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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHNICAL NOTE 4110

MECHANICAL PROPERTTES OF PNEUMATIC TIRES
WITH SPECIAL REFERENCE TO
MODERN ATRCRAFT TIRES

By Robert F. Smiley and Walter B. Horne

SUMMARY

A study is presented of most of the properties of pneumatlic tires
which are of interest to aircraft designers. The principal topics
discussed are tire vertical-force-deflectlon characteristics; lateral,
fore-and-aft, and torsional spring constants; footprint-area properties;
relaxation lengths; rolling radius; cornering force, cornering power,
self-alining torque, and pneumstic caster for yawed rolling conditions;
effects of wheel tilt; and tire radiasl growth under the influence of
centrifugel forces.

For each tire property considered, semiempirical equetions are set
up which take into account the major factors pertinent to the property.
Wherever possible each equation is compared with the avallable experi-
mentel data to establish 1ts degree of reliebility.

A smell smount of previously unpublished experimental data is

included, mostly on the subjects of tire tilt, fore-and-aft stiffness,
and centrifugel growth.

INTRODUCTION

In order to cope adequately with the landing and taexiing problems
of present-day aircraft, those engaged in landing-gesr design need
information on a large mumber of prneumstic-tire properties. At present
some information can be obtained from such sources as references 1 to 63
for a number of obsolete or foreign types of tires and for a few modern
American tires. However, it is doubtful whether the landing-gear
designer will £ind in the literature experimental data which are directly
pertinent to the particular tire or tires in which he is interested.
Moreover, the scale laws which tire properties obey have not been
thoroughly investigated, and, for at least a few important tire properties,
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these scale laws are not at all obvious; 1n some cases, simple and accu-
rate scale laws apparently cannot be established at all. Consequently,
the aircraft designer camnot confidently scale the results of tire tests
in order to apply them to tires in which he is interested.

Some useful studies have been made in regard to theoretical informs-
tion on tire properties; most of these studies are contained or summsrized
in references 18 and 45. However, these theoretical studies, although
enlightening in some respects, are usually based on oversimplified con-
cepts end, almost inevitebly, involve some empirical constants which have
not yet been evaluated.

These observations indicate & need to assess the present state of
the art for prediction of tire properties by a comprehensive study of
the availsble theoretical and experimental informetion on tire properties.
The present peper presents such & study which has as its primsry aims the
determination of the most Important variables which influence the various
tire properties and the esteblishment of some simple quantitative equa-
tions for most of these propertles.

Since 1t is improbable that many readers of this paper will be
interested in all the properties discussed herein, each tire property
is considered in a separste section with as little cross-correlation
between sectlons as appears necessary.

For each tire property considered some equation is obtained, either
from a previous paper, by a crude theoretical derivatlon, or by purely
empirical means. (For example, see eppendix A.) Values calculeted by
these equations ere then compered with the available experimental date,
which are used to establish any empirical constents needed in the equa-
tions. It should be emphasized that the theoretical derivations that
are presented are intended largely to give some idea of the basic phe-
nomena, to demonstrate the major varisbles involved, and to suggest some
promising form for empirical equations. In genersal, the equations
resulting from these derivations are far from rigorous; however, by
Judicious insertlon of empirical constents into these equations, it is
believed that most of them can give at least a fair correspondence to
reality.

Although elmost all the discussion in this paper deals with pre-
viously published experimental dstse, s small amount of new data is
presented principally on the subjects of tire tilt, braking, and
centrifugal-growth effects.
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ratio of net footprint ares to gross footprint ares, An/Ag
vertlcal sinking of tire per unit latersl distortion

gross footprint ares

net footprint area

width of tire-ground contact ares (footprint)

change in fore-and-aft position of center of pressure of
vertical force per unit of fore-snd-aft deflection

change in latersl position of center of pressure of vertical
force per radian of wheel tilt

change in lateral position of center of pressure of vertical
force per unit of lateral distortion

breking-force coefficlent

cornering-power coefficient
vertical-force coefficient (see eq. (24))
outside diameter of free tire

differential operator with respect to time, géil

base of natural logarithms

0.96( ) + 0.216( )2/c, (( )£ ¢,

2.4[( ) - ¢, ] (( )z P

force

w
|
Q
-

drag forces for two narrow coupled wheels
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instantaneous dreg or fore-and-sft force (ground force
parsllel to direction of motion)

latersl or cornering force (perpendicular to direction of
motion)

lateral force resulting from wheel tilt for standing tire
lateral force resulting from wheel t1ilt for rolling tire
lateral hysteresis force

lateral spring force

lateral force resulting from elestic and hysteresis effects
vertical force acting on tire from ground

average or reference vertlcel force

normal force (ground force perpendicular to wheel plane)
instantaneous normsl force

steady-state normsl force

helf-length of tire-ground conbtact area (footprint)

tire radius minus rim radius

polar moment of ilnertia of wheel and tire gbout axis
perpendiculer to the wheel axle

poler moment of inertla of tire and tube about wheel axle
(excluding solid wheel parts)

poler moment of inertis of tire, tube, and wheel about
wheel axle

circumferential decay length
radiuvs of gyration of tire and tube sbout the wheel axle,

VL, 6/

radius of gyration of wheel and tire sbout the wheel axle,
dIY:W/mW
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radius of gyration of wheel and tire sbout an axis perpendicular
to the wheel axle, VIx,w?mw ' -

fore-and-aft spring constant
torsional spring constant

lateral force per radian tilt angle for standing tire with
A =0

o

lateral force per radian tilt engle for rolling tire
lateral spring constant

relaxation length

unyawed-rolling-force relaxation length

static relaxation length

yawed-rolling-relaxation length
unyawed-rolling-deflection relexation length

mess of tire, tube, and wheel

mess of tire and tube

turning or twisting moment about a vertical axis through
the wheel center

turning moment resulting from path curvature

turning moment resultling from wheel tilt
polytropic exponent
dFy,r,e
cornering power, &y ¥ 0
tire infletion pressure
pressure rise; p - Po

tire infletion pressure at zero vertical load (gage)
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Py, 5 tire inflation pressure at zero vertical loesd (absolute)

Py tire bursting pressure

Pg average gross footprint pressure, "Fz/Ag

Py edditional pressure resulting from cenftrifugal forces

P, average tire-ground bearing pressure, Fz/An

Py tire rated inflation pressure

P tire parsmeter defined by equation (96) or (97)

q pneumatic caster, Mz,r/Fw,r or Mz,r,q/Fw,r,e

r outside free radius of tire

Ty initial tire radius

Ar increase in tire radius resulting from centrifugal-force
effects

re rolling radius o

Te,o0 rolling radius for unyawed and unbraked rolling

re,l’re,e rolling radii for two narrow coupled wheels

R radius of curvature of tire rolling path

s peripheral distance around tire

81 slip ratio

t time

u peripheral displacement

Vo vertlical velocity at ground contact-

VH _horizontal rolling velocity

v inside volume of tire

v initial volume of tire
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nmeximm width of undeflected tire

displacement in fore-and-aft direction or in direction of
motion

displacement perpendiculer to direction of motion
tire twist angle

1tilt of wheel plane, radiens

vertical tire deflection

vertical tire deflection for pure vertical loading conditions
(Fx=Fy=0) |

vertical tire deflection for two narrow coupled tires
vertical deflection at tire bottoming

effective vertical tire deflection

rated vertical tire deflection

vertical sinking of tire resulbing from application of fore-
and-aft ground force

vertical sinking of tire resulting from application of
lateral ground force

elongation stralin produced £y drag force

elongation strain produced by vertical force (always negative)
fore-and-aft hysteresis parameter

vertical hysteresis parameter

torsional hysteresis parameter

lateral hysteresis parameter

wheel rotation, radians

peripheral angle, deg
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pressure-rise parameter
lateral dlstortion of tire equator

lateral distortlion of tire equator at center of tire-ground
contact area

fore-and-aft distortion of tire-ground contact area

drag coefficlent of friction

maximum drag coefficient of friction for locked-wheel tests
sliding-dreg coefficient of friction for locked-wheel tests
yawed rolling coefficient of friction

11t paremeter (see ref. 52)

lateral-spring-constant coefficient

yaw-angle parsmeter \
J
iEIZ

yaw angle
wheel angular velocity, radians/sec

wheel angulay velocity for unbraked rolling, radians/sec

Subscripts:

max

st

maeximum velue

static -

DEFINITIONS

The following terms are defined for use in many perts of this paper.

Other terms which are used only locally in the text are defined at the
appropriate places.
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RATED PRESSURE

Inasmuch es the tire carcass stlffness is a factor of some importance
in understanding the behavior of pneumatic tires, some numerical index of
this carcass stiffness which could be used reedily in establishing
empirical equations for tire properties appesrs desirable. Somewhat
arbitrarily, this pesper adopts the quantity "rated pressure" as this
standard. The term “"rated pressure" (@enoted by the symbol Pr) is

defined as ome-quarter of the bursting pressure Py of the tire. (The

ninimm bursting pressure for current tires can be found in refs. 62
and 63.) The rated pressure p, thus defined is, for current American

tires, almost always exactly equal to the inflation pressure listed in
tire specificetions (refs. 61 to 63); however, the operating inflation
pressure of tires may be considerably different from the specified or
rated pressure. For example, some tires are operated at pressures less
than one-helf the rated pressure, and others mey be operated at pressures
in excess of the rated pressure.

For celculations in this paper which required numericsl values of
the rated pressure, the following procedure was followed: For recent
American tires the rated pressure was calculated from the minimam bursting
pressures gilven in references 62 and 63. For some German tires {for which
1ittle bursting-pressure data were avallsble) the rated pressure was
considered to be equal to the customary inflation pressure according to
indirect evidence in Germsn tire specifications (for example, fig. 23 of
ref. 50). For a few tires, for which no better estimate could be made,
the rated pressure was considered to be equal to the tire inflation
pressure.

RATED AND BOTTOMING DEFLECTTIONS

The term "rated deflection" Qdenoted by the symbol Sr) is used
to refer to the customary opereting vertical deflection of a tire as
specified by references 61 to 63. "Bottoming deflection” (denoted by
the symbol Sb) refers to the maximim vertical deflection which a
tire can sustain before the rim begins to cut into the tire carcass.
Both rated and bottoming deflections are indicated in most figures

in the present paper in order to give some idea of the practical
verticel-deflection range for the data in these figures.
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SLIP RATIO

The "slip ratio" (denoted by the synbol Sl) of a rolling
unyewed partially braked wheel may be defined as follows:

_ g - (/o) - (vg/o)
51 = g V@ . (1)

where Vg is the rolling velocity, is the angular velocity for

unbraked rolling, and @ 1s the angular velocity for braked rolling.
Also, since the ratio vﬂﬁm is defined as the tire rolling radius rg

and the ratilo VH/mb is defined as the unbraked rolling radius Te,o?
equation (1) may also be written in the forms

- T
<] = re €,0 . . . (2)
1 Te
Ir
= S0
re 1 - sl (3)

TIRE CONSTRUCTION AND NOMENCLATURE

The following miscellsneous information regarding conventional
tire construction and nomenclature should be helpful as background
informetion for meny parts of the discussion of this paper.

GENERAL DISCUSSION

The types of tires in current use on most Americen airplanes may
be briefly described as follows: (See also refs. 61 to 63.) These
tires are classified according to a standard type number from I to VII,
and each of these types may be further subdivided into groups according
to the use of the tire, the two primery subdivisions being the collec-
tive class of nose~ and main-wheel tires and the class of tail-wheel
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tires. At present, although most of these tire types are still in use on
a Pew isolated airplanes, the majority of current alrplanes use only
types I, III, end VII tires, and even the type I tires are becoming
obsolete.

The general appearance and cross-sectional shapes of the three
major types of tires (types I, III, and VII) are indicated in figure 1
in accordance with information from reference 21 for several nose- and
main-wheel tires of conventional tread (that is, not chennel tread).
Tail-wheel tires of these same types may be somewhat different in con-
struction. Figure 1 shows that the type I tires are considerably
different in appearance from the types III and VII tires, the type I
tires having a much smoother profile and having their sections of mexi-
mum internsl width much closer to the wheel rim. The difference between
the types III and VII tires is less clear cut; apparently, the main differ-
ence is that the type III tires are somewhat fatter (that is, have a
larger width-dismeter ratio) than the corresponding type VII tires.

In the body of this paper the experimental data discussed for
types I, III, and VII tires refer almost exclusively to nose- and main-
wheel tires of conventional tread unless it is specifically stated other-

wise. Pradtically no informastion is available for tail-wheel or other
types of tires.

SPECIFIC NOMENCLATURE

An abbreviated notation has been adopted in this peper to designate
gpecific tires. This notation is illustrated for a type IIT nose- and
main-wheel tire as follows:

15x15-14PR-IIT-c(15.50-20)R17-C
Code letter for specific tires

Reference mumber

Standard tire designation

- "Manufacturer

LTire type number

LPly rating

Tire size (diameter X width)
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The first set of numbers (45X15) represents the nominal diesmeter and
width of the tire, always in inches, usually to the nearest inch. (For
the modern tires discussed. in this paper the values of diemeter and L
width were obtained either by direct measurement or from refs. 61 to 63.)
The third number (14PR) represents the tire ply rating. The fourth
number (III) represents the tire standard type number. The Ffifth
quantity (c) is a code to designate the tire manufacturer. The next set
of numbers (15.50-20) designates the standard designation for the parti-
culer tire according to references 61 to 63. This designation differs
in form for different types of tires and for different uses (nose or
tail wheel). The next number (R17) represents the number of the refer-
ence in which the corresponding experimental data are to be found; for
unpublished data the designation RU is used. The last letter (C)
represents the code letter used in the corresponding reference to desig-
nate thaet particular tire. . - o .

This detailed designation is needed in only a few places in this
paper. In most other cases, parts of the designetion are either of
1ittle importance to the assoclated discussion, are unknown, or are not
pertinent (for exemple, type numbers cannot be applied to foreign-type
tires); consequently, they are omltted from the tire designation for
such cases. : : )

PROPERTIES OF A STANDING OR NONROTATING TIRE =

Thls section considers the properties of a standing or nonrotating N

tire subjected to the following types of loading conditions: pure
vertical loading, combined vertical and lateral loading, combined
vertical loading end twisting moment, combined vertical and fore-snd-
eft (drag) lomsding, and combined vertical loading end tilt.

