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1. SCOPE

The purpose of this SAE Aerospace Recommended Practice (ARP) is to establish guidelines for the

measurement of static and dynamic characteristic properties of aircraft tires.

It is intended as

a general guide

toward standard practice, but may be subject to frequent changes to keep pace with experience and technical

advances.

This revision (Revision A) is also intended to provide suggested guidelines for synthesizing tire dynamic data
necessary for landing gear shimmy analyses.

2. REFERENCES

21  Applicable Doc

The following publicat
publications shall appl
purchase order. In the
this document takes p

unless a specific exemn

211

Available from SAE Ipternational, 400 Commonwealth Drive, Warrendale, PA 15096-0001, T¢g

(inside USA and Cana

2111  SAE J&70e

2112  SAE1999-0
2113 SAE 961301
211.4  SAE 2005-0
212 NASA Publica

Available from NASA,

SAE Publicatiq

n
Tl

ons form a part of this document to the extent specified herein. The)latg
Y. The applicable issue of other publications shall be the issue inyeffect o
event of conflict between the text of this document and references cited h
ecedence. Nothing in this document, however, supersedes applicable laws
ption has been obtained.

ns

Ha) or 724-776-4970 (outside USA), www.saeorg.

Vehicle Dynamics Terminology:\1976

1-5527  An Investigation of Landing'Gear Shimmy: Tire Models, Tire Tes
Analysis and Parameter.Studies, John Medzorian, 1991
Relaxation Behavior of Aircraft Tires, C. B. Alscbrook and M. G.

1-3438 Mechanical.\Properties of Radial-Ply Aircraft Tires, John
Daugherty )Henry Smith, 2005

ions

PDocumentation, Marshall Space Flight Center, AL 35812, www.has.nasa.g

st issue of SAE
1 the date of the
brein, the text of
and regulations

| 877-606-7323

Methodologies,

ogel, 1996

Tanner, Robert

V.

| Reference to

2121 NASA TR R84 Mechanical Properties of Pneumatic Tires with Specia
Modern Aircraft Tiress Robert Smiley Walter Horne 1980

2122 NASATP 1863 Static and Yawed Rolling Mechanical Properties of Two Type VII Aircraft
Tires, John Tanner, Sandy Stubbs, John McCarty, 1981

2123 NASATPA1917 Cornering of the Nose-Gear Tire of the Space Shuttle Orbiter, William
Vogler, John Tanner, 1981

21.2.4 NASATM 1999-209141 Quasi-Static Viscoelastic Finite Element Model of an Aircraft Tire, Arthur
Johnson, John Tanner, Angela Mason, 1999

2125 NASATM 2003-212415

A Study of the Mechanical Properties of Modern Radial Aircraft Tires,
Robert Daugherty, 2003
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2.1.3 U.S. Government Publications

Available from the Document Automation and Production Service (DAPS), Building 4/D, 700 Robbins Avenue,

Philadelphia, PA 19111-5094, Tel: 215-697-6257, http://assist.daps.dla. mil/guicksearch/.

2.1.31
2132

2.2 Other Applicable References

MIL-PRF-5041

DOT HS 90

5 952

Military Specification for Tires, Pneumatic, Aircraft

Mechanics of Pneumatic Tires, Samuel Clark, 1981

221 J of Aircraft, Vol.8, No. 9 Synthesis of Tire Equations for Use in Shimmy and Other Dynamic
Studies; L. C. Rogers, H. K. Brewer, 1971

2.2.2 J. of Aircraft, Vol. 6, No. 3 Tire Parameters for Landing-Gear Shimmy, R. L. Collibs“R. J. Black, 1969

2.3 Symbols

Ay constant depgnding on initial tire distortion

Az constant depgnding on the initial lateral force

Agy side force amplitude ratio

Amz aligning moment amplitude ratio

C, cornering stiffhess

Cy zero offset

C, initial tire lateqal force

Dy -tan(Jﬁ,) >0

Dm  -tan(d,,;) >|0

F, steady state fprce

Fq drag force (pgrallelto the wheel plane)

Fs side force (perpendicular to the wheel plane)

Fx fore and aft force

Fy lateral force

2 vertical load

H tire footprint half length

h loaded radius, axle height

K, lateral stiffness

K

torsional stiffness
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—~

Rar
fe
Fep

Tey

7t

Tx

fore and aft stiffness

relaxation length

unyawed rolling relaxation length

yawed-rolling
Ay =0
-Amz > 0

overturning m

relaxation length

oment

brake torgque
tire undeflects
brake torque
effective rollin
effective brak
effective yawe
time
horizontal vel
distance rolle
fore-aft shift o
lateral shift of
wheel slip ang
maximum am

mean tire twis

d radius

adius

0 radius

ed rolling radius

d rolling radius

city of wheel
i
f the center of pressure

the center of pressure

le = angle between SAE X axis and velocity of wheel plane on ground vect
blitude of twist during oscillation

t

Or (rad)

lateral displac

tire deflection

ement of footprint

aligning moment phase angle

side force phase angle

phase angle

torsional damping coefficient

fore and aft damping coefficient
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yaw oscillation frequency / longitudinal velocity

A wavelength =

oA wheel yaw amplitude

W yaw angle

7 tire twist angle

0 angular velocity of wheel
@ yaw rate

3. TIRE PREPARATION

3.1 Tire Conditionin
Before break-in, the

pressure. The tire sh
to 100 °F {15.6 to 37.

