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Valve-train dynamics: a simplified tribo-elasto-
multi-body analysis

M Kushwaha, H Rahnejat” andZ M Jin
Department of Mechanical Engineering, University of Bradford, UK

Abstract: This paper presents a model of a cycloidal cam—flat follower pair. The model incorporates
the inertial elements, the assembly constraint functions and the sources of compliance in the valve train.
The sources of compliance include the valve spring characteristics, including the spring surge effect
under dynamic conditions, as well as the contact compliance between the cam and the flat follower. The
contact domain is treated as a counterformal concentrated lubricated region subjected to an elasto-
hydrodynamic regime of lubrication (EHL). The prevailing contact geometry is one of finite line
contact.

The paper presents the results of simultaneous solution of the Lagrangian dynamics for the non-linear
constrained system, together with an approximate quasi-static elastohydrodynamic solution of the
lubricated contact conjunction at each time step by an extrapolated oil-film thickness formula for
combined entraining and squeeze film action. The effect of spring surge on the contact separation and
residual vibrations of the system are investigated, as well as the lubricant pressure distribution and film
thickness, including during start-up and acceleration.

Keywords: valve train dynamics, valve spring surge, elasto-multi-body dynamics

NOTATION K kinetic energy
I camshaft length
A position vector of point in the frame of Lc contact length
reference of poin Ly valve length
b contact half-width m mass
C damping constant n number of constraints
C constraint function N normal to the curve
D instantaneous cam diameter p Hertzian or EHL pressure
E modulus of elasticity pr cam contact profile
f camshaft frequency pP* =p/lE
fo fundamental valve spring frequency q, g* reduced hydrodynamic pressure in the
fo valve spring preload Reynolds equation
Fq vector of generalized forces {q} generalized coordinates
g gravitational acceleration R instantaneous reduced radius of the
G modulus of rigidity counterformal contact
G* = Eo Ro base circle radius of cam
h lubricant film thickness S follower lift
h* dimensionless lubricant film thickness t time
I mass moment of inertia T tangent to curve
ip geometrical acceleration Ty generalized torque
J second area moment of inertia u entraining velocity
Ks valve spring rate u* = Un/(ER)
WE squeeze—roll speed ratio
w contact load
The Mwaas rt?lti:ce;\tli%(:l 22 %g Eg\%ﬁ&; rlfgggand was accepted after\\W* =WI/(ERL)
i((a:\g?rlggpgrzgiﬂg author: Department of Mechanical Engineering, XY,z local Cartesm_n frame of reference
University of Bradford, Bradford BD7 1DP, UK. XY, Z global Cartesian frame of reference
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lubricantpiezoviscosityindex
cameventangle
contactdeflection
lubricantviscosity[15]
Lagrangemultiplier
Poisson’satio
lubricantdensity
Eulerangles

<V =2 I ™K

0, ¢

1 INTRODUCTION

The contactbetweencam and follower accountsfor a
significant proportion of the frictional lossesin the
internal combustionengines[1, 2]. A progressiveneed
has arisenfor a higher output power—weightratio in
modernmotor vehiclesandin particularfor racingcars.
Valve train dynamic performancehas thus becomea
critical factor. However, faster valve accelerationcan
inducecertainundesireddynamiceffectssuchascontact
separatiordueto valve springsurge referredto asjump
and bounce in the valve seat contact. The inertial
imbalancescan be exacerbatedby sucheffectsand can
render unacceptablelevels of noise, vibration and
harshness(NVH) [3,4]. Jump in the cam-follower
contactandbouncein the valve seatcontactcaninduce
premature componentfailure by fatigue and loss of
lubrication (evenin shorttransittimes). The latter can
leadto wearof contactingmembersTheseproblemsare
particularlyexaggeratedt high speedstequiringa more
detaileddynamicanalysisof the entireassemblyOn the
other hand, at low speeds,such as in cold start-up
conditions, lubricated contact conditions are adversely
affectedby theformationof averylow oil-film thickness
[5, 6]. Indeedunder steadystate conditions,theoretical
analysegointto thelossof lubricantfilm in the vicinity
of and immediately prior to the cam nose—follower
contact[7, 8] underpureentrainingmotion. In fact, it is
claimed, through theoreticalinvestigations,that in the
aforementionedregions the predominant regime of
lubrication is due to boundary films. Experimental
evidencereportedby Hamilton [5] doesnot concurwith
thesetheoreticallybasedsuppositionsuUntil recently the
presenceof a lubricantfilm measuredn theseregions
could not be explainedusingthe theory of elastohydro-
dynamic lubrication (EHL). Solutions obtained for
transientEHL conditionspointto a combinedentraining
andsqueezdilm action[7, 8]. Thecritical role of squeeze
film actionin lubricantfilm retentionis now established,
particularly when lubricant film formation due to
entrainingactionbecomesnsignificant[9, 10]. This can
occur either at low speedf entrainingmotion or asa
resultof inlet boundaryreversalin thevicinity of thecam
nose—flafollower contact.

