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ABSTRACT

A number of patents on tyre cooling have been resiewith a focus on those which can be applied to
earthmoving tyres for the mining industry. The meamubms of heat transfer within the tyre carcass are
introduced as well as the basic tyre structureeffetts of overheating on tyre operation. The gaeling
patents are separated into five functional groumsraviews are made based on practicality and fiaten
for significant heat transfer. This analysis haslené evident that potential cooling effectivenés®sften
compromised by practicality of an invention. Thegmas deemed to have the most potential for coaeg
those which incorporate a working fluid which urgiegs a phase change to transfer heat betweenrediffer
regions of the wheel assembly. Finally, these itieas are also related to current research projebish

aim to develop a new cooling technique and extaednmorking life of earthmoving tyres.

Keywords: tyre cooling, heat dissipation, rotating heat pipar circulation, conduction heat transfer, tyre
chamber
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1. Introduction

1.1. Significance to Industry

The generation of heat within earthmoving tyreyglan important part in the operation of many nminempanies.
For some operations, the non control over this sindlele heat generation leads to premature tyheréadue to heat
separation while other operations who manage gmgerature generation suffer extensive productiesds due to
premature park-up of equipment.

The control of tyre temperature or TKPH (Industtganslard for tyres - Tonnes per Kilometre per Holbas

traditionally occurred through management of trdékPH. Tyre manufacturers have played an importart m

developing new compounds which are more heat egdish nature. Despite the management of tyre testyne

(TKPH), efficient maintenance, monitoring strategand developments in tyre technology, sites caatio suffer
from premature failures and production losses duextreme overheating risks. Implementing an effiticooling

strategy will result in reducing the thermal stess$o the tyre and extending the tyre life. This haen important
due to the ever increasing efficiency of moderningroperations with high speed equipment and retiweating

times within all areas of the operation.

This paper will review a number of patents relatingyre cooling, with the application of miningtiarucks in
mind. With such trucks heat management has beeonatant issue for tyre manufacturers and consurioers
decades. Tyre operating limits are the main lirgitiactor in mine production, forcing trucks to garestricted loads
and travel at lower than necessary speeds. Hdmee is a definite need for an effective and aatiethod for heat
dissipation in earthmoving tyres. This problem @ anly of interest in the mining industry and teagealing with
heavy and high speed machines but also is of fuedtahscientific significance. This review papedasigned to
address this important issue.

1.2. Tyre Structure

Earthmoving pneumatic tyres have a number of sirattayers within the carcass. These are inclymédarily for

strength and wear resistance purposes. Fig. (43tidltes some of the major earthmoving tyre sestiand
components, sourced from a Bridgestone safety mghlaAlthough the tyre carcass can withstand Higgds and
has reasonable wear properties, it has very lowrt@leconductivity and therefore cannot effectiveigsipate the
heat to the surrounding atmosphere. Before movirgjaborate on the detalils, it is important to fyimtroduce the
mechanisms and nature of the heat generation wthicarcass.

Side tread Cap

Base

Bead Base

Stiffener Inner liner

Fig. (1): Structural Components in Earthmoving Tyre[1]
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1.3 Heat Generation

To estimate the exact heat generation rate in tyrés required to fully understand the structared rolling and
flexing mechanisms of tyres. The fundamental phesrwon behind the heat generation in tyres is thetidn
between molecules when the rubber in the struafithe tyre is under a kinematic deformation byoatmuous
compression-tension or torsion [2]. This kinemalétormation is known as the hysteresis effectait,fas the tyre
rolls and flexes, a portion of the motive powensitted to the tyre is absorbed due to the tystdmgsis and thus
converted into heat and consequently the tyre tesye increases [3, 4]. This effect is aggravdtgdncreased
load and speed as well as tyre under-inflationd roadulations and excessive cornering. Tyre hysigr&hich
accounts for much of the increase in temperatusnisinsteady effect — causing heat to be genebstatifferent
amounts in different sections of the tyre carca@jsnjaking it quite complex to model. However, Kaidl and
Kaufmann [3] presented a simplified formulationdetermine the heat generation in tyres. In theimfdation, the
heat generation is calculated based on the enesp/der cycle of a volume unit which undergoesnassiidal
deformation. Accordingly, the heat generated pdrtime is

Q=HTf/J, 1)
whereinf is the frequency in Hz(), 1/ is estimated as 2.343al/(mKg;) andH is the deformation amplitude given
by

H=0,4¢ tand, (2)
in whicho is the stress amplitude;is the sinusoidal deformation amplitude akid the phase angle between stress
and deformation.

