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An Investigation on the Three Dimensional Vibration
Characteristics of High-Speed Diesel Engine
Crankshaft System with a Viscous Fluid Damper
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Yasuhiro HONDA** and Shoichi IWAMOTO***

Abstract: The torsional vibration of diesel engines has become severer with the increase of exciting force by
higher pressure. Therefore, the running crankshaft is highly stressed owing to the large torsional vibration.
Then, torsional viscous fluid dampers of high performance have been employed in high mean effective pressure
diesel engines as a measure for vibration reduction. As the dynamic characteristics of the dampers have such a
great influence on the vibration of the engine crankshaft system that they cannot be ignored, the viscosity of the
silicone oil and the peripheral and lateral gaps of the dampers are diversely varied in the experiment. As the eq-
uipment for the measurement of torsional vibration displacement, a phase-shaft type torsiograph equipment was
adopted so as to make it easy to measure simultaneously angular displacements of the casing and the inertia ring.
And the waveforms of axial and lateral vibrations were measured by non-contact maicro-displacement vibro-
graphs and laser displacement vibrographs. In the experiment, the 6 litters, 6 cylinders, in-line high-speed diesel
engine whose vibration characteristics are known quite well was regarded as a vibration oscillator of the damp-
ers. The dynamic characteristics of the high viscosity silicone oil damper and the optimum clearance between the
casing and the inertia ring were investigated from a quantitative standpoint under full-load conditions, and the
useful data in the design stage were gathered. As the result of the experimental study on the three-dimensional
dynamic properties of torsional viscous fluid damper filled with silicone oil, the following conclusions are ob-
tained;

(1) The clearance value determined from BICERA’s empirical formula is not always optimum on every viscosi-
ty of the filled silicone oil of the viscous fluid damper.

(2) The optimum viscosity is different, due to the dimensions of the peripheral and lateral gaps between the out-
side of the inertia ring and the inside of the casing.

(3) The effect of the amplitude reduction on the axial vibration of the crankshaft system with the typical tor-
sional viscous fluid damper is small.

(4) The lateral vibration are coupled with the torsional vibration of the crankshaft system.

Keywords: Diesel Engine, Viscous Fluid Damper, Torsional Vibration, Axial Vibration, Lateral Vibration,
Peripheral Gap, Lateral Gap, Kinematic Viscosity

INTRODUCTION

Axial, torsional and two directions of lateral vibrations,
which induce vibration stresses, occur simultaneously in
the crankshaft system of a multi-cylinder engine [1]-[7].
The crankshaft of the multi-cylinder engine has a phase
difference between the adjacent crank throw planes, so the
four kinds of vibrations are all coupled in the crankshaft
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system [1]-[7]. In recent years, the specific output has been
increased and also the rigidity of the structure has been
reduced in the high-speed automobile diesel engine. The
torsional vibration of the crankshaft of the diesel engine
with supercharger has especially become severer with in-
crease of exciting force by high-pressure charging. There-
fore the running crankshaft is highly stressed owing to the
large torsional vibrations. At the same time the lateral
vibration couple with the large torsional vibration occurs
remarkably inside the operating engine speed range. Such
being the case, it is necessary to add vectorially the bend-
ing vibration stress to the torsional vibration stress in ord-
er to calculate the resultant stress[1]-[7]. It has thus
become much more important to estimate all the vibration
stresses accurately, including some kinds of coupled vibra-
tion in the design stage. On the other hand, typical tor-
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sional viscous fluid dampers consist of an annular seismic-
mass enclosed in a casing. The peripheral and lateral gaps
between these two members are filled with a viscous fluid,
e.g. dimethyl silicone fluid, and the thin layer is formed.
As the silicone fluid is non-Newtonian fluid, the effective
viscosity in the actuation is different from that in the oper-
ating condition and the complicated characteristics are
shown. The damping not only is improved with the in-
crease of the viscosity of filled silicone fluid, but also the
complex damping combined with the elasticity increases.
In addition, velocity gradient arises in the silicone fluid
layer between the damper casing and the inertia ring, when
torsional vibration is generated, and the vibration energy
is dissipated as the heat energy by the shear resistance [8]—
[27]. Therefore, the clearance dimension between the in-
side of the casing and the outside of the inertia ring
becomes an important subject in the viscous damper de-
sign [8]-[27]. In addition, these factors have a great effect
on the torsional, axial and lateral vibrations characteristics
of the crankshaft system. Then, the experiments of tor-
sional vibration characteristics were carried out under
these conditions of the changes of the viscosity and the gap
dimension of the viscous damper in an automotive diesel
engine. The torsional vibration angular displacement
waveforms were simultaneously measured in two points of
the damper casing and the inertia ring. It is the purpose to
calculate directly the dynamic values from the measured
waveforms and to make their characteristics clear.

