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Abstract: This paper presents a numerical simulation of an aircraft tire in contact with a rough surface
using a variable friction coefficient dependent on temperature and contact pressure. A sliding facility
was used in order to evaluate this dependence of the friction coefficient. The temperature diffusion
throughout the tire cross-section was measured by means of thermocouples. Both frictional heating
and temperature diffusion were compared to numerical two- and three- dimensional simulations.
An adequate temperature prediction could be obtained. In future simulations, wear should be taken
into account in order to have a more accurate simulation especially in the case of high pressures
and slipping velocities. A 3D finite element model for a rolling tire at a velocity of 37.79 knots
(19.44 m/s) and in a cornering phase was investigated using a variable friction coefficient dependent
on temperature and pressure. The numerical simulation tended to predict the temperature of the
tire tread after a few seconds of rolling in skidding position, the temperature of the contact zone
increases to 140 °C. Further investigations must be carried out in order to obtain the evolution of the
temperature observed experimentally. The authors would like to point out that for confidentiality
reasons, certain numerical data could not be revealed.

Keywords: tire; modeling; finite element; friction coefficient; contact pressure; temperature

1. Introduction

Aircraft tires are subject to very high performance requirements when providing directional
control and braking during the maneuvering of the airplane on the ground. The tires must not only
support the aircraft’s weight, and transmit acceleration and braking forces to the runway surface, but
also supply the forces necessary for the directional control of the aircraft [1]. It is well known that the
directional capacity of an aircraft is measured by the friction coefficient [2]; this is the measurement of
the contact area forces as a fraction of the aircraft’s weight. In the field of aeronautics, NASA carried out
the first experimental and related studies [3-5] on the thermal aspect (influence of temperature and its
distribution) of the evolution of the friction coefficient between the tire and the ground. Subsequently,
many other studies also investigated the interaction of various phenomena in the contact area, with the
friction coefficient [6-8]. As friction is the major factor for generating forces on the aircraft through the
tire, it is extremely important to have an accurate characterization of the magnitude and direction of the
frictional force generated at the ground /tire interface. Generally, the normalized tire friction coefficient
pn= Fy /F, is used in most tire friction models, where Fy is the tangential friction force at the tire/runway
interface and F, is the vertical loading on the tire (Figure 1). Thus, p is the sliding friction coefficient,
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a cornering mode was investigated using a variable friction coefficient dependent on temperature
and pressure. The thermal evolution of the tire rubber during this rolling phase was compared to
experimental data.

Rubber Block Frictional Heat

Tread rubber characteristics play a crucial role in tire force generation; they describe tread stiffness,
friction properties and heat generation. Energy loss and modulus vary, not only from one compound
to another, but also depending on stress frequency and on temperature. Tread rigidity is directly
related to the rubber shear modulus G”, as rubber becomes softer when its bulk temperature increases;
tread rigidity will depend on the tire temperature increase. Higher cornering stiffness is obtained at a
lower tire tread temperature [23]. Fevrier et al. demonstrate the mechanisms involved in the relative
slippage between the tire tread and runway. The first mechanism is the frequency excitation of the
material by the runway surface texture. The rubber is distorted when it comes into contact with rough
spots on the runway, thus leading to energy loss (hysteresis). The second mechanism is molecular
adhesion. As regards the energy balance, both hysteresis and adhesion result from the transformation
of mechanical energy in the contact zone. Thus, friction is not only a mechanical process but is also
related to the thermal evolution of the rubber, which means that a thermo-mechanical contact model is
essential for a reliable description of the frictional behavior.

Kainradl et al. [24] also studied the thermal evolution of the tire tread in a rolling phase.
They demonstrate that the tire tread temperature rise is due to frictional heating, which does not
significantly affect the temperature profiles within the tire carcass structure. However, these tread
temperature peaks probably have a significant influence on tread wear rates. It is well known that the
maximum friction level developed by a worn tire is shown to be more sensitive to variations in tread
temperature and velocity. It was observed that a tire in cornering or braking conditions at a high angle
produced molten rubber deposits on the runway surface and tread temperatures high enough to cause
the rubber to undergo changes in its chemical composition [3]. For all these reasons, a profound study
of tread rubber in skidding positions is primordial, in order to establish a dynamic friction coefficient
dependence on contact pressure, sliding velocity and temperature. In the literature, few experiments
have been realized to determine the temperature rise in the contact area between an aircraft tire rubber
and a rigid, rough runway [4,5].

