A Wave Propagation Approach for Prediction of TRavement Interaction Noise

SterlingM. McBride Granda

Dissertatiorsubmitted to the faculty of the Virginia Polytechnic Institute and State
University in partial fulfilment of the requirements for the degree of

Doctor of Philosophy

In
Mechanical Engineering

RicardoA. Burdisso,Chair
Corina SanduCo-Chair
PabloA. Tarazaga
MichaelJ. Roan
Kevin T. Lowe

August16, 2019
Blacksburg, Virginia

Keywords:Tire Vibrations, TirePavement Interaction Noise

Copyright 2019 SterlingM. McBride Granda



A Wave Propagation Approach for PredictionTafe Pavement Interaction Noise

SterlingM. McBride Granda

ABSTRACT

Induced vibrations due to thgavement interactioareone of the main sources of vehicle
exterior noiseespeciallynear highways and main roads wheeseling speedsireabove

50 kph Its dominant spectral content is approximately witbi®0-1500 Hz. However,
accurate pediction toolswithin this frequency range are not availalfleirrent methods

rely on structural modeling of the complete tire udiimite elements and modal expansion
approacheshat areaccurateonly at low frequenciesTherefore,alternative physically
based models need to be develofddils work proposes a neapproactthatincorporats
wave behavior along t he whleamode$ae assumedongmf er ent i
its transversal directionThe formulation for new infinite plate and cylindrical shell
structuralmodes of a tireis presentedThese are capable of accounting for orthotropic
materialproperties, differetrstructural parametebetween the betind sidewalls, inflation
pressureandrotation of the tireln addition, anew contact model between the pavement
and the tiras developegresentedTheexcitation of the tire due to the impact of the tread
pattern blocks in the contacttphregion ischaracterize@nd coupled to the structure of

the tire. Finally, a Boundary Element Method is implemented in order to compute the
vibrationrinduced noise produced by the tire. All the modeling components are combined
in a single prediction tool nam&davePro Tire. Lastly, simulated responsemd validation
casesre presented in termsludrmonic responseBrequency Response Functions (FRF)
andproduced noise
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GENERAL AUDIENCE ABSTRACT

Induced vibrations due to tigavement interactioareone of the main sources of vehicle
exterior noise, especiallyear highways and main roads wheeeling speeds asbove
50 kph Accurate prediction tools are nairrentlyavailable. Therefore new physically

based models need to be develofduls work proposes anew approasimo d el t he tir e
structurewith a formulation that accountsr multiple physical phenomenbn addition a
mo d e | that simulates the contact bet.ween th

Finally, the vibrations are coupled to the produced nimsesingle prediction tool named
Wave Pro TireThis work also includesmulated responsesnd validatbn cases.
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1.Int roducti on

Tire-Pavementnteraction Noise (TPIN) is one of the predominant noise sowaasibutingto
pollution in urban areadts impact is highein the vicinity of freewaysand main roadswvhere
vehiclespeeds are higii\s shown inFigurel.1, TPIN is the largest source of noise produced by
typical passenger vehiclasveling at speedsetween 50 kph and 130 kflbonavan et al., 2007)
Tire noise is dominant over power train noise and aerodynamic ISoEspower train noise is
typically produced by the engine, transmission, intale exhaustit is only significant at low
speeds. On the other hand, aerodynamic noise becomes important only at very higlaspeeds
150 kph(Li, 2018).
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Figure 1.1. Typical contribution of passenger car noise sources as a function of speed measuredbpregas
reported byDonavan et al. (2007)

Multiple strategies tanitigate for TPINexist For examplein the United Sites the approacis
to build barriers around highways or implement traffic management stra{&@pess, 2019)On

the other hand,isce 2012 theEuropean Unionmpose& mandatory regulationsegarding noise
1



produced by tiresTire manufacturerseed to prowe the label shown iRigurel1.2 for every new

tire sold In this label, fuel efficiency (rolling resistance), wet gapd noise haeto be indicated.

The noise levelshown inFigurel.2 aremeasured witla passy test performedsinga two-axle
vehicle ona test trackSimilar regulations for noise reduction purposes are also being implemented
in Asia (Berge et al., 2017)

- 49 :

D

e E

G - E oo
) G-

_ 1E2A2008 - &1

Figure 1.2. EU mandatory tire labgBerge et al., 2017)

TPIN has a characteristic spectral behavimr examplethe noiseproduced by different tires
rolling on the same pavemadntshownin Figurel.3a. Ther dominant spectral content is between

500 to 1500 HzThese resultavere obtainedyy performing darge experimental campaigising

an Onboard Sound Intensity SystesadfFigurel.3). A total of47 passengerar commercidires

were testedTwo different sites were used for the measurements: (1) US 460 east and westbound
and (2) Virginia Tech Transportation Institute (VTTI) Smart Road. Both are located in Blacksburg,
VA, USA. The results irfrigure1.3a were measured at the first test site, where the test pavement
is a nonporous, densgraded hot mix asphalt (see Figure lo).addition, theseesults are

consistent with findings from othersearchersas shown banberg (2003)
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Figure 1.3. a) Measured TPIN for different tires arsingle pavemerfUS 460, b) Onboard Sounthtensity
System used for testing) Testsite US 46Q Blacksburg, VA, USALI, 2017).

Modeling the mechanisms thptoducethe TPIN behavior shown irFigure 1.3 is an active
research topicSince thel970s the existence afultiple TPINmechanisrs ha been speculated

without any conclusive pad. A summary of these fwesentedh Table 11 (Sanberg et al., 2002)
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The actual contribution from most of them still a subject of discussion among investigators
(Kuijpers et al., 2001)Neverthelesghe noiseproduced byhe vibratory response of the tiead
noise generated byair pumping in the contact patch araee the only two well-established
mechanismsln an attempt to model the current prediction approaches rely on empirical data.
For example, the work develapéy Losa et al. (2010andCesbron et al. (2009pllow a simple

set of empirical rules to predict overall noise levels. While more sophisticateeesgarical
models exist, such as the one developeQly et al. (2012andLi (2017). Thelatteris capable

of predicting narrowband TPIiXery accuratelyStill, physical models that do not rely on empirical

data arescarce

Table 1.1. Summary of TPIN generation mechanisms provided in the woamperg et al. (2&).

Type of Specific Mechanism Dominant Potential Noise
Mechanism | Phenomenon Frequency [Hz] | Variation [dB]
Tread Impact 800-1000 7
Impact
Texture Impact 8001200 5
Generation Adhesion Stick/Slip 10003000 2
Mechanisms Stick/Snap 25008000 2
Air Displacemen Air Turbulence 300 & 2000 2
P Air Pumping 10004000 10
Belt Resonance 600-1300 4
Tire Resonance  Torus Cavity 930:280 6
Amplification Resonance
pitica Pipe Resonancg  1000:3000 6
ERIEELE Air Resonance Helmholt
€imnotz 10002500 Unknown
Resonance
Horn Effect Horn Effect 600-2000 10
Acoustical Pavement
Reduction Impedance Absorption e U
Mechanisms | Mechanical |\ -ion Transfel  500-1000 2
Impedance

This research focuses developinga physicallybased approach to accurately model TPIN due
to the vibratory excitation of a rolling tireCurrent vibrationrinduced TPINprediction tools

implement either numerical or analytical methods. Numerical models rely on finite/boundary

4



elements (FBBE) that require modeling of the complete tire structure. However, their results are
limited only for low frequencies (<500 HZ)herefore, these cannot be used for the dominant TPIN
range Additionally, theseare computationally intensive and have lowuacy on reported overall
noise levelsOn the other hand, analytical methods typically modettmapletetire structureas
auniformshell orplate to later compute the produced TPTNhese aréesirable for computational

efficiency ando provideaddiional physical insight.

In an effort to observe how noise behaves around altoeravan et al. (1981Iheasured sound
intensity levels around a tire mounted on a vehicle while rolling. The resubb@ne in Figure
1.4. In this casgit can be observed th#te highest noise levels are produced near the contact

regionanddecayingalongthe circumferential directioaway from the contact patchn addition,

noise levels are not symmetric. These results suggest that the tire is excited in the contact patch

region where waveghat travel along its circumferential directi@ne excited These in turn,

generate the noise measured by the sound intensity probes.

Measured TPIN overall intensity level Noise levels decay in the
contours by Donavan (1981). circumferential direction of the tire.

LT [y
96 .99

A)«-...........-....-

Noise levels are higher
near contact area.

Figure 1.4. Sound intensity levels measured around a rolling[Bx@navan et al., 1981)

On the other handBolton (1998)performed experimental work study ther e s ponse of
structure In this work, a tiref size 215/70R1#vasmounted horizontally in a balancer, as shown

in Figure 1.5. The tire was excited at the center of the treath a point force usingra
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electralynamic shaker. Thenormal surface velocities along theard 6 s ¢ everethen| i n e

measured with a laser vibromefer a rangebetweernl00Hz to 1000 Hz.

shaker holder

counter /
weight
= mim-shaker

————
laser vibrometer = 1 ¥ /
K < g - ; :}:) /A

force

transducer

Figure 1.5. Experimental setip for tire vibrations measurementsBglton (1998)

Figure 1.6 showsthe main results The process to obtain theptts was tdfirst normalizethe

normal surface velocitiesfter dividing themby theinput forceamplitudeandthe largest value

from all frequenes The outcome of this is shown Figurel.6a. In this case, the-axis shows

the angle around t he-axis shovesdhe freguemciede wavenumber a n d
transform was then performed along thewnferential directiorof the tire, thus obtaining the
dispersion plot inFigure 1.6b. These resultstherefore,show the measurediormal surface

velocitiesalong the centerline of the tire, expressed as

2 . % . (1.1)
v.(g)=a ae™ =3age“
n= - o n = - ©
whereV, (q) is the normalized radial velocity as a functiongafthe angle from the drive point to

each measurement location on the tire surtsiseghe distance between thés® points, and the

circumferential wavenumber is defined &5, =2r/R, where R is the tread band radius.

Therefore Figurel.6o shows|an| as a function of frequency and the Wavenuni{},ﬁr
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Figure 1.6. Normalizedmeasured surface velocities as a function a) frequency and space fraogi®)cy and
wavenumberfor a tire of size 215/70R14 inflated at 20 gsigsented in the work HBolton, 1998)

Bolton (1998)provided aschematid¢hat explaisin more depthheresultsin Figurel.6b. This is

presentedn Figure 1.7, where \arious curves for positive wavenumbare illustratedEach of
the curvess associatedvith the transversal mode#=1,2,3..N,, of the tire The transversal

modesare cutoff (decaying or evanescent waveslil they reach a specific con frequencyAt

this point they start propagatirgong the circumferential direction of the tifidne location of the
cuton frequency depends on the structural properties of theTtiedispersion inFigure 1.6
showsthat tires have a waveguide behavidfhen a circumferential wavenumber equals to an
integer then a circumferential mode is assumiéahally, the groupvelocity of the propagating
waves along the circumferential directia equal tothe slope of the curvem Figure 1.7.

Therefore, making it possibte trackfast andow velocity traveling transversal modes.
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Figure 1.7. Dispersion characteristics of tire carcass vibrati@udton, 1998)

The experimets performed byBolton (1998)wereextended to capture the vibration behavior of
the tire during rotation. This was presented in the worKlog et al. (2002)where vibrations of
a rolling tire were measured up to a frequency of 1400 Hz using eJapeter vibrometer. The

experimental setip is shown irFigure1.8.

Rolling Tire

Laser
- — — —
Head Laser
Bearn
Rough .
o Surface N

Smooth
o Surface
e Triangular .

Cleat

Figure 1.8. Experimental setip byKlos et al. (2002)



The tire was mounted on a truck franretop of a roller. Slick and treaded tires were covered with

retroreflective tape and their vibrations measured with the vibrometer. Three types of surfaces
were used dring the experiments. A rough surface made of wood with transversal grooves, a
smooth surface corresponding to the metal surface of the roller, and finally a surface with a

triangular cleat. The grooved and cleat surfaces are shawgurel.9.

a) Grooved Surface b) Triangular cleat surface

| T
i/ ’m

X “ ¢
A pt? ",
=

. TS B 130 Y

Figure 1.9. Surfaces using during rolling tire test Kios et al. (2002)

A magnetic sensor was used to detect when the cleat hits the leading edge of the contact patch.
The purpose of measuring this signal was to use it as a reference to synchronize the phase of the
measured respse of the tire. The tire was rolled at three different speeds of 13, 20 and 24 m/s

and the applied load on the tire was equal to 1735 N.

The dispersion plots for a rolling velocity of 20 m/s and the static case are cahipafgure

1.10 These resultshow that the rotation causes a change in the wave speed, i.e. the dispersion
curves with positive wavenumtsdravea differentslope to those with negative wavenumber. The
reason is that wagén one direction travel against the rotation of the tire while the other $iavel

the same direction of rotatioKlos et al. (2002pbserved that the changesiope is proportional

to the rotational velocity. In addition, stiffening effects due to rotation were neglidihls.
suggestghat accountingfor effects of rotatiorwhen modeling the structuralows capturing

change of wave speed along the circumfetial direction of the tireHowever,the findings
9



presented in this thesis suggésttthea mp | i t u d e srespohse dom@hange sigmfidamt

when rotation isncluded.Therefore, large changes in the prodleise are not expected.

a) Rotating Speed 20 m/s. b) Static Tire
1400
1200
1000

800

Frequency, Hz
Frequency, Hz

600

400

200

100 80 60 40 20 0 20 40 80 100
Wavenumber, rad/m Wavenumber, rad/m

Figure 1.10. Dispersion plots a) faarotating tire b) for a static tire, presented in the work Kjos et al. (2002)

Addi ti onal I nsight on a ti rBedsard000)a this worka |
the response of the tire was measwrétl a laseDoppler viborometeover a 2 cm x 2 craurface

grid on the belt surface of the tifEhe tire usedior experiments was slick and it was excitesihg

a dynamic shakeat the center of the bekimilar to the setup shown inFigure 1.5. Themain
resultsof this work arepresented irFigure 1.11 Thereal component of theobility frequency
responsgon an unwrapped view of the beddiscussedrigurel.11a shows result for a frequency
of 109 Hz.In this casemodes are observed alohgth direction®f the tire.If the frequency is
increased to 653 Hz as shownHigure 1.11b, modes still exist along the transversal direction.
However, along the circumferential directjoesonant behavior is no longer observed. In this case,
wavesare present, eithgrropagang and decawg. Finally, at a higher frequency of 1231 Hz
Figure 1.11c showsthe behavior of a point force acting on an infinite structure, e.g. decaying
cylindrical waves In this case, boundary conditions have an insignificant nole t h e t
response.
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Figure 1.11. 2D display of real frequency response functionthiste different frequenciesa) 109 Hz, b) 653 Hz,
and c) 1231 Hz, presented in the workBsrnhard (2000)

The experimental evidence shown above demonstridias in the midfrequency range,
approximately between 500 Hz and 1500 Hz, waves propagdtgecay along the circumferential
direction of the tireln order tocapture tis mid-frequencystructuralbehavior of the tirean
appropriate modeling approach is requinedthe next section, a summary of the efforts made by

various investigators to model vibratiomduced TPIN in the midrequency is summarized.
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1.1. Rewview of Mid -FrequencyTire Vibrations and Noise Models

Kropp (1999)provided one of the first approaches intended for predictions offregdency
vibration and induced noise produced by a fllee suggested rangdé accuracyis within 400
3,000HzTh e t i r e Gwvasmedeledwasa simplesupportedtplalhe reason is that above

a tireds char ac,tymcallylscateddetweeddOgHzand S500yHe thencaryature

of the tire can be ignoreth suchacase, ittan beassumed thdiending waves dominate the full
dynamic response of the titdowever, above 3,000 Hz the model becomes inaccurate because at
these high frequencies the f@aannot be assumed to be thin anymore.