3.2 Tire Inflation an

After the tire has be
readjusted to the ratg
carried out at tempers

3.3 Break-in Proce

3.3.1 Break-in Prod
This method of tire 4
under direct vertical |
of the section height.
two locations equally
intervals around the

procedure should be

procedure on the hysteresis characteristics of the tire vertical load-deflection curve.

3.3.2 Break-In Prog

This method of tire b

g

bl be allowed to remain in this condition for 24 h at an ambient temperatur
B “°C).

d Ambient Temperature
N conditioned for 24 h on the design rim as indicated in 4.1, the tire
d inflation pressure with a gauge which has beep’calibrated to within 1%.
tures range of 60 °F (15.6 °C) to 100 °F (37.88C).

ure

edure - Static Testing Only

reak-in prepares the test tice\by inflating it to rated inflation pressure an
ad against a hard, flat, unyielding surface to the point that the tire deflectig

spaced around the tire; with the centerline of the contact patch being locat
circumference of/the/tire. When the tire has been unloaded for 1 h or m
epeated before resuming static loading testing. Figure 1 illustrates the effg)

edure <Bynamic or Alternate Static Testing

ire shall be conditioned by mounting on its design rim and inflating it to fhe rated inflation

e ranging from 60

ressure shall be
All tests shall be

1 loading the tire
n measures 50%

The load is then remaved. This load-deflection procedure is carried out five times each at

£d at 180 degree
ore, the break-in
ct of this break-in

curvature, then perfe

applicable aircraft.

4. STATIC PROPERTY TESTS

41

Loading Apparatus

The tire is to be mounted on either a suitable yoke or a mandrel and loaded vertically against a hard, flat,
unyielding surface under a camber angle of 0° + 1/4°, and under a caster angle of 0° + 1/4° (see Figure 2). The
load measuring system shall be accurate within £1% of the load applied to the tire. If a mandrel type axle is used
in the testing equipment, compensation should be made for the resulting axle deflection created during the

loading of the tires.
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25000 -
First cycle
------- Second cycle
e = . Tenth cycle
20 000 |}
15000
Force, Ib
10000 /"
5000 +
! ’,/
" 1 1 ; i 3
0 0.5 0 1.5 2.0 2.5
Displacement, in.
FIGURE 1 - LEAST-SQUARES APPROXIMATION OF HYSTERESIS LOOPS DURING CYICLIC LOADING

Fz

0°£1/4° Caster angle 0°£1/4° Camber angle

FIGURE 2 - LOAD MACHINE CONFIGURATION
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411 Loading Plate

The surface of the plate in contact with the tire shall be a smooth metal plate. Other surfaces may be used in lieu
of this surface but must be noted with the reporting of the data.

Any contamination of the prepared surface of the plate should be removed prior to each load application to
maintain a uniform friction coefficient.

4.2 Vertical Load Deflection Curves
This recommended practice is based on the measurement of load deflection curves at rated inflation pressure. |t

should be understood that any inflation pressure may be used for this test, and it is left to the specification of the
user to define pressures other than rated pressures. Accordingly, such load deflection curves as are described in

this section shall clea

421 Vertical Load
Vertical load deflecti
designated F, in Fig
unyielding flat surface
the tire with the flat
pressure and corres
continucusly monitori
curve shall be presen

This test shall be carr
shall be performed at

The time rate of the ti

422 Vertical Sprin
The vertical spring rat
load deflection curve
vertical load deflectiof
423 Bottoming Po
The tire bottoming po

the lower sidewall str
occurring at a high log

Iy State the mitation pressure at whic they were optained.
Deflection Curves

b curves shall be obtained on the inflated tire by means ©F applying
Lre 2, and measuring the corresponding deflection between the whee
against which the tire acts. The load will be applied beginhing from the g
surface until such time as the tire bottoms, with continucus recording
ponding deflection. Load will then be reduced antil its value returng
ng load, inflation pressure, and corresponding deflection. The total load
ed as indicative of the vertical load deflection characteristics of the tire.

ed out at two locations around the tire 180«degrees apart. Each vertical Ig
the opposite location of the last loading tovminimize the effect of a flat spot.

e deflection shall not be more than2.0 infmin (50.8 mm/min).

J Rate

e is defined as the spring constant associated with the average slope of a |

during loading at a_specified deflection (preferably rated deflection). It is
curves created according to 4.2.1.

nt

nt is the peint at which the tire has fully deflected its sidewall and is begin

icture/ This is recognized by a ncticeable change in the slope of the load
d-and deflection. The bottoming point is the load and deflection at that poi

) a vertical load
flange and the
oint of contact of
of load, inflation
to zero, again
eflection loop or

ad deflection test

ne tangent to the
derived from the

ning to compress
deflection curve
nt.

