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FOREWORD

This report has been prepared by the Tire and Suspension Systems Resgarch
Group, Department of Applied Mechanics and Engineering Science and Depértment
of Mechanical ﬁhgineering, College,gf Engineering, The University of’Michigan,
Ann Arbor, Michigan ﬁnder Grant No. NGRL23-005-417 from the Lewls Research
Center, National Aeronautics and Spage Adﬁinistratiqn, Cleveland, Ohio #4135;
Mr. C. David Miller of the Lewls Reseérch Cegter\served as technical monitor.:
The work was performed under the direction of PréféSsor S. K. Clark of The
Univefsity of Michigan | T

The use of SI units (NASA Policy Directive NPD 2220.4,. September 14, - -+ %
1970) was waivg@ for the present document in accordance with the provisions
of paragraph 5d of that directive by the authority of the Directof”éfﬁfHETLéwis

Research Institute,
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I, SUMMARY

The purpose of the tests reported here was to examine the nature and mag-
nitude of the heat generated by a pneumatic tire and to determine how the en-
ergy dissipated was partitioned into the two major avenﬁes ofAheat generation:
heat -generation caused by inter-ply ffiction and hysteresis in the rubber car-
cass and heat generation at the rubber-road interface caused by friction and
motion between the contacting surfaces.

In one series of tests a full size automobile tire was instrumented by im-
bedding thermocouples in the carcass and the time réte of change of temperature
was measured under conditions similar to the normal operating conditions for
the tire. Simple calculations then yielded a measure of the magnitude and lo-
cation of internally generated heat. The total energy losses were estimated
or measured and some tentative estimates of the partitioning of the total dis-
sipated energy were made.

In another series of tests attention was given to the nature and magni-
tude of the heat generated at the rubber-road interface. A technique uti-
lizing'temperatufe sensors bonded to the road surface was explored. This pro-
vided a measure of the flux of energy into the road when a full size, fully
loaded automobile tire passed over. The results of these particular tests are
difficult to interpret and some pertinent data 1s presented but no conclusions
are drawn. A theoretical analysis of the response of the sensor to a step in-
put is presented.

. The scratch plate technique was used to study the interfacial motions
between the rubber and the road and some estimates of interfacial heat gen-
eration were made.

In another series of experiments, a tire model was operated on a small
roadwheel which had a cast iron surface. An optical pyrometer was used to
measure steady state surface temperature at various locations around the cir-
cumference of the tire in the sidewall, shoulder, and crown regions. A
similar series of tests was conducted with. a sandpaper-like surface covering
applied to the roadwheel. Both series were conducted over a range of speeds

and drag force was measured.



IT. INTRODUCTION

The purpose of the analysis and measurements outlined in this
report is to give a clearer picture‘éf the origin of heat generation
in a pneumatic tire, and of the way in which the heat leaves the tire.
In more detailed form, this question breaks down into several individual
questions or research sthdies, each worthy of substantiél effort,

These may be‘expressed as: H
| (1) To what exteht is heat generated by hysteresis within
the tire tread and side walls, and to what extent by
mechanical scuffing between outer tread surface and
roadway?

(2) What is the distribution of releése of heaﬁ by hystefesis

relative to depth beneath the outef tread surface?

(3) To what extent does the total heat generated flow to

the atmosphere, and to what extent does it flow through
the contact patch into the roadway?
Subsequent sections of this report attempt to throw light on these

questions by both analytical and experimental means,




III, THERMOCOUPLE MEASUREMENTS

A series of{experiments was conducted to examine the internal
heating of a tirg carcass under various conditions. The tires were
instrumentedeitﬂ thermocouples bonded into the carcass., The temmera-
ture was recorded as a function of time and from this data the rate
of heat genefation could be calculated, This rate of heat generation
can be compared to the ﬁechanical power dissipated.