The assumed vibratory response for this model consistethodes alongbotht he t i r ed s
circumferential and transversal directions of the tire. In addition, the main structural effects of a
tire included in the modelrethe following: (1) Inflation pressure was accounted in two ways
First, by adding nembrane énsiors along both circumferential and transversal directions of the
tire. Secondly, with a stiffness bed below the b@} The platewas assumed taaveorthotropic
properties.This accourgd for conventional structural characteristics of a tire, whpgoperties

along the transversal direction are differ&oim those along its circumferential direction. The
reason is that a crosection of a tireis typically composed of multiple layers including
components such as indarers, plies, fillers, amongthers. While, along the circumferential

direction,uniformity is expected.

The details of the formulation usedkhr o pp 6 s st rwildd addresded imGhdpeet 2.
The response of the tire for this model was quantified using mobility frequespynse functions
i.e. output normal surface velocities divided by the normal input force amplitlilese were
compared to measured data, as showrignre1.12 In this case, the responses were computed
for an arbitrary point in the center of the hadt not specified by the authavhile excitation was

locatedat the center of the belt.

12
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Figure 1.12 a) Real and b) imaginary components mobility FRF of a tire, report&adpp (1999)

The measurements and calculatiorFigure 1.12 show good agreement at certain peaks above

400 Hz, howeverat some frequencigthe model does not perform well. The reason is that at high
frequencies modes should not be assumed along the circumferential direction of Bestifes

provided by other researchéPerisse etal., 2008)h ow t hat Kr opp opredistode | t

the vibratory response of the tire.

Perisse etal. (200@pmpared esul t s obt ai n etdexperimemal datdloeppud s mo d
mobility frequency response functidar both casess shown inFigure 1.13a. In this case, the

results obtained witK r o p p 6 sshow goddealgreement at high frequencies. However, below

1500 Hz, this is not the cada order to address this probleferisse et al. (200@roposed a

modi fied version of Kropp©6s mstiffinesk of thgplaepvgsr o ac h
artificially modified to an unrealistically high valué.he obj ecti ve was to i m
accuracy below 400 HEigure1.13 showsP e r i maifeed rmodel results. In this case it can

be observed that accuracy was improved at low frequencies. However, at high frequencies,
overpredictions became very large. Thain conclusion from this work is that by controlling the

crossst i f fness delf ovedpredigiign® & speciic frequency ranges can be reduced.

This method will beeferredtoin thisworkaMo di f i ed Kroppbés Model
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Figure1.13Exper i ment al results of Mobility FRF compared

Kroppds model 6s (Rengsdetal2000)e and phase

In addition todeveloping astructural modebf the tire,Kropp (1999)also developed aontact

modelto excitethe tire structureuring rolling conditionsin order to compute the total response

of the systemthe pavement induced forceere multiplied by the appropriate impulse response

functionof the structural modeThis is defined as follows

W, =8 Fo(t) %9, 1)

m

(1.2)

where gm’e(t) is the impulse response functionaofire excited at a point, andmeasured at a

point e on the tire surface. On the other hand, the input force ampliﬂqg@ are calculated by

assumi

ng

t hat the | ocal

t r e aeexampulee if the tirenia éxcitedn

at a pointe, as shown irFigure 1.14 thenthe forces can be computed with the following

expression

where,

F(NDt) =s, @(N DHg w(N } (1.3
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£0 (x<0 (14)
| |
1 1

In equation(1.3), time has been discretized inbd number of time interval®t . Furthermore s,

corresponds t o t lcenstdntoacdaylis the coeespbriding lacdl displacaenmeest s

induced by the pavement profile.

Figure 1.14. Contact model implemented by Kropp (1999).

After Kropp defined the contact arsfructural model for a tire, an acoustic model was also
implemented for noise predictions. Thredel coupled the&ibratory response with its produced
noise and consisted of a twonultipole system shown irFigure 1.15 This multipole system
approach can only be implemented for high frequenares fulfils the boundary conditions
defined at the vibratory surface of the tireorder to extend the 28coustic modetase shown in
Figurel.15 the sources are assuntedobeinfinite cylinders where only a short part is vibrating
i.e. the width of the tirewhile the rest is assumdal be rigid

15
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Figure 1.15. Two-multipole acoustic model for tire vibratienduced noise predictior{&ropp, 1999)

The power of the vibrating infinite cylinder is given as

rca 2 (1.9
P(w)=5,7 & .

vo (k) () dg

wherev,, (w,k,)=v, ( v €n( kb / kcorrespond to the Fourier coefficients of the norsnaface

velocities ofthe tire. Therefore, the calculated sound power is related directly t¥ atiodes in

the circumferentialdirection of the tire, and wavenumbeks along itstransversaldirection.
Additional parameters inadedin equation(1.5) are the radius of the tira, the speed of sound
c andair density 7 . On the other handS,,( Vl/kz)corresponds to the sound radiation efficiency

defined as

( ): 2w 1 1 (1.6)
’ ’ apc |y/ 2 a W %)
c & Hf(yz)'g\/ - K 9
¢ ' *
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In this case, the operatdﬂ,sz) '(1) corresponds to the derivative of the Hankel function.

The complete prediction package for vibratioduced noise developed ropp (1999)

validations were made usirgtest drm. This test setup is shown irFigure1.16 Normal surface
accelerations were measured with accelerometers mounted on the tire tread pattern. A laser
Doppler vibrometer was also used neasure vibrations in an exteriorb s er ver 6 s coor
system. Finallythenoise was measured using microphoesthe other hand, the drum provided

a periodic excitation of the tire structure.

microphon

accelerometer

roughness on the
dnim ;

Lﬁm-r T“lmm

Figure 1.16. Experimental setip used for validations in the work Kyopp (1999)

The validation results are shownRigurel.17andFigurel.18 Both normal surface velocities

measured with the lasBroppler vibometer and thproduced noise are shown.
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Figure 1.18. Comparison of measured and calculated naiBeref. 203 10° [P4 (Kropp, 1999)

According to the author, both surface velociaesl noise agrees well if predictions are compared
to the measurement results. However, large discrepancies can be easily observed in both

spectrums. For example, within the Affdquency range (56500 Hz) inFigurel.1§ differences
of up to20 dB can be observed.

Another approach to model the structure of the tire was presen@dl® oy et .mmthis (200 ¢

case, a modification tkr opp 6 s mo d e | Thizvappoachassumdethatthe tirebelt
18



behaves as a Mindlin plate, where shear deformationsoéay inertia play a significant role in
thedynamic responselhe author suggests thathen plate is valid only if the flexural wavelength
is greater than sixtims t he pl aln addison,thdrconbikedtleickress ofa tire belt
with the added tread rubbeannot be modeled as a thin plakee intended frequency range of
this model iswithin 200 Hzto 2 kHz

In order to obtain the response of tire belt, a modal approach both along the circumferential
and transversalirections of the tiravasimplementedWavenumber and Fourier transformere
used to compute the responstowever, he main contribubn of this studyis an alternative
approach to dme the appropriate tire striural parametersisedin the plate modeln order to

do this,an optimizatiorwasused to reducthe error letween the frequency respse function of
the plate and theylindrical multilayeredmodel shown irFigure1.19

Outer layer
Multiple layers

Annular bands
Inner layer

Springs representing
sidewalls and dampers

Air pressure

Wheel hub fixed

to ground
A Excitation force
P
Figure 1.19. Cylindrical multilayeredtire model developed b 6 Boy et .al . (2009a)

The multilayered approach treated each of the layerssss@elasticsolid defined by its strain
displacement and stresgain relationships. Th later being defined in terms of eadfyer
material 6s Lame <coefficients. After mthe ng Ho

following wave equation wasbtainedfor each layer
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| n t hi s ‘caeeshe matead laamalconstants while the vectbcorresponds to the 3D

displacementa | o n g tytinerical ¢oordinatesi h-Rx 8n thiscase, the displacement vector
wasdefined in terms of a scalaaluer and a potentialector®. Both were defined bthe next

relationship

ui= g + {i? ) 0O = (1.8)

1 alr+2 m (1.9)
DZf — [ Za =
2 =,
- 1 = am o
P’A=SA b T g
b? A (;;e_r 0

After awavenumber and Fourier transfamwereapplied to bothexpressionsn equation(1.9),
analytical solutioaweredefined as linear combinatioof first and second kind Bessel functions.
These provide the solution fon and®, now in the frequency and wavenumber domamesé
were thertranslatedackintothedisplacemenand stres®by usingequation(1.8)andHo o k e 6

law. The resultingystem is théollowing

as 6 G, . 4 = (2.20
8 Zwse
[v]
2 9 @ o
Where W, S, G, and Hrematricesdefined bythe terms within the implementéio o k e 6s | aw a

equation(1.8). On the other handC corresponds to a vector containing six constants and their
corresponding Bessel functioridhis equation provides the displacemama singletire layerat

any i h-Rx location. Furthermoregquation(1.10 can be applied separately for each layer and
20



then coupled together for the entire multilayered tire respdfirally, aset of six boundary
conditions are needed to find the six Bessel fonatonstantsn equation(1.10. Three of them
defined at the tireds air cavity and three of
atmospheric conditions

The mainlimitations of thismultilayer viscoelastienodel are the following) The sidewalls are

not modeled but represented by a distributed spring stiffness along the radial dirEeisois
rathera simplistic approach and may be the source of inaccuracdgiesThe tiréd somposite
materials are approximated by including bands of stiff material between the layers in the
circumferential and radial directions. Even thoughother model implementch a detailed
approach this may notbe representative of a real tire structural constructiah.Modes are
assumed along all directions of the tire instead of waves.

After the optimization procedure was implemented using the multilayered mioglefjuivalent
plate parameterfor a treaded tir@btained byD6o Boy et ad showr iBF@Quwel 20
Thesecorrespond to thelate benahg stiffness,complexloss factor introducedor damping
purposes- , and additional damping coefficient pr

response velocity (referred as Crighton damping).
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Figure 1.20. Equivalent plate structural parameters for a treaded tire including (a) Bending Stiffness, (
Complex loss factor, and (c) Crighton damping. All presented inthe wotkbBoy et .al .

Furthermore, this study includes a contact mauki defines the total displacement of the flilee
approachs very similar to that implemented I§ropp (1999) The response of the tiren this

casejs definedas

G ()=8 ¢, [t 1)1 ( ) .

In this cased 0 corresponds to the total normal surface displacement of the tire at 4 block
due to the excitation on the contact patoh.the other hand}0 0 is the time domain impulse
response function of the plate excited at a bloektimet, calculated at a blo¢k at timet. While,

"Q 0 is the input force on the tread blgckattimetc al cul at ed by a | ocal Ho
defines the input force of the system due to the local block deformation, induced by the pavement

profile. The block notation and input force representation for akhown inFigurel1.21 The
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total displacement is defined by convolvii@ 0 and™Q o, and finally adding all for the N

number of blocks excited in the contact patch.

Block 3

fo

ot il AT i, . A
Block o

Figure 1.21. Representation of a rolling tire antbbk| where contact forc& is applied and block where
displacements are predictbyOd6 Boy et .al . (2009hb)

Finally, the normal surface vibrations of the tire were coupligl the produced noise by means

of a boundary element method. These results were then validg@nst experimental data

collected on a Suzuki Vitara, equipped witlh-anicrophonesetup mounted on a metal frame

around its rear tire as shownHigurel.22
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Figure 1.22. Vehicleand microphone setp used for validation of the model developedby Boy et .¢
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The test wasun for speeds of 70, 80, and 90 km/h on an-I9844 specification road. However,

the tire model niosize wasspecified. Thanodeledand experimentah-weighted spectrumsor

all microphone locations are specified simwFigurel.23 for a speed of 80 km/ffhese results

do not show good predictions, as errors of upGa@BA can be observed by simple inspection
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Figure 1.23. A-weighted spectrum for a treaded rolling tire on an-®844 pavement surface at 80 km/h .
(a) microphone 1, (b) microphone 2, (c) microphone 3, (d) microphone 4, and (e) microphone 5.

Anot her modeling approach

ntended to

i-mpr ove

propagation formulation was attempted ltarsson et al. (2002)his work propsed a double

layered tire modelRadial andangential motiorwereaccountedor in this model Thus, the tire

is modeled as a set of two coupled thick plates, as shofigurel.24 Thetop layer represents

the tread rubber, while the bottom layer corresponds to the stiff belt of thia tinés study, the

author mentions that due to the high damping of the rubberiaigtér is reasonable to assume

that the plate is an infinite waveguide along the circumferential direction.
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Figure 1.24. Doublelayered plate model developed lbgrsson et al. (2002)

Thehomogeneousquations of motion for each layarthe wavenumber domain are the following

am, m, m, &F 0 & (1.12)
B, m, Mm@k sk /&
g, m, mgZE? 2

In this case)E, e andzE are the miesurface displacements defined along the x, y and z directions

The system is assumed to be a complex harmonic in time, therlﬁﬁra:orresponds to a

normalized frequency of the system. On the other hand, all the terms denotedavih function

of the wavenumber valuds , k, andk, along thex, y, and z

A set of 3 eigenvalue and eigenvestare obtained after solvirgguation(1.12. The eigenvalues
correspond to the normalized natural frequencies of the system. The eigenvectors provide the
relative displacement amplitudes along all three directions of the waves. Therefore, the solution to

this eigenvalue problem requires a predefiseiof wavenumber values far, k, andk,.

