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FOREWORD
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in tlie accomplishment of the re search activities and in the successful

conduction of the training sessions.

Publication of this technical .eport does not constitute Air Force
approval of the reported findings or conclusions. It is published only
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ABSTRACT

The continuing design and operational requirements for military
aircraft to operate on unimproved runways has led to the need to investigate
those landing gear/soil runway parameters which most significantly influence
performance. This report summarizes those activities accomplished during
the first year of a two-year research effort concerned with the development

of criteria for turning, operation at high speed, and multipass operation.

The work accomplished consisted primarily of a comprehensive inves-
tigation of the turned aircraft tire/soil interaction effects and how these
effects should influence future criteria for aircraft tucning operations on
soil runways. Two turned tire test programs were conducted in both
clay and sand type soils with tire diameters ranging from 14" to 29" and
turn angles up to 200. The first test program conducted in April 1973 used
the University of Dayton's Linear Tire/Soil Interaction Test Track. The
second test program was conducted in July 1973 at the Army Engineers
Waterways Experiment Station under supeivision by the University of

Dayton.,

Dimensionless analysis techniques were then used to interpret these
test results leading to the establishment of procedures and criteria for
predicting turned tire lateral loads. An analytical study of aircraft turning
operations on soil was also made leading to the development of a computer
program, which when fully iinplemented, will permit the prediction of drag
and side loads of tricycle-type landing gear aircraft undergoing variable

turning operations on soil runways,

Also accomplished was the further development of high speed rolling
drag for aircraft in the takeoff mode of operation. These further efforts
resulted in the development of a predictive computer program for rolling

high speed drag ratios.
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SECTION I

INTRODUCTION AND SUMMARY

The continuing design and operational requirement for aircraft to
operate on unimproved runways, as evidenced by the current design
requirements on the MSTOL aircraft currently under development, has
resulted in continuing efforts to identify and analyze the primary and
secondary variables which influence aircraft flotation/operation perform-
ance on soil runways, These flotation/operation variables have been
defined previously (1-5). These variables include drag, sinkage, braking,

turning, multipass, high speed, soil strength, etc.

The current research effort is a part of a long range research pro-
gram sponsored by the United States Air Force Flight Dynamics Laboratory,
The objective of this continuing research program is : (1) to identify and
analytically define landing gear/soil interaction; (2) to develop criteria for
establishing working range couditions for aircraft in their landing, takeoff,
braking, and turning modes of operation; (3) to develop systematic design
procedures for optimizing the flotation and surface operations capability
of existing and future aircraft, Phase I (5) of this program included a
survey of the flotation problem, establishment of the critical parameters,
and an investigation of available flotation data leading to the development

(4)

of a flotation analysis equation. Phase II' ' included the development of an
empirical sinkage prediction equation, development of a lumped parameter
simulation prediction technique, conducting the Rolling Single Wheel Verifi-
cation Tests, and the development of the Single Wheel Relative Mexrit

Index (RMI) system for defining comparative flotation capacity. Phase IV -
Partl (3) consisted of the development of the multiwheel sinkage-drag
analysis equations, conducting the Multiwheel Verification Tests, and the

development of a lumped parameter iteration technique for simulating he

interaction of dual tires on soil.

SR RN
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Phase III -~ Part 11(1)

included the Braked Wheel Verification Tests, the
development of a lumped parameter brakirg simulation technique computer
program, the development of the braking analysis equations for defining
braking drag ratios, and preliminary studies of multipass and high speed

effects of aircraft tire operation on soil.

The current two-year research program is aimed at developing
analysis techniques, conducting necessary verification tests, and developing
predictive equations for the landing gear/soil interaction variables of

turning, high speed, and multipass. More specifically, the first year

described herein included:
- Turned Tire Test Program at UD and AEWES

- Development of Aircraft Turning Operation Predictive Computer
Program

- High Speed Drag Ratio Analysis and Prediction Technique
- Aijrcraft Takeoff Length Prediction Computer Program
- Landing Gear/Soil Interaction Training Sessions

The results of the numerous tire/soil interaction studies conducted
to da.te(l-lo), were used to update a previous Aircraft Flotation/
Operation Summary Guide as shown in Table I. Reference to Table I
indicates considerable advancements have been made to date (1973) in
establishing interaction phenomena and developing criteria related to

aircraft operation on soil runways.
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SECTION I1
TURNED TIRE/SOIL INTERACTION ANALYSIS

A, GENERAL AND DEFINITIONS

Aircraft turning operation is an important consideration in the
flotation analysis of aircraft operating on unprepared runways, Landing
gear failures due to high side loads hrought about by turning either in a
high sinkage condition or out of accumulated ruts as well as problems
related to runway deterioration and steering torque design are just a
few of the considerations. Excessively high lateral loads in a turning
operation may prevent the use of a soil runway even when the longitudinal
rolling drag loads are acceptable for takeoff. The turning design criteria
presently used by the Air Force was developed primarily for paved run-
ways and its application to turning operations on soil runways is uncertain.
For example, the C-130 operations manual merely indicates that the nose
gear steering angle should not exceed 20 degrees on unimproved runways.
Such criteria also provides very little rational explanation for the nature

of the development of lateral loads in turning.

Most military aircraft use the castered-steerable nose wheel for
turning operations. This method of turning leads to the development of
longitudinal and side loads on the aircaraft tires which involves such variables
as steering angle, braking tire slip, and driving tire slip. A review of

existing literature (10-13)

indicates very little is known either analytically
or experimentally about side loads oa tires for aircraft turning on paved
runways, and essentially nothing is known about turning phenomena for
aircraft on soil runways. Some investigations were conducted on the side

. . 12,13
forces on tires for turning of agricultural tractor tires ( )

. but tractor
tire geometry, loads, and conditions are substantially different {rom
aircraft tires. As a nose gear tire is turned through some steer angle, 8,

the aircraft undergoes a rotation about some instantaneous center
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of rotation, O. As indicated in Figure 1, the steer angle and the turn
angle, ¢, are not the same for the nosegear tires. In the case oi main
gear tires which are not castered, a turn angle is formed by relationship
with the direction of motion of the aircraft and the instantaneous center of
rotation as shown in Figure 1. In conducting the turned tire test programs,
detailed below, the tire was kept at a constant turn angle, ¢ , with respect
to the forward motion of the carriage as it moved down a linear test track.

Figure 2 shows the turned tire geometry and loads definitions used in the

test program.

B. TURNED TIRE TEST PROGRAMS

Two series of turned tire/soil interaction tests were conducted. The
purpose of both test programs was to obtain experimental data to permit
further studies of the variables that influence the performance of aircraft
tires while operating in a turned (yawed) mode. The test program using
the University of Dayton Linear Tire/Soil Test Track was conducted first
{March 1973) and the results were used primarily to design the test program
conducted at the Army Engineers Waterways Experiment Station (AEWES)
under supervisicn by the University of Dayton during the June-July, 1973
time period. Although the turned tire tests did not fully simulate an actual
aircraft tire in its turning operation (i.e., variable radius of turn), the

results did permit the establishinent of some preliminary relationships

between those variables that influence turning performance., The more specific

objectives of the turned tire tests iacluded:

i. Establishment of relationships between in-line drag (sce
Figure &), side load, and lateral load as a function of turn
angle. Such information was necessary for the complete
Gevelopment of the “Aircrift Turning Operation Predictive

Computer Program" described in Section H-D.

2. Determine the variations in per cent slip {negative) with increasing

turn angle.
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direction of

tire longitadinal
motion i

axis

+tu::n angle

drag load (in-line), R

pneumatic trail distance, r (-)

side load, S

Turn Aagle, ¢, angle distance between direction of motion (as determined
by the instantaneous ceater of rotation of zircraft) and tive
longitudinal axis.

Drag Load, R, resistance to motion encountered in-line with the tirve
longitudinal axis.

Side Load, 5, force acting ua tire at right angle to the tire longitudinal
axis,

Lateral Load, L, resultaat (lateral) load on tire (vector swun of drag load and
' side load).

Prewmnatic Trail - Distance from c.g. of tire to location of side khad (the
product of the side load and pnewmatic trail gives the tive
restoring mament).

S
.ET‘
E
B
:

S LA ] 2 2 A

Figure 2. Turned Tire Geomn~*ry/Loads Definition
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3. To determine the influence of increasing turn angle on the

resultant sinkage and rut depth,

4, To establish, on a preliminary basis, some guide lines for

turning operations of aircraft on soil runways.