MECHANISM OF COUPLED TORSIONAL-
LATERAL VIBRATION ON A RECIPROCAT-
ING ENGINE CRANKSHAFT SYSTEM

This chapter refers to the mechanism of the lateral
vibration coupled with the torsional vibration. Fig. 1
shows a one throw skeleton model of a crankshaft. O-
point is the origin of coordinates and the x, y and z prin-
cipal axes are shown in Fig. 1. The coordinate system in
this paper is presented in the right-hand rectangular coor-
dinate system. It is assumed that the model of the crank is
simply supported in the y, z direction and the equilibrium
of forces is considered. When a lateral force in the y direc-
tion F) is applied, a lateral displacement in the y direction

Crank Arm
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Fig. 1 Skeleton Vibration Model of Crank Throw and Pulley
End

v is produced. The a lateral force F, causes a bending mo-
ment in the z direction M, on the O-point and an angular
displacement in the z direction ¢ is produced. As the later-
al force F, brings simultaneously about a torsional mo-
ment in the x axis, it is necessarily supported by a moment
in the x direction M,. The moment caused by the inertia
force on the basis of the acceleration of the flywheel, the
pulley and the remaining mass parts balances with the tor-
sional moment on the x axis. When the lateral vibromotive
force in the y direction F) is applied, the lateral vibration
in the z axis and the torsional vibration in the x axis are
produced at the same time. These phenomena prove that
the coupled torsional-lateral vibration occurs in the multi-
cylinder, reciprocating engine shaft system. When a lateral
force in the z direction is applied, a different coupled
vibration is produced. The coupled vibrations of other
throws are caused in the same way as was stated previous-
ly. In addition to that, the crankshaft of the multi-cylinder
engine has a phase difference between the adjacent crank
throw planes, so four kinds of vibrations are all coupled in
the crankshaft system.

SPECIFICATIONS OF
ENGINE

EXPERIMENTAL

The test engine used for the measurement of vibration
displacements is the 6 cylinders, in-line, automotive high-
speed diesel engine. The main specifications of the test en-
gine are shown in Table 1.

GEOMETRICAL DIMENSION OF VISCOUS
FLUID DAMPER

GEOMETRICAL DIMENSION OF STANDARD DE-
SIGN VISCOUS-FLUID DAMPER

The engine crankshaft system with a viscous damper is
replaced with the equivalent vibration system. The effec-
tive mass moment of inertia I.(=0.011 kgm?)and the
natural angular velocity w, of the engine crankshaft sys-
tem can be obtained by Holzer’s method. Then, the inertia
moment of damper inertia ring I,(=0.330x 10-2 kgm?)
can easily be calculated on the assumption that the damper
inertia ratio R(=1,/1,) is equal to 0.3 [18],[23]-[27]. The
clearance ¢ of the standard viscous damper is mostly de-

Table 1 Main Specifications of the Test Engine

Particulars Contents
Designed for High-Speed Diesel
Engine

Type for 4-Stroke Cycle,
Direct Injection

Number of Cylinders 6-Cylinders

Arrangement In-Line

Bore and Stroke m_|0.105-0.125

Total Piston Displacement m°> [0.006469

Compression Ratio 17.0

Maximum Brake Qutput kW/r/min |230/ 3200

Maximum Brake Torque Nm/rimin | 451/ 1800

Firing Order 1-5-3-6-2-4
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termined from the BICERA’s empirical formula shown in
the following [28].