4231

Applicable Range of Measured Parameters

Bottoming point should be measured at the rated inflation pressure for the application. Additicnal inflation

pressures may be req
4232

42321

uired by the investigator for additional operating parameters.

Procedure for Approximating Bottoming Point

For the purpose of approximating bottoming load for a given tire and given inflation, the bottoming

load shall be considered to be that load at which the rate of loading (Ib/in) is 2.2 times the average
rate of loading between 28% and 48% vertical deflection.
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4.2.3.2.2 The bottoming load is determined as follows (see Figure 3):

a. Conduct load deflection testing as described in 4.2.1, obtaining sufficient data to plot a representative curve
for the inflation pressure required.

b. Plotthe load deflection curve.

c. Calculate the inverse slope (Ib/in) between 28% and 48% deflection
(Figure 3 example: 14,600/ 1.46 = 10,000 Ib/in)

d. Construct a straight line (A-A) having a slope (Ib/in) equal to 2.2 times that of c. (e.g., 2.2 X 10,000 = 22,000

Ib/in).
e. Draw line B-B parpllelto A=A and tangent to the foad deflection curve in the bottoming area.
f. The bottoming load will be considered that value which occurs at the point of tangency-(P).
e 22000 = 5
oF t -----
R B
P
e -
L
v g
5 a]

8" g <
z 8% DEFL  |o (Values shown are
I | I - for purpose of
=] .46 g {1lustration)
~ =
e L B% DEFL. 3
- -
> - 14600~ 5
Q i+ «Q

) 1 1 i " i 1 P SE

0 20 30 Yo 50 o0 70
LOAD - 1000 LBS
FIGURE-3 - APPROXIMATION OF BOTTOMING POINT

4.2.3.3 Alternate Procedure for Determining the Bottoming Point

a. Adhere two 1.5 in (381" mm) wide thin metal strips with wire leaders attached, to the inside| of the tire in the
configuration shown-in Figure 4

b. Mount the tire and inflate to the specified test pressure. Locate the strips in the center of the footprint and
load the tire at a rate not exceeding 2.0 in/min (50.8 mm/min) until continuity is indicated on the ohmmeter.
This indicates the metal strips are in contact with each other and the tire has reached its bottoming point.
Record the load, deflection, and pressure at this point.
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4.3 Non Rolling Lateral Load - Deflection Curves
4.3.1 Definition of Lateral Deflection

The lateral deflection of the tire is the relative lateral displacement between the wheel flange at a point
immediately above the centerline of the tire contact patch, and the loading plate, parallel to the loading plate
surface. This displacement is along the SAE Y axis from the wheel center plane on the ground and the tire
footprint geometric center. The SAE vehicle axis system is defined in Reference 2.1.1.1 as a right-hand
orthogonal system such that forward motion is along the SAE X axis, the SAE Y axis points to the right and the
SAE Z axis points downward.

TIRE
4

1.0 MIN
SPACING

WIRE LEADS
TO OHM METER

FIGURE 4 - LOCATION OF METAL STRIPS
4.3.2 Obtaining Lateral Load Déflection Curves

The surface of the plgte in‘contact with the tire shall be covered with a material designed to preyent tire slippage,
insofar as possible. llateral load deflection curves shall be obtained by first loading the inflated|tire as described
in 3.1 to the rated detlection under rated load conditions followed by lateral displacement of the tire yoke or the
flat surface against which the tire rests in a direction perpendicular to the wheel plane. The lateral displacement
may be obtained either by displacement of the yoke or the flat surface or both. Care must be taken to account for
any structural deflections of the tire mounting fixture during these tests.

Quasi-static load deflection curves will be obtained by increasing the lateral load from zero to a value equal to
30% of the applied vertical load, then by decreasing this lateral load to zero and increasing it in the opposite
direction to 30% of the applied vertical load, and finally returning to 30% of the rated vertical load, completing the
loop (in Figure 5, O - A - B - A). Itis suggested that this loading sequence be repeated three times to insure that
the hysteresis loop is repeatable. Load, pressure, and lateral deflection will be continuously recorded. This lateral
hysteresis loop, Figure 5, shall be obtained at a deflection rate of not more than 2.0 in/min (50.8 mm/min).

These lateral load deflection curves will be obtained at two points around the periphery of the tire, separated by
180 degrees, and representing the centerline of the contact patch under loaded conditions. All curves will be
performed as indicative of the tire lateral load deflection characteristics.
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FORCE

E “\UPPER LIMIT
X

| %
DISPLACEMENT

MIDPOINT OF A-B

"—SLOPE OF LOOP
WER LIMIT

FIGURE(+ TYPICAL LATERAL AND FORE-AFT HYSTERESIS LOOP

4.3.3 Obtaining Lateral Damping

Cyclically varying the taterat defiection ata given sinusoidal Tate_and measuring the ptiase angle between the
load and deflection is a measure of lateral damping. This test should be performed at several rates of interest
while keeping the lateral load less than 30% of the applied load throughout the test. A reasonable approximation

of the damping coefficient is ny, = tan¢g .

