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"ABSTRACT

The 4 cylinder 4 stroke engine is the most widely used
IC engine type for cara, light snd medium commercial
vehicles and tractors as well as for small snd medium
stationary applications. These engines work with either
the Otto {spark igniticm) or Diesel (compression igni-
lion} operation cycles. The large scale of application is
the reason why (his engine type has been considered al
greal length in the literature and why its problems of free
mass forces balancimg have played an important roll,
cspecially when the engines are fast running. Unfortu-
nalely, the nahmra] dynamic unbalance of this engine type
and the measures 1o minimize its effects have neither
been umformly nor always correctly described and
treated in Lhe literature available at the Faculty of
Technology of the Addis Ababa University.

Therefore a summary of the theoretical background and
its simplifyed practical approach is given first. Important
statements from the concemed literature are critically
analyzed Different possibilities for arranging belancing
shafts in engines are shown. A smpie model was develo-
ped and manufactured that can be advantageously used
for demonstrations in class, to show the effects of
reciprocating elements of different mulu cylinder engine
types.

INTRODUCTION

In IC engines one has to distinguish between internally
and externally acting forces. The variable gas pressurc
inside the combustion chamber generates gas forces
which are, for example, typical internal forces since the
force vector polygons close inside the engine. But, since
they built up the dnving torque at the flywhesl, they have
an influence 1n its uniformity of motion, for which the
effects on the engine block oscillation will be shown.

Mass forces (inertial forces) are due to the movements of
the engine clements that arc subjected to changes of the
direction apd magnitude of theis accelerstions Such
mass fobees are first of all internal forces since they ot

like gas foroes on bearings, guides and other force
transmitting members of the engine. When the engine is
seen &9 & whole, then some of these mass forces may not
be oounteracted completely inside the engine (not closing
force polygons). They have then 1o be considered also as
free mass foroes acting an the exterior which usually lead
to undesired engine vibrations being transmitted to
supparting structures or the chassis in the case of motor
vehicles.

To analyze these forces m the four cylinder engine, the
motion charscteristics of the single slider crank meche-
nism have 1o be studied first. This will be based on the
model shown in Fig.1.
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Figure 1 Piston Crank Mechanism
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KINEMATICS OF THE SLIDER CRANK
MECHANISM

Exact Equations

The pision displacemnent s 1s defined positive downward
between zeTo and the enlire stroke 2r, slarting at the top
dead center (TDC), see Fig.l. This definition corre-
sponds lo the general pressure-volume diagram of the
working cycle of engines and is therefore preferred o
the definition of some authors [2,6,11,14,16) where the
piston lravel is defined between the (/+r) posilion at
TDC and (-r) at BDC.

Out of Fig. 1, the displacement of the piston is
s = r{l-cosa) + {{1-cosP) (N
Furthermore 1tfollows from Fig.1, (hat
sinf = Asina (2)
where the con rod ratio A is taken as

A= )

With Eqs. (2) and (3), Eq. (1)} can be rewntten as
follows, where the displacement ¢ is given in relation to
the erank radius 7, in order to obtain a unitless expres-
sion giving similar values for all sizes of engine

£=1—cosa+%[l—\ll—(ls @
,

The derivation of the pision displacement over time
gives Lhe piston velocity. Since uniform motion of the
crankshaf is usually assumed, the intemnal denivation of
the crank angle over time 1s taken as the angular crank
velocity w
o - 4@ .
41 )

Wilh it the unitless equation for the velocity is obtained

VY gina + A sinZa ©
rw 241 -(Asina )

Another derivation over time leads finally (o the upitless
equation of the piston acceleration, Eq.(7):

a loa2a A* (sin2a)

ro? {T-Gumay  4/{1-GainapP P O
Undoubtedly, with today’s computation facilities, there
wouldn't be any problem, either for engineers or stu-
denis, 10 calculate the piston displacement, velocity and
scceleration over crank angle according to Lhese equa-
tions. This could be useful especially for those cases
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where the calculation of forces (as inner forces) would
be required for strength analyses or dynamic bearing
calculations, for example.

2.0 T 7 T
s/r h=]/4 | b dimplecement 3 |
18 . -
v/Tw
12 -
a/rw? : )
ne \ | = RN
o )] ], vewcity ¥ ",-
Y S N B
o S : + £
n [#]
—0.4
acceleralion a\< .1_,/ .'/
-8 === -
-1.2

o a5 S0 13 80 @y 270 MB o M {7

Firuge 2 Piston Displacement, Velocity and
Acceleration

Figure 2 shows the development of the piston motion
parameters throughout one revolution of the crank. The
con rod ratio was here taken as a general value some-
where in lhe middle of the normal range of applicaticn
which 1s about 1/3 <A < 1/5 . Smce all characteristics
are symmetrical fromm TDC 10 BDC and back to TDC, all
following graphs will consider the downward stroke of
the piston only.