25



Due to the interaction between the two layéassm et al. (2002kpeculated the existence of

three types of waves that propagate alongtthe rciecansferentia direction. The first one is

dominated by bending effects, the second one is due to longitudinal motion, and the third one is

referred to aarotational wave. These three types of waves are illustratédune1.25
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Figure 1.25. Three types of waves propagating along the circumferential direction of the tire. Circles repr
points in the tread rubber compound and stars correspond to the stiffavefton eal., 2002)

Despite clearly acknowledging the existence of waves along the circumferential direction of the

tire, the following modal solution was assumed for the radial and tangential displacements of the

top surface of the top layer

h= 4j'é é@ynz(Ly)cos(kmx) sir(k,2)

m=1n#

m=1n#

(1.13)

X = 4j§ a #2(L,) cogk,x) sir(k,2)

Where/7,'.§,yn2 (y) andxr':f (y) are the radial and tangential modal amplitudes, and the wavenumbers

k., and k, are the circumferential and transversal wavenumtesgectively. Theearedefined

as
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(1.14)

X

k,=—— form 4,2,3..
K, =

% forn =1,2,3...

Z

The transversal wavenumber is obtained by assusimgly supported boundary conditions on
t he pl ast Ehé sircumfdrgntial wavenumber is obtained by assuming that a complete
wavelengthalways fits the circumference of the titdsing a set of discrete wavenumbers, as
shown in equatiofil.14) results in modes alorgpththe circumferential and transversal directions

of the tire.

The input mobility frequency response functfona tire of siz205/60R15 was simulated and the
results compared to experimental ddtaese results are shownhigure1.26. The experimental
datawasobtainedby exating the tire at the belt along its radial direction using a dynamic shaker.
Results do not show good agreemespeciallyfor the midfrequencyrange

20 log (v/F) [dB re | m/Ns]

_8() L 1 1 1 1
0 500 1000 1500 2000 2500 3000

Frequency Hz

Figure 1.26. Modeled(solid line)and measurefiashed linejnput mobility frequency response function
reported in the work bizarsson et al. (2002)
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Pinnington et al. (2002ppproached themid-frequencytire vibrations modeling approach
differentlyto the models presented aboVke approach was to model the tire belt as a Timoshenko

beam with is length representing its circumferential directi®herefore, this model accowut

for bending, shear and rotary inertia alongtthe r e 6 s ¢ i r ¢ u mThe sidewatlsiar | dir

accountedor by using a line impedance, as showrrigurel.27.

Sidewall
element

Figure 1.27. Belt and sidewalls model implemented Biynington et al. (2002)

Pinnington et al. (2002perived the followinghomogeneousequation of motion in the

wavenumber domain for the beam mod#iis resulted in the following expression

i 5 11
NS T

Ki(1r B #(c (1 ¥F K)-

O %ﬂ)o

In this case,c and F are terms thaaccount for the tensioMN, , shown inFigure 1.26. This
tension is the result of inflation pressure. On the other Handk,, , andk,, are terms that include

the frequeny w. Finally, b is the width of the beltB, is the bending stiffness of the tire along

the xdirection, andZ,i s t he si de walThé&aly unknawa inieqoatied18 n c e .

corresponds to the wavenumber along the circumferential direction of thi tifberefore two
pairs of rootgi.e. wavenumbersare obtainedby setting the frequency to the desired valuand
solving the polynomial.
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The forced responsgas then computed using the following equation

W= wF L (3 — k2) + i e ik,\-_i (k2 — k2) + 57\ e ikex (116)
TS+ N — D ke, [ Y T B, ko |2 B, '

where W is the output surface velocity arfdisah a r mo inputdofcsamplitudelocatedat

x=0. On the other hand, and k, correspond to the wavenumbers obtained from equétitb).

Finally, Pinnington et al. (2002)xtended thé&eaminto a platemodel. Thereforghe equation of

motionwas defineds

4 2 1.1
{ng,‘,‘,v\ + B, (”%) + Tikmy + T, (”[ﬂ) —pw?— K} W, =0 (117

In this case, a transversal modal behavior is assumedir€amferential wavenumbegassociated

to each rif transversal modare defined ak_ . Theseare found using the same approach as was
done for the beam equati¢h15). Once these are obtained, the forced response is compated.
example of input mobility FRF simulated with tp&ate model developed bfinnington et al.
(2002)is shownin Figure1.28 In this case, ifferent curves are shown correspondinganious

transversal modes.
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Figure 1.28. Input mobility FRF functions for m=0, m=2, m=4, andbnfPinnington et al., 2002)

This modeling approach waterwardmodified again,as shown in the work bfinnington
(2006a)andPinnington (2006b)in this case, the tire is modeledsasef three coupled tensied
Mindlin plates as shown inthe i r e Gsectianscleesatic irFigurel1.29.

profile length 1

belt width b

Q radians/sec

Figure 1.29. Tire's crosssectionshowing a set of coupled Mindlin platé@innington, 2006a)

This model accoustifort he geometri c curvature of the tir

t he s i dewectioh. dhe equatians of motion for each of the plata® defined in the
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wavenumler domain For example,Pinnington (2006bYdefined thesi dewal | 6 s homog

equationas follows

0==z8,+ Ny (1.18)
— :4[:1_5, + Pa; — NyR, + (S, 4+ No)(1 + Zf + Zz,__‘)]

ol

+ 257 )(1 = Pag = 8 = 2 + NoR, — 28 + N + (2] = ROV, + Pay+ 7))
+ (1= Pa, — 2 )22 — R,

In this casethreepairs of roots rformalizedwavenumbes z) can be obtained for any defined
frequency.The frequency is embedded within the parameters in equétid8). In addition,
stiffnesses, tensions due to inflation pressure are also inclidbduld be noted that the equation

of motion for the tireeéematdn@l8 is similar to t

Once all the roots are known for the sidewalls #Hralbelt, it is possible to obtain the forced
response by properly exciting the tire belt anatbypling this excitation through boundaries that
connect thesidewalls andhe belt.This approach allomsiodelingboth the sidewalls and the belt

separately by assuming these have their own properties and geometry.

Finally, vibrations experiments were performed in ordevdtidate the modelThe experimental

setup used in this case is shownFigure1.30 Thestationarytire was excited both with a point

and a line harmonic force both in the radial and tangential directiomsder to excite the tire

with a line force, the tire was excited with a plywood load spreader along the transversal direction
of the belt.Vibrations were measured using a set of piezoelectric transducersdttathe rim.

In addition, an accelerometer was used to measure vibrations at 180 degrees from the excitation
point This accelerometer was attached tw@odenbar glued tdhe beltof thetire.
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wooden bar

seismic block
300Kg

plywood load
spreader

Figure 1.30. Experimental setip implemented binnington (2006b)

Results from the experiments are showrrigure 1.31 andFigure 1.32 Figure 1.31shows the
radial input mobility transfer function, whilBigure 1.32 shows the mobility transfer function
measured at 180 degrees from the excitation pdtot. both cases, the bold linesrrespondo
measurements and the regular lines to predictidakdations were only performed up to 1000
Hz. It can be observed that the model provides good approximatitims llowfrequency range.

However, above 800 Hz, the model does not perform well as well as for low frequencies.
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Figure 1.31. Measured and predicted input mobility FRFinnington, 2006b)
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Figure 1.32. Measured and predicted mobility FRF at 180 degrees from excitation(Painington, 2006b)

A different approacho predictvibrationrinducedTPIN was developed throughout many years in
a research efforinitiated byFinnveden (1994yvho initially developeda method nameuave
Finite Element Method or WFEM. This approaghsthenextended to tireibrationsby Nilsson

(2004)andHoever (2014)
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The work byNilsson (2004focusedon developing the formulation of WFEM lepuping the tire
cavity and exterior shell (tire) into a single systasmshown irfFigurel.33 In this work various
types of elementapplicableo tires were developed. This includsdsight and curved prstressed
shell elenentswith isotropic and anisotropic material properties. In additfungd elementsto

account for the tirebs cavity were also devel

External
forces, f

Figure 1.33. Fluid-shell system analyzed INilsson (2004)

On the other hand;jloever (2014jmplementedthe WFEM approachas part of a unified tool
capabl e of combining r ol | i naseardsdiaidnaihnoige, t he
during simulations. An overview of the developed tool is showrFigure 1.34. The input
parameters are represented with a dashedahdall computed parameters with a solid liffdne

inputs are the tire profile, road roughness, axle load, tread pattern, rolling apdeahaterial
propertiesThe outputs aréhe tiréd s ipowendt , the dissipated power |, losses due to

tread deformations , and the output Aveighted sound pressure levels; .
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In this case,lte structureof the tirewasmodeled with aranalytical wave formulation along the
circumferentialdirectionandfinite elemens along its transversal directipasshownin Figure
1.35. This methodis basen work by Finnveden et al. (20087 coordinate systens definedat

thecenter

termsof theradiusr, transversal distance and angley . Thedisplacemenof each point islefined

asd(r,x.g)=[u u L;,]Twhereur is its radial component, is its transversatomponentand

contact WFE velocity field/
= =
forces tyre model | static deformation

contact
displacement
input . -
power
l A\l
p[ yre P‘u 1t L p.A

Figure 1.34: Flowchart ofthetool developed byHoever, 2014)

of t hBhdriegfedrse,stewenyrgoi nt

u, is itsangularcomponent

Each of thalisplacementomponentss approximated as follows

where, N (r, X) is a vector containingnterpolation functions along the transversal directiothef

tire. These are definddr atwo-dimensionamesh over the crossection of the tireas shown in

u(rxg, w=N(r,x)y( 4 i=x,
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Figure 1.35. On the othermand, \Z(q,t) is a vector containing the noddlsplacements. For

example,\7q (67, t) is a vector containing all the noddisplacementalongthe g direction

0.2 WEFEM crosssection mesh

0.3+t
0.28
0.26 |
0.24 ¢+
0.22 }

rin m

Figure 1.35. Curved waveguide representation of a tire by Hoever (2014).

The tire strais - arealso defined in terms of the nodal displacemastollows

é(r.x, g JwEy(r.x)v( ,tbﬁ(r,x)% (1.22)

where, E,and E, arematrices that depend on elemspecific strairdisplacement relations, shape

functions and their derivatives.

Using theexpressions iequationg1.21) and(1.22), Finnveden et al. (200&ndHoever (2014)
then implemer@dH a mi | t o n 6faer a gynamic systgmThie approach can only be applied
if the system is a conservative one, ifét has no energy losséd.ami | t ondés princi pl

the integralof the Lagrangiarms stationaryAccording to thisvariational principlethe timeand
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space path of a dynamic system between two states is obtain@dibyzing the integral of the

Lagrangianas follows

‘2 1.23
difu - K A)dt & (123

o1

where,0 0 aretwo arbitrarytimedJandKkar e t he systembés strain an
A is the potential energy imparted by external loads applied to the system. These are defined in

terms of the displacements astdainsgivenin equationg1.21) and(1.22) and result in

U =fg"D eV (1.29)

\%

K=fy #* udv

V
A= f(?”a Tﬂn'a) av
Vv

In this caseD is a complex rigidity matrix,f is a vector containing the external forces applied to

the system. The superscriptdefines the transpose operation, while the superserijst the

transpose and complex conjugate. Finally, the supersgdpfines the complex conjugate for an

adjoint systemThis means thatraadjointor image system with negative damping has been
defined. Therefore, the real systerorfrtonservative with energy losses due to damping) and the
adjoint system (nowonservative with negative damping) are ensembled together to form a
conservative system. Thus,6 ABchamatic ofthis dpproaphriss nci p

shown inFigure1.36.
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Figure 1.36. Representation of the real system, adjoint syséewh total conservative system to which Hamilton's
principle can be applied.

Implementing the equations (1.24) along with the displacement andastr expressiongl.21)

and(1.22, the Lagrangian becomes

W (1.25)

Wy

2 R | ky;aT 17 . . ~
L=(U K A) peA a-v A Voovrmy v ow e
-pCk=010 Mg =

Where, A, is ageneralized stiffness matriandM i s t he sy st eThédlagramgas s ma't
i mpl ement ed wi t h(1L2Batorobthiritlen s pr

in equation(1.25i s t hen
on of moti on

foll owing systemds equat.

(1.26)

(g wo

I Fon

2
H +|1<—H +, KM

0

8
oK
c Mg Hg .

38



In this case, the system is not forced ad K,, and K, are stiffness matrices of the systedm

addition, if the assumed solution to the nodal displacements are defined by the combination of

nodal amplitudes and exponential functions as follows

oo )= e a2

Where, Y (W) are thenodal amplitudes andé are the circumferential wavenumbeFherefore,

equation(1.26) becomes

(- kk* - K 4 M) (YO (1.28)

Once theequation of motion in equatiqi.28) is obtained, two approaches to fingl the nodal

displacements are possible:

i. Specify a single frequency and solve fowo eigenvalues(wavenumbersk) per
eigenvector Y (w) that defins the transversal mode shapdis is similar to that

implemented byinnington (2006a)

ii. Specify a single wavenumbekand solve forone eigenvaluel/l/fvS per eigenvector

Y k,S(W) that definsthe transversal mode shap€kat isone eigenvectaind eigenvalue

for each wavenumbek and transversal mode. This approachwas implemented by
Hoever (2014py solving the eigenvalue problem assuming circumferential wavenumbers
that equal to integers i.e. modes along the circumferential @recif the tire. This
approach defeats the whole purpose of setimthe problem for wave propagation since

modes are assumed in the circumferential direction.
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Both approachelsavetheir own set of limitations. According tOrrenius et al. (1996a physical

system that behaves as a waveguide shibeldomposed of an infinite number of propagating
wavenumbers for each frequentjowever, f the first approach isnplemented, tn only a finite
number of wavenumbers can be obtained according to the equation of motion of the system. On
the other hand, if the second approach is implemented then only wavenumbers that result in
circumferential modes are seied. For this reason, aew approach is needed and is intended to

be explored in thisvork.

Figurel.37shows resultebtained byHoever (2014)lt is clearly observed that modes are obtained

in the circumferential direction instead of freely propagating waves.

Circumferential
wavenumber

Transversal

__—Y mode number
k=9,s =0 ! k=7,s &6

Figure 1.37. Free response results (tire modes) presented in the wdikdyer (2014)

The final step of the WFEM is to comjguthe forced response. This is done bilecting all
eigenvectors into a single matlii(]k and assign a set of modal amplitudfé;&o each all per

wavenumbelk . The result is the following system of equations

(_ _|s|(2 -_1K _'6' WM)[ ]k ékx _'ik( ,/? (1.29
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In this casethe excitation forces are accountedﬁp(w). On the other handlamping has been

added to the stiffness matrices with a modal loss faatofollows

Ki :(1 1"7( V)’) i (1.30)

where Ki corresponds to the damped matricgas;ﬂandh( l/)/ is the loss factor.