Designof new valve trainsis critically affectedby a
number of major factors, including the cam—follower
contactcondition,the valve springsurgeandtheinertial
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dynamicsof the constrainedassembly.Structuralcom-
pliancealsoplaysa significantrole, suchasthe stiffness
of the camshaftin the cycloidal cam—flat follower
arrangementeportedhere.

Thetrendfor future developmentn internalcombus-
tion enginesis to increasevalve accelerationswhile
minimizing NVH effects.This pointsto areductionin the
massof theinertial memberdi.e. usinglighter camsand
followers and their attachments)thereby reducingthe
valve springrate. However,useof lighter materialscan
resultin reducedatiguestrengthof contactingmembers.
This points to a combinatorial problem, requiring a
compromisein design betweenthe choice of various
parameterskurthermoreijt calls for a holistic approach,
incorporatingooththe NVH aspect®f thevalvetrainand
cam—follower lubricated contact dynamics. This paper
highlightsa detailedmethodologyfor suchanintegrated
study.

2 MULTI-BODY MODEL

The valve train systemis consideredas a tribo-multi-

body dynamic model. It comprisesthe inertial compo-
nentsof the system,referredto as‘parts’, the assembly
constraints,sourcesof compliancesuch as the valve

spring,contactcomplianceandelasticity of the camshaft
andthe lubricatedconjunctionbetweenthe camandthe

flat follower. Two modelsaredescribedn the paper,one

with a rigid camshaft and the other incorporating
camshaftelasticity.

2.1 Inertial parts

Therearefive partsin themodel,includingthe groundor
fixed datumto which the global Eulerframeof reference
is attachedIt alsoincludesvalve train componentsuch
asthecam,thecamshaftthefollower, thespringretainer,
the valve/follower and two point masseghat represent
the distributedmassof the valve spring. The two point
massesare enoughto representthe clamped—clampe
arrangemenof the valve springin orderto examinethe
spring surgeeffect. The massand inertial propertiesof
thesepartsare providedin Table 1. The camshafin the
elastic model is also representedby a seriesof point
mass/inertialelements restrainedtogetherby dynamic
stiffness and damping matrices as non-linear three-
dimensionalcomplianceinfluencecoefficientmatrices.

2.2 Constraints

Partsin the multi-body modelareassembledogetherby
holonomic and non-holonomicconstraintfunctions to
ensuretheir designfunctional performance Thesecon-
straintsareappliedat givengeometridocationsbetween
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Table 1 Inertial elementsn the valve train model
Partname Mass(kg) I (kg mn?) lyy (kg mn) 1,2 (kg mm?)
Camshaftportion 0.15-0.20 55-70 55-70 170-200
Cam 0.20-0.30 73-90 53-85 98-135
Valve/follower 0.20-0.25 198-210 30-45 198-210
Springmass(5) 0.005-0.010 0.0075-0.015 0.0075-0.015 0.0075-0.015
Springmass(6) 0.005-0.010 0.0075-0.015 0.0075-0.015 0.0075-0.015
Table 2 Constraintdn the valve train model
m;
| partname J partname Constrainttype DOF removed
. é Y3
Camshaft Ground Cylindrical 4 =2
Cam Valve/follower Curve—curve 2 k, o C
Valve/follower  Ground Translational 5 " '
Springmass(5)  Ground Translational 5 ‘-l
Springmass(6)  Ground Translational 5

parts. Table 2 lists the joints in the model. Eachjoint
includesa numberof constraintghat arerepresentedy
scalar algebraic constraint functions. These functions
yield non-linearalgebraicequations.

Curve—curveadherenceconstraintfunctions are em-
ployed betweenthe flat follower and the cam radial
profile. Theseintroducetwo scalaralgebraicfunctions
thatinhibit the separatiorof thetwo bodies.Thereforea
point on the cam surfaceremainsin contactwith the
tappetat all times. Contactseparationis only allowed
throughelasticdeformationin the contactowing to the
generationof elastohydrodynamipressuresThe valve
springsurgeinfluenceghe contactdeformationandthus
affectsthe EHL film. The EHL film is formed by the
combinedeffect of entrainingmotion and squeezdilm
action. Contact misalignment occurs as a result of
camshaftlocal flexion. The effect of tappetspin is not
included.

2.3 Sourcesof compliance

The sourcesof compliancein a real valve train are
manifold. Theseincludethe following:

(a) valve springstiffnessanddamping,

(b) the contactcompliancein the lubricatedconjunction
betweenthe camandfollower,

(c) the contactcompliancebetweenthe valve stemand
the valve seat,

(d) tangentialtraction in the contactdomain which is
omittedin the currentanalysis.