The experiments were conducted on regular roads using The University

of Michigan Highway Safety Research Institute Mobile Tire Tester, a
truck modified to carry a tire under various loads and alignments at
normal highway speeds,

‘A total of three tires was instrumented and yielded useful infor-
mation iﬂ the tests, Two of the tires, identical B, F. Goodrich
G78-15 bias belted tubeless tires mounted on 6JK pressed steel rims,
were instrumented in the same way. They hore code numbers DG24-0026-5
G598 énd DG24-0026-8 G598 and are identified by the abbreviations
G78-15 #5 and G78-15 #8, respectively, These two tires had a solid
fréad surface with the same gross contour as the standard production
tire, but without grooves or sipes. The third tire was an H78-15 of
the same construction as the G78-15 tires and was mounted on the same
riﬁ. 'This tire had a standard production tread. All three tires were
load rénge B tires and the two sizes are both common on domestic
intermediafeAsize automobiles,

The thermocouple locations relative to a cross-section for the

G78-15 tires and the H78-15 tire are shown in Fipgures 1 and 2, respectively,




The tires carried 1000-1b vertical load and were inflated to
24 psi except as otherwise noted.

The thermocouples were installed in the following way: the immediate
area of the chosen location was frozen with liquid nitrogen, a 1/8 in.
hole was drilled to the proper depth, the tire was éllowed to refﬁrn
to room temperature, the thermocouple was inserted, an& the hbié was
potted with Duro Plastic Rubber (T.M.). The Plastic Rubber was iﬁjected
with a syringe to avoid trapping air pockets, o

~ All holes were drilled from the inside of the tire. In those
locations where the thermocoupie was within or'beyond fﬂé ﬁiy strﬁcture
it was necessary to drill through the fabric,

Those thermocouples located on the interior wall of.ihé caréaés
were glued with Plastic Rubber into shallow dimpleé machinediinté the
surface, - | -

The thermocouples were made £rom 28-géﬁge qopper-coﬁﬁﬁaﬁfan fwin
lead wire with plastic insulation. The junctions weré buttFQélded‘
electrically and thatvregion stripped of insulation during'the Welding
process was coated with "Gaugecoat,'" a thin latex rubber wafefprodfing
agent.

The wire leads extended from the point where they emerged from
the rubber, around the inside of the tire to the éoﬁmon éiit holes in
the rim. There weretwo such exit holes for the G78-15 tires and one
for the more lightly ins;rumented H78-15 tire.-.The:wires passed
through the holes in a bundle and the hole région was potted with
Plastic Rubber which served as a grommet, seal; and mechanical rein-

forcement,



The lead wires were fastened to the inside of the tire at 6-in,
intervals using tape secured with Eastman 910 adhesive. Preliminary
experiments showed tﬁat a small amount of slack between these fastening
points was necessary to permit the lead wires to flex with the tire
and to préﬁeﬁt'bfeakage.

The constantaﬂ lead wires were fastened to a common junction
inside the tire cévity andva single constantan lead wire was brought
out from this junction.

4After passing through the exit holes the wire bundle was brought
to a siip ring assembly, thence to a 32°T ice bath réference junctibn
located on the rear of the truck, and finally to the instrumentation
in the cab of the truck. | | |

The instrumen;ation in the truck consisted of a low resistance
multipole.switch, a-digital microvolt meter,-a stop watch, and é
tape recorder. The switch position and corresponding voltage and'time
were read verbally into the recorder for later transéription. N

- The experiments reported here were perfofmed on three occasions,
The experiments using the [178-15 tire were performed on November 19,
1970, and Decembef 3, 1970, at Ann Arbor, Michigan, on concrete roads
with air temperatures between 40%and 45°F; The experiments using thé
G78-15 tires were performed March 1, 1971, through March 3, 1971,
inélusive, at College Station, Texas, on asphalt roads with air ana
road temperatures in the ranges 40°- 70°F and 4507.90°F, respectively.