(Do) .
0=0.010+0.010% (E) [inch] 1)

Where, D,y: outer diameter of damper inertia ring. The
clearance is determined to be approximately 0.0197 inch =
0.50 mm by substituting Dy(=241.00 mm) = 9.49 inch into
equation (1). Then, the inside diameter of the casing
becomes 242.00 mm. The dimension and the shape of the
standard viscous damper shown in Fig. 2 were decided by
considering those of the dampers widely adopted in the
high speed diesel engines until the present. Photo 1 shows
the component parts of the test viscous-fluid damper.
GEOMETRIES OF VARIOUS VISCOUS FLUID
DAMPERS

As shown in Tables 2(a), 2(b) and 3, the dimensions of
the inertia rings and the viscosities of the silicone fluids,
respectively, were diversely varied in this experiment, in
order to investigate the dynamic characteristics of the vis-
cous dampers. The number of the inertia ring of the stan-
dard viscous damper is No. 02—-S* in Tables 2(a), and (b).
The clearance of the standard damper were determined
from the BICERA’s empirical formula [28]. The peripher-
al and lateral gaps between the inertia ring and the casing

Table 2(a) Dimensions of Damper Inertia Rings (Lateral Gap:
Change, Peripheral Gap: Constant)
Number of |Moment of |Thickness |Outside |Inside
Inertia Ring |[Inertia Radius [Radius
x10? kgm® [x102 _m |x10" m |x10% m
No. 01-L 3.256 1.940 1.205 9.040
No. 02-S* 3.200 1.900 1.205 9.040
No. 03-L 3.029 1.800 1.205 9.040
No. 04-L 2.882 1.700 1.205 9.040
No. 05-L 2.723 1.600 1.205 9.040
No. 06-L 2.564 1.500 1.205 9.040
Table 2(b) Dimensions of Damper Inertia Rings (Peripheral

Gap: Change, Lateral Gap: Constant)

Number of |Moment of |Thickness |Outside |Inside
Inertia Ring |[Inertia Radius [Radius
x10% kgm? [x102  m [x10" m [x10% m

No. 01-P 3.229 1.900 1.207 9.040
No. 02-S* 3.200 1.900 1.205 9.040
No. 03-P 3.115 1.900 1.200 9.040
No. 04-P 3.031 1.900 1.195 9.040
No. 05-P 2.960 1.900 1.190 9.040
No. 06-P 2.890 1.900 1.185 9.040

Table 3 Viscosity of Silicone Fluid

Number of Silicone Fluid Kinematic Viscosity m°/s
No. 01 5.0 x 10™
No. 02 1.0 x 107
No. 03 3.0x 107

were changed on the basis of those of the standard damp-
er.

SIMULTANEOUS MEASUREMENT OF TOR-
SIONAL ANGULAR DISPLACEMENT AND
AXIAL, LATERAL DISPLACEMENT
WAVEFORM

The test engine was equipped with the torsional viscous
fluid damper. An eddy-current dynamometer was connect-
ed to the crankshaft of the engine via an intermediate shaft
and a universal joint. The torsional vibration waveforms
were simultaneously measured at the outsides of the iner-
tia ring and the casing. Transparent acrylic resin suitable
for penetrating light was adopted as the material of the
casing part. The tapes, in which white and black parts
were arranged alternately for generating signal pulses,
were stuck in the outsides of the casing and the inertia
ring. The floodlight from the light emission division of the
photo sensor and the reflected light were detected by the
light-receiver. The electric frequency signals proportional
to engine speed were obtained from the photo pickup. The
measured signals were transmitted to the phase-shift tor-
siograph equipment via the adapter which calculated the
average of angular velocity (the center frequency).The tor-
sional vibration waveforms could be obtained from the
torsional angles, which were calculated using the relation-
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ship between the measured and center frequencies. The
signals were recorded by the data logger via the amplifier.
The measured torsional waveforms of the damper inertia
ring and the casing were harmonically analyzed using the
F.F.T. analyzer. The schematic drawings of the ex-
perimental system are shown in Fig. 3(a) and (b). As this
method can simultaneously measure the waveforms of the
damper inertia ring and the casing, it is an advantage to be
able to calculate directly the dynamic characteristics of
silicone oil. The waveforms of axial and lateral vibrations
were measured by non-contact microdisplacement vibro-
graph (hereafter called ‘‘gap sensor’’) and laser displace-
ment vibragraph. Voltage signal proportional to the meas-
ured values of the axial and lateral vibration waveform