The next step is to oftiply by the complex conjugate transpose[)ﬁik and integrate, then use

orthogonality to obtain the modal amplitudé@$is decoupling approach is only possibecause
modes have been assumed in both the circumferential and transversal dikgctiantire i.e.

orthogonality condition is met in both directioi$erefore, the modal amplitudes become

Y (W) Fo( W (1.32)

C =
L+ in) - g,

Finally, the response of the tire is defined as follows

KosoY,.. (132

In this case, the timbarmonic solution is included in both tpesitive and negative traveling

wave amplitudesln addition,all S transversal modes are added to compute the respdsisg.

these responses, a Boundary Element Method (BEM) was implemented to compute the noise
produced by there based on its vibrationa¢sponse

Hoever (2014 )presented results comparing the mobility response functions between WFEM, a
classic FE approachndmeasurements for a 175/65R14. These are showigume1.38for the
mobility measured at the same location as the input (i.e. at O degrees from the input |aoadion)
at 180 degrees from the input location. These are for both the center of tfieshdltand and
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the sidewalls. In this case, all mobilities at®wn in dB with a reference ébf[N /mS]. It can be

observed that the model is validated only up to 1000 Hz, with better accuracy intinedqaency
range.This is consistent with the work bYilsson (2004) who mentios that this approach is
accuratenly up to 800 HzThis could be attributed to the fact that this modeling approach applied

to a tire still assumes modes along the circumferential direction of the tire.
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Figure 1.38. Compared mobility FRF for a tire of size 175/65R14 using WHEe(dashed line FE (red dotted
line), and measured (bladull line), ata) center of the tread at 0 deg., b) sidewall at 0 deg., ¢) center of tredd at 18
deg., and c) sidewall at 180 dédoever, 2014)

It should be noted that in this work, one of thest advancethethodgound intheopen literature
to modé the excitation of the tread blockw&as also presented. This approach wagially

developedn the work byKlein et al. (2008and then improved biloever (2014)This approach
discretizel the belt into multiple squares with equal araa shan in Figure1.39 For example,
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Figure1.3% shove a belt with & arbitrarytread pattern, whild=igure1.3% showsthe same belt
with white-edgedsquares defining thenplemented arediscretiation The next step was to

calculate the fraction of areavered by a blockvithin each squarelement This fraction was

defined asF er- FOr exampleFigure 1.3% highlights two squares denoted fpy and (ii). The

value of F er IS higherfor a squarei) than for squareii becaus¢he latter has ledslock-covered

area.

Square areas used for discretizatic

(Ll

(a) tread pattern (b) scaling by the local rubber area fractions

Figure 1.39. a) tread pattern of a tire and b) discretization approach usétbeyer (2014)

A spring was then assigned to each square element. The stiffness of each the spring was defined

by multiplying the fractionF . with the characteristic rubber stiffness of thead k The

rubber *

result is a different stiffness for each am@ment on the belt, given by =k .., F. .-

Based on the tireds r ot atitpwere calchlated Lising thes on

corresponding stiffneske. However, the work b¥oever (20143Hoes not provide details on the
behaviorof F,(t)dur i ng the tireds rotation. This force

tire by convolving it with the structur al mo d
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E

w, (t)=& F.(t) "g,t) (1.31)

e

where wm(t) is the displacement of the tire surface at an arbitrary pothte to all E springs

in the contact patch. The symbol * corresponds to the convolution operator,%@ﬂé) is the

impulse response function for an input at a peirgnd output at a poimh on the tire surface. In

addition, the forces are not assumed to move as the tire rotates.

The method presented above computes the tire response in the time domain. Furthermore, the
behavior of the input force related to the blocks is not fully describedthis reason, a different
approach is presented in this section to account for the-iteekl excitation. The objective is to

model the excitation consistently with the complex harmonic inputs of the structural model which

is a better approach sinttee tread block excitation is periodic.

Additionalrelevantapproaches to model tire vibrations and noise are summarized as follalus.

et al. (2009) developed an alternative Wave Finite Element (WFE) approach. Instead of developing
a structural moddbr the tire, both mass and stiffness matrices were obtained directly from an FE
model of a short segment of the tire. A commercial FE @gckvas used. These matrices were
adapted tahe wavepropagation formulation, where an eigenvalue similar to thatoumion

(1.28 was solved followed by the forced response computation. Corsparibetween
experimental and predicted input mobilitgquency response functiopsesented byVaki et al.
(2009)are shown irFigure1.4Q
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Figure 1.40. Input nobility FRF measurements (dotted line) and predictions (full line) showingagnitude
and b) phasé@Naki et al., 2009)

Finally, there are other modelirgpproacheshat are briefly discussed herkopez et al. (2007)

developed a ring modelf a tire, mostly for applications in the lefrequency domain. Thus, a

modal approached was assumed. On the other IGawal(2017)developed the formulation to
couple the tireds cavity taaudke wastmodeled usimgaalringr e s p C
model anda cylindrical shell model similar to #tdeveloped byr. J. Kim et al. (2004)In both

cases, a modal solution of the tire is assumed. In addition, a transversal model of a tire consisting

of a cuned beam was used to analyze how longitudinal modes couple to flexural modes in the belt

of the tire.

It can be observed that most of the approaches presented above to model vimated TPIN

are based on the modal ik manynreseaochersadknowlddgethei r e 6
existence of waves along the circumferential direction of the tire and many efforts have been
directed towards such formulatiaviost of the methods presented above fail to accurately predict
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t he tir eo selb0eHdzpTherefoee, itaskzleavthat more efforts are necessary in order to

predict tire vibrations and noise for higher frequencies using wave propagation methods.

1.2. Research Goat and Main Accomplishments

The main goabf this research is tdevelop a pisically-based computational tool to predict TPIN
in the dominant midrequency range (500500 Hz) due to structural vibratioriBhe aim is to
provide further physical insightinto tire vibrations and radiated noise behawgrproviding a

validatel model

The maincontributions andccomplishmentsf the present stly are the following:

1) A set ofnovelstructural models of a tire developed for vibratinduced noise predictions are
presented. These include a namform infinite plate and a cylindrical shell modélhe
proposed modelhoroughly account for: i) orthotropic material properties, ii) Structural non
uni formities along the tirebés transversal d
rotaton inte ti reds dy Maensitvity bnalysia vsipesented to show the
significance of each of these effects when n

2) A truewave propagation methdths beemeveloped to find the responseadire within the
frequencymid-frequency range. Thiss the first of its kind. Circumferential traveling waves
for all possible wavenumbers between « and o are accounted in the model. Other
approaches simply seleztliscreteset ofwavenumbers These are chosen such thatinteger
set of wavelengths can fit over the tireods
circumferential direction of the tirand ignoregshe observed wave propagation behaoor

the midfrequency range

3) A newcontact modelormulation isproposed in this studyhis approach isnique because it
is directlyformulated in the frequency domaidommon methods presented in open literature
are formulated in the time domain. Therefore, they are less effiglet periodic inputs are
used such as a full tread pattern. The reason is that the response needs to be solved for multiple

revolutions befor¢he steadystate condition is reached.
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4) A prediction tool that predicts TPIN in the miicequency range has bedaveloped. The tool
incorporates three main components. Fitls¢, contact modethat accountdor propertire
excitationin the contact aredue to the tread patterBeconda comprehensive structural tire

modelto capture thé i r e 6 s.Finadlys gn acouste model to predicead pattermoise.

1.3. ThesisOrganization

The structure of thighesisis the following. Chapter 1 provides background information and
introduces the Tiravement Interaction Noigg@PIN) problem. It provides a brief literatl
summary on current approaches to model vibratidlicedtire noise produced. In addition, it
offers experimental evidence of the vibratory and associated tire noise behavior, uncovered by
other researchers. Finally, the goals of this researchlsspresentedChapter 2 addresseasset

of structural tire modelthat have beedevelopedThe formulation used to define theguations

of motionis addressedn addition, a new wavpropagation approach to find the response of a
tire is presentedChapter3 describes theontact model developed for the excitation of the tire
structure.The formulation for excitation due to the impact of trgadtern blocks as they enter
and leave the contact patch is presen@hpter 4provides aset of validation casefr the
structural models of the tire and noise. Chapter 5 providsseription of the complete wave
propagation TPIN prediction toamedWavePro Tireln this section, mexplanationof the tire
geometry and meshing strategies used for predictions is presented. In addigscrigtion is
providedon how the resulting response of the tire is used to compute noise. Fimalljated
resultsand a sensitivity analyserealsopreseted in this sectionChapteré presens concluding

remarksthemain contributiongrom this work and suggestions for future work.
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2.Structur al Tire Model

The approach to model thee structureconsists of a set of stagéhis will be referred to as
Sequential Modeling Approachihe aim of this approads to create a seaif modek definedby
increasing structurainprovementsEachstageadds new capabilitigbat seek to improve physical
accuracy By comparing themodeled responses wigxperimental data, more insight will be
providedregardingthe importance odéach neuy addedcapability.Figure2.1 shows thet stages
sequential modelmprocessThestartpoint corresponds tine model developed §ropp (1999)
previously introduced irChapterl. This model has been selected as a ftaimt because it
provides a simple methodology for riicequency tire vibratiomndpredictions It alsooffersan
initial insight onresults for theti®@s pr oduced noi se.

Kr o Infinite Moving Non-uniform
Modelp F Plate Infinite cylindrical
Model Plate Model shell model

Figure 2.1. Stages insquentiaapproachtaonod el i ng t he tiredés structur

A new approach tono d e | the tireds structur al dynamics
assuming that the plate is infinite along the circumferential directidtryueavave propagation

approach is implemented. In thias e, modes ar e no | onger as:
circumferential directionbut waves thatan bothpropagate aridr decaydepending on the axial
wavenumbers-urthermoreprthotropic and nowniform transversal properties are accourfibed

in this approachin the third stage, the plate model is extended to include rotation by assuming it

to move with a constant velocity along the circumferential directiornthe fourth stage, a
cylindrical shell I S Uus e dpprvach acsoudt® for the tuevaturei r e 0 ¢
effects in the model.
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It should be noted that all the models presented in the sequential modeling appeasmleloped

so thatlinear materialpropertiesare used as inputs. This follows the experimental results and
suggestions presented in the workAbgischman (1998)n this work Fleischman (1998)rovided

the dagram shown irFigure 2.2. In this casethe measuredgshear moduliare presentecas a
function of strain amplitude for a typicile rubber materialThe main tire pdormance attributes

were classified according to the strain amplitutiean be observed that both the storage modulus
G' and loss modulu§&" have a linear behavior for low strainsloise, vibrationsharshnessand

ride applicationsare assigned to low such low strains. Therefore, it is reasonable to use linear

structural approaches toodel TPIN induced by tire vibrations.

10
Nominal: Rolli Durability,
Resti:;Ta;:ze, H(a)mltr:lllt-i]ng u:'leallrl ¥
5 Noise, Vibration,
Harshness, Ride
g 2]
=
= 1
=]
H
= 0.5 G"
0.2+
0-1 ! I 1
0.01 0.1 1 10 100

Strain Amplitude [%)]

Figure 2.2. Measured shear moduli and classification according to various tire performance attribute
(Fleischman, 1998)

2.1. Sequential Modeling Approach

In this section, thelevelopment of thenodelsat each of the stages definedRigure 2.1 is
presentedThe formulation and assumptions made for each will be addressed, in addition to

identifying their limitations and model capabilities.
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Kroppbs Model

Even though this model is hpart of the new developments presented in this thesis, it provides a
usefulstart point for the sequential modeling approddterefore, in thisub-section, resultdom

the model developed bigropp (1999)will be reproducedin this case, the tirss modeledasa
simply supported platdt is unwrapped along its circumference and csEsgion, as shown in
Figure2.3a. This approach ignosghe tire's curvature sindbe author specula¢hat it does not
influence its response above the characteristic ring frequgnmyally corresponding to 500 Hz
Therefore, this approach can be implemented forfraiguency rangenodeling i.e. between 500

Hz and 1500 Hzln this case, énding effets are dominant over membrane effectghe tire

structure.

The main limitations of this approach are the following

I. Bel ow the tireds ring fsnotexpeetadtoype acdutate mo d
becausehecurvature is ignored
. At high frequades (>2000 Hz)shear effects cannot be neglected. Thus, assuming a
thin plate model is no longer accurate.
iii. Thet i rsteubtwwal properties asssumed to beniform (belt and sidewafiroperties
should be different
V. No effects of rotatiom n t h e t ihavehleen incluwedpndhe siadel.

As shown inFigure2.3b, the coordinate system is located at the center of the unwrapped tire. Its
circumferential direction iglefinedalong the xaxis and its transversal direction along Haxys.

Theplated dimensionl, corresponds to the circumference of tine defined a2pr, , wherer;

is the radius of the tire, calculated as follows

rr=r.,, AR W, (2.1)
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In this caser

rimi
the other hand, the dimensian cor r esponds to the tireds
l, =W, 2AR W.The plate is simply supported on
edges correspond to those directly in contact with the rim during operati@uddition, tte
sidewalls and belt limits are markedrigure2.3, even ifno difference between them is accounted

in Kroppbs original mod el

Cut
- Unwrap
R, Unwrap

¥ 2\ m X

-

b)

Simply supported
boundaries

Figure 2.3: Simply supported orthotropic plate tire modefroducedby Kropp (1999)
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The equation of motion fohe plate is given by

Wow w o ‘w ‘w ‘wi W (2.2)
'T0x LIXZ 'TOy M2 Bx Xf,l 2Bxy XZIJYZ uBy+7 §W+ MPA? ﬂxzy)

Equation (2.2) corresponds ta modified version ofthe classic equation of motion for an

orthotropic thin shell, as specified Reismann (1988Here, w(x, y, t) correspond to the mid

surfacedisplacemergof the plate additional terms to account for the inflation pressure of the tire
have been included in the formulatiofheseincluded membranéensions along the x and y

directions The tension along the circumferentitiection is defined as, , while TOy the tension

along the transversal directiofhe first one is efinedas follows

T, =P (2.3)
where P is the inflation pressure and is the radius of the tire belt. This assumption is defined
by Ugural (2009)for thin-walled pressure vessels. For example, if a tire is inflated at 3@ psi

20,6842 Pa, and has a radius of 0.32 m, then the circumferential tensionTjs = 6.62 31¢

N/m. If the same pressure vessel assumpsiéollowed, the transversal tensiqu is
Ty, =1P/2 (24)
For the same tiras abovethis would result inTOy =3.3095310 N/m.

On the other han®, B,, B/, andB,, correspond tthe tire stiffnesses along tbgcumferential,

transversal and crosdirections The latter one is given b)BXy:JBXBy. Additionally, s
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corresponds to the stiffnessaifelasticbeda s s umed on t,aelM{istheenassofs ur f a

the plate per unit are&inally, F (x, Y, t) is the excitation force per unit area

If the excitation force corresponds to amidorce then equthon (2.2) becomes

4 4 (2.5)
W g g W W

Here f (t) ist h e fharmanie ansplitude and the delta functions detiod thisis aninput

pointforceattheIocatior(xf,yf)o n the tireds surface.

