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Simulation of valve gear dynamics using generalized dynamic model
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1. Introduction

Valve gear dynamics investigation of internal
combustion engines is carried out with the purpose of de-
termination of operating forces, strains of links and real
laws of details motion. On its basis the lack of kinematic
chain breaks during valve motion is determined, and the
calculations of details strength is carried out.

The calculation of valve gear dynamics usually is
carried out by its representation as localized masses, con-
nected with each other by elastic elements, to solve a sys-
tem of the differential equations, describing oscillatory
processes [1, 2]. The features of masses quantity variation
should be allowed to provide adequate representation of
valve gear elements in the model, for example, valve
springs. It is necessary to note, that different kinematic
valve gear schemes are applied in the internal combustion
engines, such as with the upper and lower disposition of
the camshaft, with a drive for several valves from one cam,
with one or several valve springs, with spring-backed
pushrod. In this connection it is important to develop gen-
eralized mathematical model without limitations on its
structure and quantity of masses, where the particular cal-
culation scheme is created in an automated procedure.

2. Mathematical model

The differential equations of N concentrated
masses system is

(M

where m; is mass with number #; X, is its acceleration; P,
is external force, acting on ith number mass (for example,
force from cylinder gas pressure); F, is external friction
force; n; is number of mass m; connections with other
masses or with rigid support; P, and F, are forces ac-
cordingly from resilience and from internal friction in nth
link, acting on ith mass.

External force P, is determined as the sum of sta-

tionary component (P;)..n.s» N0t varying during all cycle,
and variable component (P;),

Pi: (Pi)const+ (Pi)var (2)
Viscous friction force

where b; is external friction factor; X, is velocity of ith

mass.

For a two-way link, transmitting tensile and com-
pressive forces

Pin :i(Pin)O_cin (xi_xj/rinism) (4)
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where ( . )0 is initial force (when x; = x;= 0); c;, is link

stiffness; x; and x; are displacements of ith and jth accord-
ingly, j is number of the mass, corresponding with link
number #; r;, is transference ratio (non equal to 1 for
rocker arm); s;, is kinematic disturbance, which is depend-
ent on the law of tappet motion for a cam - tappet link. In
other cases this value is equal to zero.

In the Eq. (4) and further the upper sign corre-
sponds to a case, when the mass j is located with deviation
concerning mass i in positive direction of an axis OX, and
lower sign - opposite case. (P;,)o is positive for compressed
and negative for stretched link.

Transference ratio r;,= dx/dx;, where x; and x; is
increments of coordinates of the connected masses i and j
provided that elastic link between them is not deformed in
addition during system movement.

In one-way link, transmitting only compressing
forces, current clearance J,, is calculated by the equation

51.,1 :max{[il.,, =S $<xi _xj /r;'n)_(Pin )0 /Cf":|’0} (5)

where A4, is initial clearance (when x; =
Resilience force

x=0).

Pin = $(1)in )0 —Ciy, |:xi —-X; /’;'n i(sin _Am )] (6)

for case J,,=0. And P, equal to zero if J,, #0.

Internal friction force in the link is accepted to be
proportional to the link deformation velocity. For a two-
way link

F;'n :bin (xi _xj /’:n iSin)

(7

where b, is internal friction factor; x; is velocity of the

jth mass; S,, is kinematic disturbance velocity. Equation
(7) for one-way link is valid under condition &,,= 0. Oth-
erwise £, = 0. The system of differential Eq. (1) is solved

by numerical Runge-Kutta method.

The given generalized mathematical model of
valve gear dynamics allows to build the calculation
schemes of required structure and complexity according to
valve gear type in an automated procedure, taking into
consideration the valve gear design features, such as pres-
ence of initial forces or clearances in links, variability of



parameters, energy losses at oscillations, possibility of ki-
nematic chain breaks in one-way links and impact interac-
tion of details.