4.3.4 Lateral Spring Rate

The lateral spring rate is defined as the slope of the lower leg of the hysteresis loop around the midpoint (D) of the
maximum and minimum displacement to a point 10% greater (E) and 10% less (C) than the midpoint value
(Figure 5).
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4.3,

o Vertical Sinka

ge

During this process of lateral deflection, the vertical load of the tire will change somewhat, unless appropriate
correction is made. |t is specifically intended that these be monitored and adjusted to a constant value equal to
the rated load during the conduct of this test.

The vertical sinkage of the tire accompanying this vertical load adjustment should be measured and recorded
using the same vertical deflection measuring techniques as in 4.2.1. It should be presented as a plot of vertical
sinkage versus lateral deflection with the accompanying vertical load and inflation pressure clearly stated.

4.4 Measurement of Shift of the Contact Patch Centroid During Lateral Loading

During the course of the lateral deflection process, the centroid of the tire vertical force in the contact patch will

shift a distance from t
This can be done ino

a. Preferably, the log
vertical forces ma
sufficient data pro
or

b. For loading mach
from the following

where:

Fs = side force (|
F; = vertical load
h = loaded radi

M, = overturning

»

y¢ = lateral centg

le geometric center of the tootprint. It 1s desirable to obtaln a measuremen
e of two ways:

ding plate can be instrumented with multiple load cells so that the \position

vy be determined accurately by appropriate recording of the lead cell sig
bessing to solve for the unknown centroid of vertical forces.

ines with axles instrumented for force measurements, lateral shift (y,) cal
equation (Reference Figure 6):

erpendicular to the wheel(plane)

s (< or = statioloaded radius)

moment

r of pressure shift (relative to wheel plane)

of this distance.

of the centroid of
hals, followed by

n be determined

(Eq. 1)
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24— Wheel plane

T J —————— -
N
/ [ N
M., » :
v |
/ [ Axle centerline
A ;
I
h | |
-~ | )
(\\ i /’
T —
F, |« A4 —a—
|
>y,
I
FIGURE 6 - FORCES AND MOMENTS IN VERTICAL PLANE PERPENDICULAR TO WHEEL PLANE
4.5 Non-Rolling Forg and Aft Load Deflection Curves
451 Definition of Fpre-Aft Deflection

The non-rolling fore-aft deflection is the relative.displacement along the SAE X axis from the wh
on ground and the fooiprint geometric centér:

eel center plane

4.5.2 Method for Determining ForesAft-Load Deflection Curves

The surface of the pla
insofar as possible. T

e in contact'with the tire shall be covered with a material designed to prev
ne tire, should be inflated to rated pressure with vertical loading equal to the

wheel should be restra

ent tire slippage,
rated load. The

ined“ffom rotating and marked in relationship to the tire to indicate any tirg

/wheel slippage.

g plate or both.
ing-these tests.

The fore-aft displacement may be obtalned either by dlsplacement of the yoke or of the loadi
Care must be taken tolaseet ,

Load deflection curves will be obtained by increasing the fore-aft load from zero to a value equal to 15% of the
applied vertical load, then by decreasing this fore-aft load to zero and increasing it in the opposite direction to
15% of the applied vertical load, and finally returning to 15% of the rated vertical load, completing the loop (in
Figure 5, O - A - B - A). It is suggested that this loading sequence be repeated three times to insure that the
hysteresis loop is repeatable. Load, pressure, and fore-aft deflection will be continuously recorded. The total fore
and aft hysteresis loop shall represent the fore-aft deflection characteristics of the tire. Two such loops should be
obtained, one each at two positions located 180 degrees apart around the circumference of the tire. The rate of
loading during the fore-aft process shall not be more than 2.0 in/min (50.8 mm/min).
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453

Obtaining Fore and Aft Damping

Cyclically varying the fore-aft deflection at a given sinusoidal rate and measuring the phase angle between the
load and deflection is a measure of longitudinal damping. Perform this test at several rates of interest while
keeping the fore-aft load less than 15% of the vertical load throughout the test. A reasonable approximation of
the damping coefficientis n, = tan ¢.

454 Fore-Aft Spring Rate

The fore-aft spring rate is defined as the slope of the lower leg of the hysteresis loop around the midpoint (D) of
the maximum and minimum displacement to a point 10% greater (E) and 10% less (C) than the midpoint value

(Figure 5).