Thevalve springstiffnessis consideredisa two-degree-
of-freedomcompliance.In automotivevalve trains, the
valvespringcoilsareirregularlyspacedresultingin non-
linear characteristicsSuchspringscan be modelledby
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Fig. 1 Lumpedmassmodelof the valve spring

lumped parameter formulation. The three stiffness
componentsn the valve springmodel,shownin Fig. 1,

are obtained by making the following assumptions.
Firstly, symmetry is assumedin the two-degree-of-
freedom valve spring model: ks =ks, and c¢s = s,

Secondly, it is assumedthat the distributed system
undergoeghe samestatic deflectionandrespondsat the

samefundamentahaturalfrequency Theseassumptions
yield the second natural frequency of the clamped-—
clamped systemto be twice the fundamentalnatural
frequencyof the springassemblyThus:

2
Mg = M = 2 (%) (1)
ks, = 4ko (2)
o, = e = ko @)

The valuesfor this model are ko = 35kN/m and fo =
504.5Hz.
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2.4 Cam-tappetconcentratedcontact

The cam-flatfollower contactat a particularcamangle
canberegardedo bethe sameasthe contactthataroller
of thesameradiusasthe caminstantaneousadiusmakes
with an elastic half-space.A dry contact under this
conditionobeysthe classicalHertziantheoryfor aroller
indentinga semi-infiniteelastichalf-spaceThe Hertzian
theory assumeghat the surfacesof the roller and the
planeare perfectly frictionlessand hencethe generated
reactionforcesarenormalto the planeof contact. When
thetwo bodiesare elastic,the contactlengthis assumed
to beslightly shorterthantheroller lengthandthe strains
that are applied remain within the elastic limit. The
contactwidth is necessarilysmallin comparisorwith the
principal radii of curvatureof the bodies,in this casethe
instantaneousamradius.

Using the Hertzian theory, the deflectionsunderthe
induced contact pressureat any point in the contact
regioncanbe obtainedas[11]]

1- v%_f_ 1—v3
TEEl 7l'E2

oty = (

p(X.Y)
X— X1)2 +(y - Y1)2

dxidy:s  (4)

XLLW

It hasbeenshownthat an elliptical pressuralistribution
in the transversalirectionfor dry contactsapproximates
well with the Hertziantheory[11, 12]. This, of coursejs
not the case for lubricated contacts under an EHL
condition. The EHL pressurelistribution conformswith
the Hertzian pressureprofile, exceptfor the inlet trail
andthe exit secondarypressuregpeak. The conformance
with the Hertzian conditions improves under starved
contactconditions,this being a featureof cam—follower
contact. Therefore, the contact deformation can be
obtainedfrom the Hertzian pressuredistribution. This
enables an analytical evaluation of central contact
deflection. Such an expressioncan be includedin the
multi-body model and eliminatesthe needto solve the
elasticity problemat eachdiscretetime stepduring the
transientcontactdynamicsof the system.The EHL of
finite line contactis describedby Rahnejat[9], who
obtainedan extrapolatedil-film thicknessformulaasa

function of governingdimensionlessEHL parameters.

Theseparametersre describedelow. The extrapolated
oil-film thicknessformula in reference[9] includesthe
effectof squeezdilm motionandis thereforeusedin the
currentanalysisto estimatethe oil-film thicknessateach
time step.

Assuminga lateral Hertzianelliptical pressureprofile
and that the pressureand footprint half-width at any
sectionare proportionalto their respectivevaluesat the
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contactcentre[11, 12], then

b by D

s=D=ar (5)

p1r po 4E
The central contact half-width and the corresponding
pressurecan be obtainedfrom the classical Hertzian
theoryas

2/1—v2 1—v¥\ WD

2 __ < 1 - "2\~

bo_rc( E B ) Le ®)
2W

po_nboLc (7)

Thelateralelliptical pressureprofile in any cross-section
of the overall pressurdlistributionis given by

»71/2
P(X1,Y1) = P1 [1 - (E—D 1 (8)

Substituting from equation (8) in equation (5), and
integratingoverthe contactdomain,thedeflectionat any
pointx, y canbe obtained.This procedurecanbe carried
out for all points within the contactdomain. For the
centralcontactpoint (i.e. x =y = 0)

1-v2 1-13\/ 4b
5(0,0) = b0p0< El"1+ Ez"z) <Inb—0+0.5> 9)

The above elastostaticanalysis assumesan instanta-
neousaxial uniform pressurealistribution. This assump-
tion yields a rectangularfootprint which deviatesfrom

reality, where the footprint has been shown to

approximateto a ‘dog-bone’ shape[11-13]. To obtain
thefilm thicknessandthe correctpressurelistribution,a

solution to the finite line EHL problem must be

obtained.

3 FORMULATION OF THE
ELASTOHYDROD YNAMIC CONJUNCTION

The lubricated contact pressure distribution occurs
axially along the depthof the cam, and laterally along
the directionof entrainingmotion, with the contacthalf-
widthsin all cross-sectionbeingmuchsmallerthanthe
contactlength.This givesriseto aline contactcondition
of finite length. Therefore,a finite line EHL solutionis
sought. A simultaneousisothermal solution for the
Reynolds hydrodynamicequationand the elastic film
shapeshouldbe undertakenSolutionsfor the finite line
contactEHL problem have beenattemptedto a much
lesser extent than those for elliptical point contact
conditions. The main solutions have been by Mostofi
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[14], MostofiandGohar[10] andRahneja{9]. Thework
in referencd9] includestheeffectof squeezdilm action.
Anothersolutionhasbeenreportedby Dowsonetal. [7]
for the caseof a cam—followercontact.