UNIVERSITY CF DAYTON TEST PROGRAM

Test Program

A series of 45 tests were conducted in the Linear Tire/Soil Test
Track shown in Figure 3 for turn angles ranging from 0° to 20° in both a
sand and a clayey silt tvpe soil. The test program design is summarized
in Tables II and IlI. The tire, tire loads, and scil parameters were
selected to provide an initial rolling sinkage of the non-turned tire of
approximately 1/2 ianch in both the sand and clayey silt. For the 5.00-5,
Type LIl test tire, used in the test program, these sinkages give a Z/D
(Z = sinkage, D = tire diameter) ratio of 0. 03 to 0.04 in a non-turned mode
which is typical for aircraft under operationa: conditions on soil runways,

The following parameters were mezsured and evaluated in the program:

vertical load, P

drag load {in-line drag), R

side load (perpendicular to plane of wheel), S

resultant lateral Sorce {determined from R and S above}, L

horizontal carriage velocity

turn angie, O

tire deflection, d

tire contact geometry (rigid surface contact area, A)

soil properties {(moisture, density, classification properties,
Cone Index, Ciavg }

permanent rut depth (instantancous sinkages wer. determined from

rut depth and rebound measuranents)

3
-1
1
1

e e ] S it i st b TR L S e i i i Sl enet gt s Sl 2
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TABLE 1L
UD-TURNED TIRE TEST PROGRAM (DESIGN) - SAND TESETS

Tire Vertical Soil Strength
Turn Deflection Load, Cone Index
Angle * Tire Type % ibs. CIa.vg *%
0° 5.00-5, Type Il 17 115 70-80
0° 5.00-5, Type I 17 145 70-80
5° 5.00-5, Type I 17 115 70-80
10° 5.00-5, Type I 17 115 70-80
10° £.00-5, Type I 17 145 70-80
15° 5.00-5, Type I 17 115 70-80
20° 5.00-5, Type I 17 115 70-80
20° 5.00-5, Type OI 17 145 7080
TABLE IU

UD-TURNED TIRE TEST PROGRAM (DESIGN) - CLAYEY SILT TESTS

Tire Vertical Soil Strength
Turn Deflection Load Cone Index
Angle * Tire Type % 1bs CIavg 3k
0° 5,00-5, Type LI 17 115 30-40
0° 5.00-5, Type I 17 145 30-40
5° 5.00-5, Type I 17 115 30-40
10° 5.00-5, Type III 17 115 30-40
10° 5.00-5, Type II 17 145 30-40
15° 5.00-5, Type III 17 115 30-40
20° 5.00-5, Type III 17 115 30-40
20° 5,00-5, Type Il 17 145 30-40

10

% Replicate tests were run for each test condition,
%%  Average penetration resistance over 0% to 6 depth, psi.



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

3
H

T T PR

s

i3

o

R TR Ry B

All tests were conducted with a forward carriage velocity of 6 fps and
sufficient repetitive tests were conducted for sach test variable investigated

to insure the accuracy of the test results,

Test Equipment and Setup

All tests were conducted in the Linear Tire/Soil Test Track shown in
Figure 3 using the carriage/dynamometer system, shown in Figure 4.
The test facility consists of a linear test track with a powered carriage
for moving the tire over the soil bed, the required force and velocity sensing
devices, and a data recorder. A complete description of the Test Track

and instrumentation is given in Appendix 1.

Turned Tire Test Results - Riverwash Sand

A total of 22 turned tire tests were conducted on the riverwash sand
soil using the 5.00-5 tire Since only five turn angles were used (00, 50,
100, 150, and 200), many of these tests were replicates and were conducted
to insure consistency of test results, The completc results of the turned
tire/soil interaction tests are given in Table IV. Previous tire/soil
interaction studies have indicated that ruth depths and sinkages are nearly

identical for tires operating on granular type soils.

Reference to Table IV shows the effect of a turned tire performance
on sand in terms of sinkage. For the range of turning angles tested in sand,
the sinkage increases for each increase in the turn angle, In going from a
0° turn to a 20° turn, sinkages in sand increased from approximately 0, 3"
to 0, 8" for the 115 lb vertical load, and from 0, 5" to 1. 1" for the 145 1b
ver.ical load. This order of magnitude of sinkage change of approximately
2 to 3 would significantly influence the deterioration of a sand (or frictional
soily ¢, o unsurfaced runway when subjected to turning motions cf aircraft,

Figure 5 very clearly shows a buiidup of sand away from the direction of

turn,

SIS o el DR, &


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

@3evTaae) YoBI, 1891~

aanixtg
2411 153 L

‘5 2In31Tyg

s

12



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

SaThE S r L i RS AR ?
T e ST T N K st S o e g ey

TABLE 1V

TURNED TIRE TEST RESULTS - SAND (UD TESTS)

S Tt pea
! T R T TR,

Test Number Vertical In-Line Rut Depth
and Turn Load, P Drag,R Side Load, S (Sinkage)
Angle (1bs) {lbs) (ibs) (in)
0° - A 121 14 4 0.30
0°-B 121 12 -5 0.35
0°-cC 122 14 -4 0.30
0°-D 150 18 2 0.55
0°-E 149 19 -1 1 0.45
5° - A 117 17 15 0.50

°.B 117 17 14 0.45
5° . C i16 17 16 0.45
10° - A 118 23 24 0.65
10°- B 118 16 36 0.25
10° - ¢ 120 20 34 0.40
10° - D 114 18 29 0.50
10° . E 145 29 34 0.60
10° - F 146 30 32 0.60
15° - A 111 26 3l 0.80
15° - 111 25 31 0.75
157 - C 112 25 33 0.70
207 - A 112 28 38 0. 85
20°-B (12 28 38 0.75
20° - C 112 27 39 0.70
20° - D 139 41 43 1.05
20°-E 138 40 42 1. 10

13
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The detailed results showing the variation of the in-line drag load
and side load with turn angle are given in Appendix I, Figur= 6 presents a
summary picture of the results in order to examine trends. The buildup
of tire side load and resultant lateral load with increasing turn angle is
evident by reference to Figure 6. Figure 6 also shows that the ratio of the
resultant lateral load to vertical load acting on the 5,00-5 tire turned at an
angle of 20o on sand approaches one-half, Further, the results indicate
that the tire encountered both an increasing drag load (in-line drag) and an

increasing side load with increasing tire turn angle,

Turned Tire Test Results - Clayey Silt

Using the 5,00-5 tire, a total of 23 tests were conducted on the clayey
silt soil with many of the tests being replicates to insure the same consist-
ency of results from the clayey silt tests as for the sand tests, The complete
results of the turned tire tests in the clayey silt are given i~ Table V,
Previous tire/soil interaction studies have indicated that tire performance
parameters on soil correlates more closely with sinkage rather than rut
depth, and that clayey-silt type soils exhibit a rebound (difference between
sinkage and rut depth] phenomena. Plate tests conducted on this clayey
silt soil indicated soil rebounds of approximately 20% to 35%. The sinkage
values shown in Table V then are measured rut depths adjusted to indicated

true sinkage.

The variation of sinkage with increasing turn angles for the tests
conducted on the clayey silt was ovite different than that for sand as shown
in Table V. Reference to Table V indicates a lesser increase in the magni-
tude of the sinkage with variation in the degree of turn. Although some
evidence of soil shoving (away from the direction of turn) was seen in the
clayey silt tests as shown in Figures 7 and 8, the extent of shoving was far

less than that exhibited in sand,

15
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TABLE V
TURNED TIRE TEST RESULTS - CLAYEY SILT (UD TESTS)

Test Number Vertical In-Line

and Turn Load, P Drag, R Side Load, S Rut Depth Sinkage
Angle (1bs) (1bs) (1bs) (in) (in)
0° - A 117 16 3 0.15 0.30
0° - B! 118 23 1 0.25 0.40
0°-¢ 116 18 1 0.25 0.40
0°-p 148 28 3 0.40 0.55
k 0°-E 144 31 1 0.45 0.65
0° - E 148 27 1 0.30 0.50
4 - 149 28 3 0.40 0.55
R 5.4 115 20 37 0.70 0.90
5°-B 113 20 35 0.60 0.80
‘ 5°.C 112 19 35 0.50 0.70
. 10°- A 3! 22 67 0.45 0.65
10°-8 110 22 67 0.55 0.75
10°.¢ 1 22 61 0.45 0.65
10°-p 138 31 84 0.50 0.70
10° - & 139 30 85 0.55 0.75
15° - A 106 21 81 0.40 0.60
15°-B 108 20 72 0.45 0.65
1s°-¢ 107 18 78 0.55 0.75
20° - A 103 18 75 0.35 0.50
20°- B 10} 19 81 9.35 0.50
20°-¢ 106 17 61 0.55 0.75
20°.D 126 27 105 0.55 0.75
20° - E 125 25 103 0.49 0.60
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Figure

8. Clayey Siit Test Bod Surface - 20° Turned Tire (UD Tests)

19



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

The detsiled results of the clayey silt tests are given in Appendix 1.
Figure 9 gives a summary look of the resuits and showe the variation of
in-line drag load, side load, and resultant lateral load on the 5.80-5 tire
as it operates in a turned mode on the clayey silt soil. Reference to Figure
9 indicates that the increase in side load with turn angie is significantly
greater in the ciayey silt than in the sahd. This phenomena was true aven
though no significant increase in sinkage occurred in the clayey silt with
increasing turn angle. Figure 2 also shows that the in-line drag load

remained relatively constant with all turn angles,
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TEST PROGRAM AT AEWES

Test Program

A geries of turned tire tests were also conducted at the Army Engineers
Waterways Experiment Station (AEWES) under supervision by the University
of Dayton, The turned tire/soil tests at AEWES were conducted using larger
tire diameters and tirc loads than the tests conducted at UD. A total of 44
tests were conducted in mortar sand and buckshot clay with turn angles
ranging from & < 20°, The vertical loads and scil strength combinations
were selected to give a noa-iurned tire sinkage ratio (Z/D) of about 0.03.
The test program, which is sumunarized in Tahles VI and VII for the sand

and clay type soil was conuucted with a 7:09-6, 6 PR and an 8:50-10,

8 PR aircraft tire. Roth tires are Type Il and have been used in previous
programs conducted at WES, All tests were conducted at a forward
carriage speed of 10 fps. The following parameters were measured and
data reduction made for each test:
-Measurement
Vertical Load, P
Drag Force (longitudinal direction of tracly, R’
Side Force (perpendicular te longitudinal axis of track), FL, RL
Turn Angle {or vaw),

Tire Slip {both by standard definition and by mecasuring wheel
ratations)

Wheel Axle Vertical Movement

Rut Depth {(measured from injtial soil surface)

Rut Profile {measured {rom initial soil surface profiles)
Sinkage {insertion of pinsg in clay and washesrs in sand)

Scil strength {cone index profile before and after), CI avg

Carriage Forward Velocity
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TABLE VI
TURNED TIRE TEST PROGRAM (DESIGN}, BUCKSHOT CLAY SOIL
UD (AEWES)
Soil Predicted
Tire Strength Turn Rolling

Tire Deflection  Soil 1 Vertical Angle Sinkage
Designation % Type CI avg Load,1b. deg. in.