The solution of gquation(2.5) is obtained by the classical modal expansion method. Theis, t

assumed solution for the plate is the following

NoM 2.6
W% ¥ 0=8 At (DY (3 QY 29

n=1mH
where um’n(t) correspond tohetime-dependent modal amplitudedn the other hang; (x) are

modes along the circumferential direction of the &nelQ,(y) are modes along the transversal

direction of the tireThese are defined as follows
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az2pmx (2.7)
Y m(X) = CoSee” — *Mp

C x
_an npO
Qn(Y) =Sln§%/ +2—pg
¢l *

Thesefunctions are obtained bgplacing the assumed solution into the homogeneous version of
equation(2.2) and usingt h e  pbbunda®y @onditionsin addition, the twaransversabnd

circumferential modes are orthogonal functionsisTheans that ithe transversal mode me

multiplied by itsdf and integrated along thedirection between Iy/2 andly/2, the result is the

following
3 3 Aoy np 0S4 s, p080_, n.s 28)
DQn(y) Q(y) dy =|y ﬁng l, B §'n Iéq dy8' I_/2 n=s
b b

Similarly, if the circumferentiamode is premultiplied by itself and integrated along the x
directions betweenl|, /2 andl, /2, the result is the following

' . (2.9
azpmx 2qax on , m, r
V(Y)Y () dx— ﬁJSae— +mp§os~§— u ,Ud 0| 2, m=r

N ‘IX— :z Y~

N

In orderto find theforced response of the tjhe assumed solution presente@duation(2.6) is
substitutedn the equation of motio(2.5). This is then premultiplied by the modes and integrated

alongthe x-directionand ydirectionusing the orthogonality expressions defingdequatins
(2.8) and(2.9).

The resulting modal equation is the following
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d £ amp B _8np 0 3 5 A ndp 0 $ ®0 4 (x)Q, (2.10
Mp U 2(t) | Towm 8+T0$n_'0 0 B %p Zgy Z_m ;_Eeg %\L_n 225 %n() y =( If?Q (yf)f(t)
a  feec L < ¢b + I Lelg=+L ¢ Ugy Xy
The forcing function is also assumed a harmonic aitmmplitudé, , as f (t ( ) . Therefore,

the response is also assumed a harmmi@) :Umné”‘, whereU = corresponds tthe modal

response amplitude.

If the right-hand forcing ternof equation(2.10 is equalo zero.Then the natural frequenes of

the tireare the following

2 2, iy 4 - 02 o 2 4 (2.11)
azmp B anp O 2en 2map ®OopQ n ap
Toee— o To g B 83@ e @0 ® &S
s o0& 8 @e N -

It should be noted that the numeratoequation(2.11) is defined as the equivalent modal stiffness
of the tire.With the natural frequenciaeefined inequation(2.11), the modal equatioof motion
of the plate is then expressed as

’ 4 (X (2.12)
d Umvzn(t) + Wri nUmn(t) :ym( f)Qn(yf) f (t)
dt o ML,

Assuming a harmonic respondee tsolution teequation(2.12) is thefollowing

4 o (X)Qu(y;) (1) (213
ML), 872 o (1+h ) )-

um’n(t) =
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In this casein equation(2.12) it can be observed that a modal loss fadtgr, to account for

damping has been included in the equatibrequation (2.13 is then substituted into equation

(2.6), thecomplex harmonic response of the ateany point ofts surfacedbecomeshe following

S M. 2.14
wW(x % 9=8 At () (3 QMY 219
N M m f n f F()éwt
-4 & 4 (X:)Q.(Yy)

nzlmi)Mpuyg/yfnn(l.Hhmq)_ Mg Jém (()Q 6/

The normal surface velocities of the plate can also be obtained using e¢adphy multiplying

it by 1 W/, i.e. taking the timelerivative of the normal displacements.

The mobilityfrequency response functionf t h e t €is caldlatedsront equatidi@. X4).

Thisis thetransfer function betwedghenormal surface velocity of the tie¢ any arbitrary location
of the pIate(X[, )4) due to a harmonimput point force ata position (xf : yf) and isexpressed as

follows

NM inay (X )Q,(Yy) (2.15)
MK((X[,yt)I(Xf,M),W)—%m%ym(x) Q(y)mlxly%n(lﬂhmn)_ ~

The formulation presented §ropp (1999)assumes standing wave components alongt t i r e 6 s
transversal andircumferential direction adefined inequation(2.6). Thus, the mode shapes for

the complete tire can be calculated, as wasgltheir corresponding natural frequencies. However,

these modes are not expected to be accurate at low frequencies, since the model ignores tire
curvature. Furthermore, high order modes areagotrateeither, which include the frequency

range of interest (5600500Hz).

An example ofthe expected modal solutidar a tire of size 155/70R18 shown inFigure?2.4.

The paramiers used for this example were extracted from the worRdrisse et al. (200@nd
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are listedn Table2.1 These results show thdiet initial modes are completely dominated by the
circumferential modal componentt is not until the ¥ mode when the transversal modal
components first appear as showkigure2.4, for the wrapped and unwrapped tire representation

(the sidewalls are igned for improved visualization purposes in the wrapped representation).

a) Cut
O 6 a
Wrapped tire representation Unwrapped tire representation
b)

Mode 1 {f§ =111.82 Hz) N
/ 0.2

: -’ -
2
-0.4 0

-0.2
v -0.9

y [m]

04 09
X [m]

c)

Mode 7 {§ =825.52 Hz)

( ) ER " ——
-0.2
0

-0.9 -04

a
S

‘:..

04
X [m]

Figure 2.4. a) tnwrappedand wrapped tire representation B)rthe ' mode shapendc) the 7th mode shape of a

tire of size155/70R13usingthe modal approach proposedKnopp (1999)

The experimental results presented Bgrnhard (2000)show that above 500 Hza wave
propagation behavior atg thecircumferential direction of the tir&Vaves propagate and decay
along the circumferential direction of the tildong the transversal direction, modes exist. This
behavioris shownin Figurel.11 Thereforethe development of a model that accounts for this is
necessary. In the nestibsectionsnew developments on a wave propagation approach for the

structural tire model are presedte
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Table 2.1. Uniform tire parameters for a 155/70R13, defined in the worRéxysse et al. (2000)

Parameter Notation  Tire Part, Direction Value [Units]
Mass per Unit Area a Belt and Sidewalls 16.5 Q'h
Bending Stiffness 0 Belt and Sidewalls, xlirection 20 0 &
Bending Stiffness 0 Belt and Sidewalls,girection 8 0 a
Bending Stiffness 0 Belt and Sidewalls, crogdirection p& 0 a
Elastic Bed Stiffness s Belt and Sidewalls p® pmlja
Membrane Tensio(29 PSI) Y Belt and Sidewalls, xlirection (29 psi) oty pmolja
Membrane Tensio(29 PSI) Y Belt and Sidewalls,girection (29 psi) o pmnlja

Infinite Plate Model

In an efforttoc mpr ove t he model 6s physical accuracy,
that the simply supported plate is infinite along its circumferential direesoshown irFigure

2.5. Waves initially excited at the contact patch region propagate circumferentially along the tire

but rapidly decayAssuming that the plate éxcitedclosetoth&e o or di nat e 6 wavessy st em
traveling in the positive and negative-direction do notinteract with each otheherefore,
standingwavesi.e. modesare not formedThis is theexpectedresponse of a tire in the mid

frequency range

58



Simply supported
boundaries

Figure 2.5. Non-uniform infinite platemodel of a tirgx-axis denotes the circumferential direction of the tire and y
axis its transversal direction).

If a point force excitation is assumed, then the equatiorotibmfor the plate is similar to the one

used 1 n Krandgspéfised asdotoed

pw
B T0x W 'To

In this caseadditional capabilities have been added. Maiformities along the tire transversal

directionare nav consideredThe transversal stiffneds, and the mass per unit area of the ftire

now depend ory. Table 2.2 showstypical transversal stiffness and masduesfor the belt and

sidewallsfor a tire of size 155/70R13. These values were adapted from the structural properties

reported byPinnington (2006aandPinnington (2006b)
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Table 2.2. Nonuniform tire parameters for a 155/70RdA@aptedrom theresults presented in the wdbly
Pinnington (2006aandPinnington (2006b)

Parameter Notation Tire Part, Direction Value [Units]
Mass per Unit Area a Belt, crossdirection 20 O
Mass per Unit Area a Sidewalls, crosslirection 9.35 Q[
Bending Stiffness o} Belt, y-direction 2.64 0 &
Bending Stiffness 6 Sidewalls, ydirection 059 0 a

Thenonuni f orm mass per unit area and transversal
are shown irrigure2.6. Thisshows that along theainsversal direction of the tire, the belt is stiffer

than the sidewalls. In addition, the belt contains more mass due to the rubber material added by
the treadOn the other handnany researche have reported different values of average damping

for all frequencies. For examplPgerisse et al. (2000¢ported an average of 7% damping loss

factor for the first 7 tire modes, whiRinnington (2006auggests a constan% loss factor for

all tire modes. Both cases will be used to present results in the next sections. Further investigation

on how to find thesgre properties is requirednee the are not consister the open literature.

a) Non-uniform mass per unit area. b) Non-uniform transversal stiffness
l«—Sidewall—>«———Belt——»}«—Sidewall—»| f«—Sidewall—»} Belt Sidewall—»
20 T T 3 T T -
o —
E 15+ e 2t
> Z,
x —_~
,E )
ey 10 m> 1+
5 * ! ! 0 1 L I
-0.1 0 0.1 -0.1 0 0.1
Iy [m] ly [m]

Figure 2.6. a) Transversal mass per unit area of the tire fdrelisand sidewalls, b) Transversal tire stiffness for tire
belt and sidewalls (Tire size 155/70R13).

The solution to tis model is differenfrom K r o pappiosctpresented in the previous section.
The plateshownin Figure 2.5 is finite in the transverse directioifherefore,modes arestill

assumed in this directio@n the other hand, the plate is infinite in the circumferential direction.
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Therefore, waves are assumed instead of ménléss casewaves propagating along the positive
and negative saxis will not interact with each otherhus, theproposed solution tthe equation

of motion(2.16) is the following

w(x v =4 of,() X(3 1) @10

n

where q,is the " modal amplitude,f, (y) is the associated transversal mode of the tire,
X, (x) = €"* defines thavaves propagating along the circumferential direction, and fifiglty

is a timeharmonic of the forng™ .

The transversal modes of the t'vfre( y) are computed in terms afimissible functionsThese are

defined as ise functionsthat satisfy the essential boundary conditions of the seeg§imply
supportedoundaries ifFigure2.5). Therefore, the transversal mode shapes are defined as

y mp (2.19)

| 2

y

it

fn(y):a Ann ym(y) :éAnn sin

O

where, A are thecorrespondingdmissible function amplitudes associatéth the mi" function

and " transversal moddn general, his definition of the transversal modesll consistentlybe

used for all wave propagation modptesented iithis chapter.

In order to obtain thenode shapes, e.@dmissible function amplitudes, , a homogeneous
equationthat is only a function ofy is constructedFor this specific modgbnly the5™" and @

terms ofequation(2.16) are selectednd equated to zerdhe transversamodes are substituted
into this equationThe resulting expression ighen premultiplied by a vector of admissible

functions and integrated ovére transversal directiop. The following eigenvalue probleis

then obtained
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[K{A}- 7, [M]{A} @ (2.19)

In this case{ A} is a vector that collects all admissible function amplitudes per nfddejs the
equivalent mass matrix{;K]is the equivalent stifiess matrix; finally,/, corresponds to the

eigenvalues ar/. It should be noted that theigenvalue problem in equatigi2.19) is an

approximation. The only way to find an exact solution is to implement an eigenvalue problem

using all terms in equatigi2.16), for all possible values ok, . However, this approach would be

computationally intensive.

Figure2.7s hows exampl es of the first four admi ss

transversal direction.

Ly [m] Ly [m]

Figure 2.7. Example of first four admissible functions implemented to represent tire transversal modes over the non

uniform infinite plate representing an unwrapped tire.

On the other handsigure 2.8 showsan exampleof the 9" transversaimode of a tireof size
155/70R13Two cases are showhigure2.8a was obtained using the uniform stiffness and mass

given inTable2.1 Figure2.80 was obtained using thmn-uniform transversal propertiggven
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in Table2.2 The reason this mode was selecisdan examplés thatits natural frequency is

typically located at the centdre frequency range of interearaind 1000 Hz

The mode shape for thumiform case showsqual amplitudes for the belt and sidewalls. However,
for thenonuniform caselarger amplitudes are observed for the sidewalls if compared to the belt.
In addition,a shift in the natural frequen®f approximatelyl60 Hz was observed between the
uniform and noruniform caseThis characteristic behavior was observed for all the transversal

modes within the frequency range of interest.

a) Uniform transversal mode $=1196 Hz. b) Nor-Uniform transversal mode 3=1030 Hz

1

<Sidewal-»4———Belt———p:«Sidewall-» ] < Sidewall-»i¢—Belt——pi<4-Sidewall-»

-0.15 01 005 0 005 01 0.15 -0.15 01 -0.05 0 0.05 0.1 0.15

Figure 2.8. a) Uniform transversal mode 9, and b) aoriform transversal modef®r a tire of size 155/70R13.