A simultaneousquasi-static solution of the EHL
problem with the multi-body elastodynamic model
rendersan unacceptableomputationtime. The solution
for the latter is carried out in a large numberof time
intervals, typically in the region of 500 stepsfor each
cam revolution. The time requirementfor a solution of
the EHL problemis typically in the region of 5-7h per
time step. Therefore, a simultaneoussolution is im-
practical. However,the effect of the lubricatedcontact
dynamicsin the multi-body analysisis essential.An
appropriate approach is to obtain an extrapolated
equationto describethe non-linear characteristicsof
the EHL conjunction under transientcontact dynamic
conditions. The solution of the EHL problem under
combinedentrainingand squeezdilm motion hasbeen
shownto yield equationghatcanbe usedin the dynamic
analysis of bearings[16] and gears[17]. The same
approachis undertakerherefor the caseof valve train
multi-body dynamics.

Such equationshave beenobtainedby Rahnejat[9].
For the centraloil-film thickness

hzf) — 1.67\N*0'059U *0.5416*0.421e—96.775/\f§ (10)

The extrapolatedil-film equationclearly hasa number
of limitations. The rangeof its applicability with regard
to thegoverningparameter§Vv*, G*, wtandU* is given
in Table3. Theequatiorwasobtainedoy Rahnejaf9] by
regressiorof numericalresultsobtainedby quasi-static
analysisof combinedentrainingandsqueezdilm motion.
It hasbeenshownby WijnantandVenner[18] that, with
suchsolutions,an ‘averagesteady’ squeezevelocity is
assumedratherthananinstantaneousaluethatprevails
undertransientconditions.The authorshaveshownthat,
whenthe speedf entrainingmotiondominategi.e. with
low valuesof w%), the quasi-staticsolutionapproximates
thetransientonditionsclosely.However the conformity
to the real transient conditions deteriorates when
significantinstantaneousqueezdilm motiontakesplace
or the speedof entrainingmotion diminishes,suchasin
the regionsjust prior to and after the cam nosecontact.

Table 3 Rangeof dimensionlesgar-
ametersusedin regressiorof
the oil-film equation(10) [9]

Grouping Range

G* 5700-9650

We* —0.005-0

W 0.34x 10°°-0.56x 10>
u* 0.63x 10711-33x 1071
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The solution using the extrapolated equation also
assumessothermalNewtonianconditions,which is not
representativeof the practical situation, where high
tractive forces and rising contacttemperaturecall for

transientthermoelastohydrodhyamic solutionsfor non-
Newtonianbehaviour Finally, the solutionsby Rahnejat
[9] assumeéhat all the pointsin the contactconjunction
have the same squeezevelocity. This can lead to an
incorrect history of deformation and lubricant film

thickness.

4 MULTI-BODY MODEL FORMULATION

Therearefive partsin the multi-body model(seeTable
1), themotionof eachof which canbe describedn terms
of generalizectoordinates{q}, by Lagrange’sequation
for constrainedsystems:

d (OK\ oK ", 9C
a<a_q>_a—q—FO|+;z|(8—q_o (12)

The generalizectoordinatesaregivenby {q} ={x, y, z,
¥, 0, »} T, wherethe rotationalcomponentsregivenin
the Euler 3—1-3frame of reference.

Thereactionforcesin the multi-body systemaregiven
by thesummatiortermin equation(11) alongeachof the
generalizedcoordinates.Theseare introducedby non-
linear algebraic scalar functions, C,. Therefore, the
assemblyof partscanbe representeanathematicallyin
a manner that conforms to the required dynamic
functionsof the system.

Underdynamicconditions,equation(11) providessix
equationsof motion per part in the valve train system.
Eachequationof motionis reducedo a pair of first-order
equations.

4.1 Constraint functions

Note that the motions in the valve train model are
prescribed by the camshaft rotation and the valve
translation,both of which are governedby the combus-
tion process.The coupled action of cam rotation and
valve timing is determinecby the camlift profile.

The holonomicconstrainfunctionsareformulatedfor
eachjoint type as:

(a) cylindrical joint:

z5 =0, zy;=0  Ajx=0

Aijyj =0 (12)
whereA;; is the positionvectorof pointi in thelocal
partframeof referenceof pointj.