455 Vertical Sinka
During this process ©
correction is made. |
the rated load during t

The vertical sinkage
using the same vertic

’=

F fore-aft deflection, the vertical load of the tire will change somewhat, ur
is specifically intended that these be monitored and adjusted to.a*consta
he conduct of this test.

bf the tire accompanying this vertical load adjustment ghodld be measur
bl deflection measuring techniques as in 4.2.1. It sheUld be presented as

sinkage versus fore-aft deflection with the accompanying vertical load andiinflation pressure clea

46 Measurement o
During the process o
about the geometric ¢
design purposes. This

the Shift of the Contact Patch Centroid During Rore-Aft Loading

fore-aft loading of the tire, the centroid of-tire vertical load shifts in the
enter of the footprint. It is desirable opce more to obtain measurements
can be done by either:

nstrumentation of the loading platé so that the shift of the centroid of vertic

nes with axles instiumented for force measurements, fore-aft shift can be

the following equgtion (Reference.Figure 7):

| Fgh—M,

Xo =
C 5
z

less appropriate
Nt value equal to

ed and recorded
a plot of vertical
ly stated.

fore-aft direction

of such shift for

| forces may be

determined from

a. Suitable load cell
obtained.
or
b. For loading mach
where:

F¢ = dragforce (parallel to the wheel plane)

F; = vertical load

h

= loaded radius (< or = static loaded radius)

M, = brake torque (equals O for steady state free rolling)

X, = fore-aft shift

of the center of pressure
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~
A

MOTION
-
FORWARD
Fz

FIGURE 7 { FORCES AND MOMENTS IN VERTICAL PLANE PARALLEL TO WHEEL PLANE

A/

Fd P X

4.7 Measurement of Brake Torque Radius

The brake torque radjus is defined as the ratio ‘of the brake torque to the tire brake force. This can be determined
from the previous procedure of 4.6 and cane calculated as follows:

Rpr = My (Eq. 3)
Iyq

where:

Rgr =brake torqyieTadius

M, =brake torque
Fy =drag force (parallel to the wheel plane)
4.8 Non-Rolling Torsional Load Deflection

The torsional deflection of a non-rotating tire about its vertical axis will be defined as the angular displacement
between the wheel plane and the longitudinal centerline of the tire’s contact patch.
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4.8.1

Equipment Description

A loading apparatus similar to that described in 4.1 can be used, except that a torsional displacement capability
shall be incorporated either by rotation of the yoke or the flat loading surface.

The surface of the loading plate in contact with the tire shall be a smooth metal surface. This smooth surface is
required to produce a full sliding condition in order to establish the maximum torsional load (Reference 2.1.3.2,

page 571).

482

Applicable Range of Measured Parameters

Torsional load/deflection loops should be obtained at tire rated load and rated inflation pressure. The investigator

may require additional

load and pressure test combinations.

483 Test Prooedwle

The tire should be pre

48.31 Establish M
Load the tire to the sp
against which the tire
maximum torque and
48.32 Required Tg
The required test torg
torque values, 30 an
a torsional angle of
operational conditions
48.3.3 Torsional L
At the specified verti
increasing the torque
increasing it in the opy

required test torque (i
to insure that the hystd

The rate of the tire’s td

pared for testing per Section 3.
Bximum Torgue

ecified vertical test load, followed by rotary motion between the tire yoke an

d the flat surface

is loaded. Continue this rotary motion until the maximum torque is reached. Record the

eport the angle of torsion at which the onset of maximum torque begins (Fi
st Torque

ue is selected at some percentage of the maximum torque.
1 +80% of the maximum torque, be used for the required test torques. An
2 degrees may provide insight on tire energy absorption characteristi

ad-Deflection Loop

cal load and the teStainflation pressure, a torsional load-deflection loof
from zero up te-the required test torque, then by decreasing this tor
osite direction¢o the required test torque, and finally completing the loop b
N Figure 9, Oy=A - B - A). It is suggested that this loading sequence be repd
bresis looprisirepeatable. Load, pressure, and torgue will be continuously r

rsional deflection shall not be more than 3 degrees per second.

gure 8).

It is recommended that two

additional test at
bs under typical

is obtained by
jue to zero and
y returning to the
ated three times
bcorded.

The surface of the loaeh

the loading plate will a

ffect the results.

ontamination on

This test shall be carried out at two locations around the tire’s circumference, each separated by 180 degrees.
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maximum
torque

P

80 percent maximum torque

Torque,

A0 narcant Ao
O PUTCO T TR oY,

torque

.~ 2° Test Condition

5 10 15 20
Angle of forsion
FIGURE 8 - TORSIONAL STIFFNESS CHARACTERISTICS

48.4 Data Reductipn

Torque in Ibs-ft versys angle of torsion in degrees-will be required to establish the maximum torque at which
slippage occurs for egch specified test tire load and pressure combination.

Torsional hysteresis loops obtained at each required test torque would be adequate for obtaifing the torsional
stiffness of the tire. The torsional stiffniess’is the average slope of the line tangent to the downwprd portion of the
torsional hysteresis lgop (in Figure 9,C-D-E). Tire load, inflation pressure, and the torsional ratg should be noted

on all plots.
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TORQUE
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» 9
TORSIONAL ANGLE
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/

FIGURE\9 - TORSIONAL HYSTERESIS LOOP
5. ROLLING TIRE MECHANICAL PROPERTY TESTS
5.1 Yawed-Rolling|Relaxation Length

Yawed-rolling relaxationtlength is the distance which a tire must roll in order to reach 63.2% opf its steady state
cornering force when stépped to a given yaw angle.