PURE VERTICAL LOADING

In this section the following properties of a tire subjected to
pure vertical loading are discussed: geometric properties of the
ground-contact or footprint ares, pressure rise due to vertical deflec-
tion, vertical force-deflection relationships, and gross end net or
average bearing pressure between tire and griound. '

Geometric Properties of Footprint Area

Footprint length.- The footprint length 2h of a pneumstic tire
under pure vertical loading has been found by Rotta (ref. 44 or 45) to -
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be largely a function of tire diameter d and vertical deflection B.
If the tire were not distorted by the vertical force, this length would
be equal to the length of the geometrie chord formed by the intersection
of a circle having a diameter equal to the diamebter of the tire with the
ground plane or

2n = 23 \(8/a) - (8/a)? (%)

(See dashed line in fig. 2.) However, because of the effect of vertical
load, the actual tire circumference is distorted from a circuler shape
(see s01id line in fig. 2), and the footprint length becomes less than
the length of the geometric chord given by equation (L4).

Date showing the experimental variation of footprint length with
vertical deflection for pure vertlcal loading are presented in figure 3
for several type VII tires and one type I tire and in figure 4 for
several Germsn aircraft tires. As can be seen from these figures, the
experimental footprint length is approximately 85 percent of the
geometric~-chord lengbth for the types I and VII tires, or

2
n/a = 0.85\(8/a) - (8/a) (5)
For some of the German tires the footprint length is smaller.

Near rated tire deflection the footprint length is seen to be
approximately

2h = 0.4hd (6)

Footprint width.- Experimental deta showing the variation of foot-
print width b with tire verticel deflectlon 8, for pure vertical
loading, are presented in figure 5 for several type VII tires and one
type I tire. As can be seen from the figure, all these daita can be
falrly accurately represented by the empirical equation

b = 1.T\(8/) - 2.5(8/)* + 1.5/ (1)

or, more approximately, by the simpler equation

bfw = 2\ (8/w) - (8/w)? (8)
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Near rsted deflection the data indicate thet
b =~ 0.8Lw (9) v
or, for these tires, in terms of tire diameter,
b ~ 0.254 (10)

Gross footprint area.- The gross footprint area Ag of g tire is

defined as the area of contact between tire and ground, including the
spaces between the tire treads. According to Hadekel's analysis of the
experimental date of Michael (see refs. 18 and 38, respectively), this
area varies approximately linearly with vertical deflection and caen be
approximately represented by the empiricel equation

Ag = 2.25(5 - 0.03w) {wd (11)

Michael's data and equation (11) are shown together in figure 6 to

i1llustrate the degree of reliability of equation (11). This figure

indicates that equation (11) gives reasonsble predlictions of the gross

footprint area for the obsolete tires tested by Michael. Howéver, fig-

ure 7 indicates that equation (11) does not give as good predictions for

modern types I and VII tires. These modern tires can be better represented -
by the slightly simpler empirical equation.

Ay = 2,38 \Jwd (12)

Net or bearing footprint area.- The net or bearing footprint area A,

of & tire is defined as the actual area of contact between tire and
ground exclusive of the spaces between the tire treads. This net area
can be expressed in terms of the gross footprint area by the relation

Ay = ahg (13)

where the factor a, in general, depends largely on the tread pattern
and, for the modern tires investigated in references 22 to 24 and 53,

appears to depend only slightly on the tiré vertical deflection. (See
table I.)

Pressure Rise

When an inflated pneumatic tire is subjected to a vertical deflec-
tlon or force, the resulting air compression causes s rise in the 2
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inflation pressure. This pressure rise may be calculated approximately
from the following considerations:

First, consider the gas law for & polytropic process in the form

or

(l + po’a) (:L + %:-:—)n =1 (14)

where p, ., 1is the initial absolute inflation pressure (for zero tire
2

deflection), Ap is the pressure rise, Vo is the initial air volume,

AV is the change in volume, and n 1s the polytropic exponent. For

smell pressure and volume chenges, equation (14) can, by means of a

n
binomigl-series expansion of the factor (l + %ﬁ) and neglect of
(o}
smell higher order terms, be put in the simpler form

1

1+ £p 1+ n.ég + Small higher order terms
0,8 Yo

1+ 4D + n.%y + Small higher order terms
0,8 o

or, epproximately,

oY
0,8 v

Ap = -np (15)

According to the experimental static tests of Michael (see ref. 38) the
pressure rise, and, hence, the volume change, is proportional to the
square of the vertical tire deflection ® so that equation (15) can
be expressed in the form

2p = nxp, (8/w)2 (16)

where k 1is a constant depending on the tire shape.
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For the usual static tire tests, the alr-compression process is
probably essentially isothermal (n = 1) so that equation (16) becomes

Mgy = KPo,a.(a/w)2 (17)

Some typical static-test data 1llustrating the degree of validity
of equetion (17) ere shown in figure 8 for a 27-inch-diemeter type I
tire. In this figure the theoretical veriation of Ap (with k = 0.66)
is well confirmed by theé experimental date for essentially the entire
possible range of tire deflection and for as large a range of tire
inflation pressures as i1s usually likely to be encountered in practice

(from Po ® 0.3p, to p, = l.lpr).

According to experiment and to some epproximate theoretical con-
siderations (see ref. 18) the tire-shape constent & depends on the
tire fatness ratio or width-dismeter ratio. The experimental variation
of the shape constant with fatness ratio, as obtained from static-test
deta, is shown in figure 9 for several types I, III, and VII tires and
for a number of obsolete types of tires. These data indicate that the
general trend of the shape-constant variation with fatness ratio eppears
to follow the equation : .

k = Ll.5w/d (18)

An additional veriation of tire-shepe constant is seen with tire
type. Mean values of k, estimated from the data in figure 9, are
probebly sufficiently accurate for practical calculstlons of pressure
rise. These values are 0.66, 0.62, and 0.35 for types I, III, end VII
tires, respectively. :

Vertical-Force-Deflection Variations

In this section the nature of the variation of vertical ground
force F, with vertical tire deflection & for a nonrotating tire is

discussed. (The variation for a rotating tire is treated in a subsequent
gsection.) As is fairly well known, this veriation depends to some extent
on the rate of vertical loading. For example, figure 10 indicates that
the force for a given deflection is appreciably greater for a drop test
than for & statlc test. In order to evaluate these varilations quanti-
tatively, the following procedure is used: First, an analysis is mede

of the tire static-force-deflection variation for the increasing force
condition. Second, an attempt is made to explain the differences
between the static end dynemic (drop-test) curves.
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Static~force-deflection variation.- As a first step for evaluating
the static relation between vertical ground force and vertical tire
deflection, it is recognized that the ground force must be equal to the

product of the footprint area A.g and the footprint pressure Pg’ or

F, = Dghq (19)

or, after the assumption is made that As obeys & relatlonship like
that given by equation (11) or (12),

Fy = pgv wd £(8/w) (20)

As a first approximation, the footprint pressure could be assumed to be
equal to the inflation pressure, and equation (20) would take the form

F

—Z_ = £(8/w) (21)
pw\fwd
¥,
If equation (21) were realistic, then plots of the parsmeter ———
pw \wd

against 5/W would yield a single curve regerdless of inflation pres-
sure. However, this is not the case, as 1s indicated, for example, by
the data in figure 11(a). The reason for the failure of equation (21)
is that it does not take into account the fact that the finite tire
carcass stiffness gives a finite tire stiffness for zero inflation
pressure. It was found, however, that this tire-carcass effect could
be taken into account with good accuracy for almost &ll modern tires
by the following empirical modification of equation (21):

FZ B
e +'o.oapr)wqw—a = £(8/w) ‘ (22)

where the quentity 0.08pr can be considered to be an effective carcass
pressure. (The symbol P, 1s the rated pressure.) Some experimental

data 1llustrating the adequacy of equation (22) are shown in figures 11(b)
end 12 for some relatively extreme changes in inflation pressure.

Empirical evaluastion of the function £(8/w) for equation (22)
from the avallable experimental data led to the following alternate
finel forms of this equation:
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N
Pz - 0.216(8/w)? 10
(P + 0.08pr)w\ﬁ-a = 0-96(5/W) + CZ (a/wg ; Cz,)
| r
F, ) N _ 0 )
(p + 0.08pr)w\]§5 2.k|38/ ) cz] (S/WZ 5 CZJ
(23)
F -0.68Zw
(P+Oogp)w\[_w€=z.u(s/w)-cz<1-e Cz ) (24)
.08p_ .

vhere C, = 0.02 for type I tires and Cyp = 0.03 for types III and

VII tires. Two forms of the function £(8/w) were obtained, one chosen
for easse of ealculation (eq. (23)) and the other to obtain a single
continuous equation form (eg. (24)). It might also be noted that
Hadekel (ref. 18) found that the vertical-deflection characteristics of
a number of obsolete types of tires could be fitted with failr accuracy
by the equation

Fo

RN

where the quantity p; in equation (25) 1s a constant corresponding to
the quantity 0.08p, in equation (23).

= 2.25(8/w) - 0.03 (25)

Experimental deta demonstrating the degree of religbility of equa-
tions (23) and (24) are shown in figure 13 for a large number of types I,
IIT, and VII tires. Almost all the tire data shown are in reasonsble
agreement with the predictions of equations (23) and (2%), regardless
of tire size and manufacturer.

Rated conditions: At rated conditions of pressure and deflection,
equation (23) reduces approximately to the following forms

F, ~ 0.52pw Jwa =~ 0.11pd" (Type I) (26)

F, =~ 0.5Tpw (Wa ~ 0.12pd” (Type III) (27)
F, ~ 0.5Tpw \[wd =~ 0.08pa° -~ (Type VII) (28)
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or to a cruder spproximastiqn for any of these types,
F, ~ 0.10pd® (29)

Dynamic~force-deflection variastion.- This section describes the
most consplcuous features of the vertical-force-deflection character-
istics of tires for the speclal case of dyneamic vertical drop tests of
nonroteting tires and briefly discusses the reletionships between these
dynamic characterlistics and the corresponding static characteristics.

Some typical dynamic vertical-force-deflection curves cobtained
from drop tests with a pair of 56-inch-diameter type I tires sre shown
in figure 14 for a renge of initial vertical velocities (at ground
contact) from ebout O to 12 feet per second. This figure shows that,
for the increasing-force branch (upper branch) of these curves, the
shapes of the curves sppear to be essentially independent of the vertical
velocity. This conclusion is also supported by the experimental data of
reference 39 for a 27-inch-dismeter type I tire.

As was noted previously, the vertical force for a given verticel
deflection is noticeably larger for dynemic drop-test conditions than
for static conditions. (See fig. 10.) Part of the reason for. this
difference may be due to the difference in the air-compression process
for the two cases (probably essentislly isothermal for static tests and
polytropic for dynemic drop tests) as was previously discussed in the
section entitled "Pressure Rise." However, the caslculetions of refer-
ence 53 indicate that this effect cannot entirely explain the difference
between static and dynemic characteristics. Other possible reasons for
the differences may result from differences in the tire-carcass effects
and the hysteresis behavior for eech condition. In regard to the
hysteresis behavior, it may be seen from figure 10 (see also refs. 38
and 53) that the hysteresis loop for the drop-test case is somewhat
larger then for the static case but 1s not extremely so.

These tire characteristics for vertical drop tests (wlthout wheel
rotation) are of limited significence from s practical standpoint since
they are not, in many respects, representative of realistic landing
conditions in which the wheels are almost always rotating. (See, for
example, ref. 53 and also subsequent parts of this paper.) For this
reason, no attempt 1s made herein to obtaln anslytical equations for
the tire vertical-force-deflection charsascteristics for the drop-test
case without wheel rotation. However, the observation that the vertical-
force-deflection veristion is lergely Independent of vertical velocity
is probably of general significance snd gppliceble to realistic wheel-
rotating landing conditions.
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Gross Footprint Pressure

The gross footprint or ground pressure pg (ratio of vertical force

to gross footprint esrea) for a tire under pure vertical losding can be
obtained in first epproximetion by dividing equation (23) by equa~
tion (12), which gives the equations

Py 1 [0.96 . 0.216(5(w)] <8/w§ % CZ)W

? (30)
P
g __ .2k, -.1] > 10
p+0.08p, 23 AL (S/W -3 cZ)
J

where Cgz = 0.02 for type I tires and C, = 0.03 for types III and

VII tires. The predictions of equations (30) are compared with experi-
mental data in figure 15 for types I and VII tires from references 22
to 24 and 53. Fair asgreement is seen to exist except at small vertical
deflections. The following empirical equations, which are minor
modifications of equations (30), are seen to fit the data better in
this low deflection range:

Pg _. 81 < ko
5+ 0.8, = 0.6 + 8000, (5/w) | (6/\-1' =3 Cz)
S (31)
D
g - _ -1 > EQ
57 0.08, = 1.05 - C,(8/w) <s/w = cz)
J

Average Bearing Pressure

The averege besring or contact pressure Pn between tire and

ground is equal to the gross footprint pressure pg divided by the
retio a of gross footprint area to net (bearing) footprint area, or

P
= -8
D ~ _ (32)

n
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where ps is given by eguations (51) or figure 15, and a depends, in

general, on the tire tread pattern but usually eppears to range between
0.60 and 0.76. (See teble I.)

A sample plot of the varilation with vertical deflection of the ratio
of bearing pressure to inflation pressure is shown in figure 16 for rated
pressure conditions, according to equetions (31) and (32), with =
teken as 0.7 and C, a8 0.03. For these conditions the bearing pres-

sure varies from about 86 percent of the inflation pressure for zero
deflection to about 143 percent for large deflections.

. COMBINED VERTICATL. AND LATERAT. IOADING

When a stationary vertically losded tire at a vertical load F,,
an inflation pressure 7p, and an initisl vertical deflection BO is
subjected to a lateral force perpendicular to the wheel plane Fy,K’

the tire experiences & corresponding lateral deformation Ro at the
ground, a vertical sinking 5%’ and a lateral shifting of the verticel-
force center-of-pressure location c)A,. (See fig. 17.) The availsble
experimental date pertinent to these quantities, to the corresponding

lateral spring constant K, and to the corresponding latersl distortion
of the tire equetor are summarized and anelyzed in ©this section.

Tateral Spring Constant

Before the available experimental data for the lateral spring
constant are discussed, some mention should be made of the manner in
which this spring constent is determined. Usually the force-deflection
curves from which these spring constants are determined look somewhat
like the slightly ideallzed curve shown in the following sketch:

Fy;l

Y
’ 3

V4
/V

7

Mo
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This sketch shows that the slope of the solid straight line AA
represents the spring constent. The initisl slope of this curve (slope
of line BB) is seen to be dependent to some extent on the starting '
position of the force-deflection curve inside the hysteresis loop and
is therefore not necessarily equel to the spring constant. Since some
of the avalleble tire force-deflection curves consist only of the initial
gquarter-cycles of hysteresis loops, the values of spring constants
determined from such gquarter-cycles depend to some extent on the Judg-
ment of the observer. This same type of difficulty due to hysteresis
effects was also experienced for almost all the tlre properties discussed
subsequently (for example, for torsional and fore-snd-aft spring
constants).