ProclInstn Mech EngrsVol 214 PartK
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(b) translationajoint:

yixj = 0, iz, =0, Xz =0, Aijx =0,

Ajz =0 (13)
(c) curve—curve:

TiN; = 0, TiNi =0 (14)

Camshatft rotation is given by the non-holonomic

constraintfunction, describingits prespecifiedmotion
as

W, = 2nft (15)

Now the Euler transformationmatrix is employedin
order to transformthe above constraintfunctions into
algebraicequationsin termsof the generalizedcoordi-
nates{x, y, z ¥, 0, ¢}'. The transformationmatrix is
givenin Appendix1.

Transformationfor the above constraint functions
resultsin the following algebraicequationgthe numer-
ical subscriptsdenotethe part numbersin the model,
referredto in Tablel):

(a) for thecylindrical joint betweerthe camshafiandthe
ground:

C1 = Awxq = X1— 1(Cr;Cp; — S, CO1Sp;) = 0

(16)
Co = Aways = Y1+ 1(Sf1S¢p, — Cy,CO.Coh1) =

(17)
Cs =2z1x¢ = S$01Sp, =0 (18)
Cy=2y4=561C; =0 (19)

whereC = cos,S = sin;
(b) for the translationaljoint betweenthe valve and the
ground:

Cs = Azaxa
= X3 = Ly(Cy3Co3 — SY3CO3Sp3) = 0
(20)
Co=A3sz4=23—Ly(Cl3) =0 (21)
C7 = yax4 = Sf3Cehs + C3CO3SP3 =0 (22)
Cs=Yyszs = —Cy303=0 (23)

Co = X324 = SY3S03 =0 (24)
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(c) for the curve—curveconstraintbetweenthe cam and
thefollower:

N3z = Y3 (25)
_ o
T = a0, (26)
0
Cio=ToNz = (8—3112) y3=0 (27)
N2 =y2 (28)
Tz3=Xx3 (29)
Ci1=TiNo =X3y> =0 (30)
where

T st

(d) for camshaftotation:

Ci=y, =2rft=0 (32)

4.2 Camshaftflexibility

In the elastic model the camshaftis modelled by two
inertial point masses,connectedby a three-dimen-
sional elastic field, representedby a stiffness and a
damping matrix. The field element matrices provide
the forces/momentsat a markeri owing to a relative
displacementwith respectto a markerj. The three-
dimensionalfield elementrequiresan initial alignment
of the two markers, having a co-directed x axis.
Thus:

Fx
Fy
F.
Tx
Ty
Tz |
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EI—A 0 0 0 0 0
0 127, 0 0 0 —6EJ,,
I3 12
0 0 12E],, 0 6EJ,y 0
3 12
0 0 0 Gfxx 0 0
0o o Eb o b
—6E 4E
0 |2\]zz 0 0 0 lJzz
SRR e
\ Ya
Z Z
X —[d] . (33)
0,4 0,4
b4 b4
/7 L V4 ]

where[c] is the structuraldampingmatrix, the elements
of which are takento be 2 per centof their respective
valueswithin the stiffnessmatrix.

4.3 Formulation of the Jacobian matrix

The set of differential-algebraic equations described
aboveis representedh matrix form as

D{a.A}" = {Fq} (34)

where[J] is the Jacobiarmatrix, {q,A} " is the required
solutionvectorin all smalltime stepsgt, and{Fg} is the
vector of appliedforces. The Jacobianmatrix is of the
following form:

|55+ %) o) ]
9= [Z—ﬂ 0 (35)
L

The submatrixat thetop left-handcornerof the Jacobian
matrix is the inertial matrix. This submatrixis a 15 x 15
matrix for each part within the multi-body model. An
examplefor this submatrixfor atypical part(in this case
the cam)is shownin Appendix2.

The functions related to the applied forces and the
influence coefficientsfor the systemcompliancefunc-
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tions [given by the stiffnessand damping matricesin
equation(33)] arerepresentetby the derivativematrices
in the lastrow of the Jacobiammatrix. Theseincludethe
field matricesfor the camshaftandthe valve spring.The
submatrixat the top right-handcorner of the Jacobian
matrix provides the Lagrange multiplier coefficients,
while the first submatrixin the middle row gives the
constraint-relateéunctions.This submatrixfor themulti-
body valve train modelis givenin Appendix3.
Theinertial submatrixcontainsthe Jacobiartermsfor
the six equationsgachof which is reducedto a pair of
first-orderdifferential equations Additionally, the equa-
tions of motionfor the rotationaldegreef freedomare
representedh termsof rate of changein momentathus
requiringtheinclusionof thethreemomentumequations
in the Euler frame of referenceTherefore, 15 equations
areusedto describethe motion of eachpartin the multi-
body model. Therearefour parts(excludingthe ground)
in themodel,yielding a total of 60 differentialequations.
The vector of unknowns:{q,A} " ={&.,q,Ad " where
i=1-5 k=1-21 and {&} ={d}. The solution
procedurss fully describedn referencd4].

