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Abstract The aim of present work is the containment
of the inertia forces, the stiffness components opti-
mization and the fit tolerances of valve train in internal
combustion engines (I.C.E.) 4T.

The proposed methodology allows, through the de-
velopment of a test machine, the evaluation of axial
stiffness of tappet depending on eccentricity of the
cam tappet contact, performing a functional analysis
that simulate the behaviour of the system in opera-
tional condition, even if, some adjustment of toler-
ances of the fit between tappet and his guide, occurred.

The dynamic study of the valve train, through
modern computer codes, is performed by connecting
lumped masses, springs and dampers that character-
ize each element. In numerical models the tappet is
represented as constituted by the tappet and by the
hydraulic element. Each of these elements is charac-
terized by stiffness and mass. The structural rigidity
of the tappet has, in fact, important effects on the dy-
namic behaviour of the entire valve train.

The test machine makes possible the choice of the
dimensional and geometrical tolerances of the fit be-
tween tappet and his guide; allows furthermore the
evaluation of errors occurred during construction and
integration phase. In addition, the test machine is also
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suitable for reverse engineering applications, makes it
possible to automatically draw the cam profile in polar
coordinates.

Keywords Tappet - Timing system - Dynamics - Fit
tolerance - Cam - I.C.E.

1 Introduction

The dynamic analysis of the valve train, through the
modern numerical codes involves a schematic lumped
parameter system through the connection of masses,
springs and dampers that characterize each element
(Fig. 1a). The study of dynamic optimization of the
system, made by multibody models, allows, through
parameterization, to find the best values of the geomet-
rical, and structural properties of stiffness and damp-
ing values to be assigned to the system. The quality of
the final results in the study of optimization depend,
mainly on the degree of detail of modelling and a care-
ful evaluation of the contributions of individual com-
ponents.

Multibody models usually train-set which is the
valve tappet is outlined by the hydraulic tappet ele-
ment (hydraulic lash adjuster) for the recovery of the
backlash.

In this paper we have studied the deformation of
the tappet in its real boundary conditions subjected to
loads transmitted by contact between the tappet and
the cam, considering the influence of this deformation
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Fig. 1 Lumped parameters model (a). Multibody model with MSC ADAMS (b). Multibody model with GT SUITE (c)

on the dynamics of valve train, using a test machine
that allows perform with remarkable precision mea-
surements of deformation, reproducing the actual op-
erating conditions of mating.

By performing a functional analysis at different tol-
erances of the tappet in its housing is seen as the de-
formation value varies greatly depending on the eccen-
tricity in the cam tappet contact, influencing both the
contact pressure with the bud (CAM) that lubrication
of the same contact.

The experimental analysis, carried out on the tap-
pet through the test machine, has allowed to model,
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with great accuracy in terms of equivalent axial stiff-
ness, the cam-tappet and tappet-valve contacts. In par-
ticular, by means of experimental measurements it was
observed that K;» and C;, are functions of the contact
eccentricity, as well as the angular position of the cam
with respect to the tappet. Then, the lumped parame-
ters modeling, shown in Fig. 1a, was developed. In this
modeling, in addition to the values of lubricating oil
film stiffness and damping (Ko and Cjp), to the values
of valve spring stiffness and damping (K, and C,) and
to the values of stiffness and damping of valve impact
with the abutment seat (K, Cy), the values of stiffness
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K> and damping C;» were introduced. The latter sim-
ulate the equivalent axial stiffness due to the play and
to the geometric inaccuracies between the tappet and
the cam. The stiffness K;» and damping Cy, are added
to the values of stiffness K;; and damping C;; due to
the oil-air mixture present in the tappet. The exact val-
ues are given in Sect. 5.

In particular, the stiffness K, was introduced in se-
ries with the damping C;1, while the damping Cy, acts
in parallel to the stiffness K;.

The modeling described was introduced in the
multibody models, developed with commercial codes.
In particular, in Fig. 1b is possible to see the multi-
body model of the valve train developed with the code
MSC-ADAMS, while in Fig. lc is shows the func-
tional diagram of multibody model developed with the
code GT-Suite.

The deformation (or stiffness) in this coupling has
important effects on the dynamic behaviour of the en-
tire valve-motion, several studies of dynamics [1-3]
demonstrate the importance of such stiffness as a func-
tion of the eccentricity in the cam tappet contact. The
test machine was developed capable of accurately as-
sessing the yielding of the coupling-tappet housing in
the direction of the valve thus assessing an equivalent
axial stiffness.