7.00-6 35 Clay 70 1200 to 1300 O >~ 1/2

7.00-6 35 Clay 70 1200 to 1300 5

7.00-6 35 Clay 70 1200 to 1300 10

7.00-6 35 Clay 70 1200 to 1300 15

7.00-6 35 Clay 70 1200 to 1300 20

7.00-6 40 Clay 70 1500 to 1600 0 >=1/2

7.00-0 40 Clay 70 1500 to 1600 5

7.00-6 40 Clay 70 1500 to 1600 10

7.00-6 40 Clay 70 1500 to 1600 15

7.00-6 40 Clay 70 1500 to 1600 20

8.50-10 35 Clay 40 1300 to 1400 0 =3/4

8.50-10 35 Clay 40 1300 to 1400

8.50-10 35 Clay 40 1300 to 1400 10

8.50-10 35 Clay 40 1300 to 1400 15

8.50-10 35 Clay 40 1300 to 1400 20

8.50-10 40 Clay 40 1400 to 1500 0 =3/4

8.50-10 40 Clay 40 1400 to 1500 5

8.50-10 40 Clay 40 1400 to 1500 10

8.50-10 40 Clay 40 1400 to 1500 15

8.50-10 40 Clay 40 1400 to 1500 20

lAverage cone index over 0- to 6-in. penetration.

23
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TABLE VII
TURNED TIRE TEST PROGRAM (DESIGN), MCRTAR SAND SOIL

UD {AEWES)
Soil Predicted
Tire Strength Tusn Rolling
Tire Defiection  Soil 1 Vertical Angle Sinkage
Designation % Type Cl avg Load, 1b. deg. in.
7.00-6 35 Sand 40 550 to 660 0 =1/2
7.00-6 35 Sand 40 550 to 660 5
7.00-6 35 Sand 40 550 to 600 10
7.00-6 35 gand 40 550 to 660 15
7.00-6 35 Sand 40 B50 to 660 20
7.00-6 40 Sand 40 600 to 700 0 =1/2
7.00-0 40 Sand 40 60v to 700 5
7.00-6 40 Sand 40 600 to 700 10
7.00-6 40 Sand 40 600 to 700 15
7.00-6 40 Sand 40 600 to 700 20
8.50-10 35 Sand 40 900 to 1000 0 >3/4
8.50-10 35 Sand 40 900 to 1000
8.50-10 35 Sand 40 900 to 1000 10
8.50-10 35 Sand 40 900 to 1000 15
8.50-10 35 Sand 40 900 to 1000 20
8.50-10 40 Sand 40 1000 to 1100 0 ~3/4
8.50-10 40 Sand 40 1000 to 1100 5
8.50-10 40 Sand 40 1000 to 1100 10
8.50-10 40 Sand 40 1000 to 1190 15
8.50-1v 40 Sand 40 1000 to 1100 20

1 . . :
Average cone index over 0- to 6-in. penetration.
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This measured data was then converted to the same format as used
in the UD Turned Tire tests as given below:
drag lcad (in-line drag), R
side load (perpendicular to plane of wheel), S
resultant lateral force, L
restoring mornent (torque}, M
pneumatic trail, r
The turned tire load-jgeometry relationships are given in Figure 49 of

Appendix 1.

Test Equipment and Setup

All turned tire tests in the program were conducted at the U.S. Army

Waterways Experiment Station (AEWES), Vicksburg, Mississippi, at the

small scale wheel facility of the Mobility and Environmental Systems
Laboratory (MESL) between the dates c¢f June 2 and July 13, 1973. A full
description of this test facility has been given previously (4}. The basic
carriage and dynamometer was modified to accommeodate the 8:50-10 and
7:00-6 tires for turned angles ranging from 0% to 20° in 5 degree incre-
ments, The basic luyout of the test track and the modified dynamometer/

carriage are shown in Figures 10, 11, and 12,

Test Tire

Complete sets of tire data were taken on the 7:00-6 and the 8:50-10,

PR, Type III tires. This test data is summarized in Table XVIII of

& Appendix L.

k. Soil Preparatior and Test Procedures

As in previous testing programs conducted at AEWES under UD
supervision, a set procedure was followed in preparing the soil test beds
and in conducting eact test. A summary of this procedure and the soils

information is given in Appendix I,

- 25
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The tests were conducted in the Small-Scale Facility of the Mobility
Systems Division, The main equipment consisted of so0il bins (64 in, wide,
32 in. deep, and 54 {ft. long) in which the soil was prepared to the desired
consistencies, and a dynamom:eter system to which the tire was mounted,

Figure 10, Tire/Soil Test System UD (AEWES ) Tests

26
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The dynamometer system, or test carriage, is supported by solid rubber-
tired rollers on a pair of overhead rails that are in turn suspended from
cantilever columns and crossarms, It is towed by an endless steel cable
that is fastened fore and aft to the carriage, passes over pulleys at the ends
of the track system and is driven by sheaves mounted on a platform above
the overhead rails, The speed of the towing cable can be varied continuously
from zero to about 30 ft/sec. Test carriage and cable can be shifted trans-
versely across the width of the soil bins. The carriage consists of the main
structure that contains the pneumatic loading system, and the lower frame
assembly to which under normal circumstances the test wheel is mounted,
The system is instrumented to continuously measure carriage velocity, wheel
load, pull or drag force, wheel hub movement (sinkage), and if necessary,
torque applied to the wheel and the RPM of the latter.

Figure 11. Tire/Soil Carriage UD (AEWES)

27
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The support frame with the wheel inserted into the main carriage.
The support frame was bolted to the inner frame of the lower framme assembly
at the desired turn angle, Turn angles could be varied from 0 to 20 degrees
in 5-degree intervals,

Figure 12. Tire/Soil Turned Tire Mount UD (AEWES)

28
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Turned Tire Test Results - Mortar Sand

A total of 21 turned tire tests were conducted in rand with turn angles

ranging from 0° to 20°. The complete results of these tests are given in

to measure the longitudinal (R') and lateral (TL) loads actiug on the tire

and consequently the in-line drag (R) and side load (S) shown in Table VIII
were calculated using R' and TL as shown in Figute 49 o7 Appendix L
Previous experience with tire tests conducted in sand have shown that rut
depth and instantaneous sinkage are approximateiy equal, When a tire is
turned and moving through the soil, the maximmm rut depth does not occur
directly beneath the vertical centerline of the wheel (See Figure 13 for
typical result.) Consequently, some adjusiments were made to centerline
rut depths using the results of rut depth profiles to determine the values for
instantaneous sinkage listed in Table VIII, A complete set of rut profiles

is given in Appendix I for the sand tests,

Examination of the results given in Table VII and as shown in Figure
13 shows the influence of increasi:ag turn angie on the resulting sinkage., In
general, for a turned tire operating in sand, the sinkage increases with
increasing turn angle. Tha ratio of the 20° turn sinkage to 0° turn sinkage
ranged from about 2-1/2 to 3. Reference to Figure 13 shows a significant
buildup of sand away from the direction of the turn. Also noted in the rut
depth profiles is the variabl: depth rut which increasingly occurs as the
turn angle increases, Figure 14 shows a typical resulting rut from a turned

tire test in sand,

The detaiied results showing the variation of the ian-line drag load and
side load with *ura angle are given in Appendix I. Figure 15 gives a summary
picture of the results. These results indicate an increasing in-line drag
force and side load throughout the 20% turn range. As indicated in Figure
15, the total iateral load on both the 8:50-10 and 7:00-6 tire excceded one-
half the vertical load at the 20° turn angle.
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Rute left by 8.50-10 tire in sand; turn angle: 15 degrees; deflection: 35
perceat; wheel load: $00 Ib; CI: 38 psi; carriage velocity: 10 ft/sec.