In order to find the response of the system, thehmmmogeneousquation of motions used, i.e.
including the forcing termi equation(2.16). Theprocedure is the following. First, tlessumed
solutionin equation(2.17) is substituted in equatiaf2.16), then the result is praultiplied by the

transversal modes and integrated along the transversal dirgctidhis results in the following

(2.20)

A gl e, g 10 win] ffax ) {50

For this particular case, atrices[K,,| and gK,, are diagonalOn the other hand, matfiA|

collectsall eigenvector A} . Finally, {qnxn(x)} is a vector containing theodal amplitudes
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multiplied by the assumed circumferential solutitirshould also be noted thame-dependent

term T(t) =d" is not included irequation nor irall subsequent equatiosimce itsimplifies

The next step is tperform a wavenumber transformequation(2.20. The followingsygemin

the wavenumber domais obtained

e Jk+ac, & 1/ #{1 Xk} {F(k)} (2.21)

Matrices[Cxx] and gCXy in equation(2.21) are fully populated. However, the diagonal terms are

dominant. Thus, the offiagonal terms can be ignored and the entire systammbecompletely

decoupled in the wavenumbssmain Matrix [/, ] is a diagonal matrix containing aiigenvalues

W/, while [I ] is an identity matrix. Finallythe vector{ F, (kx)} contains the modal forces applied

to the system in the wavenumber domain, as follows

o €Y ampy, ¢ (222)
F.(k)=Fe" ga Annsm£l_—f % ¢
m g y -

After decoupling the system gquation(2.21), the unknowrvalues of the produa,, Xn(lg) for

each transversal mode can be found in the spatial domain by thkingversewavenumber

transformas follows

1 F (k)& ™ (2.23)
nx , forn =2,2,3..N
2 Ne_wve, @+ W

o XX, N X

6%, (%) =

all k, from- ato +

where C,, and C,, are the"" diagonal values of matricgC, .| and gC,, . Finally, after

XX, N Xy, n

substitutingequation(2.23 into equation(2.17), the total response of the tire then becomes
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N1t F(k)e | (224
w(xy,t)-an_f( ) prC Ki+C,, K +1, xild

- @ oXXNn X

It should be noted that an analytical solution to the integral exists, as defined in the work by
Bateman (1954)This is asignificant advantage of thapproactbecauset significantly reduces
computational time while computing the total response for npiytso n t h eelttandr e 6 s

sidewalls

The maility frequency response function for the aomiform infinite plate model is the following

_iw N 1° F.(k,)e™ (229
M (x| 3%) W)= 28 £33, fig Gac. e s

0- o ~’xx,n"*x

If a modal damping loss factdr, is incorporatedthen the mobility irequation(2.25 becomes

N 1 Fn(kx)eikxx (2.26)
Mo (%3] (% %) )——6} M5, fic s NI oy I

o T XX,n" X

The formulationprovided above shows thabet wave propagatiompproachis intrinsically
differentfrom the model proposed ropp (1999) It can potentially capture the tiresesponse
with improved accuracy singgopagating and decayingavesalong the circumferential direction
are assumed instead of standing waves. In addition, structural theniformities are accounted
for. However, inaccuracies at very low and high festgiesare still a limitation for this model
because the curvature of the tire is not accounted-tothermorethe effects of rotatiom the

propagating waves also need to be included in the model. This is addressed in the next section.

Finally, it should be notethat the wavepropagation assumption will be used for all the following
modeling stages. Therefore, the samegelprocesproposed in this stage find the response of

the tire will be used
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Moving Infinite Plate

Inaneffortt o i ncl ude t he ef f etirdismodefed ash simpty supporéed r
infinite plate However, the plate is assumed®moving along the circumferential directioith

velocity V., as shown ifrigure2.9. Thistranslationalelocityis equivalent tahe rotation of the

tire duringrolling condition

Figure 2.9. Tire modeled asrainfinite simply supported plate traveling with a veloc{yg.

In order to compute the response of a moving ptatbptropicstructural properties are assumed.

Thus, different bending stresses along the circumferential and circumferential directions are used.

Secondly, terms that account for inflation pressure are also incladeddition, noruniformities
along the transveas direction of the tire are also assumed to account for differences between the

sidewalls and the belEinally, the translational velocity of the tirg also needto be accounted

for. The resultingequation of motion of thenoving platefor an input point forcéghen becomes

the following
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2 é 2.8 2 ~ 4 4 & 2.2
w fw 1] (3) wid, w ng (2.27)

W a 2w 6
(et ey ey S () x ) fy ¥
¢ K Xt M
In this case, the additional terms that account for the vel¥gigredefined bylL.ee (2009)

The transversal modes are obtained by following the samegs@s specified in the previous
section (see equati@@.19, Figure2.7 andFigure2.8). That is, the transversal modes are exactly

the same as those computedtfee stationary plate presented in the previous section.

The forced response is obtained by substitufregassumed solution into theguation of motion
(2.27), then premultiplied by the transversal modes and integrated over the transversal direction

The following system of equations is obtained afi@ingwavenumber transforeu

Resultscoming fromw — are accounted in the diagonal terms of this matrix

g Jki+gc, g falwk [+] 1 fa.x{ K} { & ) (2.29)

Fully populated matrices. Diagonal matrix with its terms coming fromow —.

In this case, mtrices[Cxx] and gCXy are fully populated. Thus, this system can be decoupled by

ignoring their nordiagonal termsin addition, matges [C,] andgC,, containthe terms that
account for the velocity,. Finally, the forcing vector in equatid@.28) is the same one defined

in equation(2.22).
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After decoupling the systentd followingmodal equationareobtained

F, (k) @29
" % , forn 2,2,3..N
Conki+ Cy i +C, k, +, #

ann(K():(

all k, from- ©to +

The reponse in the spatial domain adtained by taking the inverse wavenumber transform of
equation(2.29. The resultarethe following

0 X, (== i () o (239
n 210 :(Cxx,nki-l- ny nk2x +C\/ M/kx -,‘n W

The integral in equatio(2.30 can only besolved numericallyThereforethe computational time

needed to find the response of the tire is higher.

The mobility frequency response function for the-omiform infinite plate model is the following

~ n

F, (k)" g (2.31)

LN @
Ivllvup((xt’yt)|(xf’yf)’W):%a /;(w%n(c Ki+C K +C, wk, + -?/)
n - o XX, N" VX Xy n°YX A X n

If a modal damping loss factor is accounted, then the mobility in equati®h) becomes

_iw N 1°, Fn(kx)e-"<x>< (232)
Mue (050 (%) W)= -8 W Me ke, @ s i+ 4 "

Non-Uniform Cylindrical Shell Model

In an effort to include the effects of curvature in the structural mtudstire is modeledwith the
cylindrical shellshown inFigure2.10Q It is assumed that it is simply supported at its two transversal

boundaries. The dynamic response of the shell is defined in terms of thresurfaick
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displacement components, in accordanéetwh Ki r ¢ h h o {Léissas 19A3YThus,bh e s i s
corresponds to the transversal displacements alongdRis Y corresponds to the displacements
tangenti al to the shel |l é6sandducorespondsrte thedradfali n e d

, tdhisthekness yd s r ad
and its transversal length with 8Finally, rotation of the tire can be accounfed by thefor

displacements along theazx i s . I n addition

spinning velaity LI [rad/s] This is the typical behavior of thin cylindrical shells as presented by
Fahy (2007)

The structural behavior of the cylindrical shell is governed by the folloieng kinematic

assumptions:

i) The ratio of its thickness to m&lrface curvature must be very small.
ii) Displacements are small if they are comggkto the shell's thickness.
iii) Plane sections across the shell thickness remain normal to tksurfade. This implies
that both shear strains parallel to the 1sugliface, and those along the radial directan
be assumed to be=gligible.
iv) Stresses nmal to the midsurface are assumed to be small compared to other stress

components.

This set of assumptions is commonly referred to as the first approximation of shell theory defined
by Love.Finally, additional simplifications that follow DonnéMushari-Vlaslov (DMV) theory
are implemented in this model. In such case, thesuithce displacements on the shell's tangent

plane, and their derivatives have negligible effects in its curvature and twist
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simply supported boundaries = =

Figure 2.10. Cylindrical shell model showing coordinate system (blue), geometrameters (red), and radirface
displacements (black) in a) thrdemensional view and b) side view.

In accordance with the set of assumptions provided above, a set of fully coupled equations of
motion can be obtained for a cylindrical shell withraform mass per unit area dedd asm (W.
Soedel, 2005)If the effects of rotation are not yet accounted foinee equilibrium equains for

an element of the shell are defirey

] UN, 1 N, muzu 0 (2.33
w a g th
W, 1N, Qv (234
iy a g a tu
2 2.3
Qe 19, N, pw (239
w apg a th

Here, all subscripts correspond to the direction of the resultant forces and mamangsthe
normal resultant forcesndd are the shear forces related to the resultant momenthese are

defined as
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2.36
QyZ:HMy LMy, Q, My, 1M (2.36)
a p W oa aq

A similar approach was implemented ¥yJ. Kim et al. (2004)o predict the complete structural
response of a rotating tire. However, this approach is not suitable for predidtiosation

induced noise of a tire. The reason is that the generation of sound by a vibrating surface is
dominated by its normal acceleration. This is the only one responsible for the fluid's compression
and thus, the radiation of sou@iéahy, 2007) Therefore, a simplified cylindrical shell model is
presented in this work, such that curvature of the tire is still accounted but only the radial
displacemenits kept.

A simplified cylindrical shell modas thus required for prediction of vibratiamduced noise. The

motion of the tire must bassumed to béominated by radial vibration¥hus, inertia effects on

its tangent plane are negligi bl e. ismuchlargeer mor e
than its thickness. Consequently, shear fobcescan be neglected as well. In such casgation

(2.33 and eaation(2.34) becomehe following

(2.37)

-Q

v, 1
a

w1, N
Ky 4]

1
—+
YU a

au

A shell that follows these simplifications is typically referred ta ahallow shellHowever, this
denomination is needlesd/. Soedel (1983jlemonstrated that the simplified approach presid

excellent modal agreement if compared to classic Love theory for isotropic(tleddisa, 1973)

The same can be concluded i f the shell ds trans:t
The only cas where inaccuracies could be obserwdten stifhessalong the circumferential

direction is larger than its transversal ofis is the case for regular passenger car tires, as shown

by the structural properties provided Bynington et al. (2002)

Figure 2.11 shows the results rpsentedby W. Soedel (1983)Here, natural frequencies for
different modes are comparkdtweerfinite element modeig resultsand tlose obtained with the
simplified approachin this casen correspond the circumferential modesl amto the transversal

modes (sed-igure2.12. Figure2.11a crresponds to a sheéhat hasa larger transversatiffness
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while Figure 2.11b showsresults for a larger circumferential stiffneiss. the typical case for a
passengecar tire Significant dscrepancies are only observi the firsttwo circumferential

modesn Figure2.11b.
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Figure 2.11. Natural frequencies for orthotropstella) stiffer along its transversal directiamd b)stiffer along
its circumferential directioffW. Soedel, 1983)
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a) Circumferential Modes

n=0
n=l1
b) Transversal Modes

- NN TN
\___-_// '\.__/ =
LT TS - -

~_— — N - 7

m=1 m=2 m=3

Figure 2.12. Example ofthefirst three a) circumferential modes and b) transversal modes.

The next step in the formulation of the simplified cylindrical shell is to defirsetaof
expressions for the resultant forcesequation(2.35) and equation (2.37). To obtain them, the

following kinematic relationships must be defined as

ée, 0 & &k | (2.39)
Te L g T

16 & 4, *ak,

| | | L,

i% y P i 4

Here, e, , €, andg,, are the strains at any arbitrary location in the shel|, e, ande,, are the
normal and shear strains of the rsigface, k, , k, and/ arethe midsurface change in curvature

and twist.According to DMV theory, these are given by
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2.39
ey:E ky :ﬂv ( )
Wy W
14w . 1 fw
e == W G k, =———
q afﬁa 0 T 7@ ud
_dw 1 p 8 _2 ‘w
e, = +~— 5 t ==
Hy apg ? a nyl
The stress resultangserosghe shelc an, t herefore, be obtained by
written in a tridimensional form as
— + _E N (2.40
Sy = _Viz(ey V,%) Sy 1_\/'2(eq V@) P g Oyt
where G corresponds to the shear modulnsi s t he i sotropic mBiseri al 6
the isotropic material s modulus of elasticit

Finally, the force and moment resultaatsosghe shell can be obtained by integrating the stresses

equation(2.40 overits thicknessas follows

( : 0 0 S 241
AeN u h/2 S u M ? WZy s € ( )
l Lo~ I Il _ 1. | .
1No & A sty da My = dns o 4d:
| L -2 gl L 1 wi 1
i Ny y She y Myle 7y S 41
It is convenient to write the solution to these integrals in matrix form as follows
EN, OeK, K, 0 g O0Mge D§ D, 0 g (242)
l l_e u L I _ e T i
! N, E"éKlz Ky 0 g 9 U M b =4 D,, O lﬁ v
] I & > | ] : ;
I'Nyq y 6 0 0 KSS H elilq y Mqu @ 0 D33 g‘

Here, the resulting forces and moments are now expressed in terms of its strains and stiffnesses.

K; denotes membrane stiffnesses aqdbending stiffnesses:or the case of an isotropic shell,

these stiffnesses are given as
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)/ (2.43)

where,p andk are the characteristic isotropic stiffnesses of the cylindrical, gredin as follows

_ ER _ Eh (2.44)
REE (% IR ()

An alternate approach to define the normal resultant forces is given wotkeby W. Soedel
(1983) In this case,ltese are definealy

_ 1 A7 1 *u (2.45)
y az uqz q MZ yq a gy

N

Wheref(y, z, ()'c orrespond t o Alnhadditiors dexpgresseossgivehinegtioni o n .

(2.45 satisfy egation(2.37). Therefore, they follow the dominant radial vibration assumption fo

cylindrical shells.

Substituting into quation(2.35, both expressions in egtion(2.36), the second expression in
equation (2.45, andthe resultant moments and strains frboth equations(2.42 and (2.39),

results in

1 wf A (2.46)

Where 94(') — 2

On the other hand, fromefsixstraindisplacement in agation(2.39), the following compatibility

equation is found
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-EUZW JI-MZeq }uzeyq 41- ﬁﬁ O (247)
apy W a ygpa yup

This equation is obtained by performing a set of substitutions, additions, and subtractions using all
expressions irquation(2.39 (W. Soedel, 2005)Furthermore, if the strains in @afion(2.47)
are expressed in terms of the normal forces defined ustieq(2.42), and egations(2.45), then

the compatibility equation becomes

Ehp*w. o o (2.48)
a py’

Equationq2.46) and(2.48 are theequations of motion for th@mplified shell model of a tire.

Up to this point, the shell's coupled equations of motion have been reduced from three to two. The

two unknowns, in this case, are the shell's normal displacen{antz,g) , and the stress function
f(y, z, c) However, further simplification can be achieved by operamgtion(2.46) with the

double Laplacianp*(-), and egation (2.48 with p*(s)/ W. After combining the two, the

following equation of motion is obtained

s (2.49)
pew +EN KW 2 agy 0

Here, it has been assumed thldtisplacements are harmonic of the foet! . Thus, the last term

in the lefthand side of egption(2.49 is multipliedby the square dhefrequencyv.

The assumptions made in this section simplittesl fully coupled egations(2.33 to (2.36) into

a single equation of motion, given byuadion (2.49. This simplified approach defindbe
structural motion of a tire solely in terms of the dominant radial displaceleatobjective of
this process is to avoid unnecessary complications d\filmgp-acoustic response computations.