Thé eiéeriments_were conducted by bringing the truck to the
appropriaﬁe.speed, at which point the tire was lowered to the pavement

and run under load at a constant speed until the appropriate data




had been taken., The tire was then lifted and allowed to reach a
unifornm temperature as determined by the thermocoupi;s hefore a
second"experiment was conducted..

The recorded thermocouple potentials were transcrihed and con-
verted to degrees Fahrenheit and plotted as temperature vs..time;
The data for the initial 1 to 2 min were examined to determine if
conductlon, d1ffus1on, and convectlon effects were suff1c1ent1y smali
to warrant further processing of the data, If the graphs were’ suffl-
c1ent1y straight and did not exhibit curvature or the exponent1al
leveling off assoclated with heat flow, then it was assumed that the
rate of temperature increase was representatlve of the 1n1t1a1 1nnut
of heat,

It should be noted that, barrlng heat flow, the conVerslon of a
constant mechan1ca1 power 1nput to thermal energy y1e1ds a constant "
rate of temperature increase independent of initial temperature of
the tire, and the amblent road and air temperatures.

" The rate of temperature increase mas determ1ned by f1tt1ng a
stralght line to the temperature Vs, time graph and determinlng the o
slope of this line or bv taklng the temperature d1fference between |
two data points spaced 60 or 80 sec apart and dlrectlv calculatlng
AT/At, The two methods are almost equlvalent and the ch01ce of method
was subJect1vely according to the appearance of the graphs.. The tlme
interval in either case wasjcentered about the 40-66 see‘reglon.

The rate ofhtemneraturé increase>can'be{converted to a rate of

thermai energy release using a simple formula:



Q= AT/At + C « M

where
Q = Thermal energy influx Btu/sec
C =

Specific heat capacity Btu/°F 1bm

M

Mass, lbm

Two schemes were used to perform this conversion. In the first
scheme the simple average AT/At from thermocouples located throughout
the tire was used and the mass was that of the entire tire, The tire
weighed 30 1b and, using a specific heat capacity of .48 Btu/°F «. 1bm,

the formula becomes
Q = 11200 AT/At , L (1)

where Q is in ft-1b/sec and AT/At in OF/sec.

In the second sqheme the tire cross section was partitioned
geometrically into sections centered around the thermocouples and the
sum of the heat generated within each of these sections yielded a
weighted average heat influx over the tire.

The first scheme, although much less precise than the second,
vielded almost the same value and because the first scheme was much
easier to use and because the difference between the values obtained

using the two schemes was less than the overall projected uncertainty




in the whole experiment, it was decided to use the first scheme for
all the calculations of heat influx.

'The second scheme is illustrated in Appendix 2. The nartitioned
sections used are shown in Figure 1, ( |

Experiments were conducted with the tires unyawed and rolling
free, with the tires at yaw angles of 4% and 8°, and with brake torques
yielding drag forces up to 460 1b. The speeds used were 30 and 50 mph,
Drag force could be measured for either nonzero yaw or nonzero brake
torque but was too small to be measured for the free rolling case.,

The drag of the unyawed free rolling tire was assumed t§ be 20 1b,
equal to 2% of the 1000-1b vertical load bhecause it was not possible
to measure the drag.

Samples of the data an& the graphs derived froﬁ them are shown
in the figures and tables,

Figure 3 gives an examéle of the temperature vs, time data for
thermocouples'located around the cross section and Figure ﬁ gives an
example of temperature vs, time data for points within the crown and
on the inside wall: Both these figures refer to a free rolling tiré.

Figurés 5 and 6 show sample temperature and heat generation
profiles, respectively, through the crown of fhe'tire. The snecific
rate of heat generation is the product of the rate of temperature -
increase and -.the specific heat capacity, neglecting heatlflow.