Heat is also generated within the tyre carcasgaltige friction at the tyre-road interface. Thetion force depends
on the nature of the surface roughness and thnglieelocity [5-8]. Literature also indicates a raen of other
experimental and theoretical studies, which ingadé the heat generation phenomenon in tyres. Thedime
results which are important to any prospective tgeling technique. Some of the experimental stiltieked at the
effects of operating conditions on the tyre therrbahaviour and showed that the vehicle load hasntbst
pronounced effect on tyre temperature in compartsospeed, inflation pressure and slip angle [3he® studies
examined the temperature distributions in the tjoevarious structures, materials and thermal attaristics of the
tyre [10-14].

As a result of the poor thermal conductivity of lbeb, the temperature rise is primarily dependertherthickness of
tread [15]. If the heat generation is faster thazan be transferred into the ambient air, it gedigibuilds up in the
tyre and reaches its maximum at the outermost pliyett (see Fig.2q)). As the operating temperature of the tyre
increases the rubber considerably loses its stnefigite tyre becomes more vulnerable to malfundtiom fatigue,
impact, cut and heat separation. Tyre operatingp&zature is shown to have a significant impactyoa life in Fig.

(3) [17]. If the tyre carcass is maintained at lomperatures then its life can be considerably extdnd
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Fig. (2): Tread and shoulder temperature for a trudk tyre [16] Fig. (3Effects of temperature on tyre life [17]
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Heat build-up can affect tyres in a number of wé&yg. (4) shows several forms of tyre damage aeit thcation on
the tyre carcass for a bias type tyre. With inaedatemperature, the properties of rubber changgres become
more susceptible to these types of mechanicalré&sl{l8]. In addition, the pressure within the tyrereases with
temperature, linearly to the first approximation,the ideal gas assumption suggests, and thisyrin teduces the
safety of the tyre. Finally, oxidative degradatismccelerated at high temperatures as noted By [19

Gui Separation
Cut Through

Tread Separation
(Heat)

Fig. (4): Common Tyre Damage [19]

2. Tyre Heat Management

So far, there has not been any successful methadtiwkly preventing haulage truck tyres from oeating while in
use. Currently mine sites are limited to passivehiggues in managing their haul truck fleet eitti@rough
monitoring live TKPH levels in each truck tyre dmraugh periodic temperature and pressure measutemen
Unfortunately, these methods often have poor caticel to the actual state of the tyres and can }teemely
conservative - thus leading to unnecessary losspsoduction. If an effective cooling method wemgplemented on
mine sites, vehicle and tyre operation would beaechd in a number of ways ultimately leading taéased site
production. Even a drop of 5°C could expand theratfm of haul trucks, reduce rubber wear ratetyias and
improve tyre resistance to physical and chemicalaige.

A number of cooling techniques have been identifledugh this patent review. As the materials uisedheel

assemblies are such good thermal insulators, netlvoai® of transporting heat to the environment arpiired to
prevent rubber deterioration. These cooling tealsqare categorised into five groups and theircgffeness and
practicality will be discussed: 1.Conduction, 2 et Convection, 3.Refrigerant, 4.Tyre Carcass Macalibns, and
5.Heat Pipe/Working Fluid. In what follows, we lwiéview these techniques in detail.