4.4 Lubricated contact conjunction

The cam—followercontactis treatedas an elastohydro-
dynamic finite line contact conjunction. The instanta-
neousintegratedlubricant pressuredistribution is the

vertical componenbf the curve—curveconstraintacting

uponthe follower andis given by

-3l

whereW is a function of the oil-film thicknessgiven by
the extrapolatedoil-film thicknessequation(10), and C
denoteghe cosinefunction. Therefore the lubricantfilm
thicknessh = h*R canbe obtainedfrom expression(10)
by replacingfor the dimensionlesgroups[with theload
obtainedfrom equation(35)].

When cam lift occurs,the cam—follower contactis
subjectedto a combined entraining and squeezefilm
motion. Thelubricantfilm thicknessandthe correspond-
ing squeezdilm velocity areobtainedateachtime stepas
follows:

O hng—hy
ot At (37)
where

ProclInstn Mech EngrsVol 214 PartK



102 M KUSHWAHA, H RAHNEJAT AND Z M JIN

Theinitial conditionsfor the first time stepare

N

hn-1=h =Ry it 0 and

hn - 10&]r

(39

Equation (38) is usedto determinethe initial squeeze
velocity, whenthefilm thicknesss nominally increased
by 5 percent.This conditionmerelyprovidesafirst value
for the squeezerelocity.

4.5 Dynamics of valve spring surge

In thevalve springsurgemodel,the equationsf motion
for thevalve andthetwo lumpedmassesepresentinghe
valve springaregivenby [seeFig. 1 andequationg1) to

Ok

Mgo3 = K, (Y3 — Y5) +C(Y3 — ¥5) — (W +fp)

v3="VY3 (40)

Mets = Ks, (Y5 — Y6) + C(V5 — Y6) — ks, (Y3 — ¥5)
—c(¥3 —¥s)

vs =Ys (41)

Mede = Ks,Y6 + C(Vs) — ks (Y5 — Y6) — C(¥5 — Vo)

v6 =V (42)

4.6 Kinematic analysis

Whenthe camshafis assumedo berigid andthe spring
surgeeffectis ignored,a kinematic model results.This
simple model has two parts, the cam and the flat
follower, the former constrainedto the ground with a
cylindrical joint with a predefinedmotion and having a
curve—curveadherenceconstraintto the flat follower.

The latter has a translational,single-degree-of-freedo
specified motion to the ground. Therefore, the main
interestin this caseis in combinedforcedkinematicand
lubricated contactdynamicsof the valve train system.
With the kinematicmechanisnasis the casewith valve
train systemswith an assumedrigid camshaft), the
inertial terms in the Lagrange equation are ignored,
yielding a reducedJacobianmatrix that yields equation
(41). This equationis then solved simultaneouslywith

the 12 constraint functions for the required solution
vector,comprisingthe statevariablesq andthe Lagrange
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multipliers 2:
%] =y (@3)
C(g) =0 (44)

Thisapproactormsthebasisof mostavailablesolutions
incorporatinglubricated contactdynamics([7, 8,19]. A
comprehensivenulti-body treatmentof this problemis
highlightedin referenceg19].

5 RESULTS AND DISCUSSION

The main taskin the designof a cam—followerfriction
pair is to ensurecoherentlubrication by providing a
sufficientoil-film thicknesgyuardingagainstwear,while
ensuringcontactloads that do not exceedthe fatigue
strengthlimits. The estimation of the contactload is
therefore very important in the design process.The
maintenanceof a high contactforce is beneficialfor a
numberof reasonsFirstly, the conditionsthat yield low
loadscanresultin separatiorphenomenauchasjump
andbouncen themechanisnandcontributeto noiseand
vibration. Secondly,low contactloads renderreduced
Hertzian pressureghat can result in poor lubrication
owing to diminution of elastohydrodynamiconditions.
This finding is now generally acceptedand has been
corroborated by both experimental and theoretical
investigationg5, 7, 20]. Quasi-statiEHL solutionshave
indicated higher lubricant film thickness at higher
Hertzianstresseshanthosegeneratedy otherprevalent
regimesof lubricationatlow contactioads[7, 8, 20]. The
rather complex relationship betweendynamic contact
loadsandlubricationcanonly be studiedin anintegrated
solution of valve train inertial and lubricated contact
dynamics.

Inertial dynamiceffectscanbe neglectedat low valve
translationalspeedsA combinedkinematic analysisof
the mechanisnwith lubricatedcontactdynamicsis then
justified, as in the works reported in references
[7,8, 19 20]. However,at progressivelyincreasingen-
gine speedsthe spring surgeeffect becomessignificant
asshownby Kim et al. [21], andthusa full non-linear
dynamicanalysisbecomesecessaryAt higher speeds,
larger dynamic forces occur, yielding higher contact
forcesthat canbe quite beneficialas highlightedabove.
However, at high speedsthe inertial imbalance also
increaseswhich can exacerbatehe separationeffects
and induce noise and vibration, as well as wear and
fatiguewith jump andbouncein the mechanismgduring
which the retentionof a coherentubricantfilm becomes
difficult.

