;) =U (¢CZ—I; +0* C;f;) + ﬁ(pc(;_;l (2.6)

By solving Equation 2.5, pressure distribution between cam and tappet contact zone
is obtained. Load carried by lubricant film can be calculated integrating the pressure

distribution within the effective lubrication length.

1
W, = f P(X, ¥ (P)dX (2.7)
-1

where,

1LP>0
"”(P){O,Pso

As Reynolds boundary conditions do not allow negative pressure within contact

length, positive lubricant pressures have been taken in the force balance.

Contact load for a unit segment W,(T) is calculated byusing Greenwood and

Tripp’s(1971) asperity contact model as a function of separation of the surfaces.
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Total force, which is acting to the cam,is balanced by summation of the asperity and

hydrodynamic loads.
Wy = Wp(T,H,H) + W, (T, H) (2.8)

2.2 Theory and Modeling

Valve train system is subjected to variable spring and inertial forces during cam
event cycle. Since there is lubricant between cam lobe and the dynamic part of
valvetrain system, total inertial and valve spring forces are balanced with the
hydrodynamic and asperity loads between cam and tappet. Figure 2.3 is the free body

diagram of equivalent valve train system.

Figure 2.4 : Free Body diagram of equivalent valve train system
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2.2.1 Cam surface coordinates

Figure 2.4 shows the geometry of a translating flat-faced follower and cam in two
positions, the initial position at 8 = 0 and an inverted position at an arbitrary value

of cam angle 6.

Base circle

Figure 2.5 : Geometry for derivation of the surface contour of a radial cam with flat-
faced follower (Robert and Norton, 2002)

Norton (2002) derived the cam surface coordinates as follows,

y(6) = Ry +5(6) (2.9)

where, y(6)is the y component of the cam surface contour for any cam angle 6, R,

is the base circle radius and s(0) is the displacement of the follower.

The lateral displacement x(6)can be defined as,

x(0) = @ = v(6) (2.10)

where, v(0) is the follower velocity.

The polar coordinates of the contact point A for any 8 are,

13



RA(6) = \/[R, + s(0)]2 + [x(0)]2 @2.11)

_ S x©®) 2.12
0,(0) = 0 +tan (Rb " 5(9)> (2.12)

The Cartesian coordinates of the contact point are then,
x5(0) = [R4(0)]cos [0(0)] (2.13)

y5(0) = —sgn(w)[R,(0)]sin [0(8)] (2.14)
where, the sgn function accounts for cam rotation direction.

2.2.2 Kinematic characteristics of cam profile

Under ideal conditions, the cam should remain in contact with the tappet at all
times;otherwise, the loss of lubricant may ensue. However, owing to the dynamics of
the system involved, this may not be the case (Kushwahu et al., 2003). Hence, it

becomes important to understand the kinematics of the cam geometrical profile.

At Figure 2.5, various cam profiles that are used in internal combustion engines can

be seen.

Figure 2.6 : Various cam profile examples

Many cam profiles can be designed for various machines and applications. An

example that was used in the analysis is illustrated at Figure 2.6.
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Figure 2.7 : An automotive cam profile with its kinematic characteristics

Given cam profile can be characterizes by three different zones; Base Circle, Flank,

Nose.

The Base Circle zone: The valve is closed by the spring at base circle zone. Applied
load, radius of curvature and the entraining velocity are constant. The conditions are

stationary.

The Flank zone: The valve is opened at flank zone. Applied load depends on the
inertia and spring loads. Radius of curvature and entraining velocity reach maximum

value at the middle of the flank zone.

The Nose zone: Maximum valve lift is occurred at the middle of nose region.

Minimum radius of curvature is also seen at the cam nose zone.
2.2.2.1 Instantaneous radius of curvature

Instantaneous radius of curvature is dependent on the cam design and the kinematic
characteristics of cam - tappet contact. Due to the cam profile changes during cam

event cycle, radius of curvature also changes with the cam rotation angle.
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Figure 2.8 : Cam to tappet contact kinematics, Kushwahu (2003)

Figure 2.7 shows the kinematic relation between cam and flat tappet. Kushwahu

(2003) derived the instantaneous radius of curvature as follows,

When the rotation of the tappet is ignored, the velocity of the instantaneous contact

point Q can be defined as,
Vot = —Wja (2.15)

wherejg is referred to as the geometric acceleration of the tappet caused by the

change in the cam profile.