2.1. Conduction

Inventions in this functional group suggest imprayheat transfer by introducing improved conductidn the tyre
chamber [20-25]. Several patents are briefly dbsdribelow with comments on their operation and treetsfer
feasibility. Gollert [20] proposed installing a nbar of metallic brushes inside the tyre chambeickvionnect the
rim and tread sections of the wheel assembly, pgcal in Fig. §). As metallic conductors are much higher in
thermal conductivity than the tyre carcass, it wdgimed that sufficient and continuous heat transi@n be
achieved. Furthermore, a liquid can be injected the tyre chamber to interact with the rubber &ynel metallic
brushes to aid in heat transfer. Groezinger [2%jgested incorporating a fluid transfer element Whdcapes over
the rim and down into a pool of heat transferringdf which collects at the bottom of the tyre chamiFig. €)).
The main advantage is that a cooling circuit whiohtains a secondary working fluid is also to bidedoaround the
rim in order to transport the thermal energy awaynf the wheel assembly. The fluid transfer elenigmiriven by
friction, absorbs some of the pooled working flumhd transports it to the cooler rim for heat giasbn.
Conceptually, it appears sound and should work fiwevever, there might be a number of practical @perational
issues which may not be immediately apparent. Kamgle, a given molecule of working fluid is only ¢ontact
with the cooling coils at the rim for a short tintieniting the time for effective heat transfer. Mawer, the transfer
element needs to remain in a stable, downwardipnsit all times, which may not occur at varialpeeds.
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Fig. (5): Metallic brushes inside the tyre chamhbe[20] Fig. (6): Fluid Tansfer Element inside Tyre Chamber [21]

Mote [22] proposed attaching a metallic ribbonhe tnside tread surface of the tyre carcass (F)y.similar to a
claim made by Gollert [20]. Two ends of the riblae to cross the tyre chamber, come into contéét tive rim and
partially stick out into the ambient air. The int@nclaims, based on successful experimental sthiat the
metallic addition improves the overall heat transfeefficient. The ribbon can be glued or tackethtread surface
and requires a nylon cord for strength purposegréwent leakage from the tyre chamber, the enckpiaeed to be
coated in a rubber-like material. Isham [23] cladntleat having the tyre subject to heating with siddls relatively
less subject to heating, a closed-filled resiliwatled conduit incorporated in part within the tyeuld receive the
heat and dissipate it away from the tread (Y. (This patent had many deficits such as the Iglance issues, the
appropriate coolant fluid, unknown range of tempe reduction, and technical issues with manufawjuand
assembly.

Fig. (7): Metallic ribbon to insidesurface [22] Fig. (8): Closed-filled resilient-walled conduit [3]

Although simple in principal, these patents alluieg structural changes to be made within the &mwé appear to
provide limited heat transfer enhancement. Theee rar phase changes of the working fluids and thealfize

contacts operate on a restricted surface areahdfumbre, these inventions usually require heatetdrénsferred to
the surrounding atmosphere as opposed to a redtigarunit and so there may not be a significaiirly force for

heat dissipation. On the whole there is no mentibnorrosion protection of the metallic elementswdrether the
fluid or metal will interact with the rubber comgsmaterial.
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2.2. Forced Convection

A number of patents were identified in this funotd group. These either create forced convectighimvihe tyre
chamber or across the outside of the tyre careessdier to enhance the heat dissipation rate. 8ewéthese are
discussed briefly below in relation to the methpdsposed, potential heat transfer, and practicality

A series of patents submitted by Skidmore [26-28]ined the possibility of improving the heat tréarsrate by
increasing gas circulation within the tyre chambére circulating air within the chamber createséal convection
and thus, hence improves the heat transfer betéteehot tread sections, the cooler sidewall, aedrittm regions.
One embodiment of the inventions is to use a nurobeaised spiral ribs on the inside surface oftthad extending
up to two inches inward. Another proposal of theeimtor is to attach a perforated flexible tubeitber the inside of
the tread section (see Fi@))Y or the outside of the rim of the tyre assembhjols compress and expand as the wheel
rotates. This creates a bellows-type effect whidhoause the outer tube to puff hot air inward &oa the rim and
sidewalls while the inner tube will create puffscabler air back to the tread sections. It is cidrnthat by changing
to an inflating fluid of higher density the headrisfer processes will be more effective. Some @ppairawbacks for
this invention include;

e The heat sink in this cooling technique is a coration of the tyre sidewalls and rim. However in min
applications, these regions also reach reasonagly temperatures. Therefore, the temperature gnadie
across the tyre would not be that steep and se theuld be minimal driving force for heat transfer.

e The described 'bellows' technique for circulatihg &ir within the tyre chamber may work adequatels
smaller car tyre. However, in haul trucks the thiggs of the tread is substantially high which miayinish
any flexing of the perforated inner tubing.

