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PREFACE

The purpose cf this report is to describe the mechanics of tire roll-
ing loss sufficiently so thet those interested in understanding fuel consump-
tion in venicles may make comparetive assessments cf potential tires for
given vehicle weights, tire inflaticn pressures, and tire construction fea-
tures.

Q.

Since tire construction deteils ere subject tc chenge, it should oe
understocd that The datz given here are probs
treads then in giving exact numericel values

current production tires.

1y mere wvaluable in irdiceting
or the rolling resistance of
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KEY TO TIRE CONSTRUCTION NCTATION

Exarple
Zias Tires 3) u X
No. of plies Mzterial
Bies Belted Tires (33): LN + 2Y / LN
‘Relt  Sidewall
Tread
Radial Tires (R): 2P + 28 - 1N/ 2P
Selt Sidewsll
Tread



1. INTRODUCTION

o

Znterest in Zuel conserwvation and the naticnal goal of zcre energy elfi-
cient passenger car vehicles nas generated consideradbles interest Iin the the-
nomencn oY the rolling resistance of pnewmetic tires. It 1s generslly rec-
ogpized that the rneumatic tire represenis one of the major lsoss mechanisms

for the engin I he other mechanisms being considered tc
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be eerodynemic ¢ érive trein ineffiziency, and the oocwer
needed for acceleration of itne wvericle. The gueantitative influence cf tire
rollipng resistance on fuel consumpticn depends hesvily on the vehicle and on

ne specific driving cycle. The most pertinent Zata, at least for passenger

r tires, seems tc be that of Ref. [l],* whiek shows that in the range of pres-
nt commercial tire characteristics, ené for most driving cycles, a 10% change
in tire rolling resistarce yields a 2% chenge in fuel economy. Tkis is a

ratio cf 5:1 in sensitivity. However, this improvement factor decreases as

tire loss becomes Less when more fuel elficient tires have been developed,

and are in use, their contribution to the overell fuel consumpticn of the ve-
bhiele will be small enough so that a much larger percentage change in tire
rolling resistance will be reguired in order to achieve the same Dpercentage
change in fuel consumption.

O o
o

]

Recent trip length studies [2],[L] show that “he average *rip length in
the Urited States is less than 5 miles, and thet over 409 of the vehicle miles
treveled by rvassenger cars is for tr-ps less than £ miles. ZEven Jurther, due
to the lemperature sensitivilty of pneumstic tires, their rclling loss tends to

be substantielly higher in the winter months than in the summer months, and
this factor, courled with short trip lengths, means that a2 great deel of the
pessenger car vehicle travel in the United States is carried out under condi-
tions when the tires accournt for a substarntial pert of the vehicle rolling
resistance. Clearly, the role of the tire is = vital one irn this problem,

and probably s the single most ixzportant component outside =f the engine
Which can be modified or improved tc aid in the goal of reduced fuel consump-
tion.




2. FUNDAMENTALS OF ROLLING LOSS

It is useful To think c¢f the tires on the drive wheels of an automeobilis
or truc¥ 2s pewer transmissior devices, since ithey transmit power from the
engine to the rcadwey in order %o prcocpel the vehicle. his i1s accomplished
with an efficiency which mey very fror nearly 100% o zero, althsugh under
normel conditions of good tragticn and steady-state running the elficiency of
the pneuratic tires is quite high, being cf the seme order of magnitude as
That ¢f other pcwer transmission ccmponents in the vehricle ssy 0.96 %o 0.65¢.
The unpowered or free r2lling wneels on s vepizle mey be thought of 2s 2 spe-

2ial case of powered wzeels, but now with zero torgue applied from external
sources.

The rolling loss =f a tire is mede up of three parts:

Frietion or scrubbing between tire and roadway;

—
O

~—~
3 o
LN -

Windage loss of the tire; and

(¢) Eysteretic lcsses of the tire materials due to zyclic stress-
ing. These have their origin in typicel stress-strein zurves
such &s shown in Figure 1, where the shaded aree under the
curve is the energy lost in one stress cycle.

In normal operetion the tire loss is essentielly all hysteretic, the
ground frietion and windage beling negligible.

The hysteretic icss zroperties of almost egll rubber ccmpcunds are guite
temperature sensitive, being much larger et lcw temperatures then at high
verperatures., This is illustrated in Figure 2. This means that tires have 2
zuch higher rolling loss when first starting from ambient temperature conditions
<han after warming up tc equilibriur running temperstures. Furiher, the

higher temperatures in the tire cause the air in the tire to increase in pres-
sure, leading to recuced tire defleciicn and even further reductions in roll-
ing loss. 3eceuse of these two effects acting together, tires show a signifi-
cant reducticn in rolling loss as they warm up. For passenger cer tires this
reduction is ¢f the order 57 1/3 of the initiel rolling lcss, and occurs over

a 20~ to 30-minute period.

T cne otiner fune-

Cn 2 passenger car vehicle every tire perfcrms at less
ey be either 4riv-
S

ticn than cerrying iis assigned skare cf

v
ing, in the case ¢ the rear wheels, cr steering in e case cI the frent
wheels. 3ecth of these effects obviosusly influence loss in the tire itself,
and greatly ccmplicete cuantitetive evelueziorn of one tire design against zan-
cther Tor thet reascrn the present review will be resiricted tc free rcllirzg
Tires in straigiht-line mcTion withcut steer cr applied tcrgue. This will give
2T least a2 tase-line conditisn from which the performence of ctne tire mey bde
Judged against anpctiher in a relzstively simple setr 27 cperating circumsiances.

n
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Zven within the frameworx of the restrictions just stated, the rolling
loss experienced ty a pneumatic tire still is a functiorn of the tire initial
irflatiorn pressure and temperature state, both of wnhich depend not only cn
the length of time of runring but also upcn the detailed

ng nistery znd
amoient temperature, as well as the ciher operating paramete that normally
control tire rolling resistance such as vehicle speed and weight. Thus %he
unambiguous descripticn of the roliling lcss of a2 rneumatic tire recuires the
complete specification of its opereting characteristics. These will be dis-
cussed in the subsequent secticns.



3. FEFFECT OF OQPERATING VARIABLES

Temperature sensiztive 1loss charactieris-
Tire jeperds con its cperating Texpers-
inflaticn pressure, load, and zne
£ o 7t Usually the zire steris from a coid
state wnen the vehicle begins a trip, eand warms up due <C internal nysterelic
icss 28 the Irip progresses. DJuxing the warm-up rrocess the rclling resiszance
of the tTire decreases, znd eventually the tire reaches scme nezr-ecuilibrium
Temperazture Trovided that the vehiczle Is cpersted in 2 steedy state condizicn,
such as at constant speed crn the hQigmway. Under ccndizions of start a2nd S30T
driving, such as in an urban envircnment, the tire is constanily chenging tem-
perature, but due to its pocr thermal conductivity it does so with a relazively
t

i
small set of perturbations about some average warm or h state. The detailed
descrirtion of such 2 temperature state is e function cf the exacet driving cycle
and cznnst be dessribed specifically. It has been custcmary in the study of

ire rolling resistance to evaluate this type of effect at scme convenient con-
stant speed in order tc rrovide a base-line measurement against which one tire
could be compared with arother. This is probably as satisTactery 2 soiuticn
as can be obtained at this tirme for the effect of running time or trip length.

A typicel plot of tire rclling resistance versus ruaning time is shown in
Figure 3 for Gocdyear GR7S8-1L radial tire. This is typical of *the kXind cf roli-
ing resistance response to %time which a pneumatic tire exihibits.

There has been considerable interest in the influence of load end running
time on the rolling resisiance cf preumatic tires, and Tigures Lk -7 present
data cn %this subjeet for four common sizes of passenger car tires, these being
378-24 and H78-15 bias tires, and GR78-1lk and ¥R78-15 radial tires. In this
case the tire rolling resistance is plotted as a function of lecad carried, for
the cese where the ccld inflation pressure is set prior to the begirning of the
test. The rolling resistance is plotted at varicus values of time ranging froo
the initial or the starting velue up tc the equilibrium value.

O (

Tt may ve seen {rom these figures that there is 2 nearly 1
re roiling resistance zand the load for the equilil
da

nip Detween the i ioriunm case,
as illustrated in Figures L -7. In all four cf these sets of data the Linesr

e
o2é 2nd roilin

2
re_atlionsiip tetwsen L and ling resistance is very close, ani further, o
2 very clcse approximaticon the rolling resistance vanishes at zero lcagd, with 2
r < 4 ly ¢ 2
a

>
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lengtzs prodedly s msst imperient in the first 12 minutes of the Tri
is arn importarnt segment ¢f ithe meny s8hort Irips wkich occur so frecuently.
The linear

lcad 1s arperenIly

R & - & :
Iux rol.lng resistance 2g 2 ~unellcon oo
)
<

1 rnown and has 1

s)
DE—PJH: s s

very useful concept ¢f tkhe STfiziernt rolling resistarc

:" ej
as The rclling resistan oy zh= load cerried. Using the Zai
L -7, 4the coefficiernt o

icad and time end Is shown in Figu.e

c
a.lows cne 2 ires Icr use con the same venicl
ried by e tire be the same on e given vernicle in a2 givern <ti
a2 comparison of the rolling resistance coefficiernts will show
most efficient for a given aprlication. On the cther hend, <
ing resistence are usuelly carried out at the tire rated lozad
tively large fraction of it, such as B0% of tire reted load. Direct presenta-
<ion of the rclling resistance urcer these conditicns is dependent
cerried by the tire, which, of course, varies for different tir
the concept of the ccelflicient i1s & generalizing and extiremel
both the presentation end interpreiaticn of data.

siz
y useful ore fcr

Figures £ - 11 show that for the two bias end twe rad:ial tires described
there, the coefficient ¢f rolling resistance increases with increasing load
for the co0ld, or initiel, state. Tor the equilibrium state the coefficients
of rolling resistance are, on the average, essentially independent of load.