Approximated Equations

Despite modern computation facilities, today it 15 stll
common praclis to use approximated equations for
engine balancing considerations {and for vibratwn
problems t0o0) smee then the dvnamic nature of the forces
can be much better studied.

Ome partion from Eq. (1), namely cosP, can be replaced
and expanded in a succession as follows, Eq. (8):

cosf = 1 A? sin’a
=1 - Latginte - Latsinte - L a%sinta - (8)
2 8 16

The powers of sina are replaced according to the rules
of rigonometry, Egs. (9} .

sifa - l—lct:os:!t:t
2 2

sinta =3 - Loos2a + Leosa ©)
8 2 8
s 5 15 3 1
sin’e - — - —cos2@ +—<Cos d4a - —Cos6
16 32 16 32 “

Finally (see also Low [9] and Taylor [16]), the serial
development of the piston displacement is given by
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Table 2° Listing of Important Statements from the Literature
source 1 2 3 4 5 6 7 B 2 10 11 12 13 14 15 16
refer.plan ™ l.c m l.c l.c ic m m i.b m lc m 1.c l.c
FyFy, 0 0 0 g 0 0 0 0 0 9 0 0 0 U U 0
Fg'Fyn 4 4 4 not 4 4 4 4 not 4 4 4 not 4 4 4
M/Fy, 0 0 0 0 0 0 0 0 0 0 0 0 0 0 U o
Mg Fua 1] 6a 0 not | 6a 64 0 0 0 0 6a 0 Ha 6a U 1
summ.table - w - - w W w w
vector rep. b ¥ w - ¥ hi hi w ¥ w N
force equ. 8 cpl E] cpl cpl cpl 3 s L] opl 5 5 cpl - 5
double o ¥ y y ¥ ¥ ¥ ¥ hd ¥ b ¥ ¥ ¥ ¥ N \ \
high harm. hi - hd hi X y 1 ¥ ¥ b hi b
balancer 20 - - - 2w i 2w - - ¥ 2t 2o
lang farce ¥ ¥ y ¥ ¥ ¥ ¥ ¥
diagram
lang force ¥ - - - ¥
balancer

m = middle plane,
w = wrong,
" = in verbal stalements | zero

1.¢ — furst cylinder,
¥ —¥eR

The balancing shafts are located in the crankcaseusually
below the crank mechamsm and are dnven by an ad-
ditional gear dnve of which the pitch circles are shown
schematically. Two shafls with their mass pieces m_,,
rotating ew and ccw with the single engine speed w,
generate vertical forces which counteract the primary
force. Simularly, the mass pieces ¢, rolaling with 2w
generate the necessary secondary balancing forces.

The author has carmed out a number of tests and research
on a special [FA one cylinder test Diesel engine which
was equipped with the shown four balancing shafts. Such
greal efforts in the design and manufacture of balancing
Systems are reasonsable for those cases of 1 cylinder test
engines only where smooth and quiet operation is
essential.

A series production stebonary one cylinder Diesel engine
of Yanmar, model TD 185, is equipped with the shown
™wo single w balancing shafts. This fast nuaning honzon-
tal engine 1s relatively heavy when compared with fast
running mokor cycle engines. It was found to run without
sromg  vibrations on the test bench of the Faculty

1.b = fire1 bearing,
s = simple

nat — not balanced,
opl — complicated,

2w =2 o (Lanchesier) halancer

of Technoiogy, AAU, where it 1s used for tests and lab
exercises.

Because of the basic secondary force unbalance of four
cylinder engines, & 2w balancer would be required Fig 9
shows schernatically a gear dnve and a chain drive (or
tooth belt drive) as possible solu-tions for doving the
two balancing shafts cw and cew respectively, The hwo
mass pieces have to make up the unbalance of the 4
cylinder engine, Eq. (22)

1
ot Tt - 3 r A {m, +m_} (22)

The 2w balancing system of four cylinder engines is
somelumes referred to as "the Lanchester” harmonic
balancer and some applications have been mentioned
[1.8,11,12]. Some sources show a crossed helical gear
set to dnive the laterally arranged balancing shafls
direcly from the ccntral webs of the crank shaft
{5,11,12]. The parallel balancing shaft arrange-ment
(like F1g.9) was also named "the Meadows" balancer
[12]
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Eq. (23) of all cylinders of the usual 4 cylinder crank
arangement are maximum snd minimum for @ =+ 45 +
n* 180,