The presented generalized model was used for the
investigation of various types valve gear dynamics, in par-
ticular, with the lower camshaft arrangement, with four-
valve gear, etc. For example, the cam system dynamic
model shown in Fig. 1 consists of nine masses. There are
two-way links between elements 5 and 7, 6 and 8, 4 and 9,
1 and rigid support. Otherwise the links are one-way. Ini-
tial forces in valve springs  (Ps )= (Ps7)0= (P7,0)0= (P10,

mljé] = _b]xl _{Cl,z (xl X +S1,2)+b1 2 xz +Sl 2)

m,%, =—b,x, _{cz,1 (xz - S12)+b21 (x2 X - 512

—x,+ 4, )+b32

~leys x4 +b43 [x4 j} {(

P,

msis = by, +{[ (), ~ s (5 x4)]—

e = by +{[ (Fa), = o (56 =5) | =4

myy = by, +[ (Bs), —ps (% = %) |=bs (x7
myy = byt +[ (B, ~ o (% =x0) |~y (%
my%, = by, +[ (B4), =64 (%= x,) |~ by (%

The value of r34 is equal to transference ratio of
the rocker arm. Obviously, r34= 1/ r43. For connections of
other elements ;= 1. Obviously

¢i= il (ry)’
b= bi/(ry)’

(11)
(12)

The value of a current clearance in one-way links
is calculated under the Eq. (5). The values of the resilience
force and internal friction forces (enclosed in braces in
Eq. (10)) are equated to zero if the link clearance is not
equal to zero. Obviously

A= Ayry
Gi= Oyt

(13)
(14)

The simulation in a generalized aspect of lubrica-
tion hydrodynamics in clearances, hydraulic tappets, and
also calculation of integrated characteristics for an estima-
tion of model adequacy and valve gear dynamics are pro-
vided also.

Let us consider a case of oil film displacement
from the gap. For the case of pure displacement for the
determination of link resilience force instead of Eq. (6) it is
necessary to use the following equation

(Sm

x—x/ri
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(Ps6)o= (Psg)o= (Pso)o= (Pgpn)o. For the system in initial
position take in balance, the following equality should be

satisfied
(P4,9)0: _(Pxpl)()—"_(PspZ)O] (8)
(Po,0)o= —(P49)o ©

where (P49)o is initial tensile force in the valve stem; (Pg )0
is the compressing force perceived by the valve seat. The
system of differential Eq. (1) for dynamic model shown in
Fig. 1 looks like
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Where the speed of change 8, of the current gap

filled with oil at the compressed link is determinated by the
formula
5;)1 =_|Pin _FI'VI in /Kin (16)

where K, is coefficient, depending on the form and the
sizes of contact.

If the corresponding one-way link, which is not
transmitting tensile forces, is not compressed (that is ( P, -

n

F, ) accepts zero value), we believe, that the value J,, can
increase in a case of mutual separation of masses

5 = max{[—sm T(4 -4, /7, )},0}

Accordingly, internal friction force in the link
filled with oil is calculated by the formula

%=, /1, (s, +6, )]

The stated approach allows to build valve gear
mathematical models in the view of oil hydrodynamics in
its gaps. The number and parameters of these gaps are set
in the initial data. The Eqgs. (1) or (10) after downturn of

(17)

F,=b,

n

(18)



the order by introduction of additional variables in a com-
bination with Egs. (16) or (17) also is solved numerically
by Runge-Kutta method.

The submitted model allows to build valve gear
calculation schemes with the desirable structure. Thus the
number of elements in each of branches can vary. It allows
to simplify the definition of some dynamic model parame-
ters as the concrete model can be constructed so that pa-
rameters of its parts coincide with the parameters of corre-
sponding details. In this case the necessity of precomputa-
tion of resulted weights and stiffness of the elements dis-
appears.

The multimass calculation schemes constructed
on the basis of considered generalized model, allow to
specify dynamic loadings in separate valve gear parts and
to locate interfaces in which there is a break of a kinematic
link. Besides there is an opportunity of calculation of
shock forces at contacts restoration, in particular, defini-
tions of impact force between the pusher and cam, the
valve and seat.
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Fig. 1 Calculation scheme for valve gear dynamics investi-
gation with the lower camshaft disposition and two
valve springs
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Camshaft

The use of multimass schemes also is necessary,
for example, for a drive moving several valves from one
cam. Thus, the submitted generalized mathematical model
of valve gear dynamics allows to make modeling with a
high degree of adequacy to real mechanisms on the basis
of more correct representation of physical processes occur-
ring in the valve gear.