In this papera cycloidal camprofile, typical of a mid-
heightcamshafandaflat follower arrangementasbeen
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Fig. 2 Lift, velocity andacceleratiorcharacteristic®f the cycloidalcam

employedThecycloidalcamin suchanarrangementan
havea ratherbroadenedlat nosein orderto follow the
required constantlift profile as shownin Fig. 2. The
cycloidal curve is often usedas a basisfor designing
cams, especially for high-speedapplications[22]. It
yields low noise, vibration and wear characteristicslt
guardsagainstsuddenchangesin valve train accelera-
tions.In fact, for adeterminedisetime, theacceleration
is somewhahigherthanthatfor manyothertypesof cam.
These rather high accelerations ensure short-lived
lubricant film diminution when zero entrainingcontact
velocities are encountered.However, high values of
accelerationand decelerationsvith cycloidal camscan
result in high inertial forces and must be kept under
control with correspondinglystiff valve springs.There-
fore, valve train designproblemsare somewhataccen-
tuated when cycloidal cams are employed. Precisely
becauseof this, sucha cam profile is employedin this
studyto illustrate the cam—followerdesignproblems.
The kinematic relationsfor a flat follower are rela-
tively simple. This allows for the differentiation of the
valve lift overthe camangle,which yields the velocity
andthe acceleratiorprofiles(alsoshownin Fig. 2). Note
that for an arrangemenof a cycloidal cam and a flat
follower thefollower acceleratiorhasa sharpspikeatthe
contactwith the cam nose.This is becausewith the
cycloidal curve,the follower acceleratioris symmetrical
aboutthecamhalf-cycle.Theadvantagef thisis thatthe
acceleratiorvariationis continuoug22]. The disadvan-
tageof this is seenin lubrication conditionswithin the
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vicinity of and prior to the cam nose contact as the
contactentrainingvelocity diminishes(seeFig. 3), per-
taining to a lossof lubricantfilm thicknessundersteady
stateconditions.This disadvantagés alleviatedby the
fast contacttransit time at high speeds(as previously
discussed) Therefore,at low speedsof revolution the
lubrication performanceof this type of camcanbe poor
in thevicinity of the camnose baseduponthetheoryof
elastohydrodynamitubrication. In fact, for a cycloidal
camof thetypeunderinvestigationhere,a zerolubricant
film thicknessunderpure entrainingmotionis predicted
(sincethe entrainingvelocity becomesero at positions
of £12° and+36° to the camnose).This problemexists
at two locations in automotive polynomial cams.
However, experimentalinvestigationsof cam—follower
contactby Hamilton[5], Dowsonetal. [7] andWilliam-
sonetal. [23] haveshownthata lubricantfilm appearso
existthroughouthe camcycle. The EHL contributionin
thesepositionsis mainly dueto thesqueezdilm effect,as
well asto microfilmstrappedn-betweersurfaceundula-
tions. Furthermore,evidenceof electrically insulating
reactionfilms beingformedon the contiguoussurfacesn
contacthasbeenobtained[1, 23].

Transient EHL analysis has been carried out, for
exampleby Dowsonetal. [7], to showthesignificanceof
squeezdfilm actionin cam-follower contacts,particu-
larly in theregionswith low speed®f entrainingmotion.
Empirical formulaefor lubricantfilm thicknessfor EHD
line contactconditionshave beenobtainedby various
researcherg9, 10]. Theseformulae correlatewith the
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Fig. 3 Entrainingvelocity at differentenginespeeds

experimentallymeasuredilm reportedby others[5, 20],
exceptfor regionswherethe speedof entrainingmotion
is zero or subject to fast changes,indicating inlet
boundaryreversals.

In astudyreportedby Kushwaheetal. [19, 24], afinite
line EHD contactundercombinedentrainingandsqueeze
film motions is considered.A plot of lubricant film
thicknessagainsthe camanglewasobtainedor thecase
of the kinematic motion of the valve train with a
lubricatedcontactunderEHL condition.This is shownin
Fig. 4 for acompletecamcycle. The camnoselocationis
designatedo beat 180, with the flank andnoseactions

Film Thickness (pm)

occurringfrom 90° to 27C. It shouldbe notedthat the
entraining velocity crossesthe zero value at four
locations (as describedabove), correspondingto the
instance®f minimumfilm thicknessshownin thefigure.
In this cycloidal cam, zeroentrainingvelocitiesoccurat
+12° aswell asat +£36° to the camnoselocation. The
minimum lubricant film thicknessis in the region of
0.04pm. Thisis avery smallfilm thicknesghatis rapidly
replenishedn a shortinterval of time. The transittime
betweenthe occurrenceof the first andthe last (i.e. the
fourth) minimaattheengineidling speedf 1000r/minis
in fact 1 ms.Neverthelesghe majorcontributionto fluid

