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The reduction of torsional vibrations in rotatinghadts, specifically in engine’s
crankshafts will increase the engine’s lifetimeeBtudy of dynamic performance of new
Torsional Vibration Damper based on US Patent 7,488 having the control system
with instantaneous frequencies tuner is presentld.analysis of dynamics supported by
test results obtained from experiments and mathealasimulations illustrate the
effectiveness of the proposed tuned Torsional WdomdDamper.
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Operating engine crankshaft is loaded by dynamicefsy generating the various types of
vibrations. One of the types of crankshaft vibnatie torsional vibration. Reduction of
torsional vibrations could be reached by imcorgomabf Torsional Vibration Damper
(TVD) in crankshaft structure. Every vehicle engisequipped with TVD. Today TVD
are using the rubber elements or viscous systemdaimpening. All of them have the
own disadvantages. New type of TVD is proposed & Batent 7,438,165 [1] for
avoiding disadvantages of rubber and viscous TV plesenting better performance
dynamic characteristics. The structural componet@scription of invented TVD is
presented.



Torsional vibrations of engine crankshaft (see Fagl) have two parameters: frequency
of vibrations and amplitude of twist angiésee Figure2). It is desired to obtain minimal
(ideally zero) twist anglex of shaft in steady-speed operation of an engime. this

purpose the engine is equipped by Torsional VibrabDamper which is installed in front
part of crankshaft.

Figure 1. Engine Crankshaft

Figure 1. Engine Crankshaft

There is an industry regulation for allowable magmeé of twist anglex of crankshaft —

(a peak-to-peak twist angle) must be below 0.4 @®=gFhe measured values of a peak-to-
peak twist angle practically are in range 0.3669@egrees for different types of engines
equipped with Torsional Vibration Damper.

Figure 2. Graphical presentation of Crankshaftgixangle

For obtaining the lower values of a peak-to-peaistt@ngle the new type of torsional
vibration damper was proposed in [1]. In Figureti®re is shown the core part of
proposed device 300. Hub 305 corresponds to thmerstpaft. The hub is connected to



damper outer ring 314. A cantilever spring 316asrected to ring 314, but is free at the
near hub end, so between hub 305 and spring 316 th@ gap. Masses (or selectors)
318 are mounted freely on spring 316 and coupledthéohub 305 by springs 320.
Selectors 318 are sliding along beam 316. Hendectse 318 could move in radial
direction using beam 316 and oscillating acrossiplaoint of beam 316 to rim 314.
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Figure 3. Graphical presentation of core elements of proposed TVD

Masses 318 are free to move along springs 316 efaethe counter-forces due to the
compression or extension of helical springs 320tHen, masses 318 are free to move
perpendicular to the radius, except for the coufttieres due to displacement of springs
316. The entire apparatus 300 is symmetrical, deioto ensure the moment of inertia is
centered about hub 305. As the radial positiorhefrhass 318 is extended, the length of
cantilever spring 316 for providing bending beasigence is effectively shortened. The
shortening of the beam, in turn, implies a grepggpendicular force, for a perpendicular
displacement i.e. as the length of the bending bisashortened, the spring constant of
proportionality relating displacement to force 3h6reases. These effects, the outward
displacement of masses 318 under angular veloodytlze corresponding increase of the
spring constant of proportionality 316 as the massE move outward, combined with
select dimensioning of the spring 316, result oueng of oscillations over the operating
range of w .The simplified dynamic graphical model of engineiipged by proposed
Tuned Torsional Vibration Damper is presented iguFé 4. J is a mass moment of
inertia of main system;¢” is the angle of crankshaft rotation of main systdmain
system with flywheel is connected to external loapresenting all resistance forces by
shaft that has stiffness coefficient “k” and vissdtiction coefficient of loss “b”. Assume
that “¥” is a mass moment of inertia of conventional flygh Main system is the simple
model of all moving and rotating parts of enginessdme that to main system the
following forces (torque) are appliediTs the driving torque, Ris a resistance spent on
making the positive useful work, Rs the lost torque spent on friction, and other
phenomena accompanied to negative resistance.
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Figure4. Simplified dynamic model.

It is selected that x is coordinate of movaegector 318 along springing beam 316 (as
per Figure 3), y is the dynamic deflection of sele@18 across beam 316 (as per Figure
3).

Assume thamn is the mass of selector 318js the constant distance from center of
hub 305 to center of gravity of selector 3Z8is the constant deflection of spring beam
from axis,c. is the stiffness coefficient of spring 320, amds the stiffness coefficient of
springing beam 316.