2
j=Ls (2.16)
do?

with the assumption of constant camshaft angular velocity ®, then 8 = wt. By

substituting 8 in the above equation,

2 2
jp=ts _Lds (2.17)
d(wt)? w?dt?

The velocity of the contact point Qcan also be represented in terms of the

instantaneous radius of curvature of the cam profile at the point of contact.

16



Vo/e = Vsing — wp (2.18)

where,

Vsind = w(Rp, + 5) (2.19)

Since no slip condition is assumed between cam and tappet, equation (2.17) equals

equation (2.14). Hence,

w(Rp +5) — wp = —wjg (2-20)

Therefore, the instantaneous radius of curvature at thepoint of contact is obtained as,

p=R,+5+jg (2.21)
whereR), is the base circle radius.

2.2.2.2 The entraining velocity

The entraining velocity depends on the contact surface velocities. Kushwahu (2003)
states that the entraining velocity U is the avegare of the surface velocities of the

tappet and the cam at the point of contact. Hence,

U = 2o + wp) (2.22)

Replacing p into equation above gives,
U= %[wfe + (R +5+Jp)] (2.23)
U :%w(RO + 5+ 2jp) (2.24)

2.2.3 Contact load definition

For cam - tappet mechanism, the applied load Wr is the summation of inertial force

from valvetrain assembly and the valve spring load.

17



Spring Load

Figure 2.8 shows typical load characteristics of automotive valve springs.

Spring Ferce

0 90 180 270 360

Cam Angle

Figure 2.9 : Spring load characteristics

The spring force characteristics are defined by polynomial shape. Total spring force

is the summation of installed spring force  and lift dependent polynomial spring

force

(2.25)

Inertial Load

Newton’s second law states that magnitude of the applied force is equal to the time
rate of change of momentum of a body. When mass  is constant mass and  is the

acceleration of mass center, total force that is acting at the mass center can be

defined as,

(2.26)
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Inertial Force
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Cam Angle
Figure 2.10 : Inertial load characteristics
Figure 2.9 illustrates typical characteristics of inertial load. With the definition of

spring and inertial loads, total force acting to the cam can be defined as,
Wy =F, + F, (2.27)

2.2.4 The solution procedure

To calculate the lubricant film thickness and pressures between the contact surfaces
of cam - tappet, equation (2.6) is solved simultaneously with the initial and boundary
conditions for the mixed lubrication regime. Apart from mixed lubricated contact
zones, elastohydrodynamic lubrication regime occurs in cam - tappet interaction.
Minimum oil film thickness is calculated according to equation (2.1) for the EHD

lubrication.
2.2.4.1 Boundary conditions

There are two boundary conditions applied to the solution, one of them is the
ambient pressure assumption at the edges of computational zone. The second one is

the Reynolds cavitation boundary condition. Pressure gradient at the cavitation
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boundary is zero and the pressure is equal to the atmospheric pressure at the outlet of

lubrication regime (Akalin, 1999).
2.2.4.2 Initial conditions

To resolve for the pressure distribution and oil film thickness within contact length,
minimum oil film thickness and squeeze film velocity assumptions are usedas initial

conditions.
2.2.4.3 Numerical procedure

A MATLAB code has been developed to simulate lubrication condition of cam -
tappet contact. Program contains two main parts to calculate lubrication parameters
within contact zone. For Elastohydrodynamic lubrication regime, Dowson and
Higginson formula and for Hydrodynamic lubrication regime, averaged Reynolds

equation was used to determine oil film thickness.

To solve Averaged Reynolds equation, the simulation starts with the geometric input
definition. For a known cam lift curve, cam surfaces coordinates are derived by using
equations (2.12) and (2.13).Cam - tappet contact surfaces are defined for every cam
angle by a subroutine and used as an input in the simulation. By using cam lift curve,
entraining velocity at the point of contact is calculated according to equation (2.23).
Entraining velocity is also given as an input to the program for every solution angle.
Surface and shear flow factors (Patir and Cheng, 1978, 1979) and contact factor (Wu
and Zheng 1989) are taken from Akalin’s study (1999). They are calculated by
subroutines and used as an input in the simulation. Using these inputs and assumed
initial and boundary conditions, pressure distribution along the contact length is
calculated using equation(2.6). Integrating the pressure curve within the effective
contact length, the load carried by the lubricant film is calculated. Load carried by

surface asperities is also calculated using Greenwood and Tripp’s (1971) model.