The paper is organized as follows: Sect. 2 describes
the test machine developed in this paper; Sect. 3 in-
troduces the problem of fit tolerance optimization;
Sect. 4 describes the CAD/FEM (Computer Aided De-
sign/Finite Element Analysis) methodology used in
this paper; Sect. 5 shows the experimental results;
Sect. 6 analyzes obtained results; Sect. 7 contains the
conclusions.

2 Test machine

In previous work the authors have developed a test
machine that can perform these measurements using
the camshaft and the tappet of motor analyzed [4-6].
However, this system had some problems due to the
fact that the readings of the measurements were per-
formed directly on the load cell, in relation to stress,
and on to goniometer relative to the camshaft angular
position. This brings the inevitable mistakes, only par-
tially offset by repeated readings. In addition, it was
necessary to change, almost totally, the main compo-
nents of the test machine, to vary the angular position
of camshaft and tappet’s guide.

The system described in this paper, developed
with a design methodology MCAD/CAE (Mechanical
Computer Aided Design/Computer Aided Engineer-
ing), consists of a tubular steel frame, a base, a rigid
system able to apply an appropriate load, onto the tap-
pet, a worm reduction unit, an angular potentiometer, a
linear potentiometer, a load cell and a data acquisition
system. Its modular structure allows to perform mea-
surements on different types of tappets and camshafts.

The frame is the component that allows to the ma-
chine to be fastened to the structure of the hydraulic
jack, that applies the load on the same chassis hous-
ing the worm gear reduction ratio of 1:100. We chose
this type of gear for its irreversibility as it is necessary
to maintain a fixed angular position of the camshaft
during application of load. Keyed output shaft, the
camshaft is located above, a multi-turn potentiometer
angular (3 laps) 5 k€2, which enables the system to

Fig. 2 Test machine: 3D model
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Fig. 3 Test machine

obtain accurate positioning of the shaft angle of less
than 0.1°.

A data acquisition system, processes the data from
the angular and linear potentiometers and load cell, re-
turning the information related to angular and linear
positioning system with reference to the load. In order
to apply, the correct load value, onto tappet, we using
a load applier assembly, moved by three linear slid-
ing blocks “HIWIN” with double linear ball bearings,
fixed onto the base (Fig. 2). The use of the guide is
necessary because it ensures the correct position (per-
pendicularity) between the camshaft and the load ap-
plier assembly, while allowing the latter to slide freely

rod transmitterload  |.... (L[ [l] [}

along its longitudinal axis. Furthermore in the load ap-
plier assembly is housed a linear potentiometer 130
from Penny & Giles SLS 3 k€2, to measure the defor-
mation on the upper surface (opposite surface of the
tappet cam contact) of the tappet.

In Fig. 3 is shown a picture of the machine during
the tests performed. In Figs. 4 and 5 (highlight poten-
tiometers) you can see a diagram of the test mode with
the flow of forces applied onto tappet and the position
of the angular and linear potentiometers.

2.1 Working mode

To carry out the measures the deformation of the tap-
pets, the forces are applied through an hydraulic ac-
tuator, controlled force, which transmits the load on
the top plate. Three pillars forward it to the bottom
plate and then to the rod transmitter load. The piston
inserted at the end of the pin receives it and transmits
the thrust load on the inner surface of the tappet. The
tappet is constrained on the opposite side from contact
with the cam. The equipment allows you to vary the
angular position of the camshaft in order to achieve
different eccentricity of the cam tappet contact. So we
can get diagram of force and pressure in the Hertzian
contact between the cam and tappet.

The yielding is measured by a linear potentiome-
ter with accuracy of 0.001 mm, mounted on a coax-
ial structure, independent of the load head. Therefore
the potentiometer is not sensitive to the yielding of
the base during the tests. The point of measure, of

rod transmitter load

Fig. 4 Test machine section and loads’ scheme

@ Springer



Meccanica (2013) 48:753-764

757

+ Point A

iy

4§

/|
N
H
i
L]

(7

Point A

b)

Fig. 6 Axial compliance for tappet (a) and cam (b)

the experimental yielding, is the contact point between
the potentiometer rod and the inner surface of tappet’s
head (Fig. 6).