Sample experimental lateral-spring-constant date sre shown in fig-
ure 18 for a type I tire. Most data for this parsmeter indicate that
the lateral spring constant decreases with increasing vertical deflec-
tion and Increases approximstely linesrly with increasing inflation
pressure. These two varisbles (vertical deflection and inflstion pres-
sure) appear to be the primery variebles influencing the variation of
lateral spring constant for any one tire. However, this spring constant
is elso influenced slightly by the amplitude of the corresponding force-
deflection hysteresis loop, as is indicated in figure 19, which presents
lateral-spring-constant data obtained from static tests (ref. 24) and
dynemic vibration tests (ref. 25). These data indlcate that the spring
constant decreases with increassing emplitude. However, this veriastion
does not sppear to be much over 10 percent, at least for the data shown,
and is disregarded in the subsequent analysis.

Dimensional considerations and observation of plots like those of
figure 18 indicate that for most tires the lsteral stiffness can be
predicted by an empirical equation of the type

K = waCp + 0.2hpr)[} - (0-780/W§] (33)

(A detailed discussion of the procedure used to derive eq. (33)
is given in appendix A.) The guantity 0.24p,. in equation (33) (where

Py 1s the rated pressure) takes into account the fact that, because

of tire carcass stiffness, the lateral stiffness is finite for zero
inflation pressure. This quantity may be regarded as an effective
lateral carcass pressure similar to the corresponding quantity used in
the previous anaelysis of tire verticel-force-deflectlon cheracteristics.
(For example, see eq. (22).) However, it should be noted that the
influence of the carcass is three times as importent for the lateral
stiffness (where effective carcess pressure is equal to 0.24p.), as it

was for the vertical stiffness (where effective carcass pressure is
equel to 0.08p,.).
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From the experimentsl lateral-stiffness static-test data shown in
figure 20, the approximate numerical values of the coefficient TK for
types I, IIIL, and VII tires are seen to be

™ =3 (Type I tires) (34)
™ =2 (Types IIT and VII tires) (35)

Additional information on the parameter ™ is provided by fig-

ure 21, which presents values of ™ estimated from the available

lateral-stiffness data for a large number of tires (including the tires
of fig. 20). 'These values of T, are plotted against the tire shape

or fatness ratio w/d. Consider first the Germsn tires which are
designated by circle symbols. The avallable information on these tires
indicates that they physically resemble types III and VII tires more
than type I tires and, as would be expected from the preceding discus-
sion of figure 20 (see also egs. (34) and (35)), they tend to give
values of T Wwhich are, on the aversge, roughly equal to 2. The one
German tire which definitely resembles a type I tire is seen to give &
larger velue of T than the other German tires, as would also be

expected from the previcus discussion.

The significance of the vibration-test date (from ref. 25) shown
in figure 21 is not very clear. First, the lateral stiffnesses of
these tires do not vary with inflation pressure according to the expres-
sion used in equation (33). Consequently, values of ™ determined

from these date are not independent of pressure. The values of TK

shown in the figure for these tires apply only to the rated pressure
condition; moreover, since three of these tires were not tested near
rated pressure, the data had to be extrapolated. Finally, the only
tire from the vibration tests which appears to be at all comparable to
any of the static-test tires of figure 20 is the 24X7.T7-10PR-VII tire,
and this particular tire resembles physiceally a type I tire more than
it does any of the type VII tires used for the static tests. In view
of these observations, the general applicability of equations (33),
(34), and (35) to realistic dynemic conditions is questionsble. How-
ever, because of the limitations of the vibration data mentioned previ-
ously, it 1s believed that these equations furnish as good an estimate
of tire lateral stiffness as can be made at present.

Vertical-Force Center of Pressure

Under the influence of a lateral force, the vertical-force center
of pressure shifts a distance chko in the direction of the spplied
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force with respect to the wheel center plane, where Ro represents the
lateral deformation of the base of the tire and the coefficient )

represents the fraction of the distance Ko through which the vertical-

force center of pressure moves. (See fig. 17.) The availsble data on
this subject, for types I, I1I, and VII tires, are presented in fig-
ure 22 and gre summarized as follows:

cp =0.8 (Type I) (36)
¢y = 0.80 (Type III) (37)
e, = 0.70 (Type VII) (38)

Vertical Sinking

Upon epplication of a lateral force, a tire at a glven vertical
force sinks vertically through the small distance §m, which can be

represented as a fraction &) of the corresponding leteral distor-
tion A, or

B)\ = aklxol | (39)

where IAOI denotes the absolute value of the lateral distortion. The

experimental data of reference 21, shown in figure 23, indicate the
following values of a), for types I, III, and VII tires.

0.21  (Type I) (ko)

]

an

ey = 0.15 (Types IIT and VII) (41)

Leteral Deformstion {Static Relaxation Length)

Under the influence of a leteral force, the equator or peripheral
center line of a tire is leterally distorted through the distance A
in the manner indlceted in figure 17. It can be seen from the experi-
mental date in this figure thet (except in end near the edge of the
ground-contact area) the Vvariation of the lateral deformation A with
the tire peripheral angle 6, or peripheral distance 8 obeys an
essentlally exponential law; that is, the lateral deformation can be
expressed by an equation of the form

-8 [Lg
A = Ae / (h_z)
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where A 1s a constant and the exponential constant LS is called the

tire static relexation length. The form of the variation of this static
relexstion length with tire inflation pressure and vertical deflection

is indicated in figure 24 for a 56X16-32PR-VII-R21A tire. The figure
shows that this static relaxation length decreases with increasing
inflation pressure and with increasing wvertical deflection. The following
type of empirical equation appears to cover this variation with fair
accuracy for types VII and IIT tires, as can be seen from examinstion

of figure 25:

T8 (2.8 - 0.8p/p,) (1.0 - 4.58,/a) (k3)

W
wvhere p 1is the inflation pressure and pr is the rated pressure. The

static relexation lengths for some of the German aircraft tires in fig-
ure 25(b) appear to be somewhat larger.

COMBINED VERTICAL ILOADING AND TWISTING MOMENT

When a stationsry vertically loaded tire at a vertical load F,,
an inflstion pressure ©p, and an initial vertical deflection 8, 1is
subjected to a twisting moment M,, the tire experlences a corresponding

angular deformation o. The availsble experimental data pertinent to
this moment-angle vaeriation and to the corresponding torsionsl spring
constant K, are summerlzed and analyzed in this section.

General Observations

Sample static-test deata illustrating the variatlon of twisting
moment with twist angle are shown in figure 26 for a LOX12-14PR-VII-R24-B
tire at a fixed inflation pressure and vertical deflection and at several
different amplitudes. These curves show that the torsional spring con-
stant or slope of these curves decreases with increasing amplitude. The
magnitude of this decrease can be seen more easily from figure 27, which
presents the variation of torsional spring constent with amplitude for
two 40X12-14PR-VII-R2k tires for several loaeding conditions. The magni-
tude of this amplitude effect eppears to be appreclable and probebly
ought to be taken into account in future considerations of tire prop-
erties. However, since the avallable information on torsional stiffness
is extremely limited and is based mostly on not extremely accurate esti-
mates from quarter- or half-cycles of hysteresis loops, an analysis of
the amplitude effect in this paper seemed premature. Consequently, this
effect is neglected in the subsequent analysis.
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Torsional Spring Constent

Semple experimentel dste illustrating the effects of vertical
deflection and inflstion pressure on the torsionel stiffness are shown
in figure 28 for'a 28x9-10PR-I(27-inch)R21-E2 tire. These date indi-
cate that the torsional stiffness increases approximately linearly with
both increasing pressure snd vertical deflection. These veariations,
for most tires, can be represented with fair accuracy by empiricael equa-
tions of the form

~

Sl (ko)
> (b))
o = 15| (6,/a)~ 0.015 5_/d 2 0.03
(» + o.8pr)w3 [i / '] ( o/ )J
for types I1I and VII tires and by the simllar equations
K 2 )
o k) (ofe 5 0-02)
r (45)
K
< = 19| (5,/d)- 0.01 3,/d 2 0.02
(o + 0.8p,)w [-—-( of) J (ol >J

for type I tires. Experimental static-test data illustrating the degree
of reliability of these equetions are shown in figure 29(a) to 29(c).
These deta indicete that the agreement between the data and calculations
is far from excellent; however, in view of the fact that the literature
appears to contain no simple equations at all for the torsionsel spring
constant, these equations should at least be useful as a first epproxi-
mation. The wide variation of the data from the ecalculation is due in
paxrt to the neglect of the apparently important amplitude effect mentioned
previously.

Some additional static-test data on torsional stiffness are shown
in figure 29(4) for several Germsn tires. It is noted that the spring-
constant date for most of these tires appesr to be in rough agreement
with the empirical predictions for the types I, III, and VII tires.
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COMBINED VERTICAL AND FORE-AND-AFT LOADING

When a stationary vertically loaded tire at a vertical load F,
and an initial vertical tire deflection B8, 1is subjected to a fore-and-
aft or draeg force Fy, the tire experiences a corresponding drag defor-
metion at the ground hx, a vertical sinking &y, and a shift of the
vertical-force center of pressure cx%x' (See fig. 30.) The availsble.

experimental data pertinent to these quantities, to the corresponding
fore-and-aft spring constent K., and to the corresponding distortion

of the tire equabor are summarized and analyzed in this section.

Fore-and~Aft Spring Constant

Before the avallable experlmental fore-and-aft spring~constaent
date are discussed, it should be noted that the available fore-and-aft
force~deflection data from which such spring constants can be determined
consist almost entirely of the first guarter-cycles of force-deflection
hysteresis loops, and, as was mentioned previocusly in the discussion of
the lateral spring constant, because of hysteresis effects, such spring
constants are sometimes of questionsble accuracy.

Sample experimental fore-and-aft spring-constant data from the inves-
tigation of reference 21 are shown in figure 31 for a 56X16-32PR-VII btire.
These datea show that the fore-and-aft spring constant tends to increase
with incressing tire vertical deflection and to increase only sliightly
(or not at all) with increasing inflation pressure.

In view of the preceding analysis of lateral and torsional stiff-
ness, it appeared reassonable to expect that the fore-and-aft stiffness
could be described by a similar equation of the type

= 5(e + 58,)¢(eofe) ()

where kl and k2 are numerical constants. However, since the fore-

and-aft stiffness does not depend strongly on the inflation pressure
(see fig. 31), it would be expected that ky >> 1; thus, to a first

approximation, p << k.p,,, and equation (46) almost reduces to the form
Ky = klkzprf(ao/d), from which relation it is evident that an independent
evaluation of the two constants kl and k, 1is difficult. Consequently,
the value k; = 4 was almost arbitraerily selected and the available data
were analyzed on this basis.
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It appears from the static-test experimental dsta of references 21

to 2k for several type VII tires thet k) = 0.6 and f(5,/d) = \5/ao/d;
therefore, the fore-and-aft stiffness can be expressed by the equation

Ke = 0.64(p + bp,) J8,/4  (Type VII)  (47)

(See fig. 32(a).) According to some data obtained by the General
Aerodynemics Branch of the ILangley Laborastory for two type III tires
(see fig. 32(b)), the fore-and-eft stiffness of tires of this type is
almost the same as for the type VII tires and can be described by the
equation

K = 0.534(p + kpr) X[Bfd  (ype 1) (W)

However, according to the static date of references 3 and 48 for several
German ailrcraft tires, the constant kl sppears to be almost twice as
large (kl & lJJ) as for the types VII and III tires; therefore, these tires
roughly obey the equation

K, = l.ld(p + hprj\if 6o;d (German) (49)

(see f£ig. 32(c)). Finally, according to some dynamic free-vibration-
test data from reference 25 (see fig. 32(d)) for a pair of 26X8 tires
at frequencies near 4 cycles per second and an emplitude of Rx’s 0.1 inch,

Ky ~ 1.54(p + ko) e,/ (50)

(Eq. (50) is unfortunately not very relisble since the value of P,.
used in conjunction with these data was not known and had to be assumed.)

In order to explain the large difference (over 2 to 1) between the
equations for the different tire types, it should be recognilzed that,
since the effect of inflation pressure on the stiffness i1s small, the
tire stiffness 18 controlled largely by the tlre-carcass properties.
Moreover, tire-carcass constructlion might very epprecisbly for different
types of tires. Consequently, it seems tooc much to hope to obtaln a
simple accurate equation for fore-and-aft stiffness of all tires wilth-
out going into the tire construction in great detail.
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The preceding observations suggest tentatively that the fore-
and-aft spring constant for types VII and III tires can be computed by
equations (47) and (48) and for other types of tires by the equation

Ky = 0.84(p + kp,) {f50/a (51)

Equation (51) is approximately the average of equations (47) to (49).

At reted tire deflection and rated inflation pressure, equations (47)
and (48) both reduce approximstely to the same relation:

K, = 1.2pd (Types III and VII) (52)

Vertical-Force Center of Pressure

Under the influence of & fore-and-aft or drag force the vertical-
force center of pressure shifts a distance cxkx in the direction of

the applied force, where A, represents the fore-and-aft deflection of
the base of the tire and the parameter c, represents the fraction of
the distance A, through which the vertical-force center of préssure

moves. (See fig. 30.) The only available date on this subject are shown
in figure 33. These data, for a 56x16-32PR-VII tire, indicate that
approximately

cxy = 0.25 (53)

Vertical Sinking

Upon application of & fore-and-aft force, a standing tire sinks
vertically through the smell distance Sx, which, according to the experi-

mental evidence of reference 21 for a 56X16-32PR-VII tire, is approxi-
mately equal to 10 percent of the fore-and-aft deflection or

8, = 0.1|24] (5k)

where lkxl denotes the absolute value of the fore-and-aft deflection.

Circumferential Distortion

Under the influence of a fore-and-aft force, according to the experi-
mental data of reference 3, the following state of deformaetion exists on
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a standing tire (see fig. 30): As the base of the tire is deflected a
distance A, by the fore-and-aft load, the msjor part of the tire

equator (except nesr the ground) rotates about the wheel center through
a small displacement wu roughly equal to asbout 20 percent of the base
deflection A,. Some sample data from reference 3 illustreting this

effect are shown in figure 30. .

Near the ground, according to reference 48, the circumferentisl
displacement wu is spparently close to an exponentilal function of the
peripheral distance from the ground s or

u= Kxe's/J

and the corresponding elongation strain e, for the right-hand side of
the tire in figure 30 is then

S (55)

where J is a tire constant which 1s anslogous to the static relaxation
length for lateral deformation end which is called the circumferential
decay length. This constant J, according to experimentel data from
reference 48 for only one test condition, is spproximately equal to one-
half the tire radius or

J = 0.5r (56)

The only other available dsta for a standing tire which are pertinent
to this subject are the experimentel data from the tests of reference 3
for several German aircrsft tires. (For example, see fig. 30. } The tire
circumferential distortion dsta from these tests were taken for too few
circumferential positions (see fig. 30) to provide relieble determinations
of the circumferential decay length; and whereas these date indicate that
the decay length predicted by equation (56) is of the correct order of
magnitude, they are inadequate to Iinsure the reliabllity of the equation.