The desired countermoment obtained by an offset of the
2w balancing shafts, Fig.11, is defined by Eq. (24),
where Eq. (22) (?erq'ﬁmh'msinﬂ)wu introduced:

M, =m_gr_ o (2wyh sin2a

&

= 2Am,_ruth sinla @4
It gives maxima and minima for the same crank angles as
above shown. Taking Lhe oscillating moment for all four
cylinders sccording Lo Eq. (23) and equating it with Eq.
(24) gves finally a general expression for the shafl offset
for complete moment balancing (considering the mass
forces only):

o sin(a +B)
h = 2-(cosa +}.cos2u)m (25)

Fore=45 and A =025, thisgivesh =472 r.
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Figure 12 Torsional Momenl Balancing

The cflect of the shafl offset is well visible in Fig 12 1t
shows Lhe total tangential forces of & 4 cylinder engine
{inchuding (he gas forces and the counter moment) in all
cases for one stroke only. Especially for lugh speed there
15 a great influence froin zero shaft offset (= 0 % torque
balancing) up o the offsel according Eq. (25) (= 100 %)
In the same way as a uniform driving torque s always
desirable, (he engine block should be tumed by a
constant counter torque only with as small as pos-sible
alterations. This means, a positive and uniform torque
would be the best option. For Lhe assumed case of
Fig 12, it is obvious that Lhe optimum is therefore near
75 % of the theoretical shaft offset whach is here an effect
.of the tangential gas farces, since very small positive and
negative amplitudes appear only, especially at hugher
speeds.

IC ENGINE BALANCING MODEL

To visualize the effects of not balenced crank mecha-
nisms of IC engines in the class room, 8 simple two shaft
balancing mode] was developed snd manufactured in the
workshop of the Faculty of Technology (Final Project of
Yohannes Aseefa, AAU, 1993).

frexible supporting wire
o~ disc with 12 holes

frifttit

\
' H
flexitle wraf
e i

Figure {3 Balancing Modeil

The model shown in Fig. 13 1s vertically supported on an
extarnal frame by flexible steel wires (the external frame
is not shown) and honzontally adjusted to thus frame by
small expansion springs. The ew and cow rotating shatts
{cenler distance %) mm) are driven 1:1 by a hand dnlling
machine through a flexible shafl and a gear drive.

The dea of this model is that in the samc way as
balancing shafls of 1C engines generate vertical counter
forces, be it for the speed @ or 2w, such a shaft
arrangemkent 1 also able to generate and show the effects
of the different forces of not balanced engines if the
unginal crank mechanisms and balancing shafts are not
provided. The shaft arrangement one above the other
mieans simply that it would correspond to a honizontal
{laving} engine,

The reciprocating masses of engines are represented by
inlerchangeable bolts attached to the dises which in tum
represent the cranks. Because of the cight discs all
having twelve bolt holes, | up to 8 cylinder 1n line
engnes and different V engines can be modelled. When
the model 1s slowly driven it oscillates at low frequency
according to the case chosen by the arrangement of the
mass picces. There was no ntention to simulate the
magnitudes of the masses and the oscillation frequencies
of real engines. The indicated mass pleces arrangement
of Fig.13 simu-lates the effect of the second order mass
forees of the four cviinder four stroke engine
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SUMMARY AND CONCLUSIONS

The theoretically exact equations, their development in
successions and the very common approximations of
piston displacement, velocity and acceleration are given
and the behaviour shown in graphs. Based on it, the
natural unbalance of 4-cylinder in-line engines with the
rxamal crank arrangement is derived. Some inaccuracies
and incomrect details found in several textbooks are
shown and their problems were critically analyzed.

Since mass balancing of engines in general and some
cases of applications are well known, the layout of
different balancing sysiems i1s shown An additional
torque balancing can be achieved by a proper vertical
offset of the 2w balancing shafts. For demonstrations in
the class room, & simple balancing model was developed
and represented.

Out of the analysis of the avmlable literature emerges the
need and responsibility of the university lecturer to study
well the theory when working out the teaching material
of his field.

All shown graphs were calculated by Pascal programs
gererating antomatically script files for AuloCAD which
afterward automatically traced the graphs thal were
finally converted to WordPerfect graphic files [17].
Drawings and sketches were elaborated with AutoCAD
and then also converied.
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