Fig. (9): Detailed view showing perforated outer tbe within chamber [26]

Other inventions propose installing air ducts tedi more flow across the tyre carcass to incrédasdeat transfer
coefficient for forced convection [29-32]. Weisbaet al. [33] designed a front cover for a passengdhicle to
direct air over the tyres thereby improving coolagywell as aerodynamic flow particularly at thenfrwheels (Fig.
(10)). Furthermore, Becker [34] proposed an air dubtctv funnels ambient air into the face of an amdfer or
rotating tyre. The duct contains a number of baffie seen in Figl{) and has been designed with truck-trailers in
mind. These claims may not be as applicable imihéng industry as the trucks may not be travelliagt enough
for the additional air to affect the heat transtges appreciably. Also the added structures tdrtlok body may not
be able to withstand any collisions or the geneparation of haulage trucks.
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Fig. (10): Front cover to direcair [33] Fig. (11Air Duct for Cooling Rotating Tyres [34]

2.3. Refrigerant Type Patents

These patents use a refrigeration circuit to draat laway from the tyre carcass and dissipate ugllysthrough a
separate cooling unit located on the car body 385, A two-stage cooling system is suggested byt (31 in which
a primary heat transfer fluid is positioned withire tyre cavity and a secondary cooling circuitaded around the
tyre rim. A basic schematic is shown below in Fi) with numbered components.
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Fig. (12): Schematic of Cooling System [37]

The primary working fluid (20), quoted as a liquidl,contained within the tyre chamber and absdnbsheat from
the rubber tread as the tyre is rotating. The dagal force should be sufficient to force the duo travel up the
circumference of the tyre and subsequently falbahie cooler rim and coils. Paddles (21) are alsggssted to
extend inwards to ensure that the liquid flows dherrim in lower velocity applications.

The secondary circuit coils around the tyre rim,ahds, is in direct contact with any working fludd heat transfer
medium within the tyre chamber. The circuit woulthtain a heat exchanger (38), fluid reservoir (82J pump
(34). The connection between the rotating tyre tmadk is to be made with wheel seals (40, 28) whidtudes a
sump for collecting leakage which may be commoinwie final drive sump (42). It is suggested thit secondary
fluid is the same as that used for the final driwréch eliminates problems such as contamination segfegation.
As the cooling circuit is isolated (pressure-wifi®m the tyre chamber, it can be at near to atmespipressure,
significantly reducing potential leaks. The heatleanger (38) may be an air cooled radiator or agexfaited loop
heat exchanger (i.e. a third fluid would be redgiirédll four wheels may be connected in paralletite one pump
circuit.
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The heat transfer process has been enhanced &salie no longer relying on convection to the surrding air as a
method of heat dissipation. If a strong conducfingl is used then the heat should be transporteitheé external
heat exchanger effectively. On paper, this inventippears to have the potential to prevent tyms foverheating
quite successfully. It should be able to be integtanto the subsystems of a haul truck. Advantadebis cooling

method include its durability, the use of a commsamp with the drive system and the provision oéatlsink away
from the tyres themselves. As the secondary codiirmyit is located on the truck and not on theetigself, it can be
bigger, more efficient and better protected. Otheentions which are attached only to the wheetrddy have

been criticised for their lack of protection andopgerformance. Furthermore, as the heat exchaadecated on
the truck, other heat sources such as the elegtoiors and brakes will not interfere with the hdagsipation

process. It would be ideal for the cooling methoemploy the advantages of an external heat exenangl not to
deal with the rotating wheel-truck interface. Ndmadess, this invention appears to address thislgmobeasonably
well with the oil cooling circuit and common sun#s the cooling circuit is isolated from the tyreaahber, it does
not need to be pressurized and thus excessivegeakavoided.