Figure 14. Rutting from §:50-10 Tire, 15° Turo Test, Sapd, UD
(AEWES)
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The 0° turn angle sinkage ratio (Z/D) was approximately 0. 03 for both the
8:50-10 and 7:00-6 tire, The results also indicated that within the 25% tc

: 40% tire deflection range, tire deflection has little if any influence on the
1
‘ recsulting tire lateral load ratio (L./Pj throughout the 0° to 20° turn angie
1

range. Visual observation of the tests, however, showed that a 40% tire

| o .
| deflection condition at high turn angles (15 to 200) is an unasually severe

condition for the tire and could resul? in separation or failure of the tire.

Turned Tire Test Results - Buckshot Clay

A total of 23 turned tire tests were conducted in clay with the turn

e angles again ranging from 0° to 20°. Table IX gives the camplete results
, of this test series, In-line drag (R) and side load (S} listed in Table IX

' were determined fram measured values of longitudinal drag (R') and

total lateral (TL). The instantaneous sinkages were determined from
the measurement of axle movement, rut depth profile, and previous

experience with rebound phenamena for the tests in buckshot clay.

Figure 16 shows a typical resulting rut depth profile for the clay soil
tests. A complete sct of rut depth profiles is given in Appeadix I. Kefereance
to Table [X and Figure 16 shows that increasing tura angles for tires
operating in clay has less influence on the resulting sinkage (and rut depth)
than is the case for sand. The ratio of the 20° turn angle sinkage to a°®
turn angle sinkage in clay ranged from 1-1/2to 2, As was tbe case for

sands, buildup of soil occurs in the clay away from the direction I the

turn. Figure 17 shows a typical rutting result from a turned tive to:us

conducted in clay.

The results of the turmed tire tosts in clay as given by the variation
of in-line drag, side lvad, aad resultant lateral load are presented in
sunumary fashion in Figurce 18, The camiplete results of the clay tests 5
are centained in Appendix L. These results indicate little if any increase
in in-line drag with increasing tura angle but significant increases in side

load as the turn angle increases. The ratio of the resultant lateral load

34
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to vertical ioad approached one-half at the 206° turn condition for both the
7:00-6 tire and 8:50-10 tire. The 0° turn angle sinkage ratio (Z/Dj

was approximateiy 0,03 for both tirea., For the range of ¢ive deflections
tested (35% to 40%), the tire deflection had litile if any influence on the
resulting latecral load (L/P). The operation of an aircraft tire at an
increased tire deflection (43%) and at large turn angles (15° to 20°) was

again noted to be an uausually severe condition for an aircraft tire.
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C. COMPARATIVE SUMMARY ANALYSIS OF TURNED TIRE TESTS

The results of both turned tire test programs were analyzed and
compared. The results of this comparison indicated the following points

of similarty:

1. Sinkage and rut depth increase markedly with increasing turn
angle for aircraft tires operating on sand {frictional} type soils,

but only moderate increases in sinkage occur on clay type soils,

. . . . . o
2. The in-line drag ratio remains relatively constant over the 0

to 20° turn angle range for aircraft tires on clay type soils.

3. Significant amounts of soil bvildup, opposite to the direction of

turn, occur for turning tires in both sand and clay types of soil.

Perhaps the most significant result of the turned tire tests is some

i preliminary indication of the magnitudes of side load buildup on a turned

tire operating on a soil runway. Figure 19 presents this type of result as

related to the non-turned tire sinkage ratio (Z/D). Reference to Figure 19
§ shows that the magnitude of this sinkage has a considerable influence on the
resulting lateral loads. Lateral load ratios may very well exceed one-half
in situations of tight turn angles and high sinkage conditions. Some of the

: general conclusions as to turned tire performance on goil runways would

include:

k. 1. Tke lateral load ratio (L/P) very likely will approach and in
some cases exceed one-half for aircraft operating on moderate

strength soil runways (rolling drag ratios greater than 0. 10)

where tight turning situations are encountered.

2. The tire negative slip will increase throughout the entire turn
angle range of 0% to 20°. Negative slips approached 25% in sand

and 15% for clay in the .20‘> turn situation.
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3. Unlike the behavior of turned tires on rigid pavement, the per
cent tire deflection had little influence on the lateral load ratio

for either sand or clay operation,

4, More severe rutting will occur for aircraft turning operations

on frictional type soils (sand) than on cohesive (clay) type soils,

5. No clear trend existed in the variation of pneumatic trail (r)
with turn angle. The pneumatic trail increased with increasing
turn angle in sand but decreased with increasing turn angle in
clay.

Although sufficient turned tire tests were not conducted to encompass a
broad range of sinkage ratios (Z/D), where Z-sinkage, D-tire diarneter,
the results do indicate that an increase in the sinkage ratio will result in
an increased lateral load ratio for a turned tire for all other conditions

being constant,

42
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D. AIRCRAFT TURNING OPERATION PREDICTIVE COMPUTER

PROGRAM

In order to evaluate the effects of varying turn angles, gear configur-
ation and geometry on the buildup of lateral tire loads, an analytical approach
was developed which would permit prediction of side and drag forces for
aircraft turning operations on soil runways. Such an analysis and predictive
procedure will also lead to a better definition for aircraft turning criteria,
The "Aircraft Turning Operation Predictive Computer Program' which is
detailed below is restricted to aircraft with a tricycle landing gear system
and does not permit differential thrust during turning,

Turning Geometry and Force Analysis

An ajrcraft with a castered-steerable nose wheel undergoes a turning
procedure by the rotation of its nose wheel from the aircraft longitudinal
axis, and thus sets np an instantaneous center about which the aircraft
turns. Figure 20 shows the instantaneous position of a tricycle landing gear
system with a twin nose wheel and four-wheel bogies together with the forces
on the nose wheels and main gears. The symbols used in Figure 20 are

defined as follows.

¢n = nose wheel turning angle
= left main gear wheel turning angle
¢mr = right main gear wheel turning angle

W = weight of aircraft

R = drag loads (braking or driving) iu longitudinal wheel
direction (Rnl' an, le. RmZ' m3’ Rm‘l)

S = side load perpendicular to wheel longitudinal direction
(Snl' sml' sz’ SmS' and Smé)
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V= aircraft forward velocity
¢ = instantaneous radius of turn
g = caster angle of nose wheel

The definition of the turning angle and the development of side loads
and longitudinal drag loads are given in the next paragraphs,

Side lLoads and Pneumatic Trail

When an aircraft tire which is rolling forward in soil is rotated about
its vertical axis, the tire will continue to track forward v-hile it rotates in
a plane inclined to the line of motion, The angle formed between the forward
motion line and the rotated line is referred to as the turning angle. Due
to the rotation of the tire, restoring forces develcp from the soil. It is
convenient to refer to the tire/soil interaction forces in two components:
side force (8) acting perpendicular to the plane of the wheel and the in-line
drag force (R). This tire side force will vary with tire diameter, vertical
tire load, sinkage, soil strength, and the elastic properties of the tire.
This side or cornering force is generally offset from the center of the tire/
soil contact area by a distance which is termed pneumatic trail, r. The
pneumatic trail distance will vary with the turning angle, ¢. It is also
possible that for a castered wheel, that the caster axis is displaced from
the wheel vertical axis by a mechanical trail distance, h. The sum of the
mechanical trial plus the pneumatic trail is then used to compute the

restoring torque caused by the side forces,

In-Line Drag Forces

The in-line drag forces will vary with slip, tire diameter, verztical
tire load, sinkage, and soil strength, The results of the recently completed
turned tire test programs will permit the establishment on a prellininary

basis of the relationships between in-line drag and turn angle,
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Computer Program for Turning Force Interaction Analysis

In order to determine the maximum side and drag forces on the land-
ing gears of an aircraft during turning operations, it is necessary to follow
through the force interaction analysis of the complete turn. The reason
being that the side force depends on the turning angle of the tire which
is the angle between the longitudinal plane of the tire and the direction of
motion of the center of the tire, and the magnitude of the turning angle
depends on the location of the instantaneous center of rotation, which, in
turn, depends on the complate force interaction analysis.

The computer program requires two input curves, besides the aircraft
and tire parameters, to analyze the force interaction during the complete
turn. Ope is the nose gear steering angle vs. time curve, and the other
is the left main gear brake-slip vs. time curve (the computer program
considers the aircraft making a2 left turn). A third curve of differential
thrust vs. time curve may be added, but was not done because this
preliminary analysis does not consider differential thrust but Cpes consider
differential braking. At present, an assumed curve is used for the nose-
gear steering angle vs. time relationship. Experimental measurements of
saume typical turning eperatione by aircraft pilots could eventually supply
better data for this curve. Both input curves are broken into 20 time
increments and supplicd as part of the input data. For each time iacrement,
the instaatancous center of rotation is determined and the aircrafl is
assumed to move thicugh A circular arc in each tine increment. Thus, the
path of tura is assuned to be foruied by segmeats of circular arca. A general
flow chart of the cammputer program is shown in Figure 21. A complete
description of the computer subroutines and a program listing is given in
Appeandix i,

The camputer program is curreatly being used to evaluate the
proposed medium STOL transport aircraft during turring operations on

soil runways,
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The aircraft parameters are given in Table X. The results of the turned
tire test programs will be used to define the in-line drag and side force
ve. turn angle relationship, Subsequent to the medium STOL turning
evaluation, additional existing aircraft {(i.e., C-130) will be evaluated in
order to develop a turning operation criteria,

A review of existing literature still indicates very little design or
experimental information is available concerning turning operations of
aircraft on either paved or soil runways, The turned tire on soil tests
described previously represent the first experimental data for turned
aircraft tirzes. While these test results will prove very helpful in turning
analysis studies, additional research and development requiremenats are
needed as follows:

a) A better definition of the characteristic turning pattern for

thoge aircraft which operate on soil runways.

b) Additional turned tire tests to extend the range of the sinkage
ratio and to evaluaie the effects of speed on drag and side loads.