The differential equations for described systemifiinstalled proposed TVD will look
like:

[(3+ F)+mr2(r2 +2r x+ 2Zy)]| ¢ = + ...
+ 2mip (rx +2Zy )+k ¢ +bd” =Tm — Ra — R

1)
mr2x” +ax= mr3¢p2-mrzy"

(2)
mZ2y" +cory = mr2Ze 2+ mrzZx

3
where
= d/dt, and
Tm = To+ Tu(do, (I)o\),‘
Ra = Roa+ Rua(do, ¢0\ )s
RL = RoL + Ru(¢o, ¢o ).

(4)

From theory point of view the considered dynamistem has three degrees of freedom.
The test parameters for torque and resistancexiample for engine LS 7 are shown in
Figure 5 as solid lines.



Engine Dynamical Characteristics
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Figure5. Parameter Curvesfor EngineLS7

The approximate equation for driving torque (blasited line) would be
Twm=204.4248 + 1.1415@3- 0.001239 2

(5A)
and for total resistance (red dashed line) is
R=180+0.0005%

(5B)
Speed of rotatiom is w= ¢ = do/dt.
Stability condition in system is when

(J+ 3)+mr2(r 2 +2r x+ 2Zy) >0
X6




Zmax=f(r) |

02 021 022 023 024 025 026 027 028 029 03 031 032 033 034 035 036 037 038 039 04

r

Figure 6. Selection of the constant deflection of a spring beam of TVD

Taking into consideration the last stability corafis the rules for proper parameter
selection could be graphically represented. Itrephical chart shown in Figure 6 for

selection of Z - the constant deflection of a gpriiream. It is graphical chart shown in
Figure 7 for proper selection of value of mass elestor. Dashed zones under curves
indicate the area of parameters for stable regimes.
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Figure 7. Selection of the mass of selector in TVD

The particularities of Torsional Vibration Dampesage could be visualized with help of
Amplitude — Frequency Diagrams. The engine rotataygtem (crankshaft and all
involving moving parts) is not totally stiff andete is some flexibility in shaft, so we
could consider the system having flexible shafaaynamic system with one degree of
freedom. Torsional Vibration Damper is assembledttan front of crankshaft through
flexible joint. Dynamically it means that secondycee of freedom is added.



The analysis of dynamical behavior is presentedgusie AFD — “amplitude — frequency
diagram” as shown in Figure 8. In the chart on mlsscaxis the dimensionless frequency
numbers is shown and on ordinate axis the dimelessramplitude of torsional angle
vibration values is shown.
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Figure 8. Amplitude - Frequency Diagram

Blue dashed curve represents AFD of torsion vibrafior system without Torsional
Vibration Damper. There is one peak of amplitudeOdE3. If Torsional Vibration
Damper (Jvo equal to 0.1J and neglected small dissipationpstalled, so the AFD
should be like black dotted line having two peak$érequencies 0.87 and 1.2, and one
minimal value at frequency 1. The magnitude of thisimum is 0.01. From one point of
view it is a good result, because the amplitudegonance zone is reduced dramatically.
But reduction is achieved in resonance zone omtymFother point of view it is not good,
because the system gets two resonance peaks, watachot treated. When Torsional
Vibration Damper ({/p equal to 0.1J and adjusted dissipation) is iredallhen the AFD
should be like red line having also two peaks (hieprevious case) at frequencies 0.9
and 1.15, and no minimal value in resonance zdris.detter situation in comparison to
previous case, because peaks are lower, but wiuatien is in resonance zone.
Comparison of dynamical effectiveness of traditloharsional Vibration Damper and
proposed Tuned Torsional Vibration Damper is presgm Figure 9. Similar to Figure 8
there is Dimensionless Frequency at abscissa axisDamensionless Displacement —
Peak-to-Peak Twist Angle at ordinate axis in Figlrdn this chart the brown dashed
curve is equivalent to AFD in Figure 8 for adjustdisipation case of Torsional
Vibration Damper installation. The red curve isDABuilt using system of equations (1)
— (3). All values of amplitudes of torsion vibrat® of system equipped with proposed
Tuned Double Control Torsional Vibration Damper dosver (and in some areas
radically lower) for all frequencies in comparistm system equipped with traditional
regular (rubber or viscous) Torsional Vibration Omen



Comparison of Peak-to-Peak Twist Angles
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Figure 9. Comparison of values of a Peak-to-Peak Twist Anglesfor Tuned TVD. No Control vs. Double
Controlled.