The major drawbacks of the invention would inclidstrict maintenance regime due to its complexitywell as

making structural changes to truck and wheel askesihe most worrying would be the potential fiarm at the
pressurized interface between the tyre chambetl@madmbient air at the rim where the cooling caoi®d to pass
through. If not constructed properly there is pttdrnfor major damage to occur through a high presdeak.

Another point to note is that if the coils contflaws, they may leak into the tyre and oil induckderioration may
occur. The invention could be improved by utilisiagphase change for the primary working fluid taximmase the

heat transfer potential if such a fluid was avdéab

2.4. Tyre Carcass Maodifications

These patents generally propose an increase ineghietransfer area of the tyre by introducing modifons to the
tyre carcass. Brunswick [38] presented a patentititse multi-cellular rubber tyres with two seried cells,
extending both longitudinally and transversely. Thgective was to provide a ventilation device tect air from
outside through the cells to cool the tire (FIER)}. Hsu [39] proposed a vehicle tyre, which inclddm outer tyre
fastened to a rim. A series of hooks could secueeouter tyre to the rim. The inner tube also hasr&és of pegs
raised from the tyre sidewall and provided air ctes to carry heat away from the tyre (Fig4)]. A patent
described by Rayman [40] proposed changing the symecture itself to a two-piece tyre assembly.sThew
structure is described in depth and contains a vabie tread belt (Fig.16)) for installing about the circumference
of a tire carcass. The radially inner surface & ttead belt and outer circumferential surfacehef ¢arcass had
circumferentially extending grooves and ribs thatild interlock. The grooves extend from a centegjion at the
tyre tread to one of the lateral edges. Thus, ¢ésaltant venting sub-surface passages providemsective cooling
system for the two-piece tyre assembly. Experimlastaults for this cooling structure indicated dsayf up to 40°F
at the carcass inner face and up to 30°F at tleeface between tread belt and tyre carcass. Althqugmising
results have been achieved, the invention appedre tlesigned for passenger car tyres so it ieanelhether the
ideas are still applicable on larger scale earthingptyres. Besides, when it comes to heavy trusk®ngth and
yielding point checks remain as other issues.

SO
ﬁﬁﬁ@g

g
O
]
o0
i}
m]
o
o
o

oooE003an

a0 H
gﬁ@aaﬂﬁﬁtﬂjﬁ

o
Sooe0

oD
8}

Fig. (13): Multi-cellular rubber tyre [38] Fig. (14): Tyre with inner tube and hooks [39]  Fig. (15): Tread belt with grooves [40]
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2.5. Heat Pipe Type Patents

These patents propose incorporating rotating higet fgchnology into the wheel assembly and thussiaiy the

existing centripetal forces to transport a heatdfarring medium between two radial locations. Athgipe is an

attractive heat transfer device because it gewneifals no moving parts and is known to achieve anthk

conductance up to 500 times that of a solid copper of similar mass [41]. Experimental and anabftic
investigations have been completed incorporatingtating heat pipe in a humber of applicationsudatg turbine

blades [42, 43] and automotive disk brakes [44, 45]

Ocone [19] suggested a cooling technique whicmgtsoresembles that of a revolving heat pipe. Angher is to be
installed between the rim and hub of the wheel.(@i§)) which is to be evacuated apart from the worKlogl. The
heat transfer process is that of a heat pipe wiheréuid contacting the inner surface of the tyaporises due to the
high temperature. Due to centripetal forces theouaps subsequently forced radially inward where tooler
ambient air condenses the working fluid. Now du¢h® increased density the working fluid is foraadwards by
the centripetal force, creating a continuous cycle.