2. Experimental and Numerical Studies: Materials and Methods

2.1. Experimental Study: Frictional Heating

The aim of this study is to identify tire tread behavior in a sliding situation. It was therefore
important to design an experiment that could provide necessary data for comparison with numerical
simulation. The experimental investigations were performed on the High Speed Linear Friction
Tester (HiLiTe), (Figure 2a) at the Institute of Dynamics and Vibration Research (IDS) at Leibniz
Universitat Hannover, Germany. With this test rig, sliding friction and sticktion measurements can be
performed over a wide velocity range (0.1-10 m/s) and with vertical forces up to 1 kN. The ambient
temperature can be controlled between —20 °C and +55 °C. Typically, the sliding friction of tire tread
samples is tested on several surfaces, such as asphalt or concrete test tracks, and also on snow and
ice. Experiments at positive ambient temperatures can be carried out in dry, damp or wet conditions.
Whilst friction and vertical force are measured with standard equipment, additional test equipment
must be used to measure the sample temperature and contact temperature. The experiments for this
study were performed on a concrete test track, the rubber tread samples measured 20 x 20 mm on
the contact area and 10 mm in thickness. The sample was bonded onto the sample mounting plate
and fitted with a thermocouple 6 mm from the contact area, which was implanted into a borehole
and thermally connected by heat conductive paste, Figure 2b. The velocity profile is trapezoidal; it is
formed in a short acceleration phase, then a phase of constant velocity v = 4 m/s followed by a short
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deceleration phase. The overall track length is 2 m (Figure 2c). The experiments were realized at
o .

ZQMb%.aéss Ml%}l@fgthe measurement of friction force, normal force, and the sample core temperature,,

the temperature in the contact area was measured with an infrared camera, at the end of the track, see
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Figure 2d,e present, respectively, the final shape and the profile of the rubber sample after
sliding. The rubber sample was subject to considerable wear; such a high level degradation could not
be achieved without taking into account a strong link between the heating history and wear, which
is a highly non-linear phenomenon. Another parameter to take into account is the split coefficient of
the heat generated by friction between the rubber, the sample and the track surface.
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Figure 2d,e present, respectively, the final shape and the profile of the rubber sample after sliding.
The rubber sample was subject to considerable wear; such a high level degradation could not be
achieved without taking into account a strong link between the heating history and wear, which is a
highly non-linear phenomenon. Another parameter to take into account is the split coefficient of the
helatcgenitietl By friction between the rubber, the sample and the track surface. 50f 14
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(Figure 4), the groove temperature continues to rise for a short time before reaching a plateau. This
proves that the temperature is “stored” and “diffused” throughout the tire rubber and, at the same

time, that the rubber has a very low conductivity coefficient.



Lubricants 2016, 4, 29 6 of 14

Lubricants 2016, 4, 29 6 of 14
™ & Fxp data twewesd octamal taspa shive Zone |
e mFop dats tire tresl_mamal laspamure zone
HOWeVer, Wi & & * Fup dala_meore edansl banpase momne § gure 4)’ the
groove temp| ., 1 _ " —— g din_roove._intomal tayeratws -4 ves that the
temperature|_ ak ' ne, that the
= a0 : .
rubkerhsse |2 at - 60f 14
£ i
E . .
1 — et . .
= i
1
g 1 i e B e B ] i Ir [} 1
1 Eail of heatmig T ik

Fi : a ‘ezyoll;ltion of tire tread zones for 60 °C of external heating.

Temapen atur

S

=
=
S

2.3. Numeriq

Figure|5 illtgtrates a comparlson between the experlmentaI measurements and the simulated

temperature evol external heat

source. The numerical snnulapdn' Wras: carrled odl'"m!mg a numerical spec1men identical to the

physical specimen.