It is important to note that the relaxation length can vary significantly with both the yaw angle and vertical
deflection. A complete characterization of tire behavior therefore requires that relaxation be characterized over
the operating range to be modeled.

5.1.1 Equipment Description

Testing will entail accurate measurement of lateral force as a function of roll distance and yaw. The test machine
must generate accurate lateral force and roll distance data. Relaxation length can be most simply determined by
plotting F, versus x and measuring the x where F, is equal to 63.2% of the maximum level. This method has the
advantage of simplicity but tends to be rather subjective, especially when the data is noisy. The preferred method
involves nonlinear regression over the most stable region (the rising portion of the curve), as described in 5.1.4.
Reference 2.1.1.3 shows a typical test setup for measuring tire relaxation lengths.
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5.1.2

Applicable Range of Measured Parameters

Relaxation length is described in Reference 2.1.2.1 as varying with vertical deflection. No mention of the effect of
variation in yaw angle on relaxation length is made in Reference 2.1.2.1, but this effect may be more significant
than the vertical deflection effect. Variation in relaxation length as a function of yaw angle is illustrated in Figure

10.

Relaxation length should be measured at the most critical conditions of yaw angle and vertical deflection plus
enough additional conditions to permit accurate predictions over the required parameter range.

5.1.3

Test Procedure

The tire should be pr

51.3.1 Inflation Prg
Inflate the tire to the

speed of (1.0t0o 2.0
one full revolution for
to the starting point w|
5132 Yaw Angle]
Runs at +2 degrees,

yaw angle run shoulg
required to account fg

51.4 Data Reducti

Tire relaxation beha
aircraft tire characteri

where:
Fy = |ateral forcg
F_ = steady statg

pared 1or [esUng Per Section 3.
ESSUre
equired pressure, set the yaw angle and apply the vertical load \J/Roall the

accurate results. At the end of the run, lift the tire from contact, reapply thd
hile again recording both roll distance and lateral force.

H4 degrees, and 16 degrees should be sufficienht in most cases. Each posi
be averaged together for the final curve *_The positive and negative ya

rany ply-steer effects.

DN

or is described by the theorétical relationship as used in the most comn
stics (Reference 2.1.2.1 EqQuation 63):

Fy,=Fy—Ae /L,

b force

tire at a constant

n/s). Record roll distance and lateral force time histories. {J'he tire must foll a minimum of

b load, and return

five and negative
angle pairs are

non reference on

(Eq. 4)

[4

A; = a constant depending on initial tire distortion

x =distance rol

L
Y

led

= yawed-rolling relaxation length

The following equation may be used as an alternate to Equation 4.

—x/L
Fy, =CWW[1—9 /Ly ]+A1
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where:
C, = cornering stiffness

v =yaw angle

The principal problem lies in generating repeatable results.
analysis techniques can be more important than test equipment. Test machine requirements include the ability to
roll the tire at a fixed yaw and vertical load while measuring the forces in the lateral direction (parallel to the axle).
Minimum data acquisition would record lateral force and roll distance. Typical test data is shown in Figure 10.

Output should be in a form to facilitate regression analysis.

Since relaxation is not measured directly, data

Yawed Rolling Relaxation—————

Actual Data with Regression

T

T

g Vv 99V

~ v
v v ¥

A A

A AAAA
AAA a

o

A
b8 0000

0»8 T T T 1
- Yaw Angle
. o 3°
X s &
0.7 T &+ o
L v 120
i o 15°
06 | o 18°
05 | f’g/
'g -
S I
® 04
L L
g A
b L
073 gy

Computed relaxation

(abscissa value)

lengths

sEocooodp

P

DDDC}[;]DQD

000650000

ST DU B

Tire Diameter

FIGURE 10 - TYPICAL TEST DATA
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5.2 Unyawed-Rolling Relaxation Length
If a loaded tire is subjected to a lateral displacement, a reaction force is developed. When the tire is then rolled
forward, this force decays exponentially with distance. The unyawed rolling relaxation length represents the

distance which the tire must roll for the force to decline from that resulting initial displacement to 36.8% of this
value. The decay function that describes this is:

F, =4, S (Eq. 6)

or alternately:

i
o =K{de =7 (Eq. 7)

where:
L; = unyawed rolling relaxation length
A, = a constant depending on the initial lateral force
K, = lateral stiffngss of the tire (slope of the line CE in Figure 5)
o = initial prescriped lateral deflection

This function is shown|in Figure 11.