The convergence criterion is used as Akalin’s algorithm (1999). If the load balance
in equation (2.8) is not satisfied for the assumed squeeze film velocity, initial

squeeze film velocity is modified,
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H=H+AH (2.28)

and solution is repeated until the load balance is satisfied. When the load balance

£<g, is satisfied where,
g,= Convergence Criterion
and

Wr — (W, + Wp)
Wr

(2.29)

E =

calculated squeeze film velocity is used to calculate the new lubricant film thickness.
Forward Euler method is used to calculate the lubricant film thickness for the next

cam angle.
HT+AT = HT + HAT (2.30)

Pressure distribution and asperity contact pressure, lubricant film thickness, load
carried by oil film and surface asperities and non-dimensional squeeze film velocity

are calculated for each cam angle degree.

On the other hand, to solve Dowson and Higginson formula, the summation of
inertial force from valvetrain assembly and the valve spring load are calculated using
equations (2.24) and (2.25) for each cam angle degree. Radius of curvature and the
entraining velocity are derived from cam lift and used as an input in the oil film

thickness formula.

Both Dowson and Higginson formula and Averaged Reynolds equations were solved
simultaneously for every cam angle. According to the code algorithm, calculated
minimum oil film thickness from Reynolds equation can not be smaller than Dowson
and Higginson formula. Hence, some contact zones were found in hydrodynamic

lubrication while some of them were found in EHD lubrication.
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3. RESULTS AND DISCUSSION

3.1 Input Data Set

The input data for the analysis of the sample direct acting cam follower mechanism

are listed in Table 3.1

Table 3.1 : Input Data

Parameter Value
Base Circle Radius, m 18
Cam With, m 0.02
Valve Diameter, m 0.06
Valve Assembly Mass, kg 0.1
Clearance between Cam and Tappet, m 20 x107°
Cam Surface RMS Roughness,m 0.25 % 107°
Tappet Surface RMS Roughness, m 0.6 x10°°
Composite Surface RMS Roughness, m 0.65 % 107°
Surface Pattern Parameter by Patir& Cheng 1
Cam - tappet Friction Coefficient 0.03
Cam - tappet Elastic Modulus, GPa 170
Cam - tappet Poisson’s Ratio 0.28
Installed Spring Force, N 650
Lubricant Viscosity, Pa.s 0.014
Pressure Coefficient of Viscosity, 1/GPa 14.3
Camshaft Running Speed, rpm 1000

Calculated radius of curvature and hydrodynamic velocity curvesare presented
accordingy. These parameters are the main inputs for analyses. Figure 3.1 illustrates
the variation in the radius of curvature as a function of cam angle. As can be seen
from Figure 3.1 that while radius of curvature seems constant at the base circle zone
of cam, it gets higher values at the flank zone of cam. The minimum radius of

curvature is obtained around the nose of cam.
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Figure 3.1 : Variation in the radius of curvature

Figure 3.2 shows the entraining velocity at 1000 rpm. Curve characteristic is similar
to the radius of curvature becceuse hydrodynamic velocity is derived from the radius
of curvature formula. At the flank — nose transitions hydrodynamic velocities
become zero. Theoretically,elastohydrodynamic oil film thickness is expected to be
zero at these points, since the squeeze film effect is not considered in Dowson and

Higginson’s EHD model.
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Figure 3.2 : Variation in the hydrodynamic velocity
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3.2 Analysis Results

3.2.1 Effect of surface kinematics

Figure 3.1 shows the representative oil film thickness profile on the cam surface. In
order to plot very small film thickness results on the cam surface, results are

geometrically scaled.

Figure 3.3 : Geometrically scaled oil film thickness profile

As can be seen from the plot above, oil film thickness changes dramatically at the
flank zones of the cam. It is mainly caused by high radius of curvature at flank
transitions. Oil film thickness reduces towards the cam nose, because of the small
radius of curvature. Oil film remains constant at the rest of the cam surfaces, since

the velocity and radius of curvature do not change at base circle zone.

Since cam surface can be divided into different geometric regions as a function of
rotational angle, analysis results are examined according to defined cam zones.

Figure 3.2 shows the oil film thickness at the cam - tappet interface.

The Base Circle: Between cam angle 8 = 240 and 6 = 120 stationary oil film
thickness solution is obtained by using equation (2.1). Radius of curvature and
entraining velocity of lubricant are lower compared to cam flank zone. Two small
peaks at the oil film thickness curve are caused by hydrodynamic velocity changes

before the cam flank zones. As a result of these parameters, elastohydrodynamic
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behaviour is occurred between cam and tappet. Minimum oil film thickness is around

0.1 pm.