2.2 Experimental test

The experiments were performed on two different
types of tappet (Fig. 7). The first one (“tappet 1), is a
hydraulic bucket type tappet, on which was obviously
removed the cylinder, the second (“tappet 2”) is a me-
chanical bucket type tappet.

The geometrical and physical characteristics of the
two types of tappet are listed in Table 1.

Each tappet was coupled to his seat with three dif-
ferent values of backlash and subjected to 8 cycles of
loading with a maximum force of 5000 N.

To take into account the yielding of the shaft and
the backlash of the system, the measures of the axial
rigidity were cut of the yielding detected on the nose
of the cam with no eccentricity and load more than

5000 N and the values of the yielding obtained with a
full test by applying a force of 800 N in order to set
the system.

3 Fit tolerance optimization

In literature you can find various data on the effects
of manufacturing errors and assembly of the tappet
on valve train dynamics [7-9]. In this study we want
to define, through an experimental measure and inte-
grated CAD/CAE models, the best allocation of toler-
ances based on evaluation of axial stiffness and hence
on the better distribution of pressure and better lubri-
cation conditions of the cam-tappet contact. Therefore,
some critical issues in terms of pressure distribution
and lubrication of the cam tappet contact can be im-
proved with a proper set of dimensional tolerances and
geometric profile tolerance.

@ Springer
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Fig. 7 Tappet 1 and tappet 2

Table 1 Comparison between tappet 1 and tappet 2

Tappet 1 Tappet 2
Weight [gr] 5542 59
Material AISI 5120 AISI 5120
Diameter external [mm] 35 35
Thickness Cam/Face [mm] 2,4 3
Height [mm] 26 20
Stiffness [kKN/mm] 171 241

4 CAD/FEM modeling

In order to integrate and better understand the exper-
imental results, the tappet’s study was modeled in a
Autodesk/Inventor and discretized with elements of
CHEXAS8 CPENTAG type. In addition to the hydraulic
tappets, were examined even the displacement of the
cam shaft and its geometric support. This model is
necessary to create a model that takes into account the
deformation of the nose of the cam under the action of
the test loads.

A relatively small number of mesh elements have
studied the problem in a satisfactory manner with a
lightweight and without making it excessively long
calculation times.
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Figure 8 shows the FEM models of the tappet and
cam studied and the characteristics of the FEM models
are shown in Table 2.

The models were constrained at the support side
of the tappet and in the vicinity of the contact cam-
tappet. To simulate the distribution of the load applied
on the contact surface between the piston and the tap-
pet has been used a MPC (Model Predictive Control)
formulation with RBE2 element. The nodes of the ele-
ment RBE2 (true rigid element). employees all belong
to the interface of contact between the piston and the
tappet, while the independent node has been placed on
the axis of revolution of the tappet interface at a dis-
tance of 20 mm. On the independent node there was a
force with an axial direction and intensity of 5000 N
in agreement with the values used in the test. In this
way, the nodes of the interface creates a load distribu-
tion consistent with the local stiffness of the compo-
nent. The boundary conditions, placed along the line
of contact on the interface tappet-cam, tie the knots
along the direction of load application. The other two
degrees of freedom have been constrained by block-
ing nodes placed on a piece of tappet where contact
is made between it and the seat. This is the approxi-
mate semi-elliptical shape is the contact between two
cylinders with axes at a point incident with a triangle
of side 2b and height. Applying the theory of Hertz
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Fig. 8 FEM model of tappet and cam (a); imprint in contact (b)

Table 2 Node and element for tappets and cam-shaft

Tappet 1 Tappet 2 Cam-shaft
N° of node 13804 13176 12703
N° of element 9625 9137 9962

were calculated extensions of a and b with an iterative
procedure is derived and then the size of the footprints
of contact between the tappet and its location on the
head of the engine.

The FEM analysis of the tree returns the value of
the independent movement of the node in the direction
of the one degree of freedom (Fig. 9).

The stiffness of each tappet as a function of eccen-
tricity was calculated through the work of deforma-
tion:

Xf
U=/ P(x)-dx (1)
0
In the case of linear elastic deformation can be written:

Px)=k-x 2)

In summary knowing the deformation work done, it
is possible to trace the value of the equivalent axial
stiffness

2.-U
k=—- )
*r
The code provides for calculating the various results
and the work of external forces U, so by (3) we can
determine the value of k.