Exarination of cata taken at fixed tire load and variable initi b
tion pressure shows thet the tire rclling resistance decreases as the inflazi
ressure 1s ipcreased. This is caused nr.mar:ly by the reduced deflection of
the tire when running under a higher inflation Tressure as compared with lower.
The effect with pressure is not a linesr cne, since as inflation rressure is
decreased the tire rolling resistance Increeses markedliy. However, it has been

shown in the tast, and tresent data collected fer this handbock substantiate
this conclusion, the rolling resistance i1s near.y linear with the reziprocal of

o
|-" b

initial Inflation pressure under conditions of capped air, steady state running
ané constant 1load. The four tires discussed in Figures L - 11 were tested under
a variety of ipitial inflation pressures za2rnd the resuliing rolling resistance
values are plotted as 2 function of the recivrocel of inflatisn pressure in
Figures 12 - 1%, zgairn Tor vericus itimes so that the influens of running timte
m2y be ifllusiresed.
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COEFFICIENT OF ROLLING RESISTANCE Fr/F;

0300

0350

0200}

0150

0100

0050}

I

_____Tire 618 - Goodyear ___ -
GR78-14 S/N MKMA HCE 354

. Speed SO mph __ _ .
Cold Inflation 24 psi
Avg. Amb. Temp. = 25°C

T I I B

_— -

0 200 400 600 800 {000 1200 1400

VERTICAL LOAD-LBS.

FIGURE 10. COFFFICIENT OF ROLLING RESTSTANCE VS. VERTTCAL TOAD
FOR GR78-14 RADIAT, TIRE

1600

1800




e
A1}

COEFFICIENT OF ROLLING RESISTANCE Fr/F,

| l |
0300 —_— Speed 50 mph_ [ T're 637- UI"IIFOVOI - —_ — _ I
Cold Inflation 24 psi HR78-15 S/N APVYEZ 025
Avg. Amb. Temp. =28°C
0250— —| ——— —— — - - B IR e
0200}—-——f- —— S — b Bl
o150~ —— — — 1 — —o!t=0
- t=Smin.
i 7 = ;
0100}- — E , n o —— I'=I'(3mm.
0050 ——— |—— - — — | = -
0O 200 400 600 800 1000 1200 1400 1600 1800
VERTICAL LLOAD -LBS.
FIGURE 11. COEFFICLENT OF ROLLING RESISTANCE VS. VERTICAL LOAD

FOR IR78-15 RADIAL TIRE

2000



ROLLING RESISTANCE, LBS.

Speed 50 mph

B I
Tire 601 Goodyear

50 Load 1104 |bs. G78-14 Bias CKL9 E2A 443
) Avg. Amb.Temp.=25°C ]
45
40}- t=0 1 —
35
30
253 l=fin1h1
t =10 min.
20 b=te ]
15
10 -
S
0 100 S0 333 25 20 167 14.3 P, psi
9] 010 220 030 040 050 060 oro 1/p

FIGURE 12. ROLLING RESISTANCE AND COEFFICTENT OF ROLLING RESISTANCE V.
REC I PROCAL OF INFLATION PRESSURE FOR G78-1b4 BIAS TIRE

0453
0408
0362
0317

0ere
0226

-10181

0136
0091
0045

o

COEFFICIENT OF ROLLING RESISTANCE F./F,



0373
0331

O
N
o
N

|
Speed 50 mph Tire 641-Firestone
Load 1208 Ibs. H78-15 Bias S/N WKVX VEE 145
S0 Avg. Amb.Temp.= 27°C
45
40 N R _ -
g t=0
-
W 35
LZ) 30 - —
g
0(2) o5 t=Smin.
bn:J t=10min.
O | - t=teT—"
Z
115
2 L
o IO"‘/;/——- I
5 :
o 1QO Sp 3:1’1.3 2|5 2.0 1§.7 | ¢}.3 Ppsi
0 010 020 030 040, 050 060 070 1/p
1 in
P Ib
FIGURE 15. ROLLING RESISTANCE AND COEFFICIENT OF ROLLING RESISTANCE VS.

RECTPROCAL OF INFLATION PRESSURE FOR H78-15 BIAS TIRE

o044 ;

0290
0248

OLLING RESISTANCE, LBS

0166 ©
L
o



10145

.0181
0163

o127
0109
0091
0072

(@]
O
18]
H

0036
0018

Speed 50 mph Tire 618 Goodyear
- Load 1104 1bs. GR 78-14 S/N MKMA HCE 354
Avg. Amb.Temp.=24°C
20(— ——|-- J-—- e
18 !
|
. !
16—
|
W 14
>
212 -
n
0 10
n 8 A
LZD // | i
) —
O 6
O
SN I . L e
2
5 100 50 333 25 20 16,7 143 P
0 010 020 030 040 050 060 070 1/P
1 in?
P 1b
FTGURE 1. ROLLING RESTSTANCE AND COEFFICIENT OF ROLLING RESISIANCE VS.

RECTPROCATL, OF INFIATION PRESSURE FOR GR78-1k RADIAL TIRF

COEFFICIENT OF ROLLING RESISTANCE Fr/F;



ROLLING RESISTANCE, LBS.

@

o

NN
N b

n
o

s

N

S

. N b O @

____Tire 637 Uniroyal

t=0

. . Speed SO mph I
Load 1208 Ibs. HR78-15
Avg. Amb. Temp.=28°C  S/N APVY ELO
t=Smin.
t=10min.
t=tg
L~
-
// - -
—]
-
i} S
100 50 333 25 20 167 14.3 P, psi
.010 020 030 040 ) 050 060 o700 /P
1 in?
P 1b
FIGURE 15. ROLLING RESISTANCE AND COEFFICIENT OF ROLLING RESISTANCE VS.

RECIPROCAL OF INFLATION PRESSURE FOR HR78-15 RADIAL TIRE

0182
0166 ™
~
-
0149
QO
pd
0132
%
o116 &
o
0099
3
0083 3
(1 4
0066 1.
00505
i
00332
0
0017 g
0



Tigures & - 11 ané 1Z - 13 now suggest that the relaiionshir between ezul-
Libriur roliling resistance, lc2d on the tire and Initisel inflaticn pressure
. o o - I AY
Tey be exgressed iIn the form of 2. (1),

; .

i

1]
—_

+

9 LP
]
[§)
~—
)

where

F = tire rclling resistance a2t ecuilibriuvm conditions
»
r = loacd or tire

p = 1initiel inflation pressure

, &, = constents

e
o’ T

"

A~ more thorcugh expositicn of this concept will be made in Section IV of this
hendbock.

Examirztion of
silonship exists fer

4]

ne same figures also shows that nc coxrarably simplie rela-
he relatizon between lcad and pressure and inisial or cc

tire reolling resistance. The resistance is not linear with load nor wit he

reciprccal of pressure, and nc generalized relztion such as that of E¢. {1) has

et Deen rropcsed,

P

a
d

ct ok

ct O

The questicn of speed effect con rolling resistance has been cne of consider-
atle uncertainty in the eariier published literature. Some measurements have
2een rerorted showing rather marked effects d orn rolling resistance,
wille other measurements show very little effect. A recent series of measure-

s

\ rec
¢n a single set of tires carried out oy & number of the major American
c b

-
>
s &

tire manulacturers showed that the rolling resistance o the sample Tires was
nezrly independent of sreed within the speed ranges ncrmally encountered orn zhe
American highways *oday [L]. Figure 16 shows the mear value ¢f rclling resistance

ic
for five different common Americen passenger car tires at three different speeds
2 e :

s meesured cver nine d:ifferent L_eboratories ranging from a 6u-inch dizmeter cy-
Lindrical Z4rum tc a flat surface. These measurements were carried cut at 30,
22, and 7C =zn, and shew %nat the roclling resistance Is nesrly conszant with
steed up 12 3C mph, while 2t 7C o=ph the general tendency is o ezse,
It i1s surmised thnat tne effegts here zre comdinetions ¢f hiz ard
Ss Zigher running spes szoe
associated with these The
rcbably tend o caus uni-
in Tigure 15

cr turposes of this study & wide varies
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rassenger car tires were tested for their rolling resistance charszcteriszics.
These tests numbered scme €5 differernt tires encompassing mest o the zommon <Ch-
s*ruciion and menufaciurers. The results of trnese fests are expressei z2s5 the
zzsclute value o7 rolling resistance at 20% of the rzwed Load =f each =i *he
~ires, and are plotted in Figure 17 gs a2 function cf the Tire lcad rating, wizh
tne increasing lcac rztings beizng ploited to the right of the Tigure {Indi-
vidual test results are given in Tzble T.; On this curve 2azh measured rollirng
resistance is plctted as a single point showing the rolling resistance value 0=
tained at ecuilibrium condizions ané 2t a speed cf 30 mrh using 24 psi initial
inflation pressure and carped air ccndisions. The rclling resistance wvalues zare
generally seen to increase as the tires beccme bigger in size, dut of course the
lcad carried by them also incresses. =Ircm the data plotted 1% i seen that ra-
dial tires are mcre effliclent %than similarly sized bias arnd bias-telted tires.

r s
It is also seen that where more than one tire of a2 given construction was tested,
considerable spread can be observed in the data. This Implies that there are

ifferneces between the rollirg resistance of the same size tires from different
manufacturers, as well as differences between rclling resistance of the same
size tires {rom the same manufacturer. The exact guantitative value of such
srread is a matier for further investigation.