The Flank: Between cam angle 8 = 120 — 140 and 8 = 220 — 240 hydrodynamic
film formation is observed. Due to high radius of curvature and entraining lubricant
velocity, Averaged Reynolds equation is solved. Both hydrodynamic and asperity
pressures are obtained. This region is also called as the mixed lubrication region.

Minimum oil film thickness reaches up to 0.5 um at the middle of flank.
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Figure 3.4 : Oil film thickness at the cam - tappet interface

The Nose: Between cam angle 8 = 140 and 8 = 220 elastohdrodynamic solution
takes place again due to very small radius of curvature and very low entraining
velocity. At a certain cam angle, the entraining lubricant velocity becomes zero then
increases in the inverse direction. According the formula (2.1) oil film thickness is
calculated zero where the entraining velocity is zero. However, due to the squeeze
film effect, a small amount of lubricant remains between cam nose and tappet (Messe
et al. 1999). Apart from the zero oil film thickness results, the film thickness

obtained at the cam nose is around 0.04 pm.
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3.2.2 Effect of rotational speed

Various analyses are performed toinvestigate some of important parameters on the
oil film thickness between cam and tappet. One of these parameters is the rotational
cam speed. Cam speed is always definedas the half of crankshaft speed for 4 stroke
internal combustion engines. Lubrication analyses are carried outin full speed range
of one of conventional medium duty ICE. Figure 3.3 shows the oil film thickness at

the cam - tappet interface for different engine speeds.
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Figure 3.5 : Oil film thickness with different engine speeds

According to the analysis results, whichare plotted above, oil film thickness increases
with the higher engine speed. High rotational speed affects the entraining velocity.
Thus, oil film thickness trend at cam - tappet interface depends camshaft rotational
speed directly. At the lowest engine running speed 400 rpm, oil film thickness
decreases down to 0.01 um around the cam nose. For the high engine speeds, oil film
thickness reaches up to 0.9 um around the cam flank. As indicated previous
statements, squeeze film effect prevents lubricant film thickness from collapsing

even at the lowest engine speed.
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3.2.3 Effect of lubricant viscosity

One of the other parameter that affects the oil film thickness is the lubricant dynamic
viscosity. Various analyses are carried out under constant engine speed (1000 rpm)
and constant operating temperature (70°C). Three different engine oils are selected
and analyses are performed with their constant viscosity values. Figure 3.4 illustrates
the oil film thickness results for three different types of oil; SAE 20, SAE 30, SAE
40.
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Figure 3.6 : Oil film thickness with various SAE grade oils

As the grade of oil increases, oil film thickness increases too. SAE 20 grade oil has
0.014 Pa.s and SAE 40 grade oil has nearly double of SAE 40’s viscosity. The
difference between the dynamic viscosities can be seen directly at film thickness

results.

3.2.4 Comparison of classical EHD theory and developed calculation model

Oil film thickness profiles are calculated both with Dowson and Higginson formula
and developed calculation model. Figure 3.5 shows the lubricant film thickness

results, which are calculated with classical EHD theory and developed model.
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Figure 3.7 : Oil film thickness with classical EHD theory and developed model

There is no difference at the stationary part (Cam Base Circle) and cam nose part.
The difference takes part at the cam flank zones. According to developed calculation
model, hydrodynamic film formation occurs at flank zone. Thus, the lubricant
thickness values are higher than calculated elasto hydrodynamic lubricant thickness

values. At this region, transient term play an important role in order to calculate film
thickness.
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4. CONCLUSIONS

In order to assess cam - tappet lubrication performance, a new methodology has been
developed. The methodology includes both elastohydrodynamic and mixed
lubrication concepts. Variation in the load, the radius of curvature and
thehydrodynamic entraining velocity are considered in the analysis. For the
hydrodynamic lubrication regime, surface roughness characteristics are taken into
account. By using developed calculation tool, any kind of cam - tappet design can be
assessed in term of their lubrication performance. The model also can predict the
effects of lubricant properties (i.e. lubricant viscosity) and contacting material
properties (elastic modulus of materials). The model is expected to be beneficial for

understanding of the dynamics of such complex cam - tappet systems.

In order to improve the model, deformation of the contacting surfaces can be
includedin the model. Thus, elastohydrodynamic lubrication regime can be
solvedinstantaneously. Developed calculation model can also be extended by
including crown radius and taper angle effects on the lubrication regime.Using the
output of developed tool, friction coefficient determination and wear mechanism of

cam - tappet interface can also be examined as a future work.
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