A good c&éﬁﬁénﬂ&ﬁ%ﬁ%@éﬁﬁeﬁ@&ﬁgt&@g&l &t&ﬂ égnﬂg})éggﬁg%q@}&ﬁﬁa&%e tread and that

11 red ternal thermal evolution of the rubber block observed

Wénca é‘ %atl ZE% gn@f’l observed, the core temperature increases during the
first [iigy &P@%@%ﬁ Axomapariedn %8“5‘3?@% EH %w& %ﬁ?&‘?g‘i@

e S 0" @%%\d 1¥esgrg r %%ﬁ v @5 %ﬁ%’?

en ) (St f%@cﬁk\%

source. ﬁé Numerica sunu i %lafs[é?arne o%t usm V rnumerlcg]?s &
B%W § fmetdn, the thermal evolution of the rubber remains identical.
Cl
d correlation is obtained between the simulated temperature of the tire tread and that

actually me s observed
during slid during the
first instan | | mperature
increase of & a similar
evolutionit by friction
or by heat ¢ © "
%’ .cd —— Experinwrntal data_tine tread_intermnal ternperature_L3A lest
& Nuspericaldata tire tread_inbemalterngrerature
i
- I i Y m x v
Tirme (s

A gog
actually m; : e, 6 presents the imtefy
during shdilng (IDS test Figure 2b). As can be ohﬁgr,yed the core temperature increases during the first
instants of sliding; a plateau is rapidly attended. It can be concluded that the temperature increase
of rublgarH Rt RBaPBiE N BRIy SR L¥BeidRirfARd orIReHeak st logating af siiseilaead - Shution
in th@tieealdaert-etbes (A3 and 6). Whatever the mechanism of heating, by friction or by heat
diffusion, the thermal evolution of the rubber remains identical.




Lubricants 2016, 4, 29 7 of 14

Lubricants 2016, 4, 29 7 of 14
5
1% -
Lubricants 2016, 4,29 7 of 14
i
15
1%
]
E T
s,
B on
2
(LI e Nt _g it Dlesch_birss el
17 F
. Figur ver.
Flguregg. fr 5 i i " s i i . ['Hannover.
! L k3 Iy iy L] te L]
2.4. Numerical Tunnwe (s}

2.4. Numerical Simulation of a Sliding Rubber Block
ThEigimre 6f littigsilidyn pretatest @blibktitneosianrubdidohl puloted whidifey thae Fiois tiesh i behawdor of the

Tihetadad edtibds. Shudpispierastalslists dpesiniula tidantqrardditte foo Hhe drictichahbebrvigicof the
tire tbfulpBsER Tl Ueidap RaebllBElBEhepkisbin dsalstn te dtte Habilltgron ounertcahisind whairmstetistics
of rubisdriogslizsrdrarratispec b iupitiraloiratianil puthecadRRIRRef FigRaRARSToHbe NS at
high %MHM&MW&@@%MW&@%&MMWM&Mt the
high bgﬁg&&&%?ﬂé%ﬁﬁé&?&i U St .%&%ﬁ@%ﬁ&sﬁ&‘ﬁ%&mﬁﬁa@ff&%ﬁ&%ﬁé@% and
visc : ¢ 2
the d : 4 d ' d [ i
appr SERERIS AT 125 Qe u_Se 1enlt1r%rmode (27— AmglcrroasC surface
nor the mlgelagsd ICASIRE ARG R SRR, s@abif%ﬁgwﬁ@aéﬁ%? asa
hom@%%mﬁmﬁ&mm@@mﬁsﬁmgtl.?&sla?ke*rh OkbpRrRle fSTREEALS:

Abfitkstonn m%@wmmmehm@@md@ﬂm aithiehtentivdbased
on tﬁ@da%ﬁmwmmmmmmﬁmwam@mwmmﬁ@p1ed
tempa{&m@mfh ﬁﬁéﬁ?&ﬂ& %Mﬁ%&iﬁﬁmm

ed in
Fblock
Vef0C1ty of

%%Ee shape

(@)

Figure 7. Cont.