Most of the rejor Americarn tiremanufaciurers row have develozment srograms for
so-called "fuel efficiert” tires, that is, tires with markedly reduced rollirg
resistance but with acceptable levels of performance in other areas. Three of
these tires were also tested for this program of measurement, and the resultirg
rolling resistance values are alsc plotted in Figures 17 and 18 using a2 special
symbol for the data point. While these tires are designed to operate normally
at either 26 or 35 psi inflation pressure, we have adjusted the %ire rolling re-
sistance *o a value of 2L psi irn order to mske the data consistent with the cther
measurements given in those figures. When this is done it is clear that these
tires do not exhibit much improvement over existing commercial radial tires.
Their advantage seems to be that they can be operated at higher pressures, such
as 26 or 35 psi, in which case they are more fuel efficiernt than exisiing lower-
pressure radial tires.

This same data mey be preserted in a somewhat different fashicn by plottin
the coefficient of rolling resistance of the tires discussed in Figure 17, again
as a function ¢f %tire load rating. This is shown in Figure 18. TFrom this it

may deen seen that for a given vehicle the mcst efficient tires in terms of roll-
ing resistance are the larger sizes, sirce their coefficients or rolling r
sistance are slightly less than those ¢ the smeller sizes. Agzain the radial
tires are defintely aocre efficient then Dias and bias-belzed tires, and are o
ze preferred where available.

()]

The role of aspect retio is not cleer in Tigure 18. On the whole there ray
be some tendency for low aspect ratio tire 0 exhibit slightly reduced rolling

O
o
13

e

[
resistance coefficients as ccmpared wit gher aspect ratic tires. This would
te expected {rcm physiczl ccnsideraticns. The effect is smell in thls data and
t-e benefizs, f they exist, are ncs ver t
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TABIE I.-TIRE IDENTIFICATION AND TEST DATA

Vertical n;:tm Equ:'librlum Icniuﬁ Equilibrium 'rm:m " TFquitibrium
Tire Tire " N Inflation Inflation avity Cavity o} 1 ing kolling
Nuwber Description Construct fon Minutacturer Serial Number m::' Pressure, Pressure, Tewmperature, Temperature, Resistance, Reyistunce,
_ . L . ~ _psi pet c *C o 1b o Ib
1 GI8-1h B Lp Guorlyesr CK19 E2A Lk} 0.0 24 2.8 21 ] 16,91 1.5
2 GrB-ah Y uP sooiyear CKLO E2A Lh3 1100 24 29.0 19 3] 25, 50 15,70
M w81l b up Goadyear CKY k2a Ll 1380 2h 1.0 20 (W] hope 19.9%
[ Gr8-1 v Ly Coudyear CKLY F A LbD 15 2h L0 21 L s,y LS990
B GH-1h B Ly Gooldyear CKL9 E2A LbL3 1104 16 21.4 23 1 W 19.¢.
8 GI8-1h B Lp Gooidyear CKL9 E2A 4h3 110k 20 2.1 23 Cy .4 [N
i G78-1h N Lp Goodyear CKLY E2A 4b3 1104 28 325 24 “y 21.7h Wy
8 Gi8-1h B Lp Coo:lyeur CLK9 EcA kb3 110k 32 5.0 @5 i 145.71 [
9 Hi8-1', 8 Lp “irestone WKVX VEE 1h5 906 2 2.3 20 L8 17.40 [N
10 HB-15 b Lp Firestone WKVX VEE 1L5S 1208 2l 2.5 26 BYi 2l hy 1619
1 Y- B hp Firestone WKVX VEE 145 1510 2h 0.0 27 66 2.069 21,00
12 nH-1= B Lp Firestone WEVY VEE 1h% 181 24 2.0 28 Y Lo oo 29019
13 -1, B hp Firestone WKVX VEE 115 1208 16 ¢2.2 249 6y 3. 59 191y
ih -1 B Lhp Firestone WKVX VEF 1hS 1208 20 2.6 2h (3] 0. 90 17.'9
1 HB-15 B hp Firectone WKVX VEER 1hY 1208 28 31.8 26 5 23.% 14. %0
16 Ir8-15 Ly Flrestone WKVX VEE 1hY 1208 X2 3.8 25 0 19.hy 1h.10
17 GRIB-1h R 2Pt fep oodyesr MKMA ICE 35h 824 24 20.4 25 W 12,72 8.9
18 CRIB-1h 1 PP /2P Guo lyear MKMA HCE 3454 1104 2h 21.0 2h hh 16,00 11951
U] GIR/Y-14 R 2Pe2s/2p Goodyear MKMA 1ICE 3%h 1360 2k 8.5 21 50 20,90 th. 24
0 GhiB-1h R ari2i/2p Guodyear MIMA ICE 3%k 1656 2k 29.0 22 97 2o he 16. %)
°1 Gle/8-1h R 2P0/ op Guodyear MMA HCE 35k 1104 16 19.0 19 =6 19.% 13,78
Al Gle/8-1 R Goudyear MKMA ICE 35k 110k 20 25.0 21 '] | YY) 2oh2
He) GHIB-1h R Guudyear MKMA HCE 354 1104 28 30.0 22 Loy V5.0h 10. 0%
“h GHIB-1h R Goodyear MKMA HCE 39h 1104 b 5.0 23 Ly 12.72 y. 8
a4 er8-1, hipaes /o Uniroyal APVY El 02% 0L 2h 27.6 25 [N 2.0k 8.
20 HIEIS-1% | hP1-5/20 Unlroyal APVY El 029 1208 2h 29.0 24 Bl 1670 11.75
K HeB-15 w hpe2s/oN Uniroyul APVY EI, 025 1510 2 30.3 25 60 RN 1h.th
¢ I/B8-15 R hpe2s/2n Uniroyal APVY EL 029 182 2h 519 29 (4] 27.08 .04
29 HH78-15 R Lpr2s/2n {hiroyal ALI'VY EL 02% 1208 16 20.0 26 . 63 U] 15.0h
30 1HIB-1% R hp2g/2n Uniroyal APVY El. 025 12 20 24,9 27 95t 18,96 12.78
31 wib-19 R WP28/2N Iniroyal " APVY FL 029 12008 28 2.4 -d4 50 i, 20 10.8h
]

b7 HHIB-1% hpe2s/eN Uniroyal APVY EL 025 1200 32 %.5 25 h8 13.2h 10.23




ce

Tire

Humber

Reproduced from
best available copy.

e
D

Tire
Nescription

A,

5

H2

9
70
72

SR0-1%
H -

HEEVEy b

HEN

3

SRTG-% F

A1
EJO-1h
-1

A8-11
Fr4-1
Gre-1h
13-15
/8-
ATO-12
E10-14
G10-19

A18-13
crd-1k
1578~ 1k
E8-1h
Hg- 1k
¥78-1h
G-t
8-1s

JiB-1%
L-1t
18h-15
Gi8-15
1L78-1¢

4

u

R

»

bB
BB
uB
BU
-14]
Bb
BE
BR

bB
EB
ER
BE
1.1

TABLE I.-COWTINUED

155 S3R-12 R
1tH 5R-13 R
105 Sk-14 R

Vertical Initial Fquilibrium Initial Eguilibrium Init:al T{L;_Hbr.um
Construetion Manufacturer Serial Number Load, Infiation Inflation Cavity - Cavity Rolling Rolling
b Pressure, Pressure, Temperature, lemperature, Reslstance, Resistance,

o psi psi ‘¢ °C 1b b

— — — 1104 24 28.6 23 e 15.99 10.98
N eneral VIVF WM 193 110k 2k 26.5 25 7 1.1 15.80