was taken out by the sensors which were installed in the
front surface and on the circumference, respectively. The
electric signals were amplified by the amplifier and record-
ed by the data logger. The measured waveforms of the
damper inertia ring and casing were harmonically ana-
lyzed using the FFT analyzer. Besides, the lateral vibration
displacement is measured by gap sensors and laser dis-
placement vibrographs located on the stationary coor-
dinate system. But the real lateral vibration occurs on the
rotary coordinate system of the rotating crankshaft.
Therefore, it is necessary to transform the actual ex-
perimental data into the value in the rotary coordinate sys-
tem. The torsional, axial and lateral vibrations waveforms
were measured under full load from 1000 to 3000 r/min.
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The temperatures of the cooling water and the lubricating
oil of the engine kept constant, and also the surface tem-
perature of the viscous fluid damper was retained at the
approximately fixed 333 K in the experiments. The experi-
ments in this study are made to obtain the displacement
waveforms of torsional, axial and two directions of lateral
vibrations at the pulley end of the test engine. Fig. 4 illus-
trates the setting locations of the devices for measuring
torsional, axial and lateral displacement. Photo 2 shows
the test viscous-friction damper attached diesel engine.
The tapes were stuck in the outside of the damper casing
and the inertia ring
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Fig. 5 Measured Amplitude Curves of Torsional Angular Dis-
placements at Pulley End (Without Viscous Fluid Damp-
er)

MEASUREMENT RESULTS OF AMPLITUDE
OF TORSIONAL ANGULAR, AXIAL AND
LATERAL DISPLACEMENTS

IN CASE OF NON-EQUIPMENT OF A VISCOUS
FLUID DAMPER

Fig. 5 illustrates the measured amplitude curves of the
torsional vibration displacements at the pulley end of the
crankshaft system without the viscous fluid damper. The
measured vibration waveforms were harmonically
analysed and the values of the each order components
were adopted for getting the torsional amplitude curves.
The 4.5th and 6th order resonance points of the 2nd-node
torsional vibrations appear mainly at 2900 and 2170
r/min, respectively, within running engine speed. The
values of their resonance amplitudes are 7.8 and 4.6 mrad,
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respectively. In addition, the skirt of the 3rd order
resonance curves has appeared in the region of low engine
speed. These are the major critical orders of the 6 cylinders
engine. Fig. 6 shows the amplitude curves of the axial
vibration displacements at the pulley end of the crankshaft
system without the viscous fluid damper. The S5th order
vibration has a maximum resonance amplitude of 5.2 %
10! mm and its resonance point appear at 2320 r/min.
Fig. 7 illustrates the amplitude curves of the lateral vibra-
tions, in the z direction, at the pulley end of the crankshaft
system without the viscous fluid damper. As the lateral
vibration displacements at the pulley end were measured in
a fixed coordinate system located on the engine block,
coordinate transformation was performed from the sta-
tionary to the rotary coordinate system. The 6th order
vibration has a maximum resonance amplitude of 7.9 X
10! mm and its resonance point at 2490 r/min.
IN CASE OF EQUIPMENT OF VISCOUS FLUID
DAMPER

Fig. 8(a), (b) and (c) show the measured amplitude
curves of the torsional vibration displacements in the
damper casing. The 4.5th and 6th order resonance points
of the torsional vibrations appear within running engine
speed, but their resonance amplitudes are greatly reduced
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by employing the viscous fluid damper in comparison with
those without damper. In addition, Fig. 9(a), (b) and (c)
show the amplitude curves of the axial vibration displace-
ments at the pulley end of the crankshaft system with the
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viscous fluid damper. It is shown that the 5th order
resonance amplitude is reduced by employing the damper.
However, the 5.5th and 6th order resonance amplitudes
are increased. The decreasing effect of the 4.5th order
resonance amplitude has not appeared. The values of the
resonance amplitudes are not always reduced on each ord-
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er axial vibration by changing from the low to high viscosi-
ty of the filling silicone oil. The values of the axial vibra-
tion displacements have a tendency to be reduced by in-
creasing the lateral gap. Fig. 10(a), (b) and (c) shows the
measured amplitude curves of the lateral vibration in the z
direction at the pulley end of the crankshaft system with
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the viscous fluid damper. The 6th order resonance ampli-
tude is greatly reduced by fitting the viscous fluid damper,
but the 5.5th order resonance amplitude becomes larger.
And, the 6.5th and 7th order resonance amplitudes is not
reduced. The factors of the viscosity, the peripheral gap
and the lateral gap don’t have remarkably influence on the
reduction of the lateral vibration.