A

50 -
Fig. (16): Cross-section of wheel assembly [19] Fig. (17): @aded view of perforated rim section [19]

The invention has three basic embodiments;

« the fluid cavity is contained within a web (Fig.6f)

« the fluid cavity is contained within a number gfdges'

« the outer surface of the rim has a series of patifims connecting the fluid cavity and tyre cham(bég. (17))

The first two methods are essentially identicalrafram the shape of the fluid cavity. The advaetag using a
series of spokes is that there will be an increasefhce area for the working fluid to condensdsHfiows for more
effective heat dissipation. It is asserted thatffitts¢ method of a single web will provide a degodevheel balancing
to the assembly; however this would probably bey winor effect on an earthmoving vehicle. Additdly, the
fluid cavities are to be entirely evacuated apestfthe heat transferring medium. In other wortlere are no
additional non-condensing gas molecules to impkédedcirculating motion.

In terms of a working fluid, the inventor suggesitat a more volatile liquid would be preferred,.eoge that
vaporises easily. It is also desirable for thedflit possess a high value of latent (evaporatieaperation heat. The
wall structure of the fluid cavity must be consiglgrand needs to be able to withstand the changégemal
pressure caused by the phase changes of the wdliidg

The third embodiment of the invention has perfaraiwhich connect the fluid cavity and tyre chambaaking the
inside surface of the tread the outer radius ofatpn. This method has the advantage of allowireghteat transfer
medium to make direct contact with the heat soiyre tread). However, the fluid is exposed to tyre chamber
pressure and is free to interact with the inflatiiag molecules. These two reasons mean that théraesfer ability
of the third method will actually be decreased carep to the first two.

10
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This invention seems to have reasonable potemtijre cooling applications. It proposes incorpimigita proven
method of cooling with minor structural changesthe wheel assembly. An appropriate working fluiddd be
found to operate between the given temperaturadimis part of the critical assessment, severattstimings were
also identified which need to be addressed forithisntion to be viable on a practical level.

e In the first two embodiments; in order for the wiokk fluid to vaporise on the tyre rim, heat tramste
required to occur from the tread across the tysder using the inflating gas. This may not beifdass
this is largely based on free convection usindaixely poor heat transport medium.

e The heat sink in all embodiments is the ambienpassing over the tyre rim. There may not be angtro
driving force for heat dissipation; especially iot lunderground conditions

e In the third method, the working fluid is free totéract with the air inside the chamber, introdgcin
frictional problems and reducing the effectivenefthe fluid circulation.

« Perforated version is less structurally sound eliston may cause the tyre chamber to burst.

3. Current and Future Developments

Of the patents reviewed, the three techniques ptedabove appear to have the most potential fectdfe cooling.
The lessons learned from assessing these methodsecpplied for a future proposed cooling metfiddee major
points for discussion are highlighted below.

(). Phase Changérhese patents have highlighted the fact thatid fias its greatest potential for heat transfer
when it undergoes a phase change. Thus it is regess select a working fluid which vaporises and
condenses within the given temperature limits am$gure conditions. If a single phase systemasl tisen
the possible heat transfer is significantly reduceddering the cooling technique ineffective.

(i). Heat Exchanger Locatiort would be ideal for the heat exchanger to bédrelgtlocalised to the wheel
assembly as it avoids the problem of rotating cotioes. Nevertheless, if the heat exchanger iséotan the
vehicle, it is more protected and can be largermnde efficient. Another advantage of a heat exgbaion
the vehicle is that it can service all wheels imaflel, reducing the need for replication on all agh
assemblies.

(iif). Heat Sink:Many researchers suggest ambient air as the dieattsink for the wheel assembly. However, if a
cooler heat sink or similar device is utilised #herill be more drive for heat dissipation from thee, leading
to a more effective cooling technique.

As outlined previously, heat management in earthngvyres is critical to the production of any misige. An

effective method of cooling is required to activatgintain the internal temperatures in tyres t@medttyre lifetimes
and remove some of the operating restrictions &l krucks. One of our research projects focuseimarporating
an effective cooling strategy to improve the tymathdissipation. Small scale experiments are bfngulated to
test the effectiveness of this cooling strategwinactual tyre and numerical models of the heaisfea are to be
created. Nonetheless, elaborating on the detailsuofnumerical and experimental techniques is flafta future

report.
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