— B. 7. oodrich  BEUF LE2 6 110k 2h 26.8 23 0 1. 33 1.6

kp Lee JCUY LAF 34k 110k o 27.5 217 51 21.7% 1h. 20
2Pies/zp Gou lyear MJUS CX1. hoh 1104 2h 26.5 2h hy 1. 6h 11.1¢
Lp Goodyear MJFS E2A O%h 720 2k 2.7 25 se 15.70 9.61.
Lp lee JCLB 1AF 1LS 952 2u - o 8.0y 12,18
hp Lee JCU6 1AF 33 1208 ok 27.6 23 5, U 15
hp Dunlop DAFS CW7 10N 720 2k - 25 €1 17.70 10,78
Lp Dunlop DEL? Ch7 2% 102k 2h 271.5 26 34 19. 9% 1272
Lp Dunlop DY cl7 20h 1104 2k 2.7 25 56 20.56 5.5
hp Dunlop DBVV Ch7 19k 1104 24 20.6 2 93 19.89 1526
hip Dunlop pRvY Chp hé2 1208 2k 282 0 54 220492 15.01
2H2E/2P Goodyear MJFL YhA 2hh 120 24 —_ = L8 12.82 8.80
2P+2F/2P Goodyesr MDLB Y4A 343 9.2 2k 21.5 23 w2 17.k0 11.29
2re2r/op Goudyear MJUL YYA 163 110k 2h 28.8 23 L8 18.7h Yo ho
2P12F/2P Gwodyear MHFS F5A 393 720 2h 2.3 2l 50 16.01 9.85
2pe2r/ep Goodyear MNLY DDA 134 8ho 2L “8.0 26 53 17.70 110
2PI2F/2P Goudyear MJL3 DDA 2hb 896 2h 27.0 23 51 Vi.n2 11.73
2Fi2K/2P Dunlup DHLS ch2 20k 942 24 28.0 oh 51 17.93 11.89
2PHRR/ 2P Goodyear MIMB DIM L5 1208 2h 28.8 20 54 22,08 1h.re
SPE2F/2P Goudyear Ciwy KBDH 1024 24 27.8 21 50 21.15 13, 1h
cpi2r/2p Gooldyear MMVh DDA L3N 110h 2h 28.8 21 53 20090 A
2P+ 2F /2P (jooityear MKUX DD 12k 1208 2k 28.2 23 93 22,51 15.01
2Pe2R[2P Goullyear MKVL DDH 114 1264 ol 20,2 19 ) 2503 16.62
16 Ty g Gooldyear MEU3 FKH 2L4 150 2h 29,0 19 5 25002 16. 50
22K/ 2P Guodyear MEWA DIUL 234 13h0 24 28.3 25 5h 25,96 16,11
T REY A (oodyear MKVV EQH hli3 1104 2h 8.0 23 5 22,30 W
2Pees /2P foodyear MKY 5 E9H Li93 1300 24 2.0 23 51 21,51 16.1N
2Pies/oP Goodyear NUFS AC2 573 o8 2k 26.0 2y ik 11.01 8.59
2pPa2s5/2p Goodyear NHE9 AC2 LY3 688 24 .0 23 hy 1h.51 9.62
1be28/2P floodyear NEJY NN2 373 78 2l 27.0 25 b3 13.20 LT

9



TABLE I.-CONCLUDED

o
O

Verticay Tmitial Equilibrium  Initfal bqut Libr tum Tnitial Equiltbrion
Tire Tire Zonstruction Manutacturer Serinl tumber Load Tnflation Inflation Cavity Cavity Holling Holling
Nurber bescription b ’ Pressure, Pressure, Tempel.‘a'.ure, Temperature, Reststance, Fesistance,
psi pst c ¢ i

T4 155 5R-1% R 2Pe25/2p Goodycar NXI77 AC2 L €92 24 8.0 25 Lk MN.6h 8.4
h 1£5 SR L5 R 2pe28/op Goodyear NCTB AC2 393 ‘1€8 2h 26.3 23 Wk 1h.hy 9.1
7% AH[O-12 R 2MuRILS/2p Goodyear MIOJ JKT LTh 720 2l 26.9 25 L8 13.91 9.8
1€ E270-1h R 2P1hR+18/2P Goodyear MJLC JKT 084 952 2h 26.8 22 hy 1.9 10.8%
e virc-ak R — —_ — 102k 2Y 8.2 29 =1 19.%0 12.00
8 sRI0-1% R 6V LS/ 2R Daytona HYUS IINY 513 110 2h 28.0 21 o b o 15.87
' G7C-15 R ZP12SIN/2P Goodyeur MKUZ FWi! 21N 1208 2k 21.0 19 Wk 1.0 105
8o IR0 B 6RLY/ 2P Dayt.na HYUO HWY 1<k 126k 2h 7.0 20 h P W 4y
81 LHID-1Z R tHiILS/2R hayt.ona HYVD HNY %23 12h0 2h 1.8 23 [ 28,04 16,11
82 GKIO-1- R 2P12s/ip Firestone — 110k 2h 27.0 23 ] 22.9h BT
8= Ak/B-1* R 2pe25/2p Cooper UPKK NDN hob 720 2k 28.0 19 L8 12.0% #.0h
oL Merd-ik R 2ps2S/2p Guodyear MKMC AYN 23k 1208 2h 27.8 24 n8 1824 Voo (b
[i53 LIIE-1 R 2p23/2P Cooper UTé 1T 11% 952 ah 28.5 —-— — 16.16 1.
86 GR/B-1k R Ppi2s/2p Cooper UFTMA 1DV 119 1104 24 27.9 2l > 17.88 12,12
87 werB-1h R 2pe2S/2p Cooper * UM MW 115 1208 24 2.8 29 o1 1.7 10.82
88 GiI8-15 R 2pe2S/2P Cooper UI'w F8N 115 1104 24 28.0 25 53 16. 4k n.r
89 ers-1s R 2ps28/2p Cooper UIvY FBP 15k 1208 2h 28.0 23 Yl 17.29 12.18
90 JIeiB-15 R 2P28 ELNf 2P Goodyear MEU2 FNE 08 1004 24 206.8 23 Wy 17.084 11.99
91 LR/B-1% R 2125/2P Cooper UrvY DY 23 130 ol 8.5 22 97 0.6h 13.92
92 GH78-15 R GR/2R Firestone VEV XVD 2% 1104 2h 1.8 25 61 21.h2 15.08
93 LR78-1% R OR/2R Firestone VEVY XVD 25k 1208 24 1.5 25 2 224, 15.64
9k LK8-15 R - B. F. Goodrich  BEVL P7122% 12k0 24 7.2 2k 52 21.2h 15,11
99 GRIB-1H R 2P125/2p B. F. toodrich  NIFEWW DH 1504 1100 24 1.5 23 50 15. 06 10,12
6 GH/B-1~ R — — — 1104 24 7.0 29 H0 16. %0 1. 16
97 162 -1 R 2R423/2R Michelin TGM 5392 N/hh 88 24 26.8 26 Lé 2,05 ke
9 16 4R-13 R 2R125/2R Michelln — w8 24 25.9 26 b3 10,03 1.0h
9 A78-12 34 - Goodyear - 720 2 - oh Bl 16. % V0. Y)
10} F18-1k » Lp Dunlop DBLT Ch7 23k 8ho 2h 1.0 el L8 15.90 9.%%
102 [HEET'] Lp Dunlop pBLY Ch7 20k 780 2h 26.9 26 L6 12. k0 8.
100 £73-1h up 2P2¥ /2P Dunlop DHLS Che 20k 8L0 2k 27.5 2k 51 th.sy 10.03
LOL if78-1k BH 2P+2F/2P Goodyear MIMB DD 154 8Lo 2l 26.% 20 hy 13.9% 9.63
105 LRYB-15 R 2ps2gf2p B. F. Goodrich — 110b 24 26.8 24 uf 16.60 1.yt
106 GR78-15 R 2P25/2p B. F.Gondrich® REW PR 1504 1104 24 — 25 bl 2033 15.98
101 1(5 HR-1% R 2Re2S/2R Michelint TGM 5592 N/nh 648 2y - 2 Ly 15.6y 8.92
108 P215 / (OH 3%0 — Coodyear TX 8303-12 1065 26 — — - 10,0
109 P195 / BoRr 13 — lniroyal AJ-22-3118 10l) 26 - — — — 10,22
110 PL5Y / THR 1h - Firestone R T1v 1120 26 — - — —

13,62

“Retreaded.




COEFFICIENT OF ROLLING RESISTANCE x 1000

S N & 3 @

c NS O @

80% TRA Load

Cold Inflation Press. 24 psi

013"Tire o 13"Radial

a14"Tire a 14" Radial

Tire

Mfgr:
GY-Goodyear L-Lee

FOR A SELECTION OF PASSENGER CAR TIRES

Capped Air 015" Tire ®15"Radial GE-General C- Cooper
50 mph Speed - : BF - Goodrich D- Dunlop
* g?%IqE;Qicnent Tires U-Uniroyal M-Michelin
T F-Firestone ]
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ASPECT RATIO
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FIGURKE 18. COEFFICTENT OF ROLLING RESISTANCE VS. TIRE 1OAD RATING



In view of the rapidly increasing numbers of light trucks
American vehicle fleet, the rolling resistance characteristic
tires is an imporsant factor inm venhiecle fuel siruletion. For

s c e
group of {four common sizes of Lighst Truck tir
ed n

i
Tance measurements carri cut on thexm. ESince they z2re ccns:
cperate a2t algher Tressures and Loads Than pessenger car tires,
These measurements are tresented in Tadles II zarsugh VI.

Fs3

TARLE II.-TEST DATA IOR 7.0C-1% 1T TI:

Dia. = 29.¢ in.

Tire Inflation o oans 2esissance
] a o) Y
Loagd, Pressure roL-lng Resz c
— s
1D (cold). psi Tt =0 ©=1C Tin

1220 25 28.6L 22.38
1220 35 23.27 17.30
1220 ks 19.54 1L.92
€0 25 16.26 12.38
1L80 35 27.45 20.88

TABLE III.-TEST DATA FOR 8.0CR 1l€.5 LT TIZE

Dia. = 28,24 ir.