The opportunity of oil hydrodynamics calculation
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in the model also is provided at the presence of bearing
hydrodynamical force in the cam-tappet link. Calculation
of oil film thickness between the cam and the tappet can be
executed on the basis of the elastohydrodynamical theory
[3]. However corresponding formula is received for the
steady regime and takes into account the speed of oil in-
volving into the contact zone, the growth of oil viscosity
with pressure increase and also the deformation of loading
surfaces. In our case the process is unsteady as the effort in
contact, radius of profile curvature and hydrodynamic ef-
fective speed change during cam rotation.

Therefore, the above mentioned formula allows to
find only quasi-steady value of the oil film thickness de-
pending on cam rotation angle. In some cases such calcula-
tion gives inaccurate results. So, if in some point of the
cam profile hydrodynamic effective speed becomes zero,
the lubricant film should become torn. However in practice
it is not observed [4, 5] as for a short time interval the film
thickness has not time to decrease up to zero owing to oil
film replacement effect.

Relating to this in a number of works the effect of
oil replacement is taken into account. It allows to calculate
more exactly the oil film thickness, to define lubrication
regime and to estimate wear process characteristics. This
effect becomes dominating at zero value of the hydrody-
namic effective speed.

In [4, 5] there is the formula relating bearing force
of the replaced oil with oil film thickness and with the
speed of surfaces rapprochement. This formula is specified
in [6] and gives the satisfactory coordination of the calcula-
tion with experimental data. With the same purpose
Eq. (16) can be used at the definition of factor K;, for our
case of the deformed surfaces contact [7].

During rapprochement of the contacting surfaces
(or reduction of the oil film thickness) external loading O
is equal to the algebraic sum of bearing force of super-
seded oil Op and bearing hydrodynamical force Qy arising
due the contact point movement on working surfaces of the
cam and the tappet

0= QOp+0n (19)

If the oil film thickness increases its calculation
can be executed by the technique [3], assuming Q= Oy, as
bearing force of the oil replacement O3 is equal to zero.

On the basis of the stated technique the algorithm
of step-by-step iterative calculation of non stationary oil
film thickness value in a cam - tappet pair is developed.
Thus the force the valve gear mathematical model is used
as external loading Q. In this case oscillatory processes in
the valve gear are taken into account, and the calculation is
more exact.

Besides the simulation of hydraulic tappets is re-
alized. The law of plunger movement is determined from
the solution of the corresponding differential equation tak-
ing into account both pressure component (caused by pres-
sure in the compression chamber), and viscous component,
resulting from viscous damping on the moving plate [8].

During plunger movement from hydraulic tappet
body (plunger velocity x,> 0)

SZ DSy 27R, L1 X, /h (20)

where p,, is oil pressure; s, is area of bottom surface of



tappet plunger; R, is radius of tappet plunger; L is length of
oil leakage path in the tappet; 7 is dynamic oil viscosity; A
is radial clearance of leakage path in the tappet.

If x,<0

f=2aR,Ln %, 3R, + 4h* +6R,h)/H’ 1)
Sometimes in compression chamber a compressed
spring is additionally installed. In this case the value of
force f, calculated from (20) or (21), is necessary to in-
crease by [fo — ¢,(x, —x,0)], where f; and ¢, are accordingly
initial effort and stiffness of the spring.
For the definition of plunger movement law it is
necessary to solve the differential equation
m,X,=f=fi (22)
where % is plunger acceleration, m, is its mass, f; is force,
acting on the plunger from valve gear at oscillatory proc-

esses. At the presence of hydraulic tappet in the valve gear
(s+ x,) and (s+x,) in Egs. (4) - (7), (15), (17), (18) are

used instead of s;, and $,, accordingly.

3. Discussion

The calculation scheme, shown in Fig. 1, was
used for valve gear dynamics research of the engine
8UBH15/16, made at the Volgograd motor plant. In Fig. 2
some of the received calculation diagrams are presented.
The estimation of adequacy of dynamical model was car-
ried out with the use of Fisher criterion by comparison, in
particular, experimental and calculation values of the
maximal and minimal peak forces in the valve gear during
oscillations. The analysis of comparison results allows to
draw a conclusion on good conformity of experiment and
calculations.