100 \
80 1 .
Lateral force is reduced by
(1/e) or 36.79 percent of
initial value. (Relaxation
Percent 00 1 length equals 1 unit.
lateral
force
40 1 As tire is rolled another relaxation
length, force declines to 13.53 percent
20
0 L 3

Roll distance, x

FIGURE 11 - UNYAWED ROLLING RELAXATION
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The relaxation length can be seen in Figure 10 to be independent of initial displacement, or even whether slip
occurs initially. If slip is observed as a discontinuity in the data, the regression should be performed cver another

region of the data.

521 Equipment De

scription

Accurate measurement of lateral force F, as a function of roll distance and lateral displacement is critical for
consistent results. The test machine must also be capable of displacing the loaded tire laterally, and then rolling

the tire in a direction p

522 Applicable Ra

erpendicular to the axle.

nge of Measured Parameters

Relaxation length will vary with vertical deflection.

Relaxation length sho
permit accurate predid

523 TestProcedu
The tire should be bro
5231 Define Reg
The tire should be dis

segment should be d
tire a distance equal t

characterization of relaxation length.

5232 Measuremsg

Inflate the tire to the §
as practicable. Roll t
Record roll distance a

52.4 Data Reductid

The regression equati

Lld be measured at several vertical deflections over the range to be charac
tions within the range.

e

Ken in per Section 3.
lired Displacements
blaced as far as practicable. Should the tire begin to slip when the roll beg
bleted from the regression analysis. As a guide, test equipment capable
b half its section height and roll for at least ‘6he full revolution should be cag
Nt

pecified test condition, apply.the required vertical load, and displace the ti
he tire as far as practicable (up to three revolutions) at a constant speed
nd side force.

n

bn should be 6fthe form:

-X

L
Fy =C1+C2€ !

ferized. This will

Jins, the affected
Of displacing the
able of excellent

e laterally as far
pf (1.0 to 2 in/s).

where:
C; = zero offset
C, = initial tire lateral force
Fy = lateral force time history
Ly = relaxation length
X =rolled distance
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The variables C; and C, are measurement artifacts, needed to perform the regression but otherwise not
significant.

5.3 Rolling Cornering Properties

The cornering response of an aircraft tire is characterized by a number of properties relative to the plane of the
wheel including lateral force Fy perpendicular to the velocity vector or side force Fs perpendicular to the wheel
plane, drag force aligned with the wvelocity vector F, or with the wheel plane Fg, aligning moment M, and

overturning moment My. The forces and moment developed in the footprint plane of an aircraft tire subjected to a
steering input are shown in Figure 12.

Tire Contact Patch

Steering axis

- -~ Y [
M, > SAE'Y
Pneumatic
Trail
Wheel plane

FIGURE 12 - FORCES AND MOMENT IN THE TIRE AT AXLE

In this figure the tire is rolling at a yaw angley. The forces developed within the footprint include the drag force Fg
parallel to the wheel plane, the side force Fg perpendicular to the wheel plane, and the resultant force F which is

the vector sum of Fy and Fs. The aligning moment M, is the result of the side force F; acting through a moment
arm defined as pneumatic caster in Reference 2.1.2.1 (more commonly referred to as pneumatic trail).
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NOTE: Dynamometer test facilities typically provide force data as measured in the coordinate axis system of the
test wheel (denoted by X' and Y" in Figure 12). Airframers and other requesting customers may require or
expect force data in terms of the velocity (roadwheel) coordinate axis system (SAE X and SAE Y in
Figure 12). Care should be taken that both requestor and test lab agree and understand which data are
to be provided, and that those data are properly identified.

The forces developed within the vertical plane perpendicular to the wheel plane (Figure 6) are the lateral force Fg

and the vertical load F-. The moment developed by the tire in this plane is commonly referred to as the

overturning moment M, This overturning moment affects the load distribution between the two wheel flanges and
is, therefore, an important consideration in wheel design. The overturning moment can be expressed in terms of

the two forces Fs and

F- as follows:

where:

h = axle height

¥ = lateral cent

5.3.1  Equipment D

Testing will require
overturning torgue.
instrumentation may

as illustrated in Figur
the aligning torque.

characteristics.

NOTE: The equipmgnt as shown if Figure 13 typically utilizes an axle supported on bo

cantilevered
of the setup
5.3.2 Applicable R4

The cornering chara
angle, vertical load,

The drag force measurement should besndependent of any brake torque

M,=Fh+F,y,

above the runway

br-of-pressure shift due to the applied side force
escription
ccurate measurement of the lateral force\drag force, vertical load, alig

nvolve multiple instrumented load beams to measure the drag force F4 ar
e 13. The load distribution between the two drag force beams in the figur

ike an aircraft axle \“Airframers and other requesting customers may requi
arameters for @n=aircraft axle deflection.

nge of Measured Parameters

teristics of aircraft tires vary with a number of test parameters including

(Eq. 9)

ning torque, and
interaction. The

d vertical load F»
P s & measure of

The load distribution between.the“two vertical load beams is a measure ¢f the overturning
torque. Figure 13 is @& schematic of an instrumentation system that has been used to obtain airg

raft tire cornering
h ends and not

e the adjustment

yaw or steering
it tires should be

measured over the ey

brake torque, and ground speed. The cornering characteristics of aircra
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WHEEL ANGULAR VELOCITY
AND ANGULAR DISPLACEMENT
INDICATORS