Tire Inflaticn 15 -t s
Load, Pressure Rolling Resistance

1% fcold), msi Tt =20 +=10 =zin t=1te
€10 Ls ak.éz 1€.37 12.01
181C 52 22,06 2.77 e,k
1610 &5 15.82 12.CL 13.31
1380 23 17.71 13.31 12.61
18LO 53 2.6z 17.53 5.5z

n
(&%)
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Tire Irflaticn . et e
T oad Pressure Rolling Resistance
Load, Pr T

1t (2012d), wosi =0 T=.0 zin T = e
185¢ €3 27..5 18.35¢2 16.73
1530 >3 23.29 17.68 3.253
183¢ €3 18.82 16.Lk2 5.532
1350 sz 2C.00 15.28 1k.53
2lio 22 27.57 18.70 17.€1

b
<

.-TEST DATA FOR $.50-~16.5 LT TIRZ
Dia. = 30.56 in.

Tire Inflation N
Load, Pressure - Rolling Hesistance
15 (cold), psi t =20 T=10 min T g

2190 Lo Lo.o7 28.80 2k.0L
219 50 32.9°% 28.53 22.12
2150 60 29.09 22.12 20.195
1880 50 26.72 20.78 18.L1
2500 50 38.00 28.50 2L, 3L

TAELE VI.-COETFICIENT OF ROLLING RESISTANCE FOR LIGET TRUCK TZRE
AT TYPICAL LOADS AND PRESSURES

(A) (B)

o 809 Tire Equilidrium Coeffizient
Tire Size :;*;au-c“ load at Rolling o Relling
Pressure Maximus Resistance a+* Resistance,
ccid), psi o Sonciti 3 T
( ), T Brecsure Conditicns 4,3 1t/12C0 1»
- -18 = = 1
7.00-1S LT 22 1220 16.L1 12.L8
8.0CF 1£.32 s2 1610 1L,k g.¢5
=t S = = = &%
§.75R 18.5 == 185¢ 15,53 g&.22
- - S = - - :
$.30-22.2 17 =T 213C 22,12 1C..C
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The reduction in rclliing resistarnce 2s the tire warms up ¢
as the ratic ¢f roil !
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iing resistzance at ecullibrium
tial, state. This data 1s given in Figure 12 for the same zro
seribed in 17 and 12. There seems tc te very litile
data. There may te some small differences between bizs and r
bias constructions seem to exnkibit a slightly i 2
to initial dreg, but other than that, size, aspeci ratic, and 1lc
to matter very litile.
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The tires used in the tests plctted in Tigures 17 and 12 were manufactured
by a veriety of different American manufacturers in 1673 -1975, ani their de-
tailed descripiion is given in Teble T of this rercr«.

From Figure 2 it was observed earlier +that the eguilibrium running siate
of the tire appears to be resched somewhere after 10 toc Z0 minutes running,
and at 30 minutes of cperation at a reasonable speed such as 50 mph, mostT
passenger car tires are almost at their equilibrium temperature state and nence
at the steedy state value of their rclling resistance. Arprcoximate methods for
celeulating such warm-up times have been presented in the past {5]. Gererzally
such warm-u» tizes are of value for studying the fuel corsumpiicn characteris-
tics of vehicles in short urban trips, but there is some interest also in the
length of time necessary for the tire to be stationary in order for it to ccol
down to its ambient state and again regain its nigh value of initizl rolli=g
loss. A short study done cn this for the present report shows thet tire roll-
ing resistance as a function of cooling “ime may be plotted z2rpreximately in
Figure 20, where the ccoling time is measured from the tire rclling resistance
equilibrium value, as indicated at time t = O on Figure 20. TFrom This data it
was corncluded that the time to regein the cool state i3 substantially lenger
then the werm-up time, which ls consistent with the approximete heat transfer
coefficients that would be appropriate for the moving and stationary states of
the tire. Such information is also of value in the study of short urben driving
sycles.

Some ccrnsiderable interest has been shown in the role of tire wear in
modifying the rolling resistance o a new tire, since essertially 21l of the
measuremen%s which have been made on %tire rclling resistance have been done c¢n
new tires. For the purposes oI this study, two pairs of ‘ires with very spe-
cific characteristics were collected “rom used automobiles. ach of these
pairs was made up of one tire which was npearly at its fully worn condition,
while the second tire had been kxept as 2 stare ané was essentially umworn.
These tires were testa2d for rolling resistance urmder identicel conditions of
infleticn, lcad, and tizme, and their results repcried for purvoses of this re-
Tort. Subsequent to this test program, eech of the worn tires of the dair was
retreaded by 2 commerzial retreader and the tire again nmeasured For its rolling
resistence value. The results of these meesurements are shewn in Figure 21,
where 1t is seer that in toth cases “he retreaded tire shows higher rolling loss
than either the new *ire or its worn ccunterpart. <JCautiorn shculd be used in

-

interpreting this as a generzl result due to the small amcunt of data on this

~uDJE~..



RATIO OF EQUILIBRIUM ROLLING RESISTANCE TO INITIAL ROLLING
RESISTANCE FOR A SELECTION OF PASSENGER CAR TIRES

FIGURE 19.
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O ®

|
Speed 50 mbh
Load 780 1Ibs.
Cold Inflation Pressure 24 psi

| |
Tire 200 Goodyear

BR78-13 :
MMFW FNA 413‘

B

o ™

o0

INITIAL ROLLING RESISTANCE, LBS.

d.‘)m-bm

32

. o
| |
: i |
Cold i
| |
| i | ) :%D
 Equil.
(q)
10 20 30 40 50 60 70
COOLING TIME, MINS.
FIGURE 20. ROLLING RESISTANCE VS. COOLING TIME



INITIAL ROLLING RESISTANCE -LBS.

T I i 1
Speed 50 mph Tire O41 Goodyear
Load 1340 Ib. LR78-15 MJV4 FNE 044
22 Co||d Inflotioln Pressure 24 psi |
id
20 ]
18 T
16
14
Equil.
12
10
8
6
4
2 (b)
C)O 10 20 30 40 50 60

COOLING TIME, MINS.

FIGURE 20. CONTINUED
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| |
Speed SO mph Tire 640 Uniroyal
Load 1104 Ibs. GR78-15
Cold Inflation Pressure 24 psi APVW DR 015
18
. | Cold
0 16— ' e— —
2g] —e
-
w 14
Q
2
L 12—
n
Q‘O Equil.
g 8 L ]
26
x
2 4
g |
}_ !
= 2 (c)
0
0 10 20 30 40 S0 60

COOLING TIME, MINS.

FIGURE 20. CONTINUED
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INITIAL ROLLING RESISTANCE, LBS.

Speed 50 mph ’

: |
i Tire 366

Load 1104 Ibs. ' G78-15 Bias
24 Cold Inflation Pressure 24 psi |
Cold ! | | ] :\J)
T
o
12 ;
10 |
g |
6
4 , |
2 | (d)
0 J
0 10 20 30 40 50 60

COOLING TIME, MINS.

FIGURE 2C0. CONTINUZED
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| |
Speed SO mph ! Tire 127 Goodyear
Load 720 Ibs. A78-13 Bias
Cold Inflation Pressure 24psi - MKY3 ESH 493
| : ' |
| ! :
| | |
180521 l‘ " ' ' —
. | | : Y
(7)) | + .
o 14 | i
Z | |
=12 ,
%
N~
g:-”o Equil. |
|
28 ,
o
3 6 ,
= ;
g 4 a
= |
2z 2 | (e)
o | | |
0 10 20 30 40 50 60 70

COOLING TIME, MINS.

FIAERE 20. CONCLUDED



EQUILIBRIUM ROLLING RESISTANCE, LBS.

15

S

o

ks 2

(w (o

€ 3 L c 3 L

2(121]] & s(|2]]e&

# #* # # # ¥
GR78-15 I65HR 13

LOAD 1104 LBS LOAD 685 LBS

PRESSURE 24 PSI COLD PRESSURE 24 PS| COLD
CAPPED AIR CAPPED AIR

FIGURE 21. FQUILTBRTUM ROILTNG RESISTANCE VALUES FOR NEW, WORN,
AND RETREADED TIRES OF THE SAME TYPL




Caution sheuld alsc be used in using *his resclt as indicative c¢f the
amourt cf rolliing loss that czn bYe assigned to the trezd of a tire. AT Jirss
glance i< might appear that the irfluence ¢ the tresd Is reasonably smell in
determining the overall rclling Loss ¢f the tire. Hcowever, it should De rec-
ognized thet 2 worn tire exzitits 2 somewnat 2ifferent pettern in its cercass
than does a2 new tire. This prcbably meens thet cne cannot use tpe relalion-
SkEip between 2 fully worn or tuffed tire and a2 rpew tire as indicative of <he
contritution of the tread alcne, since the increased deforzsticn cof the car-
cass tends tc mask the tread effect. This polnt needs furiper study and experi-
menz.

Finaily, the problez of tire selection for a given vehicle requires fur-
ther elaboraziion. If rclling resistance is the only, or more important eri-

terion, the data of Figures 17 and 18 show that the best strategy is to select
an over-size tire and operate it in an under-loeded condition. This is con-
firmed by test data obtained specifically for this report, where several tires
of different load ratings were run at identicel loads, most of the underloaded.
Tne equilidbrium velues of the rolling resistance are given in Table VII as
illustrative cf this phenomenon.