<} Extension of the camputer program capability to iaclude
differential thrust and to conduct parametric studies of turaing

operations.

dj Verilication of turnieg relationships developed thrcugh & full

scale field operatioa lest program.

Ep—
P
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TABLE X
AIRCRAFT PARAMETERS FOR TURNING ANAL YSIS

o i e S i R

General Data

Gross Weight 100, 000 lbs.
Ground Velacity Going into Turn = 15 knots . a
Mass Moment of Inertia About a Vertical Axis at C.G. =3.5x 10 slug - ¢

#

Tire Data

Nose Main

Tire Deflection (%) 35 35

Tire Diameter {(in.) 33.4 38.5
Flange Diameter (in.) 18.0 i8.5
Tire Type Type I Type IIL
Total No, of Tires 2 8

No. of Tires per Bogie - 4

No. of Tires in Twin 2 4

No. of Tires in Tandem 0 4

Tire and Aircraft C. G. Distances {in inches)

2%
& =3 W et

Nose Gear C.G. to Forward C,G.

Nose Gear C, G. o At C, G,

Nosge C=ar C, G, to Main Gear C.G.

Main Gear €. G, to Ferward C. G,

Ground Level o Forward C. G.

Ground Level to Engine Centerline

Between €. G. 's of Left and Right Main Gears
Twin Spacing of Nose Tires

Twin Spacing of Main Tires

Tandan Spacing of Main Tires

(&Y &7
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SECTION I
ROLLING HIGH SPFED DRAG RATIO PREDICTION TECHIIIQUE
AND COMPUTER PROGRAM

A, GENERAL

BT S S P AL AP BRI TR F L o vy S R A

The definition of the performance of an aircraft on a soil runway
includes the determination of rolling tire sinkage and drag over the full
aircraft takeoff velocity range. Aircraft in their takecff runs go through

a velocity range of approximately 0 to 120 knots. Early vehicle mobility

o L s b ke f s

studies and flotation stadies conducted for aircraft tires were accomplished

at low velocities (generzally less than 5 knots) and resulting floiation criteria

geaerally presumed that tire sinkage and drag (as determined from low
speed tests) remained constant over the entire velocity range. With the
growing importance of aircraft mission assignments on unprepared runways, i
it was recognized that if the rolling drag did, indced, vary with velocity, 3
provisions would have to be made for sufficient aircraft power (thrust) to ]

overcome potentially higher rolling drags in takeoff operations. !

With this background of guneral unavailability of high speed tive/soii
(8)

interaction experimental data, Boeing in 1964 conducted a number of 1
high speed fuil-scale tests using a meodified KC-137 prototype aircraft. .
One of the primary purposes of these tests, which were conducted at W
Harpers Lake, Californis, oa a lean ¢lay, was to observe the inilusace of

speed on the aircrait rolling drag ratio, K/P (R = rolling drag; P = vertical

losd). The results of these tests which are sununarized in Figure 22, :
demonstrated very clearly that speed was an importani parameter in
defining volling drag and that higher drags can be anticipated at bigh speed
for aircraft operating on soil runways. The results, however, generally
could not ke extended W other aircrait, loads, tire sizés, ote., since the
tests encompassed one aircraft uader one loading conditica on one type of

soil. More recenily, the Air Force again sponscred 2 series of full scale

o
e
A R R N 1)
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speed tests conducted by Lockheed (6) at the NASA -Langley test track,
These tests were conducted with 2 29 x 11 -10, 8 ¥R tire loaded to 5,000
ibs. on a buckshot clay at CBR's of 1.5, 2.3, and 4.4 and on a sand at a
CBR of 1.5, The tcst results, summarized in Table XI represented the
first high speed tire/soil interaction experimental data taken under

3.4 with aircraft tire

controlled conditions. Previous experience by UD
sinkages in buckshot clay indicated that measuring rut depth, as was done

in these tests, was not the same as sinkage since the clay type soil partially
rebounds after passage of the tire, Consequently, Table XI includes a
listing of sinkages (as determined from rut depths) for ihe tests on buckshot

clay. Rut depths and sinkages in sand are approximately the same.

In analyzing the experimental data and attempting to extend the results
to other operating conditions (lire size, soil strength, vertical load, etc.)
leading to the development of a high speed drag prediction model, both
Boeing @& and Lockheed (6) noted the similarity in the shape of the drag
ratio vs, velocity relationsiip {(See Figure 22)to that observed in tire hydro-

dynamics studies on water, and proposed the use of the same basic type

equation:
C
R:P(uo+tan9)+ '—?—I— prV2 (1)
where

R = total rolling drag

P = total vertical load
Wy = coefficient of rolling friction on a rigid surface
tan@ = Z/ 4
CDI = goil inertia drag coefficient (a2 function of the planing velocity)

b = tire width
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TABLE XI

LOCKHEED/LANGLEY HIGH SPEED TEST
PROGRAM SUMMARY RESULTS

g

Average Values for Rolling
R Condition
Soil Soil Tire I:;ZTt:lii:‘aall Vertical|l Drag Drag
Type |Strength | Pressure | Velocity Load Sinkage ¥ Load | Load Ratio
(CBR) (psi) (knots) (lbs) (in) {1bs) (1bs) R/P
Clay 1.5 30 Tow 5000 1.0 5918 1186 0.20
Clay 1.5 30 22 5000 1.0 5819 700 G.12
Clay 1.5 30 35 5000 1.0 5879 883 0.15
Clay 1.5 30 50 5000 1.2 5779 1211 9.21
Clay 1.5 30 64 5000 1.0 5846 99¢ 0.17
Clay 1.5 30 72 5000 0.7 6243 865 0.14
Clay 1.5 30 83 5000 0.6 5919 801 0.14
Clay 1.5 30 90 5000 0.5 5640 819 0.15
Clay 1.5 45 Tow 5000 1.6 6151 1520 0.25
Clay 1.5 45 21 5000 1.6 5969 1318 0.22
Clay 1.5 45 32 5000 1.8 5761 1489 0. 26
Clay 1.5 45 44 5000 2.0 6700 1200 0.18
Clay 1.5 45 61 5000 1.6 6181 1370 0.22
Clay 1.5 45 83 5000 1.0 5856 907 0.15
Clay 1.5 45 93 5000 0.8 6115 822 0.13
Clay 1.5 70 Tow 5000 2.4 5150 2011 0,39
Clay 1.5 70 20 5000 2.5 5996 1875 0. 31
Clay 1.5 70 32 5000 2.7 6308 2649 0.42
Clay 1.5 70 41 5000 2.4 6500 2900 0. 45
Clay 1.5 70 62 5000 2.2 8100 2075 0. 26
Clay 1.5 70 82 5000 1.5 5350 1680 0. 31
Clay 1.5 70 91 5000 1.3 5937 1147 0.19
Clay 2.3 30 Tow 5000 0.3 5380 354 0.07
Clay 2.3 30 20 5000 0.3 5625 467 0.08
Clay 2.3 30 34 5000 0.4 5695 506 0.09
Clay 2.3 30 47 5000 0.6 5613 482 0.909
Clay 2.3 30 61 5000 0.5 5350 400 0.07
Clay 2.3 30 80 5000 0.3 5540 250 0.05
Clay 2.3 30 88 5000 0.2 5125 l 425 0,08

* determined from rut depth.

*
% -
"’:‘z ’
o
;z
]
]
z
.‘(



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

TABLE XI

(continued)

Average Values for Rolling

. o . Nominal Condition
Soil | Soil Tire | Verticaif . Vertical Drag7 Drag
Type {Strength | Preassure | Velocity Load Sinkage ¥ Load Load | Ratio
(CBR) {psi) (knots) (1bs) (in) (ibs) (1o8) ((R/P)
Clay 2.3 45 Tow 5000 0.7 5480 400 {0.07
Clay 2.3 45 19 5000 ¢.9 5446 388 10.07
Clay 2,3 45 24 5000 1.o 5449 779 10.14
Clay 2.3 45 28 5600 1.1 5449 600 }0.11
Clay 2.3 45 30 5000 1.2 5468 729 10.13
Clay 2,3 45 41 5000 1.2 4821 497 | 6. 10
Clay 2.3 45 44 5000 1.1 5477 903 {0.17
Clay 2.3 45 61 5000 1.0 2512 435 10,17
Clay 2.3 45 65 5000 0.9 4760 240 |0.05
Clay 2.3 45 78 5000 0.7 5492 691 |0.13
Clay 2,3 45 91 5000 0.4 4497 512 10.11
Clay 2.3 70 Tow 5000 1.4 5565 855 {0.15
Clay 2.3 70 22 5000 1.6 5607 1246 ]0.22
Clay 2.3 70 29 5000 1.7 5381 1361 (0.25
Clay 2.3 70 42 5000 1.7 5266 1512 ]0.29
Clay 2.3 70 59 5000 1.6 5237 1169 |0. 22
Clay 2.3 70 73 5000 1.4 5117 996 {0.19
Clay 2.3 70 89 5000 1.3 519¢ 727 |o. 14

* determined from rut depth,
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and
V = forward velocity of the tire
4 = tire footprint length
p = soil density

Reference to the above equation indicates that the total drag is made up of

a term which is independent of velocity and a term which is a function of the
velocity squared (inertia) but is independent of the vertical load. The second
term (inertia effects) does not become significant until the forward velocity
exceeds approximately 30 knots. Reference to Figure 22 also suggests that
for rolliﬁg tires which undergo low sinkage (low vertical load or high soil
strength) in the low speed range, very little increase in drag will occur
through the higher velocity region, Knowledge of the dynamic behavior of
soils also suggests that the drag ratio response can be split into three

regions as shown in Figure 23 and as indicated below:

Region 1 - Low speed range, less than approximately 5 knots,
where soil viscous effects control the response

(sinkage and drag).