Some further discussion of the circumferential decay length for the
case of a rolling tire 1s given in a subsequent section of this paper.
(See section entitled "Braking Force for Small Slip Ratios.")
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COMBINED VERTICAT, IOADING AND TIIT

Iateral Force

If a standing tire at a vertical load F, 1is laterally tilted
without lateral deformation of the tire equator 1n contact with the
ground (RO = O), there arilses a corresponding lateral ground force F

which, for small tilt angles, is directly proportional to the tilt
angle 7 (see Pig. 34), the constant of proportionality being designated
as —K7 where ¥ 1s taken in radians:

Y7

Fy,qy = ~Ky¥ (57)

According to some experimental data obtelned in static-tilt tests for
a 45x15-14PR-TIT(15.50-20) tire at approximetely rated conditions (see
fig. 35), the relation between Ky eand F, 1is approximately

K, = 0.5TF, (58)

The major reasons for the existence of this tilt force have been
discussed by Rotta:. (See ref. Il or 45.) Rotta has also made some
theoreticel celculations of this tilt force, which are reproduced in
figure 36 together with the experimental data. (The quentity H in

the parameter H/w for this figure is defined as tire radivs minus rim
radius.) These theoretical curves give some indications of the effects
of vertical deflection and of the parameter H/w on the tilt force; and
although they 4o not appear to be in good agreement with the limited
experimental data, they should at least be useful as a standsrd for
extrapolating the experimentsl data.

Vertical-Force Center of Pressure

The vertical-force center of pressure of & standing tilted tire is
laterally displaced from the intersection of the wheel center plane and
the ground plane by an amount Cy” where Coy is the lateral shift per

radien of tilt. (See fig. 34(a).) For a rigid toroidal tire of circulsr
cross section, this shift peremeter Ccy would be equal to

¢y = 0.5w (59)
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(See fig. 3%(b).) The only available experimental data pertinent to
this subject are shown in figure 37. These data were obtained from the
previously mentloned static-tilt tests of a U5X15-14PR-III(15.50-20)
tire at approximstely rated conditions. The date are seen to indicate
that the actual value of Coys at least for these conditions, is approxi-

mately equal to the value given by equation (59), or more accurstely
by the equation

Cy = 0;48w (60)

PROPERTIES OF A ROLLING OR ROTATING TIRE

This section of this paper considers the followlng properties of
a rolling or roteting tire: rolling relaxation lengths, rolling radius,
yawed-rolling characteristics, breking force for smell slip ratios,
turning moment for curvilinear rolling, tilted-rolling characteristics,
and vertical-force-deflection characteristics.

ROLLING RELAXATION LENGTHS

In this section the tire property of relaxation length as applied
to several cases of rolling motion is defined and discussed. A previous
section discussed the corresponding guantity for a standing tire.

Unyawed-Rolling Relaxatlion Length

The original definition of tire relaxation length was given as
follows by Temple in reference 55: Comnslder the situation wherein the
base or ground-contact area of an unyawed tire is laterally deflected
relative to the wheel and the wheel 1s then rolled straight shead in
its initial plane. After the tire has rolled forward a distance equal
to the footprint length, according to the experiments of Kantrowitz
(ref. 30) and others, the lateral deflection of the center of the ground-
contact area KO dies out exponentially with the distance x rolled.
The distance that the tire must roll forward in order for the lateral
deformation to drop to a fraction 1/e of its initial value has been
defined as the relaxation length of the tire. In other words, the
varistion of lateral deformetion A, with distance x rolled is

governed by an equation of the type

}‘O = Ale-X/Lx ) (61)
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where A; 1is a constant depending on the initial lateral deformation
and L) 1s the relaxation length. In order to distinguish this perti-

cular type of relaxstion length from the others discussed in this paper,
it is henceforth called the unyawed-rolling-deflection relsxation
length.

. Another way to define an unyawed-rolling relexstion length is to
consider the decay of the tire lateral force Fy with distance x

rolled for the rolling conditions previously described. Since lastersl
force is roughly proportional to lateral deformation, equation (61)
also indicates that the lateral force would decrease exponentially with
distance rolled according to a relation of the form

F, = ape~¥/1t

where A2 1s a constant depending on the initisl lateral force and Lp

is & constant which is called the unyawed-rolling-force relaxstion length
and which should be essentially the same as I;.

The availeble experimental measurements of these two unyawed-
rolling relaxation lengths are shown in figure 38 in the form of a
relaxetion-length perameter similer to the one obtained from the previ-
ous analysis of the static relaxation length (fig. 25). Also shown in
figure 38 is the empirical equation

) Le = T = (2.8 - 0.8p/py) (1.0 = k.58, /a)w (62)

which was previously obtained for the static relaxation length Lg.

(See eq. (U43) and fig. 25.) The two types of unyawed-rolling relaxation
length in figure 38 are seen to be similar to each other and are about
the same as or slightly smaller then the corresponding static relaxation
lengths which are represented by the empirical equation.

Yawed-Rolling Relaxation Length

Another definition of rolling relexetion length may be obtained by
consideration of the experiment in which a wheel is set up at an angle
of yaM'énd is then rolled straight ahead at this constant angle. If
no spprecisble skidding occurs, then, according to theory (ref. 48) and
to experiments (for example, refs. 22 to 24), the tire bullds up a
lateral force which exponentially approaches an end-point condition for
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steady yawed rolling; that is, the lateral force Fy,r builds up with

distance x rolled according to & relation of the form

-X
Fy’r = FY:r,e - A3e /L'y (63)

whexre Fy,r,e i1s the steady-state force, A5 is a constant which
depends on the initiel tire distortion, and Iy is called the yawed-

rolling relaxation length.

The aveilleble experimental yawed-rolling relaxstion-length data
are shown in filgure 39 in the form of the relaxation-length parameter
suggested by the previous analysis of the static relexstion length.
Also shown is a s0lid line which represents the -static-test data (see
eq. (43)) and a dashed line which represents the equations

- _ 7

2.8 - (0‘8P/Pr) = 118,/a (50/6. < 0.053)

~ e I(Z.Bp/pr) = (6us,/a) - 500(50/6.)2 - 14045 (0.053 < 8,/ < 0.068)p

2.6 - I(%.Bp/pr) = 0:9075 - (485/a) (0.068 < b, /a) J
(64)

which are empiricel equations fitted to the yawed-rolling dasta. For
large vertical deflections the yawed-rolling and static relaxation
lengths appear to be similar, the yawed-rolling relsxation length being
usually somewhat smaller. However, for smsell vertical deflections there
is a definite difference between the two; the yawed-rolling relexstion
length appears to increase with increasing deflection whereas the static
relaxastion length (see solid line of fig. 39 or experimentsl date in
fig. 25) decreases with increasing vertical deflection. The reasons

for this difference are not known.

ROLLING RADIUS

The rolling radlus of a tire r, 1is a tire parameter which is used
to correlate the anguler and horizontal displacements and velocities of
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a rolling wheel. It is defined (this definition differs slightly from
the definition of refs. 22 and 23) as the ratio of the horizontal dis-
placement of the wheel axle dx +to the angular displacement of the
wheel 49, or as

V.
Te = 35 (65)

"
& |

where vy (= %";) is the horizontal veloclty of the wheel axle and

a>%=%%) is the angular velocity of the wheel. (It is, of course, not
equal to either the free or the deflected geometric radius of the tire.)
This rolling radius is & varisble quentity which is influenced primarily

by the tire vertical deflection 86, the tire drag force F,, and the
tire yaw angle V. The symbol Te,o is used to represent the rolling
radius for the special case of unyawed and unbrsked rolling.

Effect of Vertical Deflectlon

The effect of vertical deflection on the rolling radius of a tire
hes been calculated by Whitbread on the basis of some simplified assump-
tions regarding the tire distortion in the ground-contact region. (See
ref. 18.) He arrived at the final approximate equation

r =r - L35, (66)

Whitbread also conducted some experiments with two 6.8-inch-diameter
and 10-inch-diemeter aircraft tires which roughly confirmed this equation.
(See ref. 18.)

Additional data which, 1n general, support this equation are shown
in figure 40 for a number of type VII aircraft tires ranging from 26
to 56 inches in dismeter for inflation pressures close to the rated
pressure. :

Equation (66) does not take into account the effect of tire infla-
tion pressure on the rolling radius. Such an effect does exist, and
its order of msgnitude is indicated in figure 41 for a pair of
56x16-24PR-VII-R22 tires. However, this figure shows that, for a change
of 4 to 1 in inflation pressure, the change in rolling radius is only
gbout *1 percent from the mean value for the range of the experimental
data shown.
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Effect of Braking

If a braking force Fx is applied to a rolling tire, its rolling
radius rg will increase. This increase may be explained by the
following discussion.

Consider the behavior of a small incremental segment of the tire
equator as the tire rolls shead. When this segment 1s far from the
ground~contact area, it has some undistorted length dso shown in the
following sketch:

However, as the tire rolls ahead and thils segment is just sbout to

enter the ground-contact region, 1ts length has changed to a new value ds
as a consequence of the strains produced by the vertical and drag forces
acting on the tire in the ground-contect region, or, in other words

ds = dsy(1 + ¢, + ex) (67)

where €, 1is the elongation strain produced by the vertical force

(always negstive) and €x 1s the elongetion strain produced by the drag
force.

According to the experimental evidence of references 32 and 51, for
small braking forces the tire equator does not skid with respect to the
ground in most of the forward or leading half of the ground-contact
srea. This result implies that as the tire_rolls shead a distance dx
an equal length of strained tire equator ds 1s laid down on the ground;
thet is,

ds = dx (68)
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The corresponding incremental rotation d9 of the solid wheel parts in
radiens is equal to the ratio of the undistorted length of the equator
segment laid down on the ground to the tire free radius r or

ds

e = —2 (69)

a8 1lllustrated in the preceding sketch.

The rolling radius of the breked tire, which is defined by equa-
tion (65) as rg = g—-’ec, can now be obtained by combinstion of egua-

tions (67), (68), and (69) ae

&g

Te = =r + re, + re, (70)

The expression r + re, in equation (T70) represents the rolling radius
for unbreked rolling Te,0? which has been evaluated in the preceding

section (see eq. (66)). Hence, equation (70) can be restated in the
form

Te = Tg,o + Tex (71)
where rg o, is given by equation (66). The quantity e, which repre-

sents the strain due to drag at the leading edge of the ground-contact
area, can be obtained from equation (55) (by setting s = 0) as

€ = % (72)

Thus, equation (71l) can be rewritten in the form

Te = Te,0 + —;— Ay (73)

or, since Fy = KA, (where K, is the fore-and-aft spring constant),

r, =r + =X (7h4)
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Equation (74) is converted to another form in e subsequent section of
this paper (see section entitled "Braking Force for Small Slip Ratios")
and is therein compared with some limited experimental dste for one
48x17-16PR-III(17.00-20)RU tire. From this limited comparison, the value
of J appears to be approximately equal to r for braked rolling con-
ditions; hence, equations (73) and (T4) can be written in the form

Te = Te,0 * Ny (758)
re = g o + iX (75b)
e~ “*e,0 Kx '

Finally, by inserting equation (66) into equations (75a) and (75b), the
rolling radius for braked rolling can be expressed in terms of vertical
deflection 50 and drag force or fore-and-sft deflection as

F
rg =7 - % By + Rf (T6e)
or
re =T - % 80 + Kx ('76p)

Effect of Yaw

In the presence of & finite yaw angle ¥ the rolling radius r
increases with increasing yaw angle. According to the experimental
evidence of references 22 and 2%, the product Te CO8 ¥ sappears to be

largely independent of yaw angle for any given initial vertical deflec-
tion (see, for example, fig. 42); that is,

e

_reo
e_m (77)

where Ta.o is the rolling radius for zero yew. By substituting equa-

2
tion (66) into equation (77), the rolling radius for yswed rolling can
be expressed in terms of initial vertical deflection 80 and yaw angle
as

r - l 8¢

-2 - (78)

e cos ¥
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YAWED-ROLLING CHARACTERISTICS

General Observations

Consider the condition in which a wheel is yawed with respect to
its direction of motion by an angle ¢ and is then rolled straight
ehead with this yaw angle held constent. The major quantities of interest
for these rolling conditions are the cornering force Fy,r (ground

lateral force perpendiculsr to direction of motion), the normal force

Fv,r (ground lateral force perpendicular to wheel plane), the self-
alining torgue Mz,r (ground moment sbout a verticsl axis through the
wheel center point), and the pneumatic caster or center-of-pressure

distance of the normel force q Q; = Mﬁ,r/Fw,r)’

For & glven condition of pressure and vertical deflection, as the
wheel rolls forwsrd the cornering force builds up with distance rolled
in the manner illustrated in figure 43. The initial slopes of these
force-distance curves asre seen to increase roughly linearly with inereasing
Yyaw angle, as would be expected from the theory of reference 48.

Steady-State Conditions

After a steady-state yawed-rolling condition is reached, the stesdy-
state normal force Fw,r,e’ cornering force Fy,r,e’ self-alining torque

Mz,r,e’ and pneumatic caster ¢, as functions of yaw angle, vary in the

manner illustrated in figures 44 and 45. These quantities and the tire
cornering power are discussed and analyzed separately in the following
sectlions.

Normal force.- The normal force generally increases with incresasing
yew angle, linearly for small yaw angles, and eventually tends asymptoti-
cally to a maximm vslue determined by the product of the coefficient
of friction MK, end the vertical load F, (see, for example, fig. Ll

or ref. 13, 18, 19, or 22). Most of the availsble date on this subject
for modern tires sre plotted in figure 46 in terms of the dimensionless

F
Y,r,e '3
-——— and » where N is the cornering power or initial
z Z
slope of the curve of normal force plotted agesinst yaw angle

N =<di‘l£££) )
ay ¥— 0

retios
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Tt might be noted from figure 4i(a) or figure 46, both of which are
typical for vertical deflections up to and slightly over rated deflection,
thet the slope of the curve of normal force plotted against yaw angle
always decreases with increasing yaw angle, whereas for very large vertical
deflections (see fig. 44(b) or fig. 47) this curve appears to have a
point of inflection.

For vertical deflections up to approximately rated deflection, the
experimental variations can be predicted with fair accuracy by the
empirical equations

S
F
—‘%w-%? (5 1.5)
; (79)
f%fd (¢ 2 1.5)
¥ z S
where
¢=wg‘z* (80)

(See figs. 46(a) to (46(c).) However, for lerger vertical deflections,
the variation appears to depend on the vertical deflection and, even
for the same vertical deflection, appears to be different for different
tires. (See fig. L47.)