In Fig. 3 the results of oil film thickness calcula-
tion in the a cam - tappet pair are shown. The curve [ is
received at quasi-steady calculation [3] when loading inter-
faces by valve springs forces and inertia forces. The curve
2 corresponds to the calculation taking into account oil
replacement effect by the technique stated above (unsteady
calculation) and the same, as well as for a curve /, cam-
tappet pair loading. At last, the curve 3 is received ac-
counting unsteady oil hydrodynamics and the presence of
oscillatory processes in the mechanism, modeled on the
basis of the generalized mathematical model given above.
Calculation is executed for rotation frequency of a crank-
shaft 1700 rev/min and a zero heat clearance.

Curves / and 2 differ due to the presence of oil
replacement effect. Differences are especially appreciable
in the field of the minimal thickness and become more
essential with the growth of cam rotation frequency, and
also at discontinuous tappet acceleration.

Obvious influence on the accuracy of force calcu-
lation has the evaluation of oscillatory processes in the
mechanism. Distinctions of curves 2 and 3 are the greatest
in operative ranges of oil replacement effects and are in-
significant when the later do not occur. Loading change
has a poor influence on oil film thickness due to a small
exponent at the loading, equal (-0.13). The increase of oil
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Fig. 2 Force in valve gear rocker arm versus cam rotation
angle at heat clearance 0.1 mm: a- 1250 rpm;
b - 1700 rpm; ¢ - 1900 rpm

film thickness at the beginning and end of valve movement
(can be observed in curve 3 in comparison with curves /
and 2) is caused by gradual cam-tappet pair loading and
unloading (the effect is included into the mathematical
model).

Thus, the developed generalized mathematical
model of valve gear dynamics, allowing to calculate oil
hydrodynamics in its interfaces, provides more exact defi-
nition of the valve gear dynamical and tribological charac-
teristics being a basis for an estimation of its serviceability
and reliability.
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Fig. 3 Cam-tappet oil film thickness versus cam rotation
angle: / - quasi-steady regime; 2 - unsteady regime;
3 - unsteady regime with valve gear oscillatory
processes

Using the developed technique a valve gear with
hydraulic tappet also has been investigated. As initial the
nine-mass dynamical model (Fig. 1), identified using ex-
perimental data, was accepted. Parameters of the used hy-
draulic tappet: L = 14 mm, R, =7 mm, 4 = 0.025 mm, p,, =
=0.4 MPa, m, = 0.02 kg, 7= 0.012 Hxc/m’.

Curves / and 2 on Fig. 4 correspond to rotation
frequency of the engine crankshaft n=1700 rev/min and to
initial heat clearance in the valve gear — 0.3 mm. From the
presented data follows, that the plunger of hydraulic tappet
is put forward from the case with high speed in an initial
phase of movement. This speed even exceeds the speed of
tappet body controlled by the cam. When compressing
force occurs in the valve gear (when summary displace-
ment of the plunger and tappet body becomes equal to the
initial value of heat clearance) the plunger starts to move to
the opposite side. After the valve reaches the seat (¢ = 62°)
plunger speed relative to tappet body is a little bit lower
than at the beginning of its movement as it is limited to
divergence speed of the tappet body and the detail of valve
gear connected to it. Because of high speed of established
initial heat clearance compensation all further calculations
were carried out at zero value assumption of the latter, be-
cause it is quickly compensated if arises in result of power
setting change.

Curves /, 2, 3 and 4 on Fig. 5 correspond to en-
gine crankshaft rotation frequencies accordingly 1000,
1250, 1700, 1900 rev/min. The maximal plunger displace-
ments depending on high-speed mode are shown in Fig. 6.
From the presented diagrams follows, that high-speed op-
erating mode has essential influence on plunger movement,
reducing valve displacement and causing to its earlier re-
turn. So, at n = 1000 rev/min the maximal relative plunger
displacement at the end of valve movement is 517 pm, and
at n = 1900 rev/min - 277 um. On one hand, it changes the
average valve rise and its time-section, on the other hand -
leads to valve timing change. From data in Fig. 7 follows,
that at » = 1000 rev/min the valve sits down on the seat at
@ = 58.7°, at n = 1900 rev/min the valve landing angle is
@ = 63.2°, and there is no hydraulic tappet and zero heat
clearance ¢ = 70.7° (in view of valve gear deformation).

Analyzing the received results it is necessary to
take into account the following circumstances.