Region 2 - Intermediate speed range, from approximately 5 knots
to 30 knots, where both viscous effects (rate of loading
is too high) and inertia effects (rate of loading is too

low) are not significant in influencing sinkage and drag.

Region 3 - High speed range, greater than approximately 30 knots,
where soil inertia effects predominate in defining
sinkage and drag.

Comparisons between measured drag and predicted drag by use of
Equation 1 or its modified form (6) have not been completely satisfactory
due to the necessity of introducing several empirical coefficients (or con-
stants) in order to better curve fit the experimental data. The primary

rezson for these poor comparative results is that in a high speed rolling

55
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drag situation as defined by Equation 1, four unknowns are present (rolling
drag, sinkage, soil inertia drag coeffieient, and planing velocity). Since
only one equation exists, the other three unknowns must be determined
empirically. Until additional high speed tire/soil roiling drag experimental
tests are conducted, it is unlikely that a drag prediction model based

solely on theoretical concepts (verified by experimental tests) will be
developed whick will have a sufficient degree of reliability and accuracy. It
is possible, however, to combine dimensionless analysis techniques with
the limited amount of existing experimental data in a semi-analyrical
approach in order to develop a high speed drag prediction model. Such a

technique and the resulting model is described below,

RB. HIGH SPEED DRAG RATIO ANALYSIS

As an aircraft tire moves through the scil at increasingly higher
speeds, a system of forces acts on the tire as shown in Figure 24, These

forces include the resistance to forward motion brought about by soil inertia

and a dynamic uplift pressure exerted on the tire (referred to as hydrodynamic

lift), The soil inertia (tending to increase the drag acting on the tire) causes
an increase in sinkage, while the hydrodynamic lift (which reduces the net
effective downward force on soil) tends to decrease the sinkage. The
instantaneous soil sinkage and drag can then be represented by an interactive

equation as follows:

Zinstantaneous ZRegion Il t ALy ertia drag-Azlift (2)
(at any speed) (where viscous and
inertial effects are
minimal)

Pelerence to Figure 24and Equation 2 suggests that as the forward speed
increases the incremental sinkage from inertia effects is greater than that

due to lift, resulting in an overall increase in instantaneous sinkage and

rolling drag,

57

e R et L e TSR RN

SRR

s Nt DG R N



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

P = Vertical Load

vV v- Fofpward Velocity

6 = Effective Tire/Soil Interface
Angle (angle of attack)

"+AR = Inertia Drag

/AL:Liit

A Rut (rut depth)

Figure 24. Tire/Scil Interaction at High Speed
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In order to further define these two incremental sinkage termas,
application of the hydrodynamic equations at the tire/soil interface (see
Figure 24 gives a lift as defined by

AL = pbzvzsino cos 0 , (3)

and an inertia drag term given by

AR= PbZVZainle (4)

where

@ = angle defining the effective plane of contact at the tire/soil
interface (see Figure 24) and is determined empirically.

Using the expressions for lift and drag as defined above, it is then
necessdry to define the associated incremental sinkages using known relation-
ships between vertical load, drag load, and sinkage. The results of previous

(1,2, 3, 4 have resulted in a

Air Force sponsored research efforts
definition of these relationships for both sands and clays as shown in
Figures 25, 26, and 27. The test data shown in these figures represent a
wide range of tire diameters, loads, and soil strengths, Using linear

{straight line) approximations to the trends of the data in Figures 25 through

27,the incremental sinkages associated with inertia drag and lift are given

by
Azinertia drag =AR'D {5)
Kl pt
where

P! = total vertical load minus the lift

KZ AL ¢

A-Cl
av

A2 (6)

8
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a =P '
435.0 A o

where P = tire verstical load ®
A = tir2 contact area (rigid surface)

hd °
5.0 ®
™
200 |- /
®
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Figure 27.Sinkage Characteristice vs. Load-Strength Ratio, Cokesioniess Soils
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and K, and X, are constants,

1 2

Based on known conditions of tire size and operating conditions,
soil type and strength, sircraft loading conditions, and the velocity range of
interest, the incremental sinkages can be calculated for each velocity from
which the instanteneous sinkage (for that velocity} can be determined by use
of Equation 2. 7The corresponding high speed rolling drag ratio is then

given by
R = 2 instantaneous + a Ri.:xertia (?)
P D ) 2

In using the approach outlined above, it is necessary to define the
angle of attack, @, a! the tire/soil interface for a range of operating

conditions and speeda. The existing state of ths art of high speed tire/soil

imteraction phenomena does not permit an accurate definition of ¢ on a strictly

TAAESIIR

theoretical basis. Dimensionleas analysis techpiques suggest that an expression

for the angle of attack based on the variables involved in the problen: would
take the form

A
: . v
0, =7 (._2 | } § W .

where av = aircraft tiref soil angle of attnck

zo = low spaed {Region 1} rolling sinkage

£ = rigid surface tire footprint leagth
D ={tire diameer
for aircraft type tires cperating neat standard tire deflections. Both ¢
1

zad f were empirically detemmninecd and are givea in the Source Program

Listing ir. Appendix Hl. Euwuistiag high speed test data from the Leckheed-

Langley program were used in conjunciion with Equation 8 to determine an

63
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expression for the angle of attack in the Jcvelopni ent of the computer
program predictive technique described in the next section, Since the
main effort in the Lockheed test program was on clay, the angle of attack
expression was only developed for tire/clay soil conditions. Resulting
comparison between predicted and measured results were also limited to

the clay soil condition.

C. HIGH SPEED DRAG RATIO PRERICTION COMPUTER PROGRAM
AND COMPARATIVE STUDY

Equations 2 through 8, together with an empirical definition of the
angle of attack, 9, at the tire/soil interface {clay soil) were used to develop
a FORTRAN IV comiputer program predictive technique on the CDC 6600
Computar at Wright-Patterson Air Force Base. Use of the computer program
is currecntly restricted to clay type soils and the program is detailed in
Appendix III. The program was initially developed for use in a predictive/
comparative study with the NASA -Langley High Speed Tesi Data given in
Table XII. The program was subsequently generalized for use with a
broader range of tire and soil parameters. A general flow chart of the
Predictive Gumputer Program is given in Figure 28.

The experitnental test conditions and variables fram the previously
described Lockheed-NASA Langley test program were used as input data tn
the 'Rolling High Speed Drag Ratio Prediction Computer Pregram®. The
tire/soil input data is given in Table Xil. The results of this comparative
study (for the clay type soil valy) are given in Figures 29threugh 3 for
the CBR 1. % soil, and Figures 32 through 34 for the CBR 2.3 soil. Relerence
4 these {gures indicate that the experimcental data exhibits a great deal
of scatter (refercnce Figure 31 at speeds approximately 30 to 90 knots).
This type of experimental data scatter for tests on soil is expected, In

general, howeves, W pisdicied variation of the drag ratio with speed {or

&3



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

AT A NI <. VIS PO

TABLE XII

TEST CASE INPUT DATA
LOCKHEED/LANGLEY TEST PROGRAM (see Table XI)

R

Case Number
Input

Parameter I 11 III v A" VI

Tire Deflection 3.4 2.85 2.2 3.4 2.85 1 2.2
Initial Sinkage 1.05 1.40 2. 30 0. 40 0.80 1.25
Cone Index 69.0 169.0 169.0 | 97.0 |97.0 [97.0

. Caliiornia Pearing 1.5 .5 1.5 2.3 2.3 2.3
Ratio

Tire laflation 30.0 45.0 70,90 30,0 45.0 170.0
Pressure

Tire Diameter 1) = 29,0 inches

10. 7 inches

]

) q Tire Section B
' Width

Vertical Load P

5000. 0 1lis.
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Figure 28. Rolling-High Speed Drag Ratio Prediction Computer
Program Flow Chart
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each of the cases does follow the trend of the experimental data, Reference
to Figure 32 again points out that for low sinkage conditions in the 5 to 30
knot range (brought about by either low vertical tire loads or high soil
strength), very little increase in the rolling drag ratio will occur at high
speeds. For sinkage ratios (Z/D) less than about 0. 02, very little increase

in the drag ratio will occur at high speed.