Lubricants 2016, 4, 29 8 of 14

16, 4, 14
[ilfricants JON6. 7% otk

(b)
ﬁ&bb‘%? (ake s Resmeindy) sinsnahpreay slidngidiae M sakse

ution.

I 7 7

(Y
re Numenczil specimen, ryhber sam le hape with 1nit1211 ero zone; ic teril
% erical s eCImen ru er sam a ew1 1n1 a ero zone ca ra
1 T I m ers Urin:
%vvno e 2 sa R)rm er's e flmal sh ss e ur1
re

<

lmeerr %%‘g% feRlex:

| ure a prese tsa 1 D.ima e(}f he er m t1 1 ha ecif he ber sam le correspon 1r1
resen JI 1ma ) t eero 21 orres
to.th NG éll ng:g
tga the e erlm ntal s ec1men TE SC), owst numerlca results respe

e TR o
same ra er sam ta mm o acco na ero S ape ot the s ec1men means (0]

h e Hugahs a}?e nﬁns ase t’he rﬁ%@e}fﬁ ISb oa e Wl %1’1 I—% 18111’1 a
ﬁ#scii ormed sh a}?eefssllﬁ‘%’o&ic%orrrre Giatian withdhe miksrl Stteciiussilr?ggt eeHaar{‘r?c?G’eerrf%a

i)

UbT



Lubricants 2016, 4, 29 9of 14

an “eroded initial shape”. In this case, the rubber block is loaded with 2.5 MPa and sliding at 4 m/s.
This d Sf%ﬂ},egz%hape is in good correlation with the rubber block tested using the Hannover fagility
(Figure 8d).

Figure 9 presents a full 3D numerieal simulation for a rubber Bloek loaded with 2.5 MPa and
sliding on a deformable eonciele fack 3t a fixed velogity of 4 m/s-Cpled damperaivme-displacement
elements (C3DBRHT, eight-nede tri-linear displacement and temperature, reduced integration with
heurglass eontrol, Rybrid with consipm Preysse) Weie wagd i s SRR,

Figure 9 The 3B view of a rubber Block o & reRway track, thermal svalttion of the contast z8Rg; the
fSmpsFatuss ars presshisd i o€ (NTH:-

As already mentioned, the numerical simulation of a sliding rubber sample demonstrates the
same &R RS Tepdonedoths prmsrica simudation b A dlifling sukbst sampls demanptiatendhs
ARG iedendssaz Dk %ﬁl&rﬁ%g%%?&%ﬁ%é%%@ﬁ;ﬁ%%ﬁ%%5?%1&0 B RS PSSR