From point of view of dynamical efficiency it is mhu better to use Tuned Double
Control Torsional Vibration Damper because it aokeeping the amplitude of torsion
vibrations at very low levels in total range of ogeng frequencies. In other words there
would be no problems with torsion vibration in edinges of engine operationgdm
when proposed Tuned Double Control Torsional VibratDamper is installedThe
name “Double Control” is reflecting that fact th@brsional Vibration Damper is
controlled by two types of subsystems [1] — a maid# control subsystem as shown in
Figure 3, and an electronic subsystem as descamijddl on Figures 8 and 9.

If to use the mechanical control subsystem onlyl(eking an electronic subsystem) it
should be AFD as presented in Figure 10. The thshelotted curve is presented the
dynamical behavior of Tuned Double Control TorsioWération Damper similar to
shown in Figure 9, the solid red curve is prese@enhi Controlled Torsional Vibration
Damper. The curve for Semi Controlled Torsiondbrdtion Damper consists of three
parts — part in the range of frequencies 0.5 — Is2fual to the part for Tuned Double
Control Torsional Vibration Damper (a mechanicahtcol is predominant here), part in
the range of frequencies 1.25 — 1.35 is for trarisiérations, and part in the range over
frequency 1.35 is reflecting the dynamic of rotgtshaft with firmly attached mass of
Torsional Vibration Damper. The Semi Controlled Sional Vibration Damper has two
peaks: the small value peak at frequency of 1.tBoégvalue peak at frequency of 1.35.



Comparison of Peak-to-Peak Twist Angles
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Figure 10. Comparison of values of a Peak-to-Peak Twist Anglesfor Tuned TVD. Semi
Control vs. Double Controlled.

Comparison of a dynamical behavior of Tuned DouBlantrol Torsional Vibration
Damper and Semi Controlled Torsional Vibration Damphows that a Tuned Double
Control Torsional Vibration Damper has better perfance. But when the electronic
electromagnetic subsystem is excluded in Semi ©betk Torsional Vibration Damper,
then that leads to simple and cheap manufactufiigisional Vibration Damper. Also it
could be taken into consideration that in a bigetgirof engines the resonance peak is at
the high magnitude of frequency sitting near thelboofrpm range. So the second peak
cannot be achieved in real situation. For instante/W Jetta the resonance problem
exists for & order rpm (approximately at 4900 — 5000 rpm), eestricted rpm boarder
number is 5000 rpm, so the engineer is dealing leitrer frequency peak at 4500 — 4800
rpm, and second peak which could occur over 5060gipould be ignored.

Accepted sensors location for tested engine istitiled in Figure 11.



Figure 11. Sensors location during tests.

For experimental purposes the Diesel Engji@k installed in VW Jetta was selected. Prelimynar
analysis and recorded experiments demonstratéhtdabrsional vibration resonance occurs in
crankshaft of Diesel Engine 1.9L at 490 — 500 HasTs the lowest frequency where resonance
happened. It is related t8 @rder torsional vibrations of this engine. Hertoe design goal was to
appoint the parameters of the proposed TVD whichccradically reduce the resonances at frequency
range of 490 — 500 Hz.

Experimental part consisted of 3 phas&ghase is balancing of TVD on Balancing Machine,
2"d phase is determination of own natural frequenafé&vD on special test machines, and duriffy 3
phase the determination of Peak-to-Peak Twist Angte running frequencies on real engine is
analyzed. First 2 phases are routine only. Thenlsalg of new TVD is needed to adjust the
unbalanced forces within industrial requirementse 2 phase is used for adjusting the proper lowest
natural frequency of TVD.

Herein the results of¢dhase are presented which were mostly done inrédeBedget-Funded
Research Institute for Machine Science RAS (IMASASR
First of all the performance of regular TVD was lgmad. The measured experimentally Peak-to-Peak
Twist Angles are presented in Figure 12 (regulassibmal Vibration Damper is installed). In the
Figure 12 on abscissa axis the frequenciepnm are shown, and on ordinate axis the of torsional
peak-to-peak angle vibration values are shown.dfjezation range apm for this engine is 700 —
5,000.
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Figure 12. Recorded Peak-to-Peak Twist Angles. Regular TVD

The concerned resonance is recorded engtisiph for 8 order torsional vibrations @ 470pm with peak — to —
peak angle of 0.41 degrees. It means that actaakshaft torsional vibrations with 0.41 degreessfite of presence of

regular Torsional Vibration Damper) are@t= 4700 (rpm) x 6 (order) XV30 = 2951.6 1/sec = 470 Hz. Taking into an
account that 470@pm is locating close to border number of 50@0n the problem with resonance at higher frequency
could be not taking into account.