TABLE VII.-EQUILIRRIUM ROLLING RESISTANCE FCR TIRES OF VARICUS SIZES
UNDER THE SAME LOAD

TIRE MFGR LOAD/RATED EQUILIBRIUM ROLLING

LOAD RES ISTANCE, Ibs

Goodyear

C78-14 2P+ 2F | 2P

840/ 1050 11.44

} Dunlop
E78-14 9P+ %F 2P 849/1190 10.8

F78-14 D jg'” 840/ 1280 9.55

Goodyear
2P+ 2F /2P

H78-14 840/ 1510 9.63

Goodrich
2P+2S /2P

Goodrich
2P+2S/2P }

GR78-15 1104/ 1380 12.49

LR78-15 1104 /1680 11.97

\
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4. MEASUREMENT METHODS AND DATA REDUCTION IN ROLLING LOSS MEASUREMENTS

Meost rolling resissance measurements are made orn indoor gylindriczl road-
wneels for e variezy of reascos Thne mzst important of these reascns is the
need for very accurate, rerrciucible mezsuring systems inderpenient cf wezther
effects, ani the need <o warm the Tire up tThoroughly prisr To peasuring It

e

equilibrium rciling resistance, starting from a common Texperature sTate.
All tais is mo L r o

ment i1s the cy

define the relesticnshipys petween cuantities
measured on n
the final z2na
venicle £

1s and those messured on the road, si
1 resistance on the road that influences

The details of the derivations cf the varicus relationships are given in
“he Appendix. Most of these have sppeared im previous reports (&
sults of she analyses in the Appendix mey be surmerized into sep
one due To tire siress encd one due to meesurerment methods.

€. The re-
2

- P -
rete effecis,

4.1 STRESS EFFECTS

For the same tire loed and iniN
a tire on & curved drum c¢< radius 2

+icn pressure the rolling resis
rester then on a flat surface
increased stress levels in the tire. The relationship between *he

>l/2 :

"

1

|_l

+
‘u |

n

= rclling resistence on a drum of redius E

r = rolliing resistance cn the highway

"
1

= outside radius of <he <ire

R = Zrum radius

[ m H i - ~ - S A = - 3 mee >
tA; The rclling resistance on 2 curved Zruxm  2s measured Ty an axle Jorce
. . . . i : - . _— s - - o
~ranscucer, 1s less tharn The rclling resistance Ix_ due Tc tne interaction of
=

N
0



normal forces with measured rcliling less. This is ceused by elastic deforma-
tion of the tire. The relationship beTtween the Two Ls
/ * (
=, = T L — 2
Xy X?K' 3 -

where

I'x = rolling resistance 257

< 4 freom axle forece measurements,
taker on & drur of radius R

=

rL = loaded rsdius {exle heighi) of the tire above drum surface

qu = actual rcliing resistance of the tire on the curved drur

(3) The rolling resistance on a curved drum, wher measured by either
drum shaft torque, ccast down or motor electrical power converted to torjue,
is giver oy Egq. (L)

“w
xg T %7 )

-

where T, is the drum axle or drag torgue and R is the drum radius.

x
. . . - . ; R
agairn the aciuel rolling resisvance of the tire cor the curved Zrum.

(C) When a tire is powered tc drive a freely roliling drum and the axle
force on either the drum or tire is used as a& meesure of rolling loss, then
the rolling resistance of the tire on the curved drum is given oy

*y
=
o
]
N
=<
2}
+
2 |
—
\\/

r
where

be = <ire rolling radius

> 2
4.3 COMBINED =FFECTS

If one wishes =c conduct a test on & curved Srum maintaining eguzl Tire
jeflecticn ¢n =he drum as 2n the road, then cnly the correcilons Ior measure-

- -~ - < -~ /= =" - -

ment gecmesry, i.e., Egs. (3 - (3! need be mede.

40



I? one wishes %¢c conduct & test on & curved Zrum using vhe same tire
1oads as used on the rcad, ther b2th correction for stress effects (Zz. (2]}
end for measurerment gecmetry must be zade. TFor exarmple, in the cese where
axle force transducer meesurements are used, and the Load Is neld the sanme
petweer thne tire on the drum and <he tire on the road, Ihern Soth correcticins
given by Zgs. (2} =nd {3, must be used simultanecusly in order tc reduce the
data %0 *that cn the flat surface. This gives Eg. (§)

Ioad anéd in e
Tire rclling resistznce. One mey ocbserve
here exists 2.ose linearizt

ith the reciproca. ¢f inflstior. rressure. These re

hoé of measuring the rclling resistance at s selectel rumber of pcints and
sing this information to predict the rcll 115 resistance © t

ther load and pressure values. This

esistence in the form of Eg. (7).

2,

consists of expressing the tire rolling

4 0 £

!

1 1
' = F + K (F, - F, ] =K = - e (.-,)
T ry Lisz z,/ *\p o i
where
Fr = tire rolling resistance a2t load Iy Dressure Dy
o = o’
r = tire rolling resistance a2t lsad F_, pressure ?

'
N

load dependencze cf F

e
it
17
'_.I
(o]
J
(1]
(0]
-
ct
o
o

KP = slope of the reciprocal pressure dependence of T _,
where 1/p is used *o defi he slope i
The slcpe cf tThe ilcad dependence of rclling resistance Xp is cbtained by dZe-
termining the rolling resistance over e range of loads spanring the approori-
ate lzad f2r the tire in guestion, a2nd passing the dest strazight Line ihrough
shese. This Is usuaily done using a single pressurs, sa2y ., 2lihosugh It may
be dcne at =z veriety of pressures., Similariy, X, the silope c¢f the pressure
‘sta ied cu g ./ e ra
e he n
bt
: o)
e 3 zn Toses. nis

trated in Tigure ZZ, where 2 zarpet 712t is shown fcr three dillerent Iressures

L1



FIGURE 22. CARPET PLOT OF ROLLING RESISTANCE AS A TUNCTION
OF LQAD AND PRESSURE

Iz cases where the slcpes or g*adie.‘.s of rolling resistance with load
and pressure do not vary s: gn-f cent <ben EZq. (7) beccmes an adequate repre-
sentation and the deta may be presenuec as shown in Figure 23.




; en ru TTrerT e ol £ e
equilibrium is reecned. Iuring this ctrocess terperature will rise &s will in-
flaticn rressure. Nevertheless, the Dlots are gade using the initiel Inlla-
tion pressures of the tire

An elternate agproach, and one which results in more rapid achievemens

of egullibrium conditions, invelves using regulated ol itions in the

test Trogram. Here, 2rn estimate is made of scme re

builivp which ithe tire might heve Jduring werm-tro.

sired colé irnflezicrn press

which rolling resistanc
+
t

ir rressure
atded =Tc the Ze-
ure and is used as the regulated air velue atl

is obtained. The air pressure Is maintained at this
e warnm up process cf the tire, and the tire rolling
resistance reaches iis eguilibrium velue quicker then in the capped air ex-
periment. This has the advantage cf redjucing test itime in order to obtain
data pcints. The reguiated values of pressure ere then used to meke plots
such &s Figures 22 cr 23. This is a very efficient process in terms of tesz
time, since in the case cf Figure 22 it requires nine points ito cbtair an ade-
quate carpet plst over 2 range of loads and pressures, while in Figure 22

only five points are required. 1In the cese of regulated air, it hes been re-
dcrted that equilidbriumr times can be resched in approxiwzately 1C to 13 min- '
utes, while ir the case of carped air 20 to % minutes are needed.

constant value during

oo o

[
o

An alternate approach 9 thet of Zg. (7) uses a somewha®t different view
of the depenience of rolling resistance on load ernd pressure in corder <o
give a predictive framewsrk which is more genera:. This concept begins with
the obserwvation that <here is a nearly linear relationship through the ori-
gir of the tire equilitrium rolling resistance wversus load curve, and an
ecually linear relationskip between the reciproecel of cold inflation pressure
end rclling resistance, altnough here the linear extrapolsztiorn does not pess
through the crigin. This is clearly seen by reference %c Figures L -7 eand
8 -1l. This gives rise tc a general form fcr the dependence of eguilibrium
rolling resistance on load and pressure, givern in Zg. (8).

FZ ) PO \l
- = T —_— — \
-r arc F» ) cp o CT / (81
“a =

T
T © o - Ag s s k3 {7
vy Sw ;3 Zey Fm , T, Da S8ILneC &8 0 ZC. L[
- -5 el -~ - -~ -
<
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Zombining EZags. (8) end

“hich is arn exgression for rolling resistance at any load and pressure as a
funeticn ol the rolling resistarnce Fro a2t scme base-_ine z2cnditions of leoad
.-zo and pressure p,. This expression contains only cpe constant cp, charac-

¢
teristic of the tire, ané expressing the sensitivity of that tire's rolling
resistance to inflation pressure. Hence the use of the symbol Cp denoct

a2 pressure coefficient is appropriate.

This meens thet the entire load-pressure-rolling resistance mep of & tire
can be deternined i one value of the rolling resistance Fr  is known 2t one
load Fz, and ore Infletion pressure po, provided that the constant cp is also
- known for the tire. This constant may be determined mest easily by fixing
load on at its base-line value ané measuring the tire rolling resistance
over severel pressures, such as shown in Tigure 2L.