The total heat generation data for the free rolling'tire is
presented in Table I along with the power input based on 20 1b drag
and 50 mph forward speed. The heat generation is calculated according

to Eq. (1). The relatively good agreement between the thermally




calculated drag and the assumed mechanical drag may be accidental
since the mechanical drag of a cold tire is not readily available,
The mean deviatiophgor.;he AT/At data is 9% and it follows that the
same mean deviation is applicab}e_to thedQ values., If the drag was
indeed constant for all the experiments the average Q/P value hes a
mean deviation of 9%, This fact coupled with the average O/P value
of 1.035 indicates that the majority of meehenjeal epe;gy_used to
drive a free rolling tire is converted to heat via tire rubber and
fabric hysteresis.

The da;a in Table II represent the heat generation around the
cross section for various yaw and braking conditions for the G78-15 #5
tire. The deag Was‘measufed using the equipment on the.Mobi}e Tire,
Tester. The power expenditure is meaningful only for the yawed
experiments because in the braked experiments the brake mechanism
absorbe an unknown fraction of the total mechanical{energy.

However, the yawed experiments may be compafed with the unyawed
experiments. Here we see that only 36% of the assumed mechanical
energy‘is converted into carcass.heat whereas the figure for an
unyawved tire was close to 100%., The difference is apparently due to
the increesed scrubbing in the contect patch in the yawed case,

Table III contains a summary of some pertinent experiments wi;h
the H78-15 tire which was instrumented in the shoulder region. The
experiments were all conducted at 30 mph with the standard 1000-1b
vertical load and 24 psi inflation pressure., The heat generation rate

Q was determined by using Eq. (1). The thermocouple locations are



referenced 'in Figure 2, The power figure for the free rolling tire>
corresponds to 20 1lb drag,

Note that the drag force may be qnder-estiﬁatéd because the Q/P
ratio indicatés,a surplus of 13%. llowever, the Q/P data for both the
free rolling and yawed rolling tests compare wéll with the déta fbri
the corresponding tests with the G78:15'tires-considering the egtent
of the uncertainties involved inbthémtésts; | -

Most of the experiments‘werezéf less than 5 min total duration
because diffusion and convection effects would only complicate the
determination of heating effects.as exﬁlained ﬁreviously. However,
one experiment wa§ conducted for a tiﬁé sufficient to reach thermal
equilibrium, A summary of the experiments peftinént to this.réport’
is presented in Table IV,

Temperature profiles throﬁgh‘fhe crown showing the approach to
equilibrium are shown in Figure 5. Note that as conductiqn'withih
the tire and heat transfer out of the tire become'important, the
hottest point in the crown movesvfrom the region close to the surface
inward toward the middle of the cross section. The pfofile yields
temperature gradient data which indicates that at equilibrium about
78% of the radial heat flow is toward the outer surface éhd the

remaining 22% is toward the inner surface.
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Pigure 3. Temperature build-up around cross section.

17




75

._ -0

TEMPERATURE (°F)

65

60

[~ G 78-15 No.5 Tire
Free Rolling, 50O mph

Refer to Figurel for o
Thermocouple Locations | a + O %18

n , /< 19
o’ e I

/ " 13

— - . :
/ X O )
& - | 0«0

di Thermocouple No.

: Air Temp. = 40°
[ '~ Road Temp.=46° _
» 1 1 | | | I N I R | 1

- |
~20 40 60 80 100 120

ELAPSED TIME (Sec)

Figure 4. ~Temperature build-up within crown.
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Figure 6. Heat generation profile at crown.
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IV. TEMPERATURE SENSOR MEASUREMENTS

T
PRECS I I S A

An experimental system was ‘designed to measure the heat generation
caused by the scrubbing of the tire.’ The term scrubbing, as used |
here, refers to the horizontal motions that take piéée within the
contact patch of the tire,'which'cdntriﬁute to the energy dissipétion
of the tire and which are important in the héat balance ﬁear.thé éurface
of the tire. These motions between the tire and the road result in
a heat flux, -due to friction, which is parfitioned hetween'fhe tire
and the road. These motions are typicaliy small in a free rolling,
unyawed tire compared with the size of the contact patcﬁ; average
values of ,02 in were found in the scratch pléﬁeAexneriments described
subsequently in this report.