0 —
0 30 60 q 120 190

— T + —

180 210 240 270 300 330 360

Cam Angle in Degrees

Fig. 4 Lubricantfilm thicknessat the point of contact
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Fig. 5 Squeezevelocity at the point of contact

film formationbetweencamanglesof +36° and—36° is
by squeeze film lubrication. The contribution by
entraining motion is minimal (in fact, non-existentat
the four minima). This is illustratedin Fig. 5, showing
the large squeezevelocity values that result in the
vicinity of the lubricant film minima (seealso Fig. 4).
The positive valuesfor the squeezevelocity indicate a
separationeffect in the contacting region, while the
negative values indicate the subsequentmutual ap-
proach of mating members.The lubricant film at the
nose is much larger becausethe speedof entraining
motion there is in excessof 4m/s, giving a film
thickness of just below 1um. The lubricant film
thicknessis much largerin other regions,but neverin
excesof 1.3um for this analysis.The conditionsin this
analysisare quite similar to thosereportedby Dowson
et al. [7], exceptthat in their case a fourth-order
polynomial cam was employed.

Thework reportedn referencg19] is extendedereto
takeinto accounthespringsurgeeffect. Thevalvespring
is modelledasalumpedmasssystemasdescribedbove.
Larger contact dynamic loads occur at higher engine
speedgseerig. 6). Thisis dueto theincreasedialvetrain
inertial imbalance. The surge effect with increasing
dynamicloadscontributego noiseandfluctuationsn the
contactload, particularlyin partsof the camcycle with
low contactforces. This is evidentfrom the load per-
turbations superimposedupon the cyclic contactload
profile at the camshaftspeedof 3000r/min in Fig. 6. In
fact, this problem is usually more pronouncedwith
polynomial automotive cams (see reference[7]). The
increasedcontactloads facilitate better lubrication. On
the flanksandon the broadenedace of the camnosein
cycloidal cams,owing to the largeradiusof contactand
with the increasedspeed of entraining motion, the
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conditionsare particularly favourable,as shownin Fig.

7. In the regionswith no entraining motion the load

carriedby thelubricantfilm is contributedoy the squeeze
film effect. In theseregionsthe contactload remains
almostunchangedcrossoverpoints in Fig. 6) and the

film thicknessmarginally increasesvith a small change
in the squeezefilm velocity. In practice,a more pro-

nouncedchangewould be anticipatedowing to the valve

jump effect, resulting in loss of contact through
separationand a subsequenapproachof the bodiesin

contact.In the currentmodel, separationand approach
are only permitted through contact deformation as

indicatedby equation(4).

The lastissuein this analysisis relatedto camshaft
elasticity.Camshafiwind-upandwind-downprior to and
after the cam nose—follower contact occur with its
insufficient stiffness.As the camshaftundergoeshree-
dimensionatorsionaldeflectionoscillations the floating
point of contactbetweenthe cam and the follower is
subjectedto a superimposedoscillatory motion. The
tangential deflection of the shaft perpendicularto the
direction of valve life introducesa fictitious angular
velocity [25]. The angularmotion of the cam becomes
distorted.This resultsin sharposcillationssuperimposed
uponthe steadycontactioad,ascanbeseenn theresults
for the nominal camshaftspeedof 600r/min in Fig. 8.
Notetheincreasingoscillatoryamplitudeprior to thecam
nose contact (wind-up) and after it (wind-down). The
reducedoadsindicatejump, while the increasedralues
correspondo bouncein the mechanismlf the contact
betweenthe cam and the follower is maintainedat all
times (an assumptionimposed by the curve—curve
constraint in this analysis), the follower speed of
entraining motion is increased considerably by the
contribution due to the geometricalaccelerationgiven
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Fig. 6 Contactload variationat different speeds

by j, = (LUw?) (d°s/dt?) where o =@ —r/R and u=
3(Ro + s+ 2j,4). The speeddf entrainingmotioncanthen
be affected significantly, as indicated by the above
relations,andthe lubricantfilm thicknesscanincreaseor
decreasaccordingly However thecurrentEHL analysis
does not take into accountthe resulting misaligned

contactof the camandfollower. An analysisof this for
inclusionin the multi-body modelwill form the future
direction of this researchMisaligned contactof rollers
against an elastic half-space under dry elastostatic
conditionshas beenreportedby Johnsand Gohar[11]
andRahnejatand Gohar[13)].
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Fig. 7 Lubricantfilm thicknessat differentenginespeeds
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APPENDIX 1

The Euler transformatiommatrix is

CyCo
—SyCOSp

Sy Co
M= +cycosp

S0SH
0

whereC = c0s,S = sin.

—CySp
—SyCHCH

—SySe
+CYCOCH

S0C¢
0

Sy 0
—CyS) 0
co 0

0 -
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APPENDIX 2

The generalizednertial submatrixfor eachpartin the multi-body modelis asfollows:

[mx 0
0 mu
0 O
0O O
0O O
0O O
1 0
0o 1
0 O
0 O
0O O
0O O
0O O
0O O

0 0

whereo = sJ/At, s, beingthe scalingfactor (usuallyhavinga value of 1), and

0

0

mo
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wherek denoteghe part number.The vectorof unknownsis
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