However, additional improvements are still needed in rotdemore accurately capture the
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characteristic structural behavior of a tif@e following set of novetxtensions to the modeave

beenimplemented:

i) Orthotropic material properties and radial forcing temmhe formulation

i) Non-uniform properties lang the transversal direction of the tire that account for
structur al di fferences between the tireods

iii) Additional membrane tension terms that account for inflation pressure.

vy Effects of rotation in t.he tireds structul

The first extension is first address@the combination of composite materials typically used in

tire results in different structural properties along its circumferential and transversal directions
(Pinnington, 2006a)Thus,ap hysi cal |y accurate model isf a ti
orthotropicproperties. Accordingly, it is appropriate to change thedtrimensi on all Ho oKk e

given in egation(2.40 to thefollowing

s,=Ee+E,e, s,=E§ 45 & § 70y (250

whereG corresponds to the shear modubnsl he orthotropicelasticity moduli are

E,=E/(1 7,7 (251
E,=E/(1 7, n)
Ey, =/7£Ey/(1 -4 a] =yE7/t(l y )7
wherethe righthand side terms containing the prime supersagstespond to the effective
modul of the materiglwhilev andv aretheef f ect i ve P(ddurals2018)dlse r at i o

resultant forceand moments in the shétien become the following
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(2.52)

EN, DeEh Eh 0 o O

Iy L ol 1

%Nq %reEycﬁ Ep 0 54, u

iNyqng 0 Gtge, vy

éM, 0 eEN/12 E W/12 0 @k 0

| i_é u |

iM, EE 12 EF/12 0 Kk,
| 3 I i

}Myqyg 0 0 Gh/12 4 /'y

If the same process to obtairuatjon(2.46) is followed this time using the bending stiffnesses in

equation(2.52, then the next eqtian is obtained

D H4W+2(D12+2D33) fw D>, ‘w1 zfum 2WHF (253

S

YT @ el a da v E ol

This is analogous tequation (2.46), but with the orthotropic effects included. In addition, it

should be noted that the radial forcing té@has also been includedhis is assumedqual to a

point force definedby F, = f (t)a’(x -xf) té’y Y, ) aswas also done for the previous modeling

stages.

On theother hand, if the same process to obtawmaéiqn(2.49 is followed, but the membrane

stiffnesses in guation(2.52 are used, then the followingtbotropic compatibility equation is

obtained
g #7=— 0
a uy2 g’ i T yugu
where,
- Ky - Kz 1 a1 2Ky, (259
a,= = __ P

Y w .wz 4 a4 e’
KK, Kiz a4(K11K22- Kfz) a GC™a3 KK 2 'K212

In order to simplifyequation (2.53 and egation(2.54) into a single equain of motion for an

orthotropic shell, egation(2.53 must now be operated as follows
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(2.56)

0 () s 0) g ) o B)

g u Yo &

On theother hand, egption(2.54) is operated as it was done fouatjon(2.48. After combining

both equationghe resulting single equation of motion for the forced, orthotropic cylindrical shell
becomes

Ww fw w Sl wpfwo (257)
c + ¢ + .e + € —c +—¢
"yt wWad Tvudp 'ty [y 5 g uy H
a _p'w fw ‘w0 _ WF (F B
AW ged—+ @& +t,@a5— = at 3ac
T AR O W TR TR TR

The multiplying constants in eqtion(2.57) are given by

e 2a,(D,+2D.,) | (2.58)
¢,=(Dy, 8) £% I % I
é |
c :(::“QD .05 %a3(D12+2D33) 4 2Q(D12 +2D3g 305
3 g n a2 H E & a*
_3aD,, & _1
“78 F T

The next step is to include transversal qomiformities. Though the cylindrical shell tire model

does not accurately represent a tirebs actual
the belt and sidewalls need to be accountedTiois corresponds to the second extensibtihe

model by including an-uniform propertiesA smear represgation of the tread is used to include

its added mass i n t Rkgure2.13 MasGesultsbirdifférent stausturas h o wn
properties between the belt and the sidewalls.
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Figure 2.13. Nonruniform cylindrical shell model with a smear tread representation.

Varying bending stiffness and mass distributi

t he s h anhifordittes. Mhese two were selected following the assumphianthe radial

vibratory motion is dominant. In this casepaton(2.53 becomeghe following

u_é. ﬁVV 62(D12+2D33) 4W D22 4V\u. 1i M jv H: (259)
Wg@l()bﬂz? & digu' s dusy W) L

As shown in egation (2.59, the bending stiffnes®,, and the mas¢ now depend on the

transversal direction along the tire i.6. Following the same operating process described in the
previoussections, quation(2.59 and the compatibility agation(2.54) is used to derive a single

equation of motion for an orthotropic nomiform cylindrical shell, as follows

wooa w 0 ®u A w6 ° p. & wp O (2.60)
a y)— — Dgd Yy + D(¥— "+
uq“wzg&l()yﬁ@az Gug"’()yzu LIV ﬂll(ééyz T
I.,lSW \ ENV BW 8
c,- D,y b.ly) & +—€ +—¢€ +
(e 11()%)%/6!72(30 ) Ty "V ugu® Pgu
u'w .4 fw ‘myw _ wmy)w 6 _ p'F (F, ‘B
Co—Fp- W V)y— +.,a + 12 5a,—L + L 4a
TV U Y (R T Y A S VITRRL VT
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Additional effects ofinflation pressurare also accountedr in this model. Ths is doneby the
addition of residual membrane tensions alwiitlp the circumferential and transversal directions
of the shell, ashown in the work byr. J. Kim et al. (2004)Their approach wasodified to
account for these effects in the simplified cylindrical shell. In this casatieq(2.59 is modified

to

2(D,+2D,)  ‘w (2.61)

D 4W 1 Nr 2 ) 2 2W
i2u4+ Ef g L Ny_V\um(y)_sz

a' ug* a y & g yu t* u

where he membrane tension along the transversal direction of the tire havappeerimated by

N, = pa, while the circumferential tension has been approximateNpy pa/2. In both cases,

N is to the tire inflation pressuré€.he shel |l 6s equation of motion f
e fw 6 °u @ w8 o W pu, 0 (2.62)
a y)— — Dey)— +&—F—— D — 4+
ugt ”()yﬁli—j%yeu?f()yzu+y“tﬁ ﬁf(%yz u2
Hw V., fw ‘w ‘v
c,- D,yly b,y Ja +—€ +—¢ +
(e “()@)wenzfac “()l’yfiéu Y ugu® *gup
4 r 6 6 ~ 2 6 6 ~
cepw N SN 0., _&pw fw o W g

ey a o wa N oN 2 tg— g
CaZT g Tyiq T bl e TR T yugu

2 4 4 ~ 4 4
wam B L HOIW ey wO R o gt
éeq S g 0T T Ty Ny 2

Finally, the fourth extension of the model corresponds to the addition of rotation effects to the

formulationof the cylindrical shell. Theseffectsare brieflyshown inFigure2.14
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Tireds directi
\ arotational velocityy [rad/s].
Waves traveling in the sam
direction as

Waves traveling against th
direction of tire rotation.

Location of excitation (contact patch)

Figure 2.14. Wave interaction with the rotation of the tire.

A wave propagation behavior ftine midfrequency range is assumed. In this c#sthe tire is
excited at the contact region, waves that travel along the circumferential direction of the tire are
produced. Thos&avelingagainst the rotation of the tire will be slowed down. On therdtand,
the velocity of the waves traveling in the same direction as the rotatiobemilgher Thus, a
difference in wavelength between waves traveling in opposite directions is expecttes case,

the equilibrium equations become

] uN, 1 N, 5 (2.63)
by a @
- Ny, L UN, gm( y) 0=
by a @ tH
Q. 11Q, N pow :
- —— +9 y)—- - wWE
e A iy Rty

Note that these equati ons L.iFatbdrmor eince thefirsttwor e 6 s
expressions irequation (2.63 need to be satisfied, previously defined in agption (2.45
changes to the following

UZ f (2.64)

w
N,=— 2
=L enly)a o

This type of formulation is similar to that proposedAdygge (1960Q)
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If the same process as in the previous sections is followed, but now usiaipe.63 and

equation(2.64), the following single equation of motion is obtained

aluytlen“gp“(y)% Saz GGHHD%V)?AZ“;%“D&(%Z\}' “(Jruz(ng{y) ;ay;lh“u u (269
e Duly) B ro . so et HZ%WW s L

This is the equation of motion for an orthotropic, fumiform, inflated, and rotating shell. Note

that, in this case, the lefiand side term that is multiplied By now includes a new constant
a,= KlzlaZ(KllK22 Ki) Furthermore, additional residual stress appears due to a retation

induced static deflection of the ti(¥. J. Kim et al., 2004)This is added to the circumferential

membrane stress coming from the inflation pressure. Therefore, the previously defirega

now become N/ (y)= pa +n{ y a 4.

Previous work in tire modeling hassumed a full modal solution to compute the response of the
tire, as shown in Chapter However, for the frequency range of interest, this approach is no longer

physically accurate, as shown in the experimental findayddernhard (2000)

As presented for the plate models, a wave propagation approach is implementeddoft he t i r

response. fiefollowing solution is proposed

N (2.66)

w(g, y.)=8 a #(y) X( )&

n
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Similar tothe previouscases modes ar@gainassumedn the transversal direction of the tire.

These are defined a;§(y) in equation(2.66). Waves are assumed along the circumferential

direction In this case, #se aralefined in terms of the anglg, shown inFigure2.10.

In order to compute the transversal modes of the cylindrical shell, a homogeneous equation that is
only a function ofy is constructed. For this specifiasethe 29, 8" 10", 16", and 229 termsof
equation(2.65) are selectednd equated to zer&imilar to the previous model)e transversal

modes are sughituted into this equationThe resulting expression teen premultiplied by a

vector of admissible functions and integrated dliertransversal direction. The outcome isra

eigenvalugproblemand its solutiordefinethe transversal modes of the tire.

On the other handhé forced response abtained bysubstititing equation (2.66) into equation
(2.69, then this is premultiplied by a vector of the transversal modedegrated over the
transversal directiorgnd finally, wavenumber transformekhe following systenof equationss

obtained

qalio+cl K tal K, [al K [n] -+ (267

AT T R LD

Here, thematrix gW,f is a diagonal matrix containing all the natural frequencies of the system.

On the other hand|l ] is a diagonal identity matrix. Finallpatrices|C, ¢] and[N, ,] arefully

populated matricedt shoud also be noted that egtion (2.67) is expressed inetms of the

wavenumberkq.

The next step is to decouple the system of equations. To tieesaffdiagonal termf all fully
populated matrices arignored.Thi s decoupling assumption iIs a
diagonal terms are negligible comparedits diagonal ones. This is typically the case for an

orthotropic tire.The resultis the following modal equation
84



F.(k,) (2.68)

q

X =
q“ ”(K7) C1,nnk§-'-C:Z,nnkeq +C3,nnk1q Q,nnleq/-r'\- lA@,nnﬁ q V@Tnnk q 2’/M\il,nnk qzm&nn% q2

far=1,2,3..N modes andlek[,from - oto +

Finally, the inverse wavenumber transform must be computed to define the modal solution in the

spatial domainThis results in the following

10 Fa(k,)e™” (2.69)
qn xn (q) - 2p -r;lcl,nnkg + Cz,nnk6q +C3.nn Klq -Ql.nn le q /r'; l@,nn R q @nn k q z 'M nn R q ? DQ,Lnn F( qu%
In this case, the modal input forcedquation(2.69) is given by
o, & u'o, (y ba(y (2.70)
Fn(kq)= Foek"q gal 42( yf) |(1q + g uy(4 f) -, a éz f) kzq

This expression is found by assuming that the input radial fgrce equation (2.69 is the

following harmonic point force
F(v.a)=FR 4y -%) (@ q)é& (2.71)

where, F,is the input force amplitude, and the coordinz‘tyéqs.qf ) is the location of excitation on

the shell 6s surface.
The mobility frequency response function for tylindrical shellmodel is the following

(2.72)

Mcs((xn yt)|(Xf, yf),W) :;:_”; 3

N 1° F.(k,)e™
a bn(y)_ ( t7)

o d
2p.rZC1,nnK? + Cz,nnkeq +Q,nn Klq Q,nn lg q 'Lrl; "@a,nnﬁ q Q,[nn k q 2 mﬂnn k q 2 |>y,‘nn f( qz %

If a modal damping loss factor is accounted, then the mobility in equatit becomes
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Mes (0 Y| (X1 yf),W)=iF—”: 3 (2.73)
N 1° F, (k, cik,g
a5,(y)5, (k,)e

- d
Cl,nnK?-'-Cz,nnkeq Q,nan Q.nnleq nl I# crgﬁ’nn"é q %nk q : h!"nnR qz I\Jﬂ'ﬁn& q2 IS?"

Thegeneralized approach for the roniform cylindrical shell development is intended to capture

the characteristic structural properties of a.taefined by a wave propagatiobehavior along its
circumferential directionProperly modeling this behavior gccounting for curvature, nen

uniform transversal properties, inflation pressure, and rotation is a challenging task. The theoretical
work presented in this paper shows a simplified approach to do this while maintaining physical
accuracy. In addition, teimodel is intended to be implemented for TPIN vibraifwuced noise.
Therefore, the tireds radial di spl acements ha

such a formulation is proposed.

2.2. Dispersion Analysis

A dispersion analysis for thelate models is presented in this sectidhar straightforward

formulation allows to examinm detailt he behavi or of the waves pr
and check if results agree with those presentetheéropen literatureVarious conditions &

explored, includinghe effects ofotational veloci and inflation pressuré&till, it should be noted

that the analysis presentéathis sections not needed to compute the response of thdtsrenly

purpose is to provide further physical indigh
First, the effecs of the rotatingvelocity of the tire are analyzed. This is accounted with a
translational velocity Vv, if the moving plate model is usedn this case, the following

homogeneous equation of motion forismtropic and uniform moving plate is used

2

o 4 4
Du\iv+2 zﬁw +—W A
gm Woxp X s
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In this case,D = En’ 12(1 -\/2) correspondgo the isotropic bending stiffness of the plated

m=r h, i.e. the density of the plate multiplied by its thickndsthe wave propagation solution

previously defined in equatiq2.17) is substitutedthenthe following expression is obtained
D(a; +2a0K +) M,( w? KV? 2Vikn 0 (2.79

where a, = np/ L, for all transversaimodesn=1...N. Equation(2.75) is then rearranged into a

fourth-order polynomial in terms of the wavenumijgras follows

Dk{+(2D82 -rhV2)K (v, rhk (04 &) wo (2.76)

Since this is a fourterder polynomial, aet of 4 wavenumbsrorroots can be found for each
transversal mode, as a function of frequemncyEach of the roots has specificaracteristics, and

are summarized as follows:

Root 1: Purely imaginary until cutn frequency, where it becomgssitive real.
Root 2: Purely imaginary until cutn frequency, where it becomesgative real.

Root 3: Complex root for all frequenciestiwthe positive imaginary component

= =4 4 =

Root 4: Complex root for all frequencies witle negative imaginary component

The real roots can have either a positive or negative sign. A positive sign corresponds to waves
traveling in the positivexirection. Anegative sign corresponds to those traveling in the opposite
direction. On the other hand, the imaginary component of the complex roots defines a decaying

behavior. These contribute only near the location of the input force or the boundaries.