f& 1ubbst sample ebssvedafientis it sliding s tha P Emae i tan shiheaopsstaars PELRs
rubber smpls was msasuredueingATE iAo s TELR (Figure 2P kang the fempsrature of sagh aremat
the sontact onsdeshow D indis o kb Eaepymerisd sgawaton presentsd) i igvrs, K4 shavss the
PR WIS Rt Chderid 1R the( %am8S %%%gffbioskuf&%rr%%ﬂp%fmh? £oRtact 16BF
PiBishan 2o b oprearedanthe & se%%é?galgatl@gsgégrgp&%%a&%a}fégﬁr&b O pldew sk o,
highssmperatus wanneserhathendes o e pumsrisal mbpgr blpgk(Figurs Rbsted 4508074 RN
Rdavsikthefrchabmsionsansushs ddnssprle dioybitah easyarabmscheweal o thsimal
Redanisey b suine e idingsutfranleadte Weaitlscrnipe bk laygn s thpgt
SRmRlG e ou d e e Badamagsd SRSt SaMpH IR %%%E%Cshﬁhﬁu%eeﬁesg%%%%sl}gfil%fﬁga%%a
. Y JES L 9035 ARRIRa e AR IR R REocess plisReatd isatinghsrsaringhicighdr
tas finclissdethhaRs shova nbissEs 10 Jnoavrsricalsdmiaton et haw iR Jdaiied O
fi ot dake dnlR ALERuRt Bl EoNoD SN e At dhe demP el tsis b ERr SR iR S 48SeF R 4R
18091 °S¢- ez abirs iRt S RS e BL test shanis s sby dushilsy shatRbragion
RBSRRenRERDE (s d B AdBt S SIderRERY Kg%h%ﬂ&ﬁﬁféﬁég%%{?%ﬁfn@&]rﬁéghe)ﬂ?&de%%% 25
%‘égﬁ&ﬁ% bﬁ%g QR aneJapdified geometry 41%8%{8%%21%91" each step of sliding. This method will be
dISCuﬁﬁgélmd?efs%ug?e%te%(%y'studies, it can be concluded that pressure and temperature have a
considerable influence on the aircraft tire wear phenomenon which needs to be taken into account in
future simulations. It must also be mentioned that a specific mesh could be used in the case of a
constant wear ratio and a constant number of elements, and the rubber block could be divided into
sub- zones, each zone having its own heating history.
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Figure 10. (a) Experimental specimen, a rubber sample shape after the sliding step; (b) experimental
measurement, thermal evolution of a rubber sample/contact zone at the end of the sliding step (in °C);
() numerical specimen, rubber sample shape after first sliding; (d) numerical simulation typical
lateral view of the deformed specimen’s final shape appearance, thermal evolution in the contact zone,
the temperatures are presented in °C (NT11).

From these present studies, it can be concluded that pressure and temperature have a considerable
influence on the aircraft tire wear phenomenon which needs to be taken into account in future
simulations. It must also be mentioned that a specific mesh could be used in the case of a constant
wear ratio and a constant number of elements, and the rubber block could be divided into sub- zones,
each zone having its own heating history.

3. Finite Element Model of a Rolling Tire

FEM of a Rolling Tire Using a Variable Friction Coefficient

In a precedent study, a purely mechanical finite element analysis of a rolling tire was
investigated [22]. The model was able to predict the cornering behavior of an aircraft tire in contact
with a flat rigid body. The Coulomb friction was modeled using a stiffness method [12] that permits
some relative motion of the surfaces.

In this section, a thermo-mechanical model was proposed in order to predict the friction coefficient
i, the self-aligning torque M, and the thermal evolution of a rolling tire. A classical rolling (CR)
method based on the Lagrangian formulation was used along with a variable friction coefficient p (P,T)
dependent on the contact pressure and temperature. The contact aspect is modeled in a soft-contact
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manner using exponential pressure-overclosure regularization, where the clearance Cy and the contact
pressure at zero clearance Ay are defined, based on a numerical sensitivity study. A Prony model
was used for the viscoelastic behavior of the rubber. Concerning the friction coefficient, the IDS
facility (High Speed Linear Friction Tester, Figure 2b) was used once more in order to identify the
dependence of the friction coefficient on temperature and pressure. The experiments for this study
were performed on an asphalt test track, and rubber tread samples measuring 20 x 20 mm on the
contact area and 10 mm in thickness were used. Experimental results are shown in Figure 11 which
presents the variation of the friction coefficient as a function of the ambient temperatures of the test
track, for different given contact pressures (corresponding to the real pressures applied on the aircraft
tire). As can be noted, for a given contact pressure, the temperature increase results in a decrease in the
friction coefficient values. Figure 12 illustrates the variation of the friction coefficient as a function of
the contact pressure for different given ambient temperatures of the test track. Here, for a given contact
temperature, the friction coefficient decreases with the increase of the contact pressure. These variations
of the friction coefficient were taken into account and applied in the numerical simulations.

1

—4=P1 (Pa)
—@=P1+5

P1+10
Pl + 15

Friction coefficient p

T T T, T

3

T, T T;

Temperature (*C)

Figure 11. IDS experimental results, variation of friction coefficient as function of the ambient
temperature of the test track, for different given contact pressures.