INVESTIGATION OF MEASUREMENT
RESULTS OF TORSIONAL ANGULAR, AXIAL
AND LATERAL DISPLACEMENTS

INVESTIGATION OF EXPERIMENTAL RESULTS OF
TORSIONAL ANGULAR DISPLACEMENTS

As some experimental results of torsional angular dis-
placements, Fig. 8(a), (b) and (c) have been already
shown. As the summary of the all results, the value of the
resonance amplitude is reduced on each major critical ord-
er vibration, when the viscosity of silicone oil is changed
from the low to high viscosity. And, it is shown that the
engine speed of each order resonance point also changes.
These phenomena originate from the change of the dy-
namic characteristic values by varying the viscosity of the
filled silicone oil. The peripheral gap between the damper
casing and inertia ring have much more effect on the
reduction of torsional vibration amplitude than the lateral
gap. Next, Fig. 11(a) and (b) illustrates the relationship
between the resonant torsional amplitude and the clear-
ance dimension on conditions of the changes of the only
lateral gap. As shown in Table 3, the viscosity of the sili-
cone oil is diversely varied in this experiment. The clear-
ance dimension of less than 0.5 mm in the range of the low
viscosity of the silicone oil is more effective on the reduc-
tion of the resonant torsional amplitude than the clearance
dimension of 0.5 mm given by BICERA’s empirical for-
mula [28]. But the resonant torsional amplitude in the
clearance dimension of more than 0.5 mm become larger
in the range of the high viscosity of the filling silicone oil
than that in the clearance dimension of 0.5 mm. And, the
optimum clearance dimension of the damper with the vis-
cosity of 0.1 m2/s is nearly 0.5 mm.
INVESTIGATION OF EXPERIMENTAL RESULTS OF
AXIAL VIBRATION DISPLACEMENTS

The natural frequencies of the torsional vibrations of
the 4.5th and 6th orders are clearly different from those of
the axial vibrations of the corresponding orders. Then,
these axial vibrations don’t couple with the torsional
vibrations. In addition, it is shown that the axial vibration
coupled with the torsional vibration does not exist. This is
based on the structure of the test engine crankshaft. The
effect of the viscous fluid damper on the reduction of the
axial vibration has already mentioned on the previous
chapter. It is difficult to reduce all orders amplitudes of the
axial vibration displacements by employing the damper.
However, if the inertia ring enclosed in the damper casing
can sufficiently move to the axial direction, it is supposed
to be possible to reduce the amplitude of the axial vibra-
tion displacement.
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INVESTIGATION OF EXPERIMENTAL RESULTS OF
LATERAL VIBRATION DISPLACEMENTS

As the effect of the viscous fluid damper on the reduc-
tion of the lateral vibration has already described in the
previous chapter, it is difficult to reduce remarkably the
lateral vibration. The factors of the viscosity, the peripher-
al gap and the lateral gap don’t have remarkable influence
on the reduction of the lateral vibration. This results
originates in the structure of the viscous damper, because
the inertia ring enclosed in the damper casing cannot
sufficiently move to the transverse direction. Then, it is
necessary to change the structure of the damper.
INVESTIGATION OF LATERAL VIBRATION COU-
PLED WITH TORSIONAL VIBRATION

In order to investigate the characteristics of the lateral
vibration coupled with the torsional vibration, we must
pay our attention to the 6th order component of the lateral
vibrations in the rotary coordinate system, because the 6th
order components of the torsional vibrations which are the
major critical order. When the experimental results of the
torsional vibrations without and with a damper are com-
pared with those of the lateral vibrations without and with
a damper, the engine speed of the torsional resonance
points agree with those of the corresponding lateral
resonance points. Besides, both the 6th resonance ampli-
tudes of the torsional vibrations and the lateral vibrations
are greatly reduced by employing the viscous fluid damper.
Then, the 6th lateral vibration is coupled with the 6th tor-
sional vibration.