In order to generalize the high speed rolling drag ratio predictive
technique and extend its capability to a broader range of tire sizes and soil
strengths, the empirically generated formula for determining the angle of
attack, §, was modified slightly and the computer program was used to
evaluate about twelve different cases for a cohesive type soil. In general,
the tire sizes ranged from 26" to 56'. The results of two of the evaluations

are given in Figure 35,

The results of the prediction technique development and comparative
study are felt to be sufficiently promising to warrant the use of the technique,
on a preliminary basis, to predict high speed rolling drag for aircraft
operating on clay type soils. The use of dimensionless analysis techniques
permits a limited extension to other aircraft, aircraft parameters, and
operating conditions on cohesive type soils with the recognition that additional
high speed experimental test data is necessary to fully document either this

approach or a modified appreach.

The results of the high speed tire/soil interaction studies conducted
to date (December 1973) indicate the need for additional research and

development as follows:

- additional high speed experimental test data in both the rolling

and braking mode (either controlled or full scale field operation)

- instrun.ented tire-high speed soil interaction tests to better

define the tire/soil contact geomectry (angle of attack, etc.)
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incorporation of high speed drag prediction techniques ia takeoff
length prediction computer program (currently in progress in

this research program)
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SECTION IV
ADDITIONAL STUDIES IN TIRE/SOIL INTERACTION

A, AIRCRAFT TAKEOFF LENGTH PREDICTION COMPUTER PROGRAM

Incorporating the latest results of U.S. Air Force sponsored research
on tire/soil interaction, a computer program is currently under development
which will provide a predictive capability for aircraft soil drag, sinkage, and
takeoff performance operating on soil runways, This FORTRAN IV computer

program, with its various subroutines, has been written and is currently

g
pade e AR I e 8, SR Te A e

(December, 1973) being debugged. The takeoff length predictive capability

accounts for:

1. Any loading gear configuration

2. Multiple wheel effects

3. Variable tire types and sizes

4, Variable soil strength

5. Variable aircraft gross weight and related parameters

6. High speed effects {(restricted to clay type soils at present)

7. Runway slope.

The current program does not include the effects of runway roughness and
. variable dynamics loads and consequently is not a predictor of dynamic
‘ landing gear loads.
B. TRAINING SESSION - SHORT COURSE ON LANDING GEAR/SOIL
s INTERACTION AND FLOTATION SYSTEM DESIGN

Under sponsorship of AFFDL, a training session - short course on
landing gear/soil interaction and flotation system design was held at the

University of Dayton on September 18 and 19, 1973, The purpose of the shor:

_a_,_.’ course was to disseminate the results of recent research activities in the
a study of tire/soil interaction effecte to those individuals who are directly
involved in aircraft planning, design, and use. A total of 18 individual-
.; attended representing aircraft manufacturers, aircraft tire suppliers, anc
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government organizations involved in aircraft operation oa soil reuways. In

covering the training material summarized below, videotapes and workshop

problem sessions were used.

- Aircraft Tire Drag and Sinkage Analysis and Prediction

- Multiwheel Sinkage and Drag Effects and Prediction

- High Speed Rolling Drag Ratio Analysis and Prediction

- Braking Sinkage and Drag Analysis and Prediction

- Integrated Flotation Design System and Prediction Compute r

Programs

A complete set of instructional materials including videotapes, is

available from the University of Dayton for the cost of reproduction. This
information can be obtained ‘rom:

Dr. David C. Kraft

Professor of Civil Engineering

University of Dayton
Dayton, Chio 45469

C. INTEGRATED FLOTATION DESIGN SYSTEM

Because of the significant research activities in aircraft tire/soil
interaction conducted over the past five years, it is now possible to begin to
put together the individual performance parameters (rolling performance,
brakiag performance, multi-vheel effects, etc.) into a single comprehensive
design systern {procedure). Such a design system would utilize *%e¢ aircraft
pe rformance requirements (gross lead, performance ip air, turning perfor-
mance, etc.), the landing gear design limitations (number apd location of
bogics, number of tires per bogie, weight, etc. )} apd the soil parameters
(soil strength, initial surface conditions, maximum ailowable roughness of
the soil surface) to select an optimuwn landing gear configuration, geometry,
aircraft tires apd to develop the operational criteria for the aircraft. The
resulting aircraft performance factors such as rolling drag ratio, braking

drag ratio, takeolf and landing leagths, turning effects, etc. could then

sttt e ,.,..w.’:r_x‘:mu-'.:ziti\.-dﬁﬂg

B P O e R

rita i baak it en

3



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

ey Py s e g e

ot ety e = ot

be used in conjunction with weighting factors to make a final selection of the
appropriate landing gear system. A preliminary effort in this direction was
made by the University of Dayton and used in the prototype studies for the
medium STOL aircraft.

(2) was a first attempt and included the latest

This design procedure
esults of U.8. Air Force spcnsored research and the previously developed
WES coverage techniques. The design procedure, subject to certain limita-

tions, iacludes techniques for:

1) Predicting rolling and braking drags and drag ratios.
2) Incorporating multiwheel influences on sinkage and drag.

3) Determining aircraft passes.

Takeof! length technique and computer program, briefly described in A
above, will be added to the design procedure in the near future so that the

design procedure capability will be expanded to include:

4) High speed rolling drag and drag ratios.
5) Aircraft takeoff length.

2
This design procedure computer prog ram( 2) is also available on the

CDC 6600 Computer located at Wright-Patterson Air Force Base.
Current restrictions in the design procedure are:

1) Tricycle lanaing gear type aircraft.
2}  Aircraft takeoff/landing weights in the 150, 000 to 250, 000 pound
range .

3) Lower spead performance (< 40 knots, the incorporatica of (he

takeoff length porticn will extend predictive capability throughout

the entive takeofl speed range).

4} Low speed (< 15 knots) braking. E
Cohesive type soll aed soil sivength of CRY s squivalent (this
was dope specifically for the MSTQOL ]} design and the program is ﬁ

being generalized to a variable soil strength.
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Restrictions (2), {3), and (5) will not be present upon completion of the

current modifications in the design computer prograri.

The general procedure for optimizing the flotation capability of landing
gears congists of a series of calculations which must be performed for each
of the selected tires and landing gear systemas (groups of tires). The result
will be a number of tire/landing gear systems to which appropriate weighting

factors cap be assigned for:

- minimization of rolling drag

- maximization of passes

Additional weighting factore roust be assigned to such parameters as gear
weight, surface area of gear, storage voluine requiremenis, ctc., leading

to the final selection of the tire /landing gear system which is most appropriate

for the aircraft. )
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SECTION V
AFPLICATIONS TO CURRENT MILITARY SPECIFICATIONS

The results of the turned tire tests can be related to existing specifi-
cations for the design of aircraft. Military Specification MIL-A-008862A,
Airplane Strength and Rigidity, Landing and Ground Handling Loads,
contains specified values for limiting side force ratios of tires. Paragraph
3. 3.2, Turning, limits the ratio of side force to vertical load to 0.5 on
any wheel., The results of the test data presented indicate that this is a -

reasonable limit.

Side force ratios for tire tests in sand and clay type soil approach
and in some cases may exceed 0.5. The curves indicate that for the
configurations tested the side force ratio at angles greater than 20 degrees
may be decreasing. Apparently, there is some limiting side force which
can be developed for a particular tire. Increasing the turn angle beyoud
that point may not increase the force devcloped. Testing at very large turn

angles could verify or refute this.

Paragraph 4.6 of the specification provides additional means of
specifying tire/soil loads in turns. The equations and figures presented
indicate that side forces on tires will not exceed 0, 5 times the vertical

load. As mentioned above, this is consistent with thce data collected.

Air Force Systems Cominand Design Handbook Chapter 4, Ground
Flotation, indicates that the current criteria for multipass operation on
unprepared soils is based upon permanent rutting to a depth of three
inches on a heavy clay soil. The rutting measured indicates that the
ratio of turning sinkage to non-turning rolling sinkage may approach a
factor of three. Therefore, it appears that additional multipass criteria
should be formulated either to express failure in terms of rut depth for

a vehicle configuration, or to indicate that runway areas used for turning
should be avoided. Turn around areas may require special analysiz to

determine their operational limits,
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Rolling drag ratio is mentioned in MIL-A-008862A only in para-
graph 3.3.1, Braking. In this section, the unbraked wheel drag for bare
snil rields is specified at 0. 2 times the vertical reaction. Previous research
as well ar current high speed rolling drag prediction effort indicates that
sinkage (and nence drag) are dependent upon many variables., While low
speed-small sinkage conditions will not significantly influence takeoff
lengtl., high speed-high sinkage conditions should be menticned. Rolling

drag ratios twice as great as specified are possible.