TICURT 2k, GRAFEICAL REPREISENTA SLOPE NEEZIT T0
SETERMINE THEZ CONETANT TOR TIRE FREDICTICNE
As is clear from that figure, cnly 2 limited number ¢l testis are neces-
sary *o determine tne constant co- A minimun of two woull be necessary, ous
it woulé De mucn mcre desirable Tc use at least three poinsts in order T sb-
tain a gheck on the irearity of The Z=tz

=
—



This nes been Zone for Icur cassenger car Tires, cne light Truck Tire
under =2 Test program carried cut for this repcor:, and the results are Tre-
sented in Table VIII Zn each case, tiree Tcints were used o determine ke
constant ¢ for esch of the five tires, fcllowing which this consiant for
eech Tire was used 1o Sredict other rolling resistance values a7 Sifferent
loads zand pressures, These were coxpered with test data cbiained frox the
same tires From the predictions of Table VIII and the corresponding mea-
Surements It arpears Thet T0 2 close approximetion the rolling resistancs
ol <he tire can be dJeterzines as s funciicr c¢f iced a2pd initial pressure using
Ec. {10}, wiih the conszant ¢ 2eing determined experimentelly by three
points. In the cese of the passenger car tire Zdata of Table VZII those points
were 2dtelined Dy cazped z2ir tests wiita the Tire inflated Irom celd inflaticn
conditions. Similer computetions were carried cut for the rolling resistance
el a light Sruck tire, end the resul<ss of “hese =are shown in Tzble IX. Here
the data was oblained Irom regulsted air tests, sc the method apreers to wecrk
well for both techrnicues.

TAZLE VIII,-MEASUREZ VS. CALCTULATED VALUEZS OF RCLLING
RESISTANCEI USING =&. (10)

GOCOYEAR
G78-14 BIAS

cp=.564"
S/N CKLS £24443

FIRESTONE
H78-15 BIAS

cp:=.468""
S/N WKVXVEE 145

GOQDYEAR
GR78-14 RAD
cp=.456"

S/N MKMA HCE354

UNIROYAL
HR78 - 1S RAD

cp=.547""
S/N APVYY £EZ 025

LOAD | PRES | PSECIC. | MEAS

PREDIC. | MEAS

PREDIC. | MEAS

PREDIC. | MEAS.

828
828
966
1104
1104
1380
1380
1656

20
24
'8
20
28
24
28
24

1210 1359
11.78 11.32
16.32 16.61
17.47 17.52
14.44 14.49
1983 19.93
18.04 19.62
22.55 2370

9.42 9.54
863 8.79
11.60 11.66
12.56 12.42
10.76 10.45
1439 14.24
13.45 13.02
17.27 !1635

906
906
1C57
1208
1208 |
1208
'S510
1510
1812

20 |
24 |,
18
20
28
32 - :
2¢ i
28 !
2¢ |

i
|

13.28 |

12.14
16.28
17.71
1541
14.30
2C.24
18.88
24.28

13.80
11.55
16.49
17.99
18.30
14.24
2L2¢
1964
25.1¢

9.76
8.80
2.14
13.01
10.81
I 1013
[ 14686
13.52
17.60

9.93

8.72
12.19
12.78
10.84
10.98
14,74
14.14
18.05

*Cetermined from Fz°=1'04,p|=16,po=24,;3=32051 cola

*80aterrmined from .-z°=‘-.2'::-8‘ £,: 16, p°=24,93=32 osi cold

=
\n



—_ It
x RN
\ -

— .

G

TSIN

-
L [OpA

Lo el

--
-

(723

—— e —
RTM ACLLI

-

T T AT mAT e -
FRU-N) ...w,LT .

=

-
- =
& A —

AT
Ml

X.-MEASTEED

A -
b ke

O

—t

Ak

~\
l

=
~

o7-in
1

L -

le

[

L
(12 7R
=272,

200

—

-

Q0

-

\
/

2C. 68

(

N Oh
A} (0

O O

Ee
(S]]

Q)
(g}

—~

U\ @)

LI TAY

.8C

—~

=

Q :./

—~

SILLAY
AWTAY

~-

—

On Oh
LAY 1-/

—

Ll

0,

([

L.85
2

QO
@ -
& un
NN
O \AU
a d
O A
[AVEN V]
o3
a
\O b~
l -|.

S
O \0
o O
o Q
—

g

8.8¢
(8.57)

4
o))

N
0

(L
o

.CO

Q

8.70

L.75

-
q

[2])

w0




$3533 11V

LM

(b

ssarnssazd

Elon-]

sTus %

*2a0CsS

~m20Ca: uT

T
-

=5
2

T1z

ut

TTewG0 ¢1 IapIo

sy

AIEsSssoaU sem 2T

1;2YS B L3IM P3INSEBAI

-39258

-
-

bJIo
DEC

Q
-

IT GouT-L

s omwe
TIEN

E]

I
-
Ko

8

TsauM

A

n
(4]
(1]
(1]

(]

B I4NS

‘30

tue

b ~
02

Sem 2nC

el

-ac

uc

d

e~
r -

<RTU

gl
T

IsTun OF

‘aedsTel

frous

‘oressnE

=g
Py

55

usag Juia

T8sT

n

1 40 NOIL4I¥IS3Q

-
-
-

SQOFL3W LS



\n
s

-
(62
v

6. BIBLIOGRAPHY

i b ~ - - - -_— A e ] ~ 2 = <= TR
Jeneral Mcwors Ccorzoratizn CTommenis crn re R¢lling “esisTance T 4.9
Tomers -a" PR 3 - T ;2 278
Invironmental Protectiicn Agency, rebruary 23, L37C

2idwell, . 3., "Conserving Vehicle Znerg;,” ZJeneral ¥otors Research RFe-
sort 2212, Octcber £, 1576,

Motor Venaicle Manufacturers Asscciation, "Tagts and Tigures, 1576€,"

z. 2.

Johrson, 7. M., D. L. FTormenti, R. ¥. Gray, and W. C. Peterssn, '"Measure-
ment o Motor Vehicle Operation Pertinent <o Tuel Zccnomy,” SAE Paper

750C03, February 1G7S.

Dodge, R. N., and S. K. Clark, "Tire Transient Temperstures,” The Tni-
versity of Michigman, Report 012662-5 I, U.S. Departzment of Transtorta-

tion, January 1377.

Clark, S. X., "Rollirng Resistance Forces in Pneumat
sity of Michigan, Report C13€38-1-I, 7J.S. Cepartmen
January 157%.

d- t-'



APPENDIX

MEASUREMENT METHCDS AND DATA REDUCTICN IN ROLLING LOSS MEASUREMENTS

Ihe measuresxment of rolling resistance can 5e a 2177
S nct naken in clezsrly Zefining th

J
e s n cylinérizal drums because of
ability in the tire Industry ani because they z21liow su
o] ire
e

‘ay by ot

tO reech its thermel eguilibrium state.
essary to clearly defline the relationshirs between aJu

irical roadwneels arnd those observed ¢n the higaway. The ¢l
alyses attempt O examine the technicelly important test configurations in
order of increasing complexiiy. For clarity all computations use fcrce re-
sultarnts cnly.

Swing an-

CASE 1—FREELY R0LLING TEST TIRE ON FLAT SURFACE

is case either the tire axle may move or the test surface may ncve.
skows a free pody diagrem of the force resultantis acting on the
e

tire and wheel.
Fz
r F
o Xy
i +
fnplungies~ waap bF
-T- ]
€1
N=F;
TIGURE A-1 T3TE ZCDY DIAGRAM CF A ROLLING TIRE W A FLAT 3UPFACE

-
‘0



There T, is tre tire rclling resistance, while T, I1s the horizontal Jorce
neesured ¥ zn axle force transducer N
y T = A . = @ (A"‘I
/X > = Koy -r =4
\- Ay
Y T = T = = 1.2
/7, 0; 7, N (A=2)
YoM = Q T = = o P
Lo ’ z71 r e
a3
NS
Fr
r e
£ =
1 F
z
Tre messured horizontal force is <he tire rolling resistance The vertical
fecrce resultant moves forward by an offset El as given in :a (A-3).

This is tke zype of meesurement which is carried cut on the TIRF machirne
at “a‘sua:, Inc., 3uffalo, N.Y., or alternately is the type of mezsurement
nich would be cbtained bty an instrumented sxle force transducer cn 2 vericle
cr & tra*l--.

L
L

l

An alterrate version of this tyre of moticn is given in Case 2 below.

CASE 2—TEST TIRE UNDER TORGUE AT CONSTANT VELCCITY ON FLAT SURTFACE

Zn this case, a Zorcue applied to the tire is used to propel to the right
t a constant velocity, wkere the notation is the same as used in Figure A-1.
D

a T
The aporcoriate equeticns of equilibrium are given by

Moo= 0; Ye, = T (A=)

-
£ = ——
2 T
z
2 bl - 7 o - mae el - . <
The <crgue shown 1n Tigure A-2 1s Just sullicient <o sustain the rolling
_2sses o =ine tire 2nd tc aove the tire and wheel at gconstant velocity o Ine

(]
O
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N

PREE BODY DIAGZAM QOF A ROLLING TIFE ON A FLAT SCURFACE
e TOR

WDER APPLIZD

F2 T+ To
V Vehicle
’}'7"’0

GLE

20DY DIAGPAM OF A POWERED TZFE DJRIVING A VZHEICLZ

ons the work Zore in
of the %ire by ihe fcrce agting Lo move ii. Zguaiing

rolling radius, gives

\h
+
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wnere & is the tire Ze”l

T on
Fr,
:..I = ©
i 5,
m F:Erv-
T2 F T
2 Z
and
£ r
—_— = ._E # 1
£ r
2 r

so that normel force resultant offsets ere not the same in the two cases. If
additionel torjue is epplied, then the wheel will either accelerate or will
be cepable of exerting a force on & vehicle in order to rropel it forward at
constant velocity. This is Illustrated in Figure A-3, where the driving
“crce is denoted as Fp and is shown acting on the driven tire and in en oppo-
site sense on the vehicle which it propels. Agein the offset of the vertical
force resultant is denoted by £z, and this may be different from thet of <he
freely rolling caeses such as shown in Figures A-1 or A-2.