Figure2.15provides an example of the behavior of therfimots for a plate moving with a velocity
of 32 m/s (this is equivalent to a tire of radius 0.32m traveling at 100 rad/s or on a vehicle traveling
a® x 1t B E The four complex roots (both imaginary and real components) fof'thargversal

mode of he tire are shown. A frequency range of up to 4,000 Hz has been selected. The first two
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roots show a decaying imaginary component up to the cut on frequency located around 850 Hz.

Above this frequency, waves start propagat{dyg the other hand, root 3 arabt 4 show complex

wavenumbers for all frequencies. They show a decaying component that is freqapeogent,

while their propagating component is independent of frequency. Finally, it should be noted that

the results irFigure2.15correspond to a tire with structural properties defined in the wolk by
J. Kim et al. (2004)
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Figure 2.15. Real and imaginary dispersion curves for tiféransversal mode shape of a moving plate showing a)
15troot, b) 29root, c) 3¢ root and d) # root.

Figure2.16 showsthereal component ddll cuton modes collected in a single plbtgure2.16a

shows the curves for a plate traveling at 32 m/s. The purely real roots are shown in black, while

the real components of the complex roots are shown in blue. On the othdfigareR.16b shows
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the curves for a stationary plate. In this case, the purely real roots are shown in black, while the

line in red corresponds to the purely imaginary roots, thuale¢q zero for all frequencies.

a) Plate traveling at 32 m/s. b) Stationary Plate.
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Figure 2.16. Dispersion plots for a tire modeled as a) a plate traveling at 32 m/s and b) a stationary plate.

A closer examinationfmnly thepositivepurely real roots for both the moving and stationary plate
modelsis presenteth Figure2.17. Theslope of all these curves corresponds to the phase velocity

of the propagating cttn modes along the positivedirection of the plate. In this case, it can be
obsenred that the slopes of the moving plate curves are larger than those of the stationary plate, for
alcuton modes. Thus, the wayv e l-dyectypn ibincedsedrdge tot h e
the plateds posi tofwve32i/s ea.q pldteantotioo stretdhes the Waves int y

the xdirection Finally, it can be observed that for the frequency range showfigare2.17,
only the first six transversal modes of the tire are excited. However, this depends on the structural
properties of the tire
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Figure 2.17. Propagating dispersion curves in the positive direction of a stationary and moving plate

The imaginary dispersion curves for a plateving with the plate velocity of 32 m/s are shown in
Figure2.18 Figure2.18a shows two roots per transversal mode (one positive and one negative).
It can be observed that the first 6 transversal modes becoroa evthin frequencies of up to
4,000Hz. An example ofttis behavior is shown for thé*3ransversal mode. This mode is-ciit

up to a frequency &f 850 Hz, where the imaginary component of the wavenumber becomes zero.
Figure2.18 shows how the imaginary component of those roots that are complex. For these roots
the real component does not change with frequency, but the imaginary component does
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a) Cutoff transversal modes b) Complex Roots
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Figure 2.18. Imaginary components of dispersion curvesdqiate moving with 32 m/s, wheagcorrespond to

cut-off transversal modeandb) correspond to the complex roots of the system.

Finally, all results shown above can be compared to those reported bigim et al. (2004)since

the same structural properties have been used. In their work, a tire was modeled by using a rotating
cylindrical shell. Tle calculatedlispersion curves for a tire rotating with an angular speed of 100
rad/s is shown irFigure 2.19. In this casethreetypes of waves are present in the response
corresponding to bending waves denoted Wittshear waves denoted with and longitudinal

waves denoted with . Only the response corresponding to bending waves can be compared.
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Figure 2.19. resulting dispersion curves obtained from the work by Kim et al. (2004).

First, the resultdn Figure 2.16a are compared to the bending waveshigure 2.19. It can be

observed that both wavenumber and frequency content are very similar. That is, wavenumbers are

withinx -120 to 120m * for a frequency range from 0 to 4000 Hz. In addition, both results show
that only the first six transversal modes areamtvithin this frequency range. In the work By

J. Kim et al. (2004)the authors mention that rotation cause the dispersion curves to be slightly
asymmetrical with respect to the zewavenumber axis. This behavior is referred to as a
Abi furcat i easoobsefvéddanctite mavimgiplaie (Bere2.16a).Finally, the main
discrepancy betweerigure2.16a andFigure2.19is that cuton frequencies of all modes differ

by about 250 HZThis coud be because pressure effects have not yet been accounted in the plate
model, while the work byr. J. Kim et al. (2004§loes.The coupling ofhe bending waves with

the other types of waves in the cylindrical shell may also affect the response.

Therefore, theeffects the inflation pressure in the structural response of the tisdsasnalyzed.

Several approaches to do this are found in liteea Forexample,Y. J. Kim et al. (2004included
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membrane tensions in a cylindrical shell model. This approach was used for all the developed
models in the sequential modeling approactd will also be used for this analysi©ther
approaches found theliteratureinclude the one proposed Kying et al. (1986)wherean elastic
foundation in a ring model that accounts for stiffness changes due tmmfleessure and sidewall

properties.

If themembrane tensiorkie to inflation pressui@e accounted, then thquation(2.74) becomes

the following

H2w w & ‘w ‘W fwb A, Pw Y 2wy (277)
T T B 24 PN gV By Y
T S YOV R IT A TE O (R S thHﬁ

The tensions can be calculated with equati@® and(2.4). If the wave propagatiomssumed
solution in equatiorf2.17) is replaced in theomogeneousquation of motionthen the following

expressions obtained
TOka+'|'Oyaﬁ +D(a;‘ 28 K lér) r|6 vﬁl{\f 2\41§+),,,0 (2.78)
After re-arranging the terms in a fourtirder k polynomialform, equation(2.78 becomes
Dk!+(2Dg2 -rhv? F)K (2v rhpk (B4 wiwy 4 o 79

Equation(2.79 is identical to equatiorf2.74), excepffor the pressurenduced membrane tension

terms.Thus, four wavenumberg can be obtained per frequency

Figure2.20a showghe real component of the dispersion curves for a stationary plate inflated with

0 psi(shown in blackand 30 psi(shown in red)It can be observed that the effect of inflation
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pressurecorresponds to a shift of the eah frequencies for all transversal moddsthe plate
model is assumed to be inflated and movingdispersioncurves changeas shown irFigure
2.20b. In this case, the curves shdhat all roots have a real component that is frequency
dependent, unlike the uninflatéce (if comparé to the results irFigure2.16a).

Figure2.21 showsthe imaginary roots for the casekigure2.20b. These have been divided into
two. In Figure 2.21a, the dispersion curves corresponding to theoffutransversal modes are
shown. On the other hanigure2.21 b shows the imaginary components of those curve that are

complex along the whole spectrum.

a) Static simply supported plateodel. b) Plate model moving at 32 m/s and inflatior

pressure of 30 psi.
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Figure 2.20. Realcomponent dispersion curves fystatic plate model witaninflation pressure of 0 psi and 30

psiand b)moving plate model inflated with 30 psi.
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Figure 2.21. Imaginarycomponent dispersion curves fomaving plate model inflated with 30 psi, divided into a)

cut-off transversal mode components and b) components from the complex roots.

In order to make the behavior of the dispersion curvigjre 2.22 shows the four roots of the

plate moving with 32 m/s and inflation pressure o830 These roots correspond exclusively to

the 39 transversal mode. The results are very similar to the case were the tire did not have any
inflation pressure (compare Fagure2.15). There are two main differences between them: i) the

cuton frequencies are higher; ii) the real part of the complex roots (root 3 and root 4) is no longer
frequencyindependent.
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Figure 2.22. Real and imaginary dispersion curves for tifdransversal mode shape of a moving plate and inflation

pressure of 30 psi, showing &] rbot, b) 29 root, c) 3% root and d) 4 root.

2.3.

Summary of SequentialStructural Models

In this section, a summary of the rigvdeveloped models for mifilequency tire vibrations is

summarized. The equations of mom solved for each of them are presented. In addition, a

summaryof the full wavepropagation solution methoonplementedin this study is also

discussed
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The equations of motiofEOM) that must be solvefbr each of the new modsgbresentedn this
chapteris summarized here. In additiotheir corresponding homogeous equation used to

compute the transversal modesalso presented. These are defined as follows:

Stationary Infinite Plate Model

EOM:
Homogeneous Equation:
L) 5 G2 < o
Moving Infinite Plate Model
EOM:
T, B g %%geay(y)% gzﬂy%“ B%V % 259

o’ u Xt
Homogeneous Equation:
A W6 (2.83)
B2, (0) on(y-2 0
M (Y) 7 5M Y o
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Moving Cylindrical Shell Model

EOM:
- W56n42@11(y)% Saz_zuu%(y)%“f %y“—etﬁluDﬂf(g‘é_Z\; u+u 8 o
(¢, Du(y) %)H;SVZ,Q { £0yy) Jaygw A gf"’:ﬁq “4_,;“ . Hsjyfvar” }
whereF-f (q &()dyf)
Homogeneous Equation:

The solution to thequations of motiof2.80), (2.82), and(2.84) can be defingin a generic

form as follows

The response consists of modes in the transverse direction and waves in the circumferential

direction as

N | (2.86)
w(x,y,t)=& q f(y) X,( )" ... cerresponds ta for plate mod

n

Xx corresponds tg foreimodel
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where the generic coordinate corresponds toX for the plate models ang for the cylindrical
shell model. Along this direction, a full wayeopagatioris assumed withx, (x) = € “*. On the
other handy is the coordinate along the transversal direction. Along this direction, a tatal of
transversal modes are defineilh modal amplitudeg, and a functior#, (y) . It should be noted
that in the formulation presented above, the modal funcach(ry) was found by solving an

eigenvalue problemsing tte homogeneous equations define(iB1), (2.83) and(2.85), for each
of thedevelopednodels.This is anapproximationjhowever, an exact solutiors possible if all
the terms on the equations of motion are used to construct the homogeneous equations, and the

eigenvalues solved for all wavenumbé&(s This would be a computationally intensive approach.

The developedmethodto find the full wavepropagation solution to equatioi2.80 through
(2.89) is the following:

1. Substitute the assumed soluti@h86 into the desiredstructural equation of motion, i.e.,
equation (2.80), (2.82), or (2.84).

2. Premultiply by fn(y), integrate overy, and perform wavenumber transform. After this

process, the followingenericsystemis obtained

ga [Clk+[/,] - 1] fmxa(k)} ER() (287)

where, k" corresponds to the wavenumber along the circumferential direction elevated to the
m'" power In this case, ris associated with the'ferivative with respect ter in the equation

of motion. Each of the fhexpression is associatedth a stiffness matrix defined 4€, | and

added to each other. On the other hdg]is a diagonal matrix containing the transversal

natural frequencies of the tirfl | is the identity, and finall;{ F, (kx)} is a vector containing
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all modal forcesThis equationcorresponds to equatidB.21) for the infinite plate, equation

(2.28 for the moving infinite plate, and equati{67) for the cylindrical shell.

. Decouple the systenm equation(2.87) by only accounting the diagonal terms of matrices

[Cm] and performaninverse wavenumber transform as follows

X

1° Fn(k )e-ikxx (2.89)
= — A= l dk
2p ", aC. k't [ - W

G Xs (%)

where, C,, ,correspond to the'hdiagonal value of the matrifC | associatedwith the r"

transversal modd his equatiorcorresponds to equatidgB.23 for the infinite plate, equation
(2.30 for the moving infinite plate, and equati¢69) for the cylindrical shellFinally, now
that g, X, (x) is known, it can be substituted irttee assumed solutio2.86) to find the full

wavepropagation response of tire.
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3.Cont act Mo d e |

3.1. Introduction to Excitation Mechanisms

The contact model is used to define the excitation process of a tire during rotation. The input forces
excite the tire, which in turn generate noise. Two excitation mechadrsrashestructural model.

Both mechanisms of excitation are illustratedrigure 3.1 The first one accounts for structural
excitation induced by the impact of the tire trdddcks against the pavement. This is referred to
astread-block excitationThe second one corresponds to excitation by input forces induced by the

indentation of pavement profile into the tire tread. This is referredatavesnenprofile excitation

a) b)

Y [rac Y [rac

TreadBlock

Excitation Pavement Profil

Excitation

c)

Y Trac

s

Figure 3.1. a) Treadblock excitation b) pavement excitation of the tire structure, and c) real rolling conditions

where treaeblock andpavement excitations are accounted.
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In order to properly model real rolling conditions, both excitation mechanisms need to be
accounted and combined as showRigure3.1c. These two mechanisms are independent of each
other, i.e. treadblock excitation does not affect the pavement excitation. This assumption is made
based on the experimental data presente8igs (2019)where tire noise was easured using

an OnBoard Sound Intensity System (OBSI). In this work, the total noise was successfully
separated into TreddatternNoise (TPN) and NofTread Pattern Noise (NTPNpmponents
Figure3.2showsthe TPN spectrum produced by a winter tire of size 215/60iRé&sured foR8
different types of pavements, including asphalt and concrete. No significant noise level changes
were observedetweendifferenttypes of pavementsn addition,ther spectral shape wasery

similarto all of them.
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Figure 3.2. Measured TPN spectrum for 28 different pavements at Virginia Tech Transportation Institute
Road(wintertire of size 215/60R16 inflated at 32 psi, for a vehicle speed of 60 (8pies,2019)

On the other handrigure3.3shows that the measured NTPN component is different for each type
of pavement. Different noise levels and spEcthapes are observed depending on the pavement
type. Therefore, it can be concluded that the excitation mechanisms related to tpatierad.e.

the treaeblock excitation is independent of the paverextitation and can be treated separately.
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Figure 3.3. Measured NTPN spectrum for 28 different pavements at Virginia Tech Transportation Inst
Smart Road (winter tire of size 215/60R16 inflated at 32 psi, for a vehicle speed of 60 mph) (Spies, 2

In this thesispnly the block excitation will benodeled. Tie pavement profile excitation will not
be addressedlhe proposed formulation for the block excitatiommquefor two reasons. First,

it is defined in the frequency domaim contrast,current approacheare definedn the time
domain.In swch case, thapproach is to convolve thmpulse response of the tivgth a set of
discretely approximatethput forcesat different locations ithe contact patchirhis methodwas
first proposed b¥Kropp (1999)nd then adapted it by many authorsudaigO6 Boy et al

andHoever (2014)Howeverijt is an inefficient approach for a periodicingub c h as a t i

pattern. The response would need to be solved for multiple revolutions in order ta sezathy

state condition.

The secondcontribution of the proposed formulation is that for the first time a detailed
characterization of indidual movingblock forcesin the contact patcts included in the contact
formulation In addition, a uniquanalysis 6 the input power provided hgifferent tread pattern

designss performedThe block forces armodeled with a thorough model initialtieveloped by
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