Cornering force.- The cornering force "Fy,r,e (perpendicular to

the direction of motion) is slightly smaller then the corresponding
normel force Fy » o (perpendiculer to the wheel plane), as is indicated

in figure 45. Apperently, the difference between these forces can
usually be predicted with reasonsble accuracy by the equation

Fy r,e = Fy,r,e CO8 ¥ (81)
as 1s also indicated in figure 45.

Cornering power.- The cornering power N of a tire is defined as
the rate of change of cornering force Fy,r,e with yaw angle ¢ for

¥ — 0. Sample date illustrating the variation of cornering power with
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vertical deflection & and inflation pressure p are shown in Tig-
ure 48 for a pair of 56X16-24PR-VII-R22 tires. Data of this type indi-
cate that cornering power increases with increasing vertical deflection
for small vertical deflections up to a maximm value and then decresses.
In addition, cornering power appears to increase approximately linearly
with increasing inflation pressure.

Analysis of the availlsble experimental data on cornering power for
modern types I, III, and VII tires resulted in the following empirical
equations for cormering power:

N = 1. - 8.8 2 < 0.08
Cc(P " o.hhpr)w2 1.2(8/4) (8/4) (8/a < 0.0875)

(82)
N

Co(p + 0.4kp )w?

= 0.06Tk - 0.34(8/4) (8/a Z 0.0875)

where the cornering-power coefficient C, 1s given by the following
table:

Value of C, for -
Tire <
type ’ N
force/radian force?deg
I 63 1.1
ITT 69 1.2
VIi 57 1.0

The availeble experimental data are compared with the predictions of
equations (82) in figure 49 for a wide range of vertical deflections
and inflastion pressures. In figure 49(a) the empirical equation sppears
to give predictions which are accurate within about 20 percent for the
type VII tires. Figure 49(b) indicates that the shape of the empirical
curve (which was determined mostly from the data for the type VII tires)
does not describe very well the shape of the experimental curves for
types I and ITIT tires. However, since the availsble datas for types I
and ITI tires are very limited, an attempt to establish different types
of empirical equations for these tires did not seem to be Justified.

Since equations (82) appear to be of limited accuracy, at least
for types I and IIT tires, the cornering power might alternately be
calculated from the theoretical equations


http://www.abbottaerospace.com/technical-library

ho . NACA TN L4110

=
Il

(Ly + h)K}\ per radian
(83)

=2
]

E%E (Ly + h)Ka per degree

(see, for example, ref. 48 or 52) which express the cornering power as
a function of lateral spring constant K%, helf-length of footprint h,
end relexation length ;y' Some comparisons of experimentel cornering-
power data with values calculated from equations (83) are shown in
table II. (Since all the parameters involved in the calculations were
not measured under identical conditions of deflection and pressure, it
was necessary to Iinterpolate slightly the experimental data from the
pertinent references; moreover, since i depends slightly on the

amplitude of latersl deformstion (see fig. 19), it was sometimes neces-
sary to use mean values of Kp.)

Table IT shows that the values of cornering power calculated from
equations (83) are in fairly good agreement with the experimental values
for vertical deflections up to somewhat above rated deflection
(Sr/d.%-0.0T s but the calculated values are appreciebly higher for

very large vertical deflections.

In regard to the effects of rolling velocity on cornering power,
about the only availasble pertinent experimental data appear to be the
data of reference 13 (for speeds up to 45 miles per hour), reference 27
(for speeds up to 56 miles per hour), reference 29 (for speeds up to

95 miles per hour, and reference 43 (for speeds up to 100 miles per hour).

While some of these date indicate & slight decrease in cornering power
with incressing speed, most data indicate no definite apprecisble
effects of speed even up to 100 miles per hour.

Self-alining torgue.- Most available data for the variation of
self-alining torque Mz,r,e with yaw angle ¢ for modern tires are

presented in figure 50 in terms of the dimensionless ratios E-4Iﬁ§
2z

and N ¥. This figure shows that most of these data can be approxi-
Z

metely described by the empirical equations
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]
Mz r,e <
——21_2= = Q. = 0.1
W 8¢ (g =0.1)
l,_t;f-:'ﬂe =g -¢2-0.01 (0.1 £ ¢ <0.55) > (84)
ﬁ_-:F’.zT’lE = 0.2925 - 0.1% (g 2 0.55)
where
$=—-v
Fz

The maximum self-alining torque, according to equations (84), is equal
to

Mz,r,e,max = O.24HF, (85)

Pneumatic caster.- Most of the gvailsble data for modern tires for
the varistion with yaw angle ¥ of the pneumatic caster q are pre-

sented in figure 51 in terms of the dimensionless ratios % and
N ¥y. In this figure,

s

q4= Mz,r’e/F%r’e (86)

and h i1s the tire half-footprint length for zero yaw as estimated from
stetic-test data. Also shown in this figure 1s the varistion calculsted
from the following empirical equations which were obtaeined by combination
of the corresponding force and moment equations (79) and (84) with the
definition of pneumstic caster (eq. (86)).
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L
g - o.8/«’ - 5 ¢2> (¢ < o0.1)
S=(f-¢ - o.ol)/<¢ - %— ¢3> | (0.1 S ¢ € 0.55) -
\ I
b3 <
% = (0.2925 - o.1¢)/(¢ -5 ¢ ) (0.55 € ¢ 3 1.5)
% = 0.2925 - 0.1¢ (g 2 1.5)
J
where
g=Ty

T,

Falr agreement between calculation and experiment is seen to exist, the
agreement being best for the 40OX12 tires. However, since the sgreement
appears to be far from perfect, it should be noted that the accuracy of
the experimentel date shown is not extremely high and is particularly
poor for the smaell yaw angles. Also, the data for the 40X12 tires,

from a consideration of instrument accuracy and test procedure alone,
should be much more reliable than the data for the 26X6.6 and 56X16 tires.

Coefficient of frictlion.- Since the dimensionless plots of experi-
mental dete on yawed-rolling characteristics shown in figures 46, 47, 50,
and 51 involve the corresponding yawed-rolling coefficient of friction u¢
as g perameter, it appears pertinent to indicate hereln something as to
the size of this coefficient for these particular deate and its varlation
for other test conditions. The data for yawed-rolling coefficient of
frictlion corresponding to the experimental dsta in these four figures
are plotted against bearing pressure Py in figure 52. All these data

were obtained on a dry reinforced-concrete taxi strip at rolling speeds
of sbout 1 to 2 miles per hour. Also shown In figure 52 are some coef-
ficients of friction obtained from locked-wheel sliding-drag tests of
the seme tires on the same taxl strip at speeds of sbout 10 inches

per minute. The coefficlents of friction from both sets of dabe indi-
cate a decrease of coefficient of friction with Increesing besring
pressure which can be approximstely predicted by the empirical equation

By = By, = 0.93 -~ 0.0011p_ (88)
where p, is in pounds per square inch.
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Equation (88) may furnish a reassonsble first approximation for the
coefficient of friction on dry concrete runweys et very low taxi speeds,
but does not, of course, take into account meny other importent factors
such as temperature, skidding velocity, slip ratio, surface roughness,
and surface wetness, which factors may considerably influence the coef-
ficient of friction. Whlle s discussion of these factors is beyond the
scope of this paper, it might be noted that some pertinent informstion
on them is contained in references 2, 13, 20, 31, 34, 40 to 42, and L6.

BRAKING FORCE FOR SMALIL SILIP RATIOS

When & breking force is applied to a rolling tire, the relationship
between the breking force Fx and the slip ratio By (see section

entitled "Definitions") is given by curves of the type shown in fig-

ure 53. For small slip ratios the braking force appears to increase
linearly with increasing slip ratio. This linear veriastion may be
approximately predicted by meking use of the equatlion previocusly derived
for the effect of braking force on the rolling radius ro (eq. (Th))
and the definition of slip ratio in terms of rolling radius (eq. (2)).
These two equations provide the following relationship between breking
force and slip ratio for small slip ratios:

Te
Fy = Ky - 51
or since r, 1is approximstely equivalent to r,
In order to use equation (89), the tire circumferential decay length J
mist be expressed in terms of the tire dimensions. According to some
preliminary experimental braking data obtained by the General Aerodynamics
Branch of the Langley Isboratory for a 48x17-16PR-III(17.00-20)RU tire
(see fig. 5k), 1t appears that spproximately
Jd=r1r
s0 that equation (89) tekes the form
Fx = ersl (90)
(Consideration of the availasble static-test data pertinent to the decay

length J 1led to the equation J = 0.5r (eq. (56)); however, since
eq. (56) was based lergely on a single test point and since the
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determinaetion of this decay length from experimental date is usually a
highly critical process, it would not be surprising if eq. (56)

were considerably in error for the static decay length. Of course, the
possibility also exists that the decay length is different for static
and rolling conditions, as appears to be the case for the analogous
static and rolling relaxation lengths.)

Equation (90) probebly furnishes an approximate estimate of the
relationship between breking force and slip rstio for small slip ratios.
However, since date suitable for checking the validity of the equation
are limited to a single aircraft tire (see fig. 54), 1t might be uoted
that Hadekel (ref. 18) has indicated that the available experimental
date for small slip ratios for automobile and motorcycle tires (refs. 13
and 2, respectively) can be described by the empirical relation

Fy = 14F,8q (91)

within an error of sbout 20 percent. Comparison of the prediction of
this equation with the alrcraft tire datas shown in figure 54 indicetes
falr sgreement but indicates that the prediction of the equation is
somewhat high.

TURNING MOMENT FOR CURVILINEAR ROLLING

When an unyawed wheel rolls along a circular path (or any other
curved path), it experiences an elastic ground moment Mz,R which tends
to turn the wheel out of the circle. (See following sketch. )

: /

Actual tire Contact
, — —— Equivalent narrow| greg
- tires

\\\{ZTrection of motion

Top view
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This turning moment erises as & consequence of tire circumferential
stresses and has been partly explained by Von Schlippe and Dietrich
(ref. 48) and by Fromm (ref. 16). A simplified qualitative version of
their explanation follows.

As @ first approximstion, a tire having the finite footprint width b
can be considered to behave in a manner which is qualitatively similar
to the behavior of two very narrow tires mounted rigidly on the same
axle at a distance b apart. Nexit, consider the motion of these two
coupled equivalent tires as the overall wheel system moves along the
circuler path AA in the preceding sketch. As the overall wheel system
moves forward a distance d.xo and rotates through an angle 48, the

outboard tire moves a distence dx; = d.xO[R + (b/a)j/R (where R 1is
the radius of the path curvature) and the inboard tire moves a distance
d.x2 = d.xo[R - (b/2)]/R. Since the angular displacement d6 is the same

for both coupled tires, the corresponding rolling radii <re = %E) are
dxg

Te,0' = as (92)

_9X R + (b/2) _ b
re;l de R - I‘e,o(l * ER-) (93)

dx

o R - (v/f2) _ _ Db in
I‘e,a = ao R - = I‘e’o( -Z—R) (9 )

According to equation (75b), for small slip ratios (that is, for
small differences between r. and re,o) » Tthe drag force Fx acting

on a rolling unyawed tire is approximstely equel to
Fx = P(re - I'e,o) (95)
where

P =K, (96)

Ancther not necessarily identical forﬁl for this parameter P can be
obtained by using the approximate relationship rK, = thz s which is

obtained from a comparison of equations (90) and (91)
P= 1)+Fz/r ' (97)
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If the corresponding drag forces for each of the two equivalent
tires here are assumed to obey laws similar to equation (95), then, for
the outboard tire in the sketch, the drag force F,; 1s

b
Fp = CbP(re,l - re,o) = CpPre,o 7 (98)

(see eqs. (93) end (95)), where Cp is a proportionality constent.
Similarly, for the inboard tire,

Fo = -CgPre,o % . (99)

The corresponding ground moment Mz,R is then (see sketch)
M, g = F1(p/2) - Fo(b/2) (100)

or, after substitution of equations (98) and (99)

Mz,R = %7 Teo (101)

ax

In terms of path curvature (gfg =1 for large R) and tire radius
(with the assumption that re o = r):

~ 1 ay
Mz,R = 3 G 5 (102)

Experimental data suitable for evaluating the constant €, are

available in reference 23 for one 26x6.6-12PR-VII tire for three curvature

conditions (R = 4.71, 9.83, and 14.70 feet) and in reference 48 for =
10X3 tire for ome curvature condition (R = 1 meter). Use of the experi-
mentsl data of reference 23 to evaluate Cp in conjunction with equa-
tions (96) and (102) leads to the following equstion for My

My R = 0.034rbK, i—’z’ (103)
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corresponding to Cp = 0.067, and, in conjunction with equations (97)
and (102), leads to the equation

My g = 0.24F,b° g% (104)

corresponding to Gy = 0.034%. The corresponding constants for equa-

tions (10%) and (104) as obtained by use of the experimental data of
reference 48 are 0.012 and 0.17, respectively, as compared with 0.03%
and 0.24 from reference 23. However, the latter set of numbers are
probebly more realistic, since the tire of reference 48 had an untypleal
dismond-shaped footprint pattern, whereas the tire of reference 235 had
a more typical ellipse-shaped footprint. Consequently, it is suggested
that either equation (103) or (104) be used for computing tire rolling
moments due to path curvature.

This completes the discussion of the rolling moment in curvilinear
rolling. However, for the sake of & later derivation on tilted rolling
moments, it is convenlent to express here the drag forces Fl and Fo

on the two equivalent tires in terms of their respective rolling radii.
The reletion for Fl 1s obtalned by substituting the experimental value

of Cp and the definition of P (eq. (96)) into equation (98) (see also
eg. (56)). This substitution gives the equation

Fq 0.067Kx(re,l - re,o) (105)

and similsrly for F2,

Fp

0.06TKy (Te,2 = Te,0) (106)
ROLLING CHARACTERISTICS OF A TILTED TIRE

During the straight-line steady-state rolling of sn unyawed tilted
tire, the tire experiences a lateral force (for example, see fig. 55(a))
end a turning moment. This force and moment are discussed in this
section.
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ILateral Force

The leteral force for unyawed tilted-rolling conditions probably
results from two or more separate causes. The first and apparently
primary csuse for the side force, as was pointed out by Rotta (ref. 45),
is the static latersl force due to tilt previously discussed (see
eq. (57)). A second possible cause for side forces arises if the rolling
motion of & tilted tire is of such 2 nature that it leads to latersl
equator deformation ko and, consequently, to lateral force of an amount

K\\o (where Xj is the lateral spring constent). According to the
solution of equation (16} of reference 52, the lateral deformation A,
for steady tilted rolling at & tilt angle 7 (in radians) is equal to

hl _
Ao = - Sy (207)
where h is the footprint helf-length, I 1s the appropriate type of
relaxation length, and r 1is the tire free radius. The parameter ¢
is a numerical constant associated with tilt and is discussed in detail
in reference 52. Although the magnitude of ¢ is unknown, the discussion
and experimental evidence of reference 52 indicate that it is much smaller
than unity. The direction of this lateral deformatlion is such thet the
ground-contact part of the tire tends to be deflected toward the center
of the vwheel axle as is indicated in the following rear-view sketch:
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The latersl force corresponding to this deformation (eq. (107)) is

" (108)

FY:7\ = K}\RO = - r 7

(It should be noted here that eq. (16) of ref. 52, on which eq. (107)
is based, was derived upon considerations’ of a finite ground-contact
ares. Arguments which do not teke this finite area into account, such
as those of ref. 18, tend to lead to a greatly exaggerated view of the
tire lateral deformestion and of the corresponding lateral force.)