CASE 3—TIRE QPERATION ON A CYLINDRICAL SURFACE

The tire is assumed to conform tc the cylindricael drum 22 shown in Figure

A-L, The drum rotates clockwise due to a clockwise torque Tn. The wheel is
also subjected to a driving torque Ty

The free body diagram of the tire in e A-l4 shows the fecreces acting
ar the %tire. These are ncrmel 2rnd tangential to the drum surface, being Cde-
moted 2y the normal force N and the tire rolling resistance, Ty, now offset
oy an arc length €) along the drun surfac rom the vertical 1 2

O
o
3]

3 line c? centers.

[{]

Tach elemert of drum surface nas acting or it a Dressure component zorzal

¢ the surface and cne tangential <o it. The coxponernt nermal =o
casses through the 4drum center causing rno moment 2bout The center.
resultant of the rnormal Jorces, made up *c the sum of the small Ilncrem
normal components, 22nnot cause any moment abcut the drum center
Deryendicular 1o the drux surface. The sum of tangential cczpone

n

\h



- - ~a R - - - - . iy sa= - - N - S A r -
resultant zangential Iorce a3t The Zruom surlzce, sssentially cerrencizulizar TO
. X : e -
- B PR I : - - - E RN e ma an=<iz1 ~AAm.
the normal force resultant, 2., zZarngent T2 tTihe Iruz, his tazngen=izl zom
fonent Is tne rolling resiszance forze I She Tire as measurel n tae drum oo

ragizs =

- € /’-\ nrec’non
R Ro’ro‘non

IGURE A-L. RESULTANT TCRCIS ON THE TIRE Wil 2CLLING ON A TEST DRUM

3y

A horizcntal force 7 is stowrn a2t right zngles o the center Line 2e-
Tween the drum arpd < J
force transducer. The ecuations of e
ten Yelcw, and are used %o solve for
rariables:



Assume Fy_ << Iy and & sopell., Then

-~ AY

F.OT N (A7)

—_

yom = oD N - " ~ . ~ = o]

) T = 0O - Ty Fx, ¢cs & - Nsina = O

L M R

cr

I = T -7 -8}
XM XR 2 (A 8)

where r. Is the exle height abcve the drum surface. Using Eq. (A-8) and the
relation £ = R ir Eq. (A-3) gives B

i
(3]
[}
N
vaj
=
=4}
t
Q
'ay
[} ]
S~
'y
L—I
]
é 3

(A-10)

-
- - L \ . N
Fxy = Fxg 1+ T ) Ty (R* ry) (A-11;

or an internal drum cne uses a rnegstive value for R.

Finally, the =crjue input Ty o the dynawcmeter drum cen be cotained Irom
<he Iree body diagram of thaz drim, and by taking moments sbout rToinit 3 of
Tigure A-L of the drum, one obtains

T = T. .3 fa-12}

-2 -XR s P N4y

\n



One special zase cf sechnicel interest can nowWw De consiiered separately
narely, that of T z =
obtalns

This i1s the condiiion which coxmeonly 1s Zound when 2 driven dvn
cowers a Ireely rolling Tire mounte

The esxle forgce transiucer will reczs
»olling € e
serve th
force r
below.

o anm
2 in bearings crn arn axle force fransiucer.
S - - - .. T T Semm
rd the ctvanivisy 7., and froz =
. \# - \
A3
-
d

POWZRED DRUM

, TPEEX ROLLING TIRE WITE AXLE FCRCI TRAKNSDUCZIR MEASUREMENT

Axle ferce transducer nmeasurements mede on & oowered drum misrepresent
the rslling resistance of the tire on the curved drum, giving a rolling re-
sistance smeller than the true value on & convex &rum and larger tnen the
trae value of a concave drum. The reason for this is irteraction c¢f the con-
tact pressure ferce resultent with the rclling resisitance measuremert. To
correct such force measurements, the axle Torce Itransducer mweasurement should
be multiplied by the facicr (1 + r-/R).

Examinetion of the free body diagram shown in Figure A-L, shows that <he
torcue on the drur is related %o the tire rolling resistance force directly
through the drum radius as givern in Z¢. {A-12). This leeds 3tc the zormon
measurement systexm where either a drum exle torque <iransducer or zotor power
meter 1s used to obtain the torgue needed tc drive the drum et ccnstant ve-
locity,

S T T0RQTEZ, MOTCOR POWEIR AND COAST DOWN MEASURIMENTS
OF FRIZELY ROLLING TIRE ON CYLINDRICAL IRUM

It may be seen from I3,
down messuremerts cn a Towere ur

true velue ¢f the rclling re the Ltire on z curved surface, z2lthough
the rolling resistance may o erent Irop that cn & flat surface. In this
case, it is only necessary de the measured tirgue -ty the drux radius in
order tc chtain the elfect 2 radius of the éruxm in cuestion.

Firelly, cne may ncte <hat it is Tossitle o Tower the tire 2nd ¢ have
a freely rolling drum, in which case IZg. (A-11) mzy ze used =z interzret the
resuliing coniizicn. In the czse I the freel v rooling drum, In ithe ztsencs
o Tearing friction, ihe force T sangent ¢ the <rum surlace zmust wanish



Thus, Eg. (A-1l) is left in the forz g
_ - - P
T = fo ( Ty
Tnis
<hat e es <o
Tlon between torcue rnecessary tTo keep
essary to do the same are given in Eg.
T = T, -
wo T Sxpir
Frem this one may conclude ik

is given by Zgq. (A-1l€):

R+r
L

v
-xM

8 ]

d.

to the gener
Tire and 2

fr

reely *olllng dr

POWEZRED TIRE ANT FREZLY RCLLING DRUN,
MEASUREMENT OR TORQUE MEASUREMENT

ule for measurement cf

iven by Zg. (A-1L°
“he tire in the
n it mey be assumed T
the wheel in moiion and th
(.’\ A=)
=L .

at the effective rolling resistanc

the rollin
um as given below.

re

wWITH

AXIE FORCE

same way
net the rela-
e {crce nec-
AY
(A-15)
-

A-16)

sistance using

Where a pcwered tire is used to drive a freely »olling drum, the relzation-
hir between the torcue needed to rotate the tire and drum and the rolling
resistance of the tire FXR as giver dy Eq. (A-15), or if arn axle force trans-
ducer is used either on the pewered axle cr on the drum, the relationships
detween the measured axle force FXM ard the rolling resistance of the tire
?xR is given by Zg. (A-16). :
TTIRE STRESS EZFFECTS

The zrevisus discussicn concerning messurement methods on T
curved drums cconsidered only tne Xinematics ¢f determining rolll
Torce on the tire from force cr torque measurements mede at cthe
iccaticons. XNc comsiderztion was given in those analyses tc the
rclling resistance of the tire at 2 given lcad may be diflerent
surface than on 2 {let surface due o the fact that on a curved
ire deflecticns are erccuntered, sc that higher cyclic siresses

To 2 Tirst approximation, it Is ncw tncughi that to chlain
ing resistance force on 2 curved Zrur znd on a2 flat surlace, tke
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Nete that for an insiie wcadwhneel
negative va_ue or R
Ag2in assuming small angles, Iz
2 2 2
3 < L . 1
2 - Z'_"'R/_= . = - =
z 2 2 r R
cr «

Consider next the cross section o
shown in Figure A-A. The width b of *

n
o
1

b = 2r sin 8

where
W = <%ire secticn width

r = radius of tire cross sectic
Also

5 = YE_
& = r, (1L - cos 8) = > 2

sne u1ses Ig. (A-15) tut

n

|

Roadwhesl
Surface

-
- \ = ——r
- m=T, JAZovAd sala

/ \\Blli/ |

STmAMEARTL T AT [agl =204
CRCSS-C;..V-J.' - JLCLM-E =

~ -ta

now Wwith

Y]

s
]

48]
O

—~
X
1
[V}
=

as

(a-23)



Ao g d . [a - 3 \ SR -
Zombini r {A-22 and [A-23) gives

oo

il

HY

'J
NI

n of linear elasti

o i
ion at a point divid
s the maximum deflecticn. o}
ce would be given by Eq. (A-2

=77 1/2

CRIE
—~
>
1
n
.\1
~—

If the loads, irnflation pressures and geometries ar e same, then the
ratlo of tire deflecticn on the drum to those on the flat surface are given
by Zq. (A-28).

8
— = VT - - 1.9 \)
- A=zl
£a R
It 15 zown frem a great deal of test dasa <het %o a firss agproxizmaticn she
equilidbrium rolling resistance of the tire is proporzticnel ic <he Jirst gpower
of its defleatisn Jor the same ccld inflasion pressure, sc thet It is z2rniici-
pated trhat 2 rastic of rolling resistance cn a drum o thet on 2 .23 surface
is =he same as given oy Eg. (A-23)
/ _\Ll/2
T = T | L +°% (4=2G)
<3 x \ 2 (a=c>

0

N
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