CONCLUSIONS

The experiments, in which the clearance dimensions of
the peripheral, lateral gap filled with viscous fluid and also
the kinematic viscosity of its silicone fluid were diversely
varied, were been carried out and the torsional angular,
axial and lateral vibration displacements at the damper in-
ertia ring and the casing were measured simultaneously.
As the results of the experiments on the dynamic proper-
ties of the viscous fluid dampers, the following conclusions
are obtained;

[11 The clearance value determined from BICERA’s em-
pirical formula is not always optimum on every viscosity
of the filled silicone oil of the viscous fluid damper.

[2] The optimum viscosity is different by the dimensions
of the peripheral and lateral gaps between the outside of
the inertia ring and the inside of the casing.

[3] The effect of the amplitude reduction on the axial
vibration of the crankshaft system with the typical tor-
sional viscous fluid damper is small.

[4] The values of the resonance amplitudes of the axial
vibration are not always reduced by changing from the low
to high viscosity of the silicone oil.

[5S] The lateral vibration of the 6th order are coupled
with the torsional vibration of this crankshaft system.
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APPENDIX I

Relationship Between Rotary Coordinate System and Sta-

tionary Coordinate System

(Refer to Fig. A-1)

Equation of motion of engine crankshaft system

[m]-L(t) + [c].L(t) + [K]- L(t) = F(t) (A-1)
Equation of motion of rotary coordinate system
[m],+ L, +[cl, L+ [k, L~ F,— w-[c]
X a+[w-[m]- ] — w-[c]-[E]]ro,, (A-2)

Where,
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[h].=diag [0, 1, 1,0, 1, 1]

[m],=[m]

[cl,=[c]+2-w-[m]-[E]

[k],= k] + w-[c]- [E] — @ [m]- L]
Where, [m]: mass matrix, [c]: damping matrix, [k]: stiff-
ness matrix, L(¢): displacement vector, F(¢): forced vector
Harmonic forced vibration of i-th order vibration

F(t)=F; et (A-3)
Displacement vector of i-th order vibration
L()=L; e (A-4)
Equation of motion
(k] +jiw - [c] = (iw)*) - [m]- L;=F;
Kaymamic* (i0)] = [K] + jiew - [c] — (iw)* - [m]]
(A-5)

Where, w: angular velocity, [Kgynamic (iw)]: stiffness matrix
of i-th order vibration of crankshaft system
Vibration displacement of rotary coordinate system
K iymamic” (1)) - Li=F; (A-6)
Stationary coordinate system: Y-Z, Rotary coordinate
system: y—z
i-th order vibration of y, z direction of rotary coordinate
system: [, I
Complex number of harmonic vibration
l,=1, g;*cos (iwt)+1, ;-sin (icwt)
l,=1, ri-cos (iwf) + 1 ;-sin (iwt) (A-7)
i-th order vibration of Y, Z direction of stationary coor-
dinate system: Ly, L,
(i+1), (i—2) th Order vibrations
Ly=—1[(,gic1—Lgivit b ri-1 1, i-1) cos (iw)
+ (i1 L g1t o1 — L ri-1) - sin (iw)]
L;=—1[(), i1+ L riv1— L o1+ 1 ri-1) - cOs (iw)
+ (=L riviH Lt ric1 L io1) - sin (fw)]
(A-8)
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1, )
L Pos‘ition,withou{
Displacement

Position Including
Displacement

Fig. A-1 Rotary and Stationary Coordinate System

APPENDIX II
Bearing of Engine Crankshaft System (Refer to Fig. A-2)

Engine element, damping element of i-th order vibration
of engine crankshaft system
Complex spring constant

k*=k+jioc (A-9)
Where, k: equivalent elasticity coefficient of oil film, c: e-
quivalent damping coefficient of oil film
Complex forced

F*=f*-x* (A-10)
Where, x*: complex vibration displacement
P
Model of Oil Film
a H
Crank Journal Bearing Cap

Fig. A-2 Idealized Model of Bearing