1. When hydraulic tappet is used in all cases the
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body versus cam rotation angle: /- 1000 rpm;
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Fig. 6 Maximum plunger displacement concerning hydrau-
lic tappet body versus crankshaft speed

phase of the valve landing is shifted, and the phase of its
opening remains to constant irrespective of thermal power
setting.

2. It is known, that for optimal gas exchange at
camshaft velocity increase it is necessary to increase valve
timings and angular extent of the valve action. In this case
the application of the hydraulic tappet can be reasonable.
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Fig. 7 Cam rotation angle corresponding to valve landing
on its seat in valve gear with hydraulic tappet versus
crankshaft speed

3. Valve gear heat clearance is not stable when
there is no hydraulic tappet. It is experimentally estab-
lished, that in the exhaust valve gear of the engine
8UBH15/16 it changes depending on operating mode in the
range 0 - 0.66 mm at the valve side. Thus, phases of the
beginning, and the end of the valve movement are shifted,
and the law of timings expansion with the growth of rota-
tion frequency can not be observed. Already at the clear-
ance of 0.6 mm valve landing angle decreases up to 58° at
corresponding alteration of the rise beginning phase. So it
is possible to draw a conclusion that the application of hy-
draulic tappet can promote an improvement not only of
valve gear dynamics, but gas exchange, and engine pa-
rameters at various modes as well.

4. Maximal plunger displacement under the action
of compressing force in a valve gear and, the change of
timings, can be reduced by corresponding choice of the
sizes. The performed calculations have shown, that due to
radial clearance /4 reduction between the case and plunger
from 0.025 mm to 0.02 mm the maximal relative plunger
displacement was reduced from 308 pm up to 161 um.

The influence of the hydraulic tappet on valve
gear dynamics is important. Executed calculations allow to
draw a conclusion about appreciable reduction of the oscil-
lation intensity with the hydraulic tappet. Mean square
deviation of acting force in oscillatory process from its
quasi-stacionary values (without taking into account oscil-
lations) were 139 N at the presence of hydraulic tappet,
and at 178 N without it. This phenomenon can be ex-
plained by energy dissipation during oil replacement.

At last, the developed mathematical model allows
to estimate the influence of hydraulic tappet on valve time-
section. For the researched engine 84BH15/16 this influ-
ence can be appreciated as insignificant. So, on a nominal
operating mode at the chosen dimensions of hydraulic tap-
pet the reduction of time-section was about 1.5%, that is
approximately twice less, than its reduction at the increase
in heat clearance from 0 up to 0.3 mm without the hydrau-
lic tappet.

Thus, the developed generalized valve gear dy-
namics mathematical model allows to investigate the influ-
ence of hydraulic tappet on valve timings, valve time -
section, valve gear dynamics on various engine operation
regimes, and also to optimize hydraulic tappet parameters.

The use of hydraulic tappet in the valve gear of the engine
8UBH15/16 promotes the reduction of undesirable valve
timings change in a range of operational regimes.

4. Conclusions

Generalized mathematical model of internal com-
bustion engine valve gear is developed. In the given model
the concrete calculation scheme of the internal combustion
engine valve gear can be constructed in an automated pro-
cedure without limitations on its structure and quantity of
masses. It allows to build the calculation schemes of re-
quired structure and complexity according to valve gear
type, taking into consideration valve gear design features,
such as presence of initial forces or clearances in links,
variability of parameters, energy dissipation at oscillations,
possibility of kinematic chain breaks in one-way links and
impact interaction of details. Besides the simulation of oil
hydrodynamics both in the gaps and hydraulic tappets is
also provided. Calculation results of valve gear oscillatory
processes, confirming the model adequacy at various en-
gine operation regimes, are given.