The total lateral force due to tilt Fy , .. for a steadily rolling

)i
tire is given by the sum of equations (57) and (108) as
L -( + —7 (109)

where ¥ 18 in radiams or,

Fyy,r = Frsx? (110)
where

3
e = Gy + L2 (1)

The only availeble experimental data pertinent to the lateral forces
on rolling tilted aircraft tires are given in reference 35 and are
reproduced in flgure 55. From these data it sppears that, to a rough
approximation,

Ky p = Fz (112)

where F, 18 the vertical ground force. The experimental data of

reference 5 for sutomobile tires are also in rough agreement with
equation (112).

Turning Moment

During the tilted rolling of an unyawed tire, a turning moment Mz,7

acts on the tire from the ground in the direction indicated in the top
view of figure 56. Although the magnitude and importance of this
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monment have not yet been extensively lnvestigated, a partial qualitative
explanation of its origin has been given by Chudskov in reference 6. The
following discussion of this moment is an extension of Chudskov's discus-
sion and is very similar to the previous discussion concerning the
rolling moment for curvilineer rolling.

As a first approximation, & tire of finite width behaves in a
menner which is qualitaetively similer to the behavior of two very narrow
tires mounted rigidly on the same axle at a distance b (footprint width)
apart. For the case of tilted rolling, these two equivalent tires have
the individuel vertical deflections 8, and &, (see fig. 56), where

b
8y = 8, - 2 7 (113)
By = B, + % ¥ (11h)

in which B, 1s the average or overall vertical deflection, 8y is the

deflection of the left-hand equivalent tire in figure 56(Db), 8, is the
deflection for the right-hend tire, and 7y is the tilt angle.

Consider now the rolling radil for the equivalent tire with the
vertical deflection 8. If thils tire were rollirg freely, its rolling

radius rg o ;7 would be equel to r - %.51 (see eq. (66)), or by
epplication of equation (113),

= 1 b
re,o,l =1 - -5- 50 + g Y (115)

Similarly, for the equivalent tire with vertical deflection 82,

r Y (116)

= 1
—1’.‘-350-

(o)) {4

€,0,2

However, since the two equivalent tires are considered to be coupled
rigidly together on the same axle, they must have the same rolling
radius 1rg, which, as a first approximation, is equal to the average

of the values glven by equations (115) and (116) as

re =T - =B, (117)
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As a consequence of the difference between the actual rolling radii end
the rolling radii for free (unbrasked) rolling, the individual equivalent
tires behave llke either braked or accelerated tlres and experience

different drag forces Fi and Fo (see, for example, the derivation of

eq. (T4)), which are given approximately by equations (105), (106), and
(115) to (117) as
F1 = 0.06TKy(re - Te,o0,1)

. 0.067

= "'g"'be7 (118)
F, = 0‘267 bK,y (119)

The corresponding turning moment Mz’7 about the wheel center 1s then

M

2,y = Fa(p/2) - Fy(v/2)

0.06

=~ 0.01b7K,y (120)

No definite conclusions can be reached in regerd to the accuracy of
equations (120), since the only availsble pertinent experimental data
(ref. T) are not complete enough to allow direct comparisons with the
predictions of the equations.

VERTICAL FORCE-DEFLECTION VARTATION

In this section the variation of tire verticel force with vertical
deflection for the case of landing or prerotation drop tests of a
rotating or rolling tire is discussed. The case of a nonrotating tire
has been treated in a previous sectlon.
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Apparent and Effective Tire Deflections

As & preliminsry step for the subsequent discussion, it is important
to distinguish between two types of tire deflection which are referred
to as apparent tire deflection ©& and effective tire deflection Se. ’

The apparent tire deflection & is defined as the change in wheel-axle
height subsequent to ground contact, and the effective tire deflection 3

18 defined as the difference between the Iinstanteneous free tire radius
(which depends on wheel angular velocity) and the instantaneocus dilstance
from wheel axle to ground. Because of the change in wheel anguler
velocity during a drop or a landing involving wheel rotatlon, the tire
radiuvs mey grow or shrink. Consequently, these two definitions are not
identical, or, more specifically, the two types of tire deflection are
related by the equation

Bg = & + Ar (121)

where Ar 1is the increase in the tire radius subsequent to the instant
of ground contact. It should be noted that the effective tire deflec-
tion is & direct measure of tire distortion, whereas the apparent tire
deflection 18 not. On the other hand, in order to meke time-history
solutions of the eguations of motion for e landing gear, the absolute
positione of the wheels in space must be considered. These absolute
positions are represented by the spparent tire deflection and not by
the effective tire deflection.

Static-Force-Deflection Variation
As a second preliminary step, the equations previously obtained

for the static-force-deflection variation of a standing tire (for
increesing force) should be recalled and réstated in the form

F, = [?o + npo’a(ﬁ/w)a + 0.0éééJW‘d;a fl(syw) (12é)

where '
£1(8/w) = 0.96(8/w) + 0.216(8/w)2/c, 5/v S % c,

‘ \ (123)
fl(S/w) = 2.4[:('6/w) - Cz] (S/W 2 1—30- Cz)

(see egs. (17) and (23)).
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Force-Deflection Varistion for Slow Rolling

Now consider the case of pure rolling (zero vertical velocity) at
rolling speeds sufficiently small that inertia effects are negligible.
According to some experimental measurements made with the equipment
described in references 22 to 2k for two pairs of type VII tires (see
fig. 57), the vertical-force-deflection relationship for a slowly rolling
tire is essentlally the same as the vertical-force-deflection relaetion-
ship for the increasing-force branch of a static-force-deflection curve.
It follows from this observation and from the previous analysis of the
static-force-deflection relationship (see eq. (122)) that the vertical-
force-deflection relationship for a slowly rolling tire can be fairly
accurately predicted by use of equation (122).

Force-Deflection Variation for Landing TImpeact

Inertia effects.- Consider the case of the landing impact of a
tire for large horizontal landing speeds where Inertia effects may be
importent. For this case, it is important to recognize the difference
noted previously between apparent tire deflection 8 and effective
tire deflection 8¢ and to realize that the effective tire deflection
is the deflection or distortion thet determines the tire force. Hence,
if equation (122) is to be extended to apply not only to the pure slow-
rolling case, but also to the impact case, the expression 8/W in this
equation mist at least be replaced by Be/w in the function fl(B/w).

(The other term involving (8/w)2 is probably not critical enough to be
worth modifying.) Thus, :

F, = [po + 8y (8/)2 + o.osplz'wxjﬁ fl(Se/w.) (124)

or, in terms of 8 (which is the basic variable needed for theoretical
solutions of landing impacts), this equation mey be restated in the
form

- 2 8 + Ar
F, = l:po + 8p, o(8/W)° + 0.08p1:|w wd fl(-T—) (125)

(eee eq. (121)).

Equation (125) tekes into account the effects of tire centrifugal
forces insofar as tire radial growth is concerned. However, it is also
possible that the centrifugal forces mey ceuse, in sddition to the tire
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radiael growth, a change in the tire stiffness which might, for example,
be interpreted in terms of an additional pressure term proportional to

the centrifugsl force. In this case, equation (125) should be modified
as follows:

F, = Epo + npo,a(B/w)2 + 0.08p, + p;]wﬁ fl<8 _:: Ar) (126)

where Py represents the additional inertia pressure.

Next, consider the relative lmportance of these two inertis effects
insofar as they influence the veariation of vertical force with apparent
tire deflection. Apparently, the only available pertinent experimental
data sre contained in references 47 and 60. These references present
variations of vertical force with rolling speed .for a given verticel
deflection for pure rolling conditions. Since these references 4o not
tell whet kind of vertical deflection is meant (appasrent or effective
deflection), an unambiguous interpretation of these data is not possible;
however, it can be concluded from these date that the net effect of
these two inertia effects for these data 1s of the same order of magni-
tude as would be expected from a considerastion of the tire-growth effect
alone. Also, depending on whether the data are assumed to involve
spparent or effective deflection, it appesrs that either the tire-growth
effect alone is important (the inertia-pressure effect being negligible)
or that both effects are of the same order of magnitude.

Drag and side-load effects.- In order to teke into account the
effects of drag and side loads on the vertical-force-deflection varia-
tion, equetion (126) must be modified as follows:

W

F, = E)o + ic;po,a‘(S/w)2 + 0'O8pr + Pj]W\rW_d- fl<5 + Ar -~ By - 57\) (127)

where the expressions Sx and Sk represent the vertical sinking of

the tire at a gilven vertical load due to drag and side loads, respectively
(see egs. (54) and (39)).

Hysteresis effects.- Equation (127) is the final equation for the
vertical-force~deflection varistion during a lending impact. This equa-
tion takes into account effects of centrifugal, drag, and side forces but
does not provide for any hysteresis effects. Hysteresis effects are of
some lmportance for static tests, drop tests without prerotation, and
for the later stages of prerotation drop tests (after the wheels have
stopped rotating); however, for conditions in which the tires are rotating
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with peripheral velocities which are large compared with their vertical
velocity, the hysteresis effects on different parts of the tires tend +to
cancel out insofar as net verticael forces are concerned (see refs. 15
and 47). Since a high ratio of peripheral velocity to vertical velocity
always exists during realistic landing impacts (except for a probably
unimportent instant just after ground contact), hysteresis effects
probably need not be taken into account in establishing the relationship
between vertical force and deflection for a lsnding impact.

Tllustrative data.- At present, insufficient information is avail-
able to permit a direct evaluation of the relisbility of equation (127)
for laending-impact conditions by comparisons of calculated and experi-
mental force-deflection veriations. However, some qualitative indica-
tion of the reliability of this equation may be obtained by examination
of figure 58. This figure presents comparisons of experimental vertical-
force-deflection curves for static (increasing-force) conditions and for
landing-impact conditions at several horizontal velocities. It may first
be noted from this figure that the experimental differences between the
static and landing curves are small; however, the landing curves do
appear to be very slightly lower for the early small-vertical-load
(spin-up) stages of the landings (see parts of curves below horizontal
bars) and appear to be higher for the later large-vertical-load (post-
spin-up) stages of the landings (see parts of curves sbove horizontal
bars). Such differences might also be expected from a comparison of the
predictions of equations (127) and (122). The calculated force for the
landing case (eq. (127)) would be initially smaller than that for the
static case (eg. (122)) because of the drag-load effect (see &, factor

in eq. (227)) and would be larger after spin-up than that for the static
case because of the tire-radius-growth effect (see Ar - factor in
eq. (127)).

Force-Deflection Variation for Prerotation Drop Tests

The force-deflection varietion for the early stages of prerotation
drop tests, where the wheels are still rotating, is similar to the static
force-deflection variation (see fig. 59), involves basically the same
types of phenomena as are involved in landings with finite horizontal
speed, and can probebly be predicted with fair accuracy by equation (127).
However, the radius change Ar 1s positive for landings (the tire grows
after ground contact) but is negative for prerotation drop tests.

During later stages of prerotation drop tests the tire ceases
rotation; this cessation of rotation permits hysteresis effects to exert
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a not easily predicted effect on the force-deflection variastion, and,
eventually, in the last stages of such tests, the force-deflection
variation becomes similar to that for a drop test without prerotation
(see ref. 53).

MISCELLANEOUS TIRE PRQPERTIES

This section considers the following tire and wheel characteristics:
centrifugal growth of the tire radius, wheel and tire inertis properties,
and tire hysteresis properties.

CENTRIFUGAL GROWTH OF TIRE RADIUS

When a tire is rotated its radius increases, because of the centrif-
ugal forces, by a small fraction which increases with increasing rota-

tional speed. For small rotational speeds, Davison (as cited in ref. 18)

has suggested that the fractional radius increase &rjr, 1is linearly

proportional to the ratio of the tire centrifugal forces to the tire
spring forces. For a given tire shape,_the tire centrifugal forces will

be proportional to mtrdma (where my is the tire mess end ® is the
angular velocity in radian measure) and the spring forces will be pro-
portional to pr02 (where p is the inflation pressure). Consequently,

Davison's suggestion implies that the radius growth obeys an equation of
the type

2

mlrw
& oo g, Lo (128)
r 1 2
o T,

where d; 1s a constant depending on tire shape. According to some

date, which esre given in tables III and IV and discussed in appendix B,
for two 26Xx6.6-12PR-VII and 56x16-32PR-VII tires, equation (128) is
fairly realistic for radius changes of less than 1.5 percent for a wide
range of inflation pressures, and the constant d; 1is approximately

equal to 0.0l; therefore, equation (128) can be written in the form

2

Ar = 0.01 EE§L- (129)

(See fig. 60.)
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Some additional experimental data, obtained from reference 53, are
shown in figure 61 for & pair of 57x20-16Ply-I(56-inch) tires. These
data are also seen to be in fsir agreement with the predictions of

equation (129).

WHEEL AND TIRE INERTIA PROPERTIES

Table V of this paper presents a list of coefficients suitable for
rough computations of the following inertia properties of a wheel and
tire: mass of tire plus tube my; mass of tire, tube, and wheel m,;
polar moment of inertis of tire and tube gbout the wheel axle ;y,t5

polar moment of inertia of tire, tube, and wheel sbout the wheel axle
Iy,w3 polar moment of inertia of tire, tube, and wheel sbout an axis

perpendiculer to the wheel axle Ix,w3 and the three corresponding radii

of gyration ky =l/Iy,t7mt’ k, =I/Iy,w/mw’ end k. =\’Ix,w/mw' The
values of the various coefficients listed in this teble are average
values established on the basis of dabta obtained from tire marmufacturers,
from tire specifications, from tire tests conducted at the Langley
Leboratory, and from several published papers (refs. 3, 21 to 24, and
59). More specifically, the values of ry/r listed in table V were
obtained from reference 61, which indicates that these values are accu-
rate within about 5 percent for new tlres. The values of kx/r and

Ix W/r5 were estimated from data contalned in reference 3 and from some
t

unpublished data obtained at the lLangley ILaboratory, which are listed
in table VI. The values of m.t/r5 were obtalned from tire masnufacturers!

data. The values of mw/r3 were established from dets 1ln references 3
and 21 to 24, and from the unpublished data listed in table VI. The
values of kw/r were estimated by making use of the corresponding values
of kt/r, mt/}3, and mw./r5 together with an empirical equation for the
radius of gyration of the wheel assembly (exclusive of the tire and tube)
which is given in reference 61. The values of Iy,t/}5 and Iy,w/}5

were obtained from the relationships Iy,t = mtkt2 and Ty, = mwkwg.