1r

—4—T1 (°C)
—W-T1+70
T1+ 140

==T1+ 210

Friction coefficient p

P P, P, Py P, Ps

Pressure (Pa)

Figure 12. IDS experimental results, variation of friction coefficient as function of contact pressure for
different given ambient temperatures.

A cornering tire loaded at vertical force F,, running at a velocity of 37.79 knots (19.44 m/s) and a
fixed skidding angle, is presented. The temperature of the tire tread increases significantly after a few
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seconds of cornering, and the rubber reaches an external high temperature which is close to the critical
temperature at which the rubber is deposited on the concrete surface [3]. An experimental test was
realized on an aircraft tire, and the thermal evolution of the contact zone of the aircraft tire tread was
recorded during both rolling and skidding phases using an infrared camera (Figure 13a). Figure 13b
shows the experimental data of the thermal evolution of the contact zone in the cornering conditions
of an aircraft tire under load, running at a velocity of 37.79 knots and for a given slip angle 3; for a
given time (tg). The blue solid presents the three stages of the skidding test. In the first stage, the tire is
skidded from 0° to 31°. In the second stage, the tire is kept rolling at 31° for a given time, and in the
last stage, the tire is moved from the skidding position (at 31°) to the initial position (at 0°). The red
line (Figure 13b,d) reveals the heating of the tire tread after a few seconds of skidding, during the first
stage of the skidding test.
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—— Toumniet i o sl sl joi
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Tamie Lt |

(c) (d)

Figure 13. (a) Experimental measurement; (b) experimental data, thermal evolution of the contact zone
during the skidding test for a given skidding angle 31; (c) numerical simulation, thermal evolution of
the contact zone of the tire during a cornering stage (the temperatures are presented in °C (TEMP);
(d) thermal evolution of the contact zone during the first seconds of skidding (first stage of skidding
test), comparison between experimental test and numerical simulation.

Figure 13d presents the thermal evolution in contact zone of tire tread during the first seconds of
skidding (between ty and t; seconds). As can be noted, the numerical simulation tends to predict the
maximum temperature of the tire tread after a few seconds of rolling in skidding mode (first stage of
the skidding test). Even if the temperature of the contact zone increases to 140 °C, the experimental
data shows a different tendency for the initial gradient. That difference could be related to the rolling
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test conditions, to the thermal conductivity of the runway surface and to the inelastic deformation, one
of the most important mechanisms which leads to self-heating. Further investigations must be carried
out in order to obtain the same evolution of the temperature observed experimentally.

4. Conclusions

In this paper, a numerical simulation of an aircraft tire in contact with a rough surface, using
a variable friction coefficient depending on temperature and contact pressure, is presented. Firstly,
a sliding facility was used in order to evaluate this dependence of the friction coefficient. The thermal
evolution of rubber block samples under the sliding condition is also discussed. Additional
experimental tests were realized in order to simulate the frictional heating phenomenon developed in
the tire tread using an external heat source. In these studies, all experimental parameters were chosen,
being similar to the real parameters of aircraft tires in rolling and skidding conditions (vertical loading,
velocity, inflation pressure and skidding angle). Both frictional heating and temperature diffusion were
compared to numerical 2D and 3D simulations and similar temperature prediction could be obtained.
The final shapes of the rubber samples at the end of the experiment sliding procedures clearly show a
high-level wear which needs be taken into consideration in future simulations.

A 3D finite element model for a rolling tire in the cornering phase was investigated using a
variable friction coefficient dependent on temperature and contact pressure. The numerical simulation
tended to predict the temperature of the tire tread after a few seconds of rolling in skidding position;
however, further investigations must be carried out in order to obtain the evolution of the temperature
observed experimentally.

Author Contributions: Hagen Lind and Matthias Wangenheim, from the Institute of Dynamics and Vibration
Research (IDS), Leibniz Universitdt Hannover, performed the experiments concerning the determination of the
friction coefficient and the frictional heating of the tire tread rubber; Iulian Rosu and Hélene L. Elias-Birembaux
carried out the numerical and experimental simulations and analyzed the data. All authors were involved in the
preparation of the manuscript.
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