5 Experimental result

Figure 10 shows experimental measure of the perfor-
mance characteristics of deformation and stiffness for
the tappet 1. In Fig. 11 is visible the graph of defor-
mation as a function of the eccentricity of the contact,
their mean values, standard deviations and the margins
of the area under the curve of distribution of M — 30
and M + 3o defining the 99.73 % of the cardinality of
the results. The values “correct” take into account the
displacement of the camshaft show, depending on the
eccentricity of the contact, the curve of the equivalent
axial stiffness.
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Fig. 10 Deformation vs. eccentricity for tappet 1

Comparison of the two tappets are highlighted,
with the same dimensional and geometric tolerances,
higher values of axial stiffness equivalent are present
in tappet 2. This result is probably due to the greater
thickness of the cam-tappet face for tappet 2 (Fig. 12).

5.1 Experimental numerical correlation

The deformations obtained with the FEM analysis for
tappets 1 and 2 were compared with experimental
curves that define the margins of the distribution curve
M +30 M — 30 as afunction of eccentricity (Fig. 13).
Summing the numerical value of the compliance of the
tappet to the tree yields a result comparable to the ex-
perimental one.
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It is also noted that when the eccentricity is maxi-
mum (15 mm) the difference is due to an “edge effect”
due to the fact that the constraint in the head (bud-
contact tappet) is influenced by the rim of the tappet.

6 Result’s analysis

Through measures performed with test machine was
possible to evaluate the equivalent axial stiffness and
the dynamic behavior of the valve motion with the two
types of tappet and perform a functional analysis that
simulates the behavior of the system in operation at
different tolerance dimensional and at the variation of
geometric tolerances on the surfaces.
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Fig. 12 Stiffness vs. eccentricity for tappet 2

The tappets are inserted in their place with a base
hole (H7) tolerance, usually using for the tappet a tol-
erance f6. At the upper surface of the tappet is usu-
ally assigned a tolerance value of the surface shape of
0.01 mm.

In particular it was estimated the value of the forces
exchanged between the cam and tappet and the extent
of pressures in the same Hertzian contact (Fig. 14)

variating the above dimensional and geometric toler-
ances. The latter value (Hertzian pressure in the pres-
ence of friction) is particularly important in the 1st and
2nd node lubrication, that is, those points where the
relative velocity between the cam and the tappet is zero
and the lubrication conditions are critical (Fig. 15).
The estimation of these quantities is done at idle
speed for the pressure and the resulting lubrica-
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tion number and at the maximum speed for the
forces exchanged with the cam at different tolerances.
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Fig. 17 Lubrication N° for H7/f6 and H7/f4 tolerances

Figures 16-20 will show the results obtained for the
tappet by using the values of tolerance indicated by the
manufacturer of the tappet (H7/f6) made in compari-
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son with the tolerance values proposed by the authors
(H7/f4) to improve the system dynamics.

In fact, the simulations showed that the tappet in
a mating with conditions close to those of maximum
material, or with a dimensional tolerance value equal
to f4, has better performance in terms of Hertzian pres-
sure and lubrication number [10-12].

The improvement comes from a lower mass, lower
inertia forces and a different pattern of equivalent axial
stiffness.

7 Conclusions

The test machine developed provides a valuable tool
for the designer to make the optimum choice of geo-
metric and dimensional tolerances in tappet-cam and
tappet-guide contact. The simple and precise determi-
nation of the curves of stiffness was the aim of this
study. The proper characterization of the dynamic of
valve train requires, in fact, a careful evaluation of the
equivalent axial stiffness and its variation depending
on tolerances of tappet with its headquarters and with
the cam.

The proposed method provides not only a tool for a
rational study of the possible coupling between tap-
pet and his guide, but also a method for building a
database to study more precisely the dynamic behavior
of valve train. The types of tappets can be compared
using a critical appraisal of the constructive schemes
based on the knowledge of the equivalent axial stiff-
ness.

The models integrated and validated by the results
of experimental tests are a valuable source of data. The
results can shed light on various aspects of the dynam-
ics of valve train and provide objective parameters use-
ful for an informed choice on the type of tolerance to
be used.

The test machine proposal lends itself to reverse en-
gineering applications, makes it possible to automati-
cally build, in polar coordinates, the profile analyzed.
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