A variety of samples of Tuned Torsional Nition Damper prototypes were fabricated and tedddtos of three
prototypes involved at present study are shownigue 13. The idea of different design for eachtg@rgpe was to
understand the impact of invented components oamdimand effectiveness (separately or in combinatio

Figure 13. Prototypes of different versions of Tain&/D

The results of tests are presented in graphical fur Figures 14 — 16. On these Figures on absaigsas standing for the
frequencies impm, and on ordinate axis is for the of torsional peakeak angle vibration values.

There is a dynamic of proposed Torsional Vibratimmper having simplified structure focusing onithereased friction
factor presented in Figure 14. The photo of thissitmal Vibration Damper is shown in the left sidd=igure 13. There are
6™ order torsional vibrations @ 4675 RPM with peak — peak angle of 0.30 degrees. It is lower tinalustrial
requirement of 0.4 degrees with strong safety fa@t6% of required level).
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Figure 14. Recorded Peak-to-Peak Twist Angles. New TVD, Basic Modédl.

The weight of this Torsional Vibration Damper issehan a regular one, and the cost of manufagtigiequal to regular
TVD.
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Figure 15. Recorded Peak-to-Peak Twist Angles. Semi Controlled TVD.

There is a dynamical performance of Semi Controlfedsional Vibration Damper having mechanical conbop

structure presented in Figure 15. The photo of Thisional Vibration Damper is shown in the middfé=igure 13. There
are @ order torsional vibrations @ 3615 RPM with peak — peak angle of 0.214 degrees. It is signifigdower than
industrial requirement of 0.4 degrees with vergisty safety factor (53.5% of required level). Thegheof this Torsional
Vibration Damper is equivalent to a regular TVDgddhe cost of manufacturing is on 5% more.

There is a dynamical behavior of Double Controlledsional Vibration Damper (completed with combimadchanical
control loop and electronically controlled electamgnetic subsystem) presented in Figure 16. Theopbfchis Torsional
Vibration Damper is shown in the right side of Fig3. There are'6order torsional vibrations @ 3150 RPM with peak —
to — peak angle of 0.15 degrees. It is radicallydothan industrial requirement of 0.4 degrees wity significant safety



factor (37.5% of required level). The weight ofstiiorsional Vibration Damper is equivalent to aulag used one, and the
cost of manufacturing is on 10 % more. Actuallystpiototype has a design which includes a comlminaif Torsional
Vibration Damper with Pulley (it is for some induat applications).
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Figure 16. Recorded Peak-to-Peak Twist Angles. Double Controlled TVD.

Particularities of all tested prototypes are ddésatiin detail in [1]. Presented results of expentak
research could be interpreted in the following wiayordinary situation (when no special dynamic
requirements and routine engine performance ardea@dat would be recommended to replace the
existing Torsional Dampers by Simplified TorsioNabration Damper shown in the left side in Figure
13. It would be recommended to replace the existimgional Dampers by Semi Controlled Torsional
Vibration Damper shown in the middle of Figure I3exploitation required the reduced torsional
vibrations and improved dynamic engine performaniteis necessary highlight the additional
advantage of proposed Torsional Vibration Dampercomparison to Viscous Torsional Vibration
Damper — there is no fluid (so it is no need tamge special protection from leakage) in proposed
Torsional Vibration Damper. When exploitation regdi the lowest values of torsional vibrations and
perfect dynamic engine performance (e.g. for VIRuly vehicles), it would be recommended to
replace the existing Torsional Dampers by Doublatt@ded Torsional Vibration Damper shown in
the right side of Figure 13.

CONCLUSIONS

1. Usage of proposed Tuned Torsional Vibration Dampith instantaneous frequencies tuner
gives the effective solution to get damping optiatian for operating engines. Implementation
of new TVD allows increasing effectiveness of usiyD by improving radically the
dynamical performance of crankshaft operation, afdaining the significantly minimal
amplitudes (peak-to-peak angles 0.15 degreesysibtal vibrations.

2. Proposed Torsional Vibration Damper with instantarsefrequencies tuner has practically the
same weight and dimensional parameters as thearegoisional Vibration Damper.



3. The less values of peak-to-peak torsional vibradingles lead to less loads on crankshaft and
bearings, reduce the wearing and fatigue probleetkjce the fuel consumption, and increase
the lifetime of engine.
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