The experimental system consisted of temperature sensbrs bonded fo
the road surface and an electronic system to measure gnd record the
temperature during the brief time of contact between a sensbr and a
tire rolling over it at normal highway speeds,

The sensors-used were thin-film temnerature sensitive nickei “
grids bonded in a sandwich construction between two thin layers of
polyimide. The construction of a sensor is illustrated in Fié. 7:‘

The values of thicknesses shown in fhat figure are manufacturer's

values and were not measured or checked by ﬁs.' The overallisiie of

the grid was ,125 in x .175 in. Previous experience with the seﬁsors
indicated that the static temperature sensitivity was very uniform

from sensor to sensor and within 1% of the mamifacturer’s speéifications.
Neither ‘a static nor a dynamic témperature calibration was made and the

manufacturer's specifications were used. ™
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The sensors were mounted to the road using the following techniaue,
The road surface was smopthed using sandpaper until a flat, uniform
satin-like surface was achieved. Then gpo*y;éementﬂwas‘smeared into
and over this region, After the cement had set it was sanded smooth
and thé sgnsorg were bonded to this epoxy.surface using a thin laver
of epoxy cement, The surface:to wﬁichﬂphe sensors were bhonded was.
entirely epoxy with no asperities showing through. The road- to
.thch the sensors were bonded was an asphalt taxi way at Willow Run
Airport, Ypsilanti, Michigan, Fig. 8 shows a sensor mounted on the .
road and also shows the size of the aggregate in the asphalt., Four
sensdrs were placed in the array shown in Fig. 9 on 2.50 in centers
on a line perpendicular to the path of the tife and were numbered 1-4-
from right to left.

The seﬁsors were jgdgéd to be insensitive to static strain levels
resulting from a pressure of the same order of magnitude as the mean
contact patéh pressure., This was determined by a simple test in
which a piece of rubber was laid on the sensor and the system was.
allowed to reach thermal equilibrium, after which a force judged to
provide approximately 10 to 40 psi net, mean pressure was applied,

No significant signal was observed. A lateral force applied under the
conditions of normal loading described above produced no significant
signal-up fo the point at which slipping took place. The sensors

were indiVidua}ly incorporated into bridge circuits which also served
to comfenéate for the slightly non-linear characteristics of the
nickel gridf The overall sensitivity of{the system was 0,77 mv/°F,
and responsg_non-linearities were esfimated to he inconsequenti#lly

small over the range of temperatures recorded.
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The electrical signals prooucedaby changes in sensor temperatures
" were measured using a two channei, high gain storage oscilloscope,
and the traces recorded on the oscilloscope were photographed. The
'-oscilloscope trace commenced at an external trigger signal supplied by
the trigger.mechanism visible near the end of the scale in Fig. 9. A’
subseouent test of the'time response of the system showed that the
electronic components and the readout technique were capahle of
resolving details onva time scale much less than the,dnration of coritact.

A G78;15'pattern1essAtire Qas used at 24 psi inflation'preSSUre
and 1000 1b verticai'load. The tire is described in greater detailrinf
part IIT of this~report._‘The‘tire had under the conditions described
above, a stat1c contact patch length on the centerline of 5,5 in and
a gross contact area of 29 6 1n. ThlS y1e1ds a mean contact pressure
of 33 8 p51 whlch is 51gn1f1cant1y hlgher than the 1nf1at10n pressure
probably because of the stlffness of the patternless tread Fhe tire
was’ mounted on the nghway Safety Research Institute Mob11e Tire
Tester as shomn in Flg. 10. - ThlS'plece of equipment, which will be
referred to as‘the truck, was equipped with a yoke on which the tire
was mounted, and which could'be raiSed.andilowered'rapidly. - The truck
wds also equipped with a system_for measuriné and»recording the forces
acting on_the tire. ,Becausefthe small drag'forces associated with
free rolling,Aunyawed operatiOn were sma;ier than the resolution of
the system, no drag records were mad