For different main- and nose-wheel tires of the same type (I, III,
and so forth), the actual inertis coefficients do not appear to vary
much with tire size from the average values of table V; however, for
tail-wheel tires, there may be considerasble variatlion from these average
values. Some Indication of the variation of these coefficients is pro-
vided by table VI, which presents comparisons of experimental inertia
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coefficients with the corresponding average coefficients from table V
for a number of tires. (All the date given in table VI for types I, III,
and VII tires are for mein- or nose-wheel tires.)

TTIRE HYSTERESTIS PROPERTIES

This section presents a discussion end enalysis of the hysteresis
properties of a standing tire under the influence of lateral, vertical,
fore-and-aft, and torsional cyclic forces of moments. (Some discussion
of the importance and applicstior of these hysteresis properties for
the case of a rolling tire is given in ref. 5k.)

Preliminary Discussion

As & preliminasry step for defining tire hysteresls constants, it
is convenlent to consider briefly the general behavior of a standing
tire as influenced by hysteresis effects for the special case where the
base of an untilted tire is subjected to a periodic lateral deformation
Ao of the form

Ao = Mo, max Sin vt (130)

by en applied lateral ground force Fy 3. (See fig. 17.) Under these

conditions, the lateral ground force is observed experimentally to vary
with time in the manner indicated in sketch 1, and the corresponding

— ~ -
\<;\y(/xo =-§o,max sin vt

\\
N //

N7

Sketch 1
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variaetion of lateral ground force with lateral tire deformation, shown
in sketch 1, appears in the form of a typical hysteresis loop (see
sketch 2). This hysteresis loop arises largely as & consequence of the

Sketech 2

structural or hysteresis damping forces which oppose the tire deforma-
tion. In the case of metallic structures, such hysteresis forces appesar
to be independent of frequency, have an amplitude usuelly equal to a
small fraction of the amplitude of the corresponding spring force, but
shifted in phase by 900, end can be anslytically represented with fair
accuracy as the damping force generated by an equivalent viscous damper
whose damping coefficient is inversely proportionsl to the freguency of
oscillation. (See, for example, ref. 64 or any other boock on sero-
elasticity.) The assumption is mede henceforth that these same concepts
are applicable to the treatment of hysteresis effects in standing tires.

The lateral spring force F

v, 8 in a tire for purely lateral oscil-
lations is ?

Fyos = Ko (131)
where K, 1s the lateral spring constant. The corresponding hysteresis

demping force, in accordance with the preceding asgumptions, can be
described by the equsetion
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!
A9
F A D

voh = (132)

where the parameter ™ is the retio of the maximum hysteresis force

Fy,h,max to the maximum spring force Fy;s,max’ or since the maximum
total ground force Fy,K,max and the maximum spring force are approxi-
mately equal,
Fy,h,mex
T = Y il,max (133)
¥ A,max

(See sketch 2.)

Equations (131) to (133) provide a simplified set of equations for
the leteral hysteresis end spring force acting on a standing tire sub-
Jected to a cyclic lateral force. The corresponding equations for
other types of loadings are analogous to these equations.

Evalustion of Lateral Hysteresis Parameter nx

Free-vibration tests.- Experimental eveluation of the lateral
bysteresis parameter LN from the experimental dynamic free-vibration

tests of reference 25 (at frequencies usually up to ebout 4 cps) gives
variations of nk with tire inflation pressure of the type illustrated

in figure 62 for two pairs of type VII tires. (The method of evaluating
)\ from the free-vibration test data is discussed in appendix C.) Fig-

ure 62 shows that the parameter Ty, &ppears to decrease with increasing
inflation pressure and to obey roughly an equation of the type

2y
= 4
L (p/pr) (134

where nk (the value of ™ at rated pressure) was found %0 be equal

to 0.092 and 0.096 for the two pairs of type VII tires shown in the fig-
ure and was found to be equal to O. 092 and 0.120 for two pairs of
type II tires. .
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Static tests.- Experimental evaluation of nk from the static

tire-test data of references 21, 23, and 24 gives results of the type
illustrated in figure 63. The data in this figure, in contrast with
the vibration-test data (fig. 62), indicate no definite trends with
inflation pressure. The wide scatter of the data may be due to several
of the following cesuses: (1) For some of the data shown, only incom-
plete (half-cycle) hysteresis loops were available; consequently,
accurate determinstion of nk from these data was sometimes difficult;

(2) skidding of the tires msy cause a falsified oversized hysteresis
loop; and (3) the parameter T, may also depend on the amplitude of the

lateral deformstion end on the tire vertical deflection, neither of which
variables is taken into account in figure 63.

Meen value of T~ On the hasis of an inspection of the preceding

dynamic and stetic information on the latersl hysteresis parameter %
this parameter appears to be roughly equal to

M, = 0.1 (135)

for both static and dynamic conditions near rated pressure. While this
parameter also varies with Inflastion pressure and perhaps with other
variebles, the available data do not appear to be sufficient to Justify
en expression any more refined than that of equation (135).

Evalustion of Vertical Hysteresis Parameter Ty

The vertical hysteresis parsmeter Ny which is & measure of the

hysteresis force experienced during smell vertlcal periodicael motions
of a tire from a reference position (where Fz,o is the average or
reference vertical force), is hereby defined by the equation

Fz,h,max (136)

Nz =
Fz,mex - Fz,0

(analogous to eq. (133) for nk) where F, 1is the vertical force
and Fz,h,max is the half-helight of the corresponding force-deflection
hysteresis loop.

The only aveilasble experimental data pertinent to this parameter are
the free-vibration data of reference 25, some of whi¢h are shown In fig-
ure 64 for two pairs of type VIT tires. These data indicate that the
perameter 1, vaerles wilth inflation pressure in the same manner as the
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parameter T according to an equation like equetion (134) or

n, ET:f(;;;;S (137)

where Mg, r (the value of n, &t rated pressure) was found to be equal

to 0.0T4 and 0.090 for the two peirs of type VII tires shown in figure 64
and 0.100 and 0.120 for two pairs of type II tires. In view of these data,
apperently the value of 1, 1is approximately

Ny = 0.1 (138)

near rated pressure conditions.

Evaluation of Fore-and-Aft Hysteresis Parameter 1,

The fore-and-aft hysteresis parameter m,, which is a measure of the

hysteresis force experienced in fore-snd-eft tire vibrations, 1ls defined
by the egquetlon

Ny = _X,h,max (139)
X, max

(analogous to eq. (133) for nk) where F, is the fore-and-aft force
and Fx,h,max is the half-height of the corresponding force-deflection

hysteresis loop. Moet of the availasble experimentel data pertinent to
this paremeter are the free-vibration date of reference 25. The varia-
tion of 1, with inflation pressure obtained from these data (in the

manner described in aeppendix C) is shown in figure 65. From these dsta
it appears that, approximately,

n, = 0.12 : (1k0)

The only other availsble data from which 1, could be eveluated were

deta for & single half-cycle static hysteresis loop for =
56X16-32PR-VII tire (ref. 21). These data indicate & similer slightly
larger value of 7, (=~ 0.16).
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Evaluation of Torsional Hysteresis Parameter 1

The torsional hysteresis parameter 1., which is a measure of the

hysteresis moment experienced by a tire during torsionel vibrations, is
hereby defined by the eguation

Ny = Mzzhzmax (l’-l-l)

Mz,max

(analogous to eq. (133) for nx) where M, is the twisting moment and
Mz,h,max is the half-height of the corresponding moment—twist-angle
hysteresis loop.

Little directly pertinent informstion is availeble in regard to the
magnitude of 1,. However, since all the similarly defined hysteresis
parsmeters mp, Ty, and 10, were found to be approximately equal to 0.1,
it seems reasonsble to infer also that

Mg = O-1 (1k2)

As an additional rough check on the relisbility of equation (142), two
static hysteresis loops were available for a 45x15-14PR-~ITI(15.50-20)
tire at its rated loading condition. These loops were teken at small
twist angles to minimize tire skidding (which, according to the data of
ref. 25, is usually important for twist angles greater than 10)5 more~
over, for this same purpose, the ground-contact surface of the tire was
glued to the ground surface (in this case a steel plate). These tests
gave & value of 17, ~ 0.1k for a maximm twist angle of 1.5° and

g, =~ 0.2% for an angle of 4° and indicate that equation (1%2) may be
regsongble for small twist angles.

CONCLUDING RFMARKS

In this paper a fairly comprehensive analysis has been made of the
availeble experimental data on most of the mechanicael properties of
pneumatic tires which are of interest to aircraft designers, and some
empirical equations have been established for most of these properties.
These empirical equations probably furnish as accurate an overall esti-
mate of the tire properties considered as cen be cobtained from the data
presently avallable without going into a detailled analysis of the
internal construction of tires. However, meny of the experimental data
on which these equatlions were based were obtained under static or
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slow~speed rolling conditions. Although the extremely limited available
evidence for high-speed rolling conditions has not yet revealed any
drastic effects of speed on most tire properties, a need still exists,
of course, for further studles of the behayior of tires for the complete
practical range of high-speed rolling conditions.

Langley Aeronautical Laboratory,
Netional Advisory Committee for Aeronasutics,

lengley Field, Va., July 26, 1957.
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APPENDIX A

SAMPLE OF METHOD OF DETERMINATION OF EMPIRICAT, EQUATIONS

This appendix discusses the manner in which the form of the empirical
equation (33) for lateral spring constant was estdblished from the avail-
agble experimental dasta. The forms of most of the other empirical equa-
tions in this paper were determined in a similar manner.

Plots were made of lateral spring constant K against the ratio
of inflation pressure p to rated pressure Py for various vertical

deflections and for different tires.- These plots showed that most data
could be described by the linear relastion

K = A(ff’; + o.2l+)

or, equivalently, by the relation
K\
—— =B Al
p + O0.24p.. (A1)
where A and B represent functions which depend on tire size, shape,
and vertical deflection. Next, plots were made of the two simplest
dimensionless stiffness parameters which could be formed in accordance

K\ KA
with equation (Al) (namel: and against
Q ( ( s d(p + 0.2kp,.) w(p + o.2hpr)> &

' 5 5
the two simplest vertical-deflection parameters (na.mely, -EO- and _wg)'

(In the corresponding analysis of a few other tire properties, 1t was
occasionally posslble to make use of theoretical considerstions in
selecting the best choice of parameters to condense the dataj however,
usually it was necessary to use a trial-and-error procedure.) These
plots indicated that these spring-constant parameters decreased approxi-
mately linearly with increasing vertical deflection and that the best
condensation of the data for a given tire type was cbtained by plotting

the stiffness parameter agalnst the vertical-deflection

A
S
parameter ?0 (see fig. (20)), and which plots were Ffound to be fairly

well fitted by the empirical equation (33), which 1s discussed in the
text.
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APPENDIX B

MEASUREMENTS OF TIRE GROWTH DUE TO CENTRIFUGAL FORCES

In order to cobtaln some quantitative measure of the growth of tires
at high wheel angular velocitles, tests were performed with two type VII
tires, one a 56x16-32PR tire (see ref. 21 for properties of a tire of
the same size and type) and the other a 26x6.6-12PR tire whose properties
are des;ribed in reference 23 (see date for tire A at end of testing in
ref. 23}.

For these tests the tires were mounted in a heavy fixture. An air
Jjet attached to the test fixture and trained on the tires permitted
angular velocities from spproximately O to 2,000 rpm for the 26x6.6 tire
and from O to 900 rpm for the 56X16 tire, which corresponded to rolling
speeds from sbout O to 220 feet per second for both tires.

Angular velocities of the tires were measured with a strobo-
tachameter. The tire radial growth was obtained by reading a redlslly
orilented ruler, placed behind the tires, through a transit or theodolite
placed about 30 feet in front of the tires. :

Experimental tire growth measurements were obtained for three infla~
tion pressures for each tire and are listed in tables IIT and IV. These
dete are also plotted in figure 60 in dimensionless form.
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APPENDIX C

DETERMINATION OF HYSTERESIS CONSTANTS FROM FREE-VIBRATION TESTS

This appendix discusses & procedure fqr determining the lateral
hysteresis coefficient T (see eq. (133)) from informstion geined

by free-vibration tests of a two-wheel cart of the type described in
reference 25. Such a cart can be approximately represented by the
linesr mass-spring-demper system in the followlng sketch:

A 4

V
4 ,
/ A om \NW——
/ =1 ' =l y
y f
Y ‘—> 2o 4

where the eprings represent the two tire stiffnesses, the dampers repre-
sent the hysteresis damping, and 2m represents the mass of the cart.
The spring and demping forces are given by equations (131) and (132),
respectively, and the corresponding differential equation for the system
for free oscillations is

2th27\0 + 2 h?; DiA, + 27N, = O (c1)

The solution of this equation is of the form

3

Ao = P1e sin (vt + @) (c2)

where ?l and ¢2 are constants and

2
- (2B 1) (05
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K

bmy2 .
always be replaced by the simpler expression

vV = @ | (Cﬁ)

and, thus, eguation (C2) can be reduced to the form

Inasmuch as << 1 for conventional tires, equation (C3) can almost

1
- =M vt
e 2°A

7\O=cpl

sin(vt + ¢2) (c5)
The decrease in amplitude of the lateral oscillation per cycle <of

_;=gzz)
period T = 7 ey is then

1
At +T - 5H VT —%
0( ) = e 2n7\ = e Tb\

N (E) (c6)

Since this ratio can be directly measured in free-vibration tests, equa-
tion (C6) provides the necessary reletion for determining the param-
eter T from such test data. In addition, equation (Ck) gives the

necessary equation for determining the lateral spring constant Ki in
terms of the experimental frequency and the cart mass 2m.
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TABLE I.- RATIO & OF NET FOOTPRINT AREA TO GROSS

FOOTPRINT AREA FOR SEVERAL TIRES

Tire Tread pattern a
26x6.6-12PR-VII-R23-A Rib 0.75
26x6.6-12PR-VII-R23-B Rib .76
LOx12-14PR-VII-R2k-A Rib .76
hOox12-14PR-VII-R2L-B Rib .T6
56X16-24PR-VII-R22-A Rib .70
56x16-24PR-VII-R22-B Rib .65
57%x20-16 Ply-I(56-inch)R53 Diamond (nonskid) .60