The developed generalized valve gear dynamics
mathematical model allows to investigate the influence of
hydraulic tappet on valve timings, valve time - section,
valve gear dynamics on various engine operation regimes,
and also to optimize hydraulic tappet parameters. The use
of hydraulic tappet in the valve gear of the engine
8UBH15/16 promotes the reduction of undesirable valve
timings change in a range of operational regimes.
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A. Vasilyev

VOZTUVU MECHANIZMO DINAMIKOS
MODELIAVIMAS, TAIKANT APIBENDRINTA
DINAMIN] MODEL]

Reziumé

Straipsnyje pateiktas vidaus degimo variklio voz-
tuvy mechanizmo apibendrintas dinaminis modelis. Mode-
lis leidzia sudaryti reikiamos struktiros ir sudétingumo
automatinio rezimo skaiiavimo schemas, atsizvelgiant i
voztuvy mechanizmo ypatumus, tokius kaip pradinés ivar-
Zos ir tarpai jungtyse, kai kuriy parametry kitimas, energi-
jos sklaida virpant, vienpusiy jungéiy suirimo ir detaliy
smiiginés saveikos galimybés. Taip pat numatytas mecha-
nizmo tarpy ir hidrauliniy elementy tepimo hidrodinamikos
modeliavimas. Pateikti virpesiy proceso skai¢iavimo rezul-
tatai patvirtina modelio adekvatuma varikliui dirbant jvai-
riais rezimais. Pateikti hidraulinio stimiklio skai¢iavimai
leidzia ivertinti jo jtaka dujuy paskirstymo fazei ir mecha-
nizmo virpesiy procesui esant ivairiems darbinio greicio
rezimams.

A. Vasilyev

SIMULATION OF VALVE GEAR DYNAMICS USING
GENERALIZED DYNAMIC MODEL

Summary

The paper presents a generalized dynamic model
of valve gear of internal combustion engine. This model
allows to build calculation schemes of required structure
and complexity in an automated procedure, taking into
consideration valve gear design features, such as presence
of initial forces or clearances in links, variability of pa-
rameters, energy dissipation at oscillations, possibility of
kinematic chain breaks in one-way links and impact inter-
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action of details. The simulation of oil hydrodynamics both
in the gaps and hydraulic tappets is also provided.

Calculation results of valve gear oscillatory proc-
esses, confirming the model adequacy at various engine
operation regimes, are given. The presented calculations of
hydraulic tappet allow to estimate its influence on valve
timing and oscillatory processes in the mechanism at vari-
ous high-speed power setting.

A. BacunreB

MOJAEJIMPOBAHUE TMHAMUMKU KIIAITAHHOI'O
MEXAHU3MA C UCIIOJIb3OBAHUEM
OBOBIIEHHOU TMHAMNWYECKOU MO/IEJIN

Pe3zmomMme

B craTtpe mpencraBneHa 0000IMEHHAS TUMHAMIYC-
CKasi MOZIENb KJIAIIaHHOTO MEXaHU3Ma JIBUTaTeNsl BHYTPEH-
HEro cropasus. 3Ta MOAENb I03BOJSIET CTPOUTH pacyér-
HBIE CXeMbI TpeOyeMoil CTPYKTYphI M CIIOKHOCTH B aBTO-
MaTHYECKOM PEXUME € YIETOM 0COOEHHOCTEH KIIAITaHHOTO
MEXaHHW3Ma, TaKMX, KaKk HaJWu4he Ha4yaJbHBIX YCWIMH H
3a30pPOB B CBS35X, IEPEMEHHOCTH HEKOTOPBIX MapaMeTpoB,
paccestHusl SHEPTHH TIPH KOJeOaHUsIX, BO3MOXKHOCTH pas-
pbIBa KHHEMAaTHYECKON LENH B OJHOCTOPOHHUX CBS3AX U
yIapHOTO B3auMoneicTBus neraneil. IIpemycmorpeno
TaKKe MOJEIMPOBaHNE THAPOAUMHAMUKN CMa3KH B 3a30pax
Y THJIPABINYECKUX 3JIEMEHTaX MEXaHU3Ma.

[IpuBeneHs! pe3yabTaTh pacuéTa KonedaTeIbHBIX
MPOLIECCOB B KJAlaHHOM MEXaHU3Me, MOJTBEPKAAIoIie
aJIeKBATHOCTh MOJENU HAa PA3IMYHBIX PEKHMaxX pabOTHI
neurarens. IIpencraBieHHble pacyéTbl T'MAPOTONKATEIS
TIO3BOJISIIOT OLIEHHWBATh €ro BIMSHUE Ha (ha3bl razopacmpe-
JIeNIeHNs] ¥ KoJieOaTeNbHbIH Ipoliece B MEXaHU3Me Ha pas-
HBIX CKOPOCTHBIX PeXHMax paboThlI.
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