WHEEL ANGULAR
ACCELEROMETER

w

FORWARD ™~
VERTICAL-LOAD BEAM

DRAG-LOAD
BEAM

VERTICAL AND DRAG
ACCELEROMETERS

BRAKE TORQUE LINKS

F

GURE 13 - SCHEMATIC OF INSTRUMENTED DYNAMOMETER USED T(
MEASURE TIRE CORNERING CHARACTERISTICS

5.3.3 Test Procedlires
The tire should be piepared for testing per Section 3.
5.3.3.1 Constant Yaw Angle Tests:

Inflate the tire to the|desired inflation pressure and set the yaw angle. While rolling the tire at the desired ground
speed apply the vertical loadat<a rate not to exceed 10% deflection per second. The rangg of vertical loads

should cover the expected tire loading conditions. Record the side force Fg, drag force Fg, aljgning moment M,

vertical load Fz, and| axle-height h (optional) as time histories. The tests should be conducted jover the expected
operational range oflyaw angles and speeds so that the tire cornering response is completely|defined within the
tire operational envelope.

5.3.3.2 Constant Vertical Load Tests

Inflate the tire to the desired inflation pressure and roll the tire at the desired speed and vertical load. With the tire
initially in a free rolling condition apply the yaw angle at a rate not to exceed 0.3 degree/inch of travel. The range

of yaw angles should cover the expected range of steering inputs. Record the side force Fg, drag force Fg,

aligning moment M,, vertical load Fz and axle height h (optional) as time histories. The tests should be
conducted over the expected operational range of vertical loads and speeds so that the tire cornering response is
completely defined within the tire operational envelope.
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5.3.4 Data Reduction

Simple time history plots of the various characteristics may be adequate for some applications. However, the use
of carpet plots to illustrate the functional relationships that exist between the cornering characteristics and the test
parameters is the preferred method of data reduction. For example the carpet plot shown in Figure 14 represents
the side-force friction coefficient x5 defined as the side force Fg divided by the vertical load F;, of the Space
Shuttle orbiter nose-gear tire as a function of side force friction, vertical load and yaw angle where the ground
speed is denoted by test point symbols. The figure also illustrates the use of weighted, least-square lines of
constant vertical load and yaw angle to serve as interpolation aids.

For a possible alternative to the carpet plots in Figure 14 consider the following: calculate the cornering stiffness
which is the side force/yaw angle and the pneumatic trail which is the aligning moment/side force.

Velocity,
kts
o 50 225 — 44.5(10)
b6r 2 133 A /r;:sz (15)
sl o 180 8 V¥ /‘39(20)
R 111(25)
‘ 4 Fﬂ; 133kN
Side force (3p kiby)
friction 4
coefficient, °
Hsidg
.1

FIGURE 14 - VARIATIONOF SIDE-FORCE FRICTION COEFFICIENT OF THE SPACE SHUTTLE ORBITER
NOSE GEAR TIRE WITH VERTICAL LOAD AND YAW ANGLE

5.4 Rolling Radius

The effective rolling radius of a tire can be expressed as the ratio of the velocity of the wheel in the horizontal
direction to its angular velocity under the conditions of free rolling with no external brake torque applied.

ro=— (Eq. 10)
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where:
ro = effective rolli

YV = horizontal ve

ng radius

locity of wheel

£ = angular velocity of wheel

The rolling radius is the ratio of the deflected tire circumference to 2 * . Since this dimension is non circular, this
is not equal to the height of the axle above ground.

The effective radius of a bias construction tire rolling on a flat surface can be approximated by using the following
equation (Reference 2.1.2.1):

where:
¢ = tire undeflectd
& = tire deflection

The effective radius
following equation (Rs

541 Free Rolling f

5411 Equipment
Since calculation of
measurement of rolli
accurately determine

5412 Applicable

bd grown radius

of a radial construction tire rolling on a flat’surface can be approxima
bference 2.1.2.5):

Radius

Description
effective rolling-radius requires measurement of the angular velocit
fhe tire and.drum velocities.

Rangéof Measured Parameters

{(Eq. 11)

ed by using the

{Eq. 12)

vy of the wheel,

ng radius shathbe performed on a dynamometer which has adequate ifistrumentation to

Tire vertical load an

ife pressure at which the effective rolling radius is to be measured s

hould be clearly

specified.

corresponding to the pressure.

Critical conditions are tire rated load and rated pressure and the typical single wheel load

Depending on the tire construction centrifugal growth at high speeds can have a significant influence on the value
of effective rolling radius. Consequently measurements should be made at a minimum of four speeds up to the
rated speed of the tire. From these data points a graph of rolling radius versus speed can be plotted.

54121 Tire Prep

aration

The tire should be prepared for testing per Section 3.
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