T
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IT.- COMPARISON OF EXPERTMENTAT, AND CAILCULATED

VAIUES OF CORNERING POWER

Cornering power N, 1b/deg
5 2 Tire
d P Calculated from
Fr Experimental equation (83)
0.031 0.92 1,890 2,060
.032 .9 2,170 2,150 . _ VIT-R2
050 | 130 2:980 3:320 56x16-24PR-VII~-R22
.052 .98 2,590 2,810
0.061 | 1.41 1,140 1,150
066 | 1.22 970 980
076 | 1.02 860 8710
.089 .82 680 ThO 4ox12-14PR-VII-R24
.102 | 1.50 850 1,260
115 | 1.31 715 950
132 | 1.11 515 780
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TABIE III.- CENTRIFUGAL GROWTH OF A 26x6.6-12PR-VII TIRE

[keight of tire plus tube, 26.9 1%}

PO’ ro} (D, Ar,
1b/sq in. in. rpm in.
46 12.5 0 0
46 12.5 500 Ok
46 12.5 700 .09
46 12.5 1,050 .16
46 12.5 1,345 .23
TS 12.5 1,710 .32
46 12.5 1,980 9 Te}
46 12.5 1,580 .30
46 12.5 1,260 .22
46 12.5 8ho 12
80 12.5 0 o}
80 12.5 610 .03
80 12.5 790 .06
80 12.5 900 .07
80 12.5 1,000 .08
80 12.5 1,070 .10
80 12.5 1,140 1
80 12.5 1,235 12
80 12.5 1,352 Ak
80 12.5 1,590 .20
80 12.5 1,740 .23
80 12.5 1,990 .29
80 12.5 1,590 .20
80 12.5 1,310 .15
80 12.5 1,225 b
80 12.5 1,120 J11
80 12.5 1,080 .10
80 12.5 850 .08
157 12.6 0 o]
157 12.6 625 .01
157 12.6 810 .03
157 12.6 970 .04
157 12.6 1,175 .06
157 12.6 1,285 .07
157 12.6 1,540 .11
157 12.6 1,945 .17
157 12.6 1,515 .11
157 12.6 1,243 .07

9
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TABLE IV.- CENTRIFUGAL GROWTH OF A 56x16-32PR-VII TIRE

EWeight of tire plus tube, 308 115]

Po? Lo w, L,
1b/sq in. in. rpm in.
66 27.5 0 0
66 27.5 280 .06
66 27.5 375 <15
66 27.5 480 .2k
80 27.7 0 0
80 27.7 250 Ol
80 27.7 kho .15
80 27.7 580 .28
80 27.7 680 . 40
80 27.7 750 .50
80 27.7 840 .61
80 27.7 780 5k
80 27.7 670 43
80 27.7 550 .30
8o 27.7 4ho .18
158 27.8 0 0
158 27.8 365 .08
158 27.8 420 11
158 27.8 510 .17
158 27.8 640 . .25
158 27.8 900 L7
158 27.8 760 .36
158 27.8 680 «30
158 27.8 590 .23
158 27.8 k70 .1h
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TABLE V.- AVERAGE VAILUES OF INERTIA COEFFICIENTS

e |y (v w5t [Ix,w
o I I - L 2 2 2

Type Description ._rE _rj?. ..EE 23 r5: B 3 5 ’ 5 7]

slugs |slugs| slugs | slugs| slugs

T Main and nose wheels 0.65}0.80(0.50|1.10 | 0.6 |0.46 [0.38 |0.28

Teil wheels 65) 4| 50| -——- | L2 | —mmm |emmm | eee-

T Mein and nose wheels 0.65(0.80]0.50|==== | 0.6 | mmm= |-==m |-=—-

Mein and nose wheels (to 11:00-12) [0.65/0.79(0.50(1.20 | 0.7 [0.51 10.44 |0.30

TII |Main end nose wheels (11:00-12 and up)| .65| .77| .50(1.20 T 51| k2| .30

Tall wheels 65 79| .50|-=== | 1.1 [=mmm [me—m [ ----

VI Noee wheels 0.65|0.76|0.50| ~=== | 0.8 |==m= |=mmm |-=-=

VII Msin and nose wheels 0.65/0.79/0.50{1.25 | 0.7 |0.53 |O.4% |0.5L

Tail wheels 65| 77l 50| =mm= | LT | memm [ |-

Othera 0.65{0.78|0.50|1.20 | 0.7 |0.51 [0.43 [0.30

OTTH NI VOVN
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TABIE VI.- COMPARTSON OF ACTUAL VAIUES OF INERTTIA COEFFICIENTS WITH AVERAGE VALUES

T r | T o | %% ilw &tt Ie,w
Type Description _rt - —rx I v e -_Lr5 7 Sourece
slugs|elugs|slugs | elugs| slugs
28xg-10PR 1.09 j0.6k Reference alﬁ
28x9-10PR ) 0.65 1.18 0.50 Unpublished
269 (27-inch 51 Unpublished.
I 209 .56 Unpublished
36x13-12PR(36~inch) | .69 0.46| .91 b 0.19 |Unpublished | myperimental date
Was5-10PR( B4 -1nch) .79 | .57 Reference 21
56320 .60 A9 11.36 49 .32 {Unpublished
56x20 (56-inch) 46 Reference 59
STX20-16P1y A6 Unpublished
110% — (110-inch] b Reference 59
Average value .65 .5011.10 | .60 | .46 .28 [T=ble TV
ITT | b5xd5-14PR(15.50-20) 1.15 10.76 Reference 21 - Experimental data
Average value 1.20 | .70 Table IV
2656, 6-12FR-A 0'22 0.79 1.34% [0.72 |0.55 |0.43 Reference 23 |
266, 6-12PR-B . TT 137 | .72 | .56 ]| b3 Reference 23
Loxie-14PR~-A 1.25 | .T0 Reference 2k
VIT | 40x12-14FR-B 1.2k | .69 Reference 2k ¢ Experimentel data
56X16~24FR-A 1.20 | .67 Reference 22
56x16-24FR-B 1.18 | .66 Reference 22
56xX16-32FR .28 | .75 Reference 21
Average value 65| .79 1.25 | .70 | 53 | J4 Table IV
2ox8 0.51 | 1.34 O'fi
o-bhﬂrgf g‘?ﬁo gg i:zg :31 Reference 3 - Experimental data
28x7 Jrliaas .25
Aversge valune 50 | 1.20 <50 | Teble IV

28

OTTH NI ¥OVN
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Y Tire A  56X16-32FR-VII
WE 5 - \ Tire B 56x36-24FR-VII
=1 < ! f Tire ¢  45x15-14PR-ITTI(15.50-20)
/5 N 1 Tire D  4hxa5-10PR-I(Lh-inch)
k ire Bl  26x9-10FR-I(27-inch)

4
z §:
=
— et - -
Tire & Tire B Tire D Tire C Tire E1
(a) Photograeph of tires. . L-7h867.1

Figure l.- Profiles of several types I, III, and VII American tires
from reference 21.
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(b) Cross sections of tires.

Flgure 1.~ Concluded.
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Tire loaded
— — — — Tire unloaded

= ]
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— o —1
T
~

=—— 24 V5/4 ~ (6/d)° —— = «—— b ————

Figure 2.~ Sketch of tire under pure vertlcal loading.


http://www.abbottaerospace.com/technical-library

2n/d

Footprint-length parameter,

NACA TN 4110

o7

ol

|

\
\
T

1 A b

5

/
- N’
/ é-@ﬁpu

3

— hfd = o.a:;*,/a/a - (8/d)
———n/d = Vo&/d - (6/a)?

26%6.6-12PR-VII-R23-A
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56x1.6~24PR-VII-R22-A
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5’_{>(20-16Ply—1(56-1.nch)-355

| 4 L ] i [ |

0 0z “oh . 3 a6 az »
Vertical-deflection parameter, 6/d

Figure 3.~ Variation of footprint-length parsmeter with vertical-
deflection parameter for several types I and VII tires.
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o - h/d = 0,85 Y8/d - (8/a)?
0 O 10x3
o | 22x8 Experimental data
O 25%9
A 2710 | from reference 45
V. 28x7
! | | [ | ] !
02 <Ol 206 «08 «10 12 I.lh

Vertical-deflection parameter, &/d

Figure k.- Variation of footprint-length parameter with vertical-

deflection parameter for several German alrcraft tires.
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56X16-24FR-VII-R22-A
56x16—2h1=3-v11L322-B
57x20-16Ply-I(56-1nch)R53

> O-O O-0 O-0

Figure 5.~ Variation of footprint-width parameter with vertical-
deflectlon parameter.
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P, b/sq in
Tl [ 0 4O
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é A, =2,25(5 - 0.03w) Vwd
E, -6'—
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8
[
nh_
02"
! 1 | 1 H { 1 I __
0 ol o2 .3 X .5 .6 Tt 8

Vertical-deflection parameter, §/w

Figure 6.- Variation of gross-footprint-ares perameter with vertical-
deflection paremeter for several obsolete tires. (Experimental
deta from ref. 38.)
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vé A 57X20-16Ply-I(56~-inch)R53
o2 // : ;
'<5/§
| | | L { L
0 ol 02 o3 ol} 05 06

‘Vertical-deflection parameter, &/w

Figure 7.- Variation of gross-footprint-asrea parsmeter with vertical-
deflection parameter for. types I and VII tires.
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<. A 1.4
)
<
&
- 012_ 2
o
o Ap = 0.66p°,a_(5/ﬂ)
8
o
3
[N
({) 008_
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Vertical-deflection parameter, &/w

”

Figure 8.- Varlation of pressure-rise ratlo Ap/;po ,a with vertical-
deflection parameter for a 28X9-10PR~I(27-inch)R21-E2 tire.
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6+ ——L——

Vertical force per iire, F, , 1b

O O Increasing force
&t Decreasing force

93

o] 2 2 3 L 1 6 . 7 8
Vertical deflection, 6 s in.

Figure 10.- Comparison of vertical-force-deflection curves from static
test and from drop test without prerotation at initisl vertical
veloclty of 9.9 feet per second. Data for pesir of 57x20-16Ply-I-
(56-inch)R53 tires. p, = 80 pounds per square inch.
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pw(wd (p + 0.08pp)w\d

Figure 1ll.- Experimental variation of two vertical-force parameters
with vertical-deflection paremeter for a 28X9-10PR-I(27-inch)R21L-E2
tire at two different inflation pressures.
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Vertical-deflection parameter, &/w

Figure 12.- Variation of vertical-force parameter with vertical-
deflection parameter for a 56X16-32PR-VII-R21-A tire at several
inflation pressures.
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Vertical-deflection parameter, &/w

(2) Type I tires.

Flgure 15.- Variation of vertical-force parameter with vertical
deflection for several types I, ILL, and VII tires.
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(b) Type III tires.

Figure 135.- Continued.
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Figure 13.- Concluded.
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Figure 14.- Variations of vertical ground force, wlth vertical tire
deflection obtained from drop tests without prerotation for pair
of 57x20-16Ply-I(56~inch)R53 tires.
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Figure 15.- Variation of footprint-pressure parameter with vertical-
deflection parsmeter. )
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Figure 16.~- Variation with vertical-deflection parameter of ratio of
net footprint pressure to inflation pressure.
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Figure 1T7.- Sketch illustretbting tire lateral distortion for combined
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Figure 18.- Variation of lateral spring constant with vertical
deflection and inflation pressure for a 28X9-lOPR—I(27-inch)-
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(a) Static data for 4OX12-14PR-R24 tires..

Figure 19.- Variation of lateral spring constant with. amplitude of
lateral deflection for two palrs of type VII tires.
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Figure 19.~ Concluded.
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(a) Type I tires.

Figure 20.- Varlation of lateral-stiffness parameter with vertical-
deflection parameter for types I, IIL, and VII tires.
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Pigure 20.~ Continued.
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Flgure 20.- Concluded.
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Figure 31.- Experimental variation of fore-and-aft spring con-
stant with vertical deflection and inflstion pressure for a
56x16-32PR-VII tire. (Data from ref. 21.)
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Figure 33.- Experimental variation of vertical-force center-of-pressure
perameter with vertical-deflection parsmeter and infletion pressure
for fore-and-aft loading of a 56x16-32PR-VII tire. (Data from
ref. 21.)
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e standing tire. (Unpublished experimental date for
45x15-14PR-TITT(15.50-20) tire of ref. 21.)
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Figure 38.- Variation of unyawed-rolling relaxation-length parameters
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Figure 39.- Variation of yawed-rolling relaxatlon-length parameter with
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Figure 46.- Variations of normel-force parameter with yaw-angle param-
eter for steady-state yawed rolling of type VII tires.
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(b) L4OX12-14PR-VII-R24 tires.

Figure 46.- Continued.
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Figure 46.- Concluded.
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Figure 48.- Variation of cornering power with verticel deflection for
several inflation pressures for a pair of 56x16-24PR-VII-R22 tires.
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Figure 50.- Varlation of self-alining-torque parameter with yaw-angle
parameter for steady-state yawed rolling of several type VII tires.
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Figure 52.- Variation of sliding-drag and yawed-rolling coefficients of

friction with bearing pressure from slow-speed tests of several

type VII tires.
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Flgure 55.- Experimental varistion of drag force with slip ratio for
braking tests of an automobile tire on dry concrete. (Data from
ref. 13.)
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Figure 54.- Variation of drag force with slip ratio for braking
tests of a L8x17-16PR-III(17.00-20)RU aircraft tire.
F, ~ 8,000 pounds; Ky(estimated) =~ 4,000 pounds per inch.
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Figure 55.- Experimental lateral-force data for unyawed tilted rolling
behavior of a 28x7-R35 tire.
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Figure 56.- Sketches of a tilted rolling tire.
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tests with values obtailned from glow-rolling tests.
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Figure 58.- Comparison of tire vertical-force-deflection curves from
landings and from static tests for 28x9-10PR-I(27-inch) tires.
= 7.5 feet per second.

Po = 32 pounds per square inch; v,
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Figure 59.- Comparison of static vertical-force-deflection curve
with force-deflection curve obtained from prerotation drop
tests with initial periphersl velocity of 88 feet per second
and Initial verticasl velocity of 7.5 feet per second. Daba for .
28x9-10PR-I(27-inch) tires; po = 32 pounds per square inch.
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(b) 26x6.6-10P1y-R25 channel-tread tires.

Figure 62.- Varlastion of dynamic lateral-hysteresls parameter with

inflation pressure for two pairs of type VII tires.
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Figure 63.- Varistion of static lateral-hysteresis perameter with
inflation pressure for several types I, III, and VII tires.
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Figure 64.- Varistion of dynamic vertical-hysteresis paremeter with
inflation pressure for two pairs of type VII.tires.
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Figure 65.- Variation of dynamic fore-and-aft hysteresis parsmeter with

inflation pressure for pair of 26x8-R25 tires.
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