The specifications mentioned do not reflect the state-of-the-art in
calculating tire/soil interaction. The turned tire data do indicate the
side force ratios for the tire are realistic. However, the loads eguations
do not reflect the fact that there are different soils, soil strength, tire
configurations and variable forward velocity, The turning criteria indicate
how centrifugal force influences vertical forces but ignores the pitching

moment due to =oil drag which could be significant,

In any calculation of drag, velocity effects are not mentioned, the
drag to be calculated is only a function of a coefficient of friction. Tire
configuration, landing gear configuration, soil strength and type are not
required. The effects of these parameters could be included by a presentation
of a tabulated procedures in the same manner as shown in the Design Hand-

book to determine allowable number of passes,

i The difficulty in generating specifications for soil forces is due to the
fact that the mechanism that generates side and drag force is a function
of many variables, There is no "coefficient of friction' that can be easily

used and accurately represent the phenomena.
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SECTION VI

CONCLUSIONS AND RECOMMENDA TIONS

The results of the first year efforts (Part 1) of the two-year landing
gear/soil interaction research program have provided considerable insight
into the response mechanism and the buildup of side loads on aircraft tires
as they undergo a turning operation. More specifically, the turning studies

have shown that:

(1)  The lateral load ratio, L/P (where L, = resultant lateral load
and P = vertical load on tice) will exceed one-half for aircraft

operating in a turning mede at moderate sinkage levels.

(2)  Severe rutting will occur for aircraft turning on soil runways.
The most severe rutting will occur in frictional type soils (the
ratio of turning sinkage to non-turning rolling sinkage may

approach 3,0 in granular soils).

{3) Within the normal operating range of aircraft tire deflections
(32% to 40%), tire deflection has very little influence on side

load buildup for turning aircraft tires,

(4) The aircraft turning operation predictive technique and computer
program provides a means both for design evaluation and the
establishment of turning criteria for aircraft operating on soil

runways,

The high speed rolling drag ratio (R/P, where R = rolling drag and

P = vertical load on tire) analysis generally indicates that:

(1) For low speed (5 knots to 25 knots) -small sinkage conditions
(Z/D < 0.02), the high speed drag ratio will not increase

significantly and will have little influence on the takeoff length.
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(2)

{3)

In those situations where low speed (5 knots to 25 knots)
sinkages are moderate to high (Z/D >0, 03), the increase in
the high speed drag ratio will be substantial and will signifi-

cantly influence the takeoff length.

The high speed rolling drag ratio predictive technique and
computer program, although subject to certain limitations,
does permit preliminary estimates on the influence of aircraft

forward speed on rolling drag ratios and takeoff lengths,

The state of the art developments in tire/soil interaction research

now permits substantial efforts and progress to be made in establishing an

integrated approach to design procedures and criteria for aircraft whose

mission includes the requirement for operating from unimproved runways.

(2)

The design procedure developed for the medium STOL aircraft repre-

sents a firs, step in that direction,

Future research efforts for landing gear/soil interaction should be

directed in the following areas:

(1)

(2)

(3)

(4

Ceontinuing effort to gather operational data for aircraft on
soil runways (i.e., steer angles in turning, side loads in
turning, etc.) in order to continually verify and update

predictive techniques.

Evaluation of advanced tire types and designs (i.e., expandable
tire, replaceable tread tire, etc.) to establish their flotation

characteristics and performance on soil,

Instrumentation of aircraft tires to provide a better insight into
the boundary conditions and forces at the tire/soil interface

leading to an improved interaction mathematic model,

High speed effects on braking and turning tire/soil loads and

interaction response,
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APPENDIX I

1. UNIVERSITY OF DAYTON LINEAR TIRE/SOIL TEST TRACK AND
TURNED TIRE TEST PROGRAM
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A. Test Setup and Instrumentation

The test facility consists of a limear tire/soil interaction test track
with a powered carriage for moving the tire over the soil bed, the required

force and velocity sensing devices, and a data recorder.
Test Track

The test track is 24 feet long, 2.5 feet wide, and 3 feet deep. For
this series of tests, a false bottom was used to provide an 8-foot long "test
section" in the center of the track with a soil depth of about 12 inches. The
false bottom at either end of the ''test section'' tapered to zer- soil depth
at the ends of the track. An overall view of the test track is shown in

Figure 3.

Rails at the top, on both outer edges of the track, provide guidance
for a carriage assembly which may be towed the entire length of the track
by means of an endless cable and capstan arrangement. The carriage is
supported by hard rubber guide wheels which provide complete vertical and
lateral control of the carriage position. The test tir;: is supported by a
fixture which is, in turn, attached to the carriage assembly by means of a

pivoted bracket as shown in Figure 4. This permits the tire and test fix-

ture to move in a vertical plane parallel with the direction of motion of the
carriage. The pivot bearings which provide this vertical motion are the
same distance above the soil bed as the nominal posifion of the test wheel
axle. This prevents the introduction of vertical loads into the test wheel
by the towing force. The proper vertical loading on the test tire is obtained
by attaching weights to ithe free (rzar) end of the pivoted bracket as shown
in Figure 4. The test tire is "turned" at various angles to the direction of
travel by bolting the test fixture to the pivoted bracket at the appropriate
apgie. A series of holes is provided in the bracket to accommodate tumn
angles of 0, 5, 10, 15, and 20 degrees. Figure 4 shows the tire turned

20 degrees.
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Carriage Drive System

The carriage is towed along the test track by means of an "endless'
cable which wraps around a driving capstan. The ends of the cable are
attached to the forward and rear ends of the carriage. This scheme is shown
in Figure 3. The cable runs over sheaves at both ends of the track so the
"return" side of the cabie is about two feet above the test bed. The '"return'
side of the cable is also equipped with a turnbuckle so that cable tension may
easily be adjusted to the proper value. This system allows the carriage to
be towed in either direction and also permits brakiag action at the end of

the run.

The cable capstan is driven, through a belt and gear-box arrangement,
by a 7-1/2 H.P,, 3-phase induction motor. The load on the motor is so
small compared to its rating that it is essentially a constant speed drive. A
motor control system consisting of a portable control station, carriage actuated
limit switches, a relay/timer unit, and a reversing motor starter is used to
control the carriage motion. Limit switches provide for pesitive motor power
shut-off when the carriage reaches either end of the track aand initiates the
braking sequence during a test run as the test wheel leaves the 'test section"
of the irack. Braking action consists of a momentary reversal or "plugging"
of the drive motor. By controlling the time that the motor is reversed, a
relatively smooth decelearation is achieved that does not overstress the load
measuring fixtures. A "jog'" feature is also provided to allow positioning of
the carriage at any point along the track. A typical operation seguence for
the turned tire tests involves positioning the carriage at the "start' end of the
track and actuating a RUN switch. The carriage is towed through the "test
section' of the track and then braked before it reaches the end of the track.
The motor drive and capstan system used for this series of tests results in

a carriage velocity of about 6 feet per second.
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Instrumentation

The turned tire tests require the measurement of the vertical, in-~line
drag, and sgide loads on the test tire. A special test wheel sypport fixture was
designed to separate and rmeasure thece three load components. The fivture
is shown in Figure 36, and consists of an instrumented axle, supported by
two instrumented vertical support members which, in turn, are attached to a
mounting plate. As indicated in the figure, the axle is connected to the left-
hand support member by means of a spherical bearing and to the right-hand
support member by a spherical bearing and a linear ball bearing. Assuming
that these besrings are frictionless (for the light loadings involved, the
friction is very low), the axle and the vertical support members will be sub-

jected only to bending forces as a result of forces on the tire; and the vertical,

| in-line drag, and side forces will be effectively isolated from each other. The
axle has bending sections provided on either side of tliie wheel, and these are
instrumented with a four-active-arm strain gage bridge connected to respond

' to bending. The output of these two bridges, therefore, is a function of the

1 vertical load on the tire. The vertical support members also have beading

i sections that are instrumented with four-active-arm strain gage bridges. Tie
member on the left side of the wheel (see Figure 36) has gages to measure

! both the in-line drag and side loads, while the right-hand support member is
instrumented only for in-line drag load No side load is {ed into the right-
hand member because of the lincar ball bearing connection to the wheel axle.
The straio gages are not visible in Figure 56 because the gages and associated

wiring have been covered with 3 protective rubber compound.

All the force measuring :nembers on the test fixture were made of
7075-T6510 aluminum in ordar to achieve a high strain to yield stress ratio.
Maximum design load lumits for the test {ixture are as follows: wvertical load
250 lbs each side of axle, 500 lbs total; in-line drag load 250 lbs each side,
500 1bs totai; side load 400 lbs total. The strain gages (Micro-Measurements

Type E A 13250 M(Q-350) were bonded to the aluminum with epoxy adhesive to
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A AT

provide a strong, loug term bond. The gage installations were covered with

rubbe r compound to exclude moisture and to provide physical protection.

Recording of the strair bridge outputs was accomplished with D.C.
bridge excitation; a CEC (Consolidated Electrodynamics Corp.) model 8-108
bridge balance unit and 8 CEC inodel 5-114 recording oscillograph. The
model 8-108 bridge balance provides all the balancing, sensitivity, and shunt
resistance calibrations functions required for the bridge circuits. Electrical
connections between the instruments and the test track carriage were made
with a bundle of 4-conductor, shielded cables running from the bridge balance
to the ceiling of the laboratory and down to the carriage. Bungee cord was

used to keep the cables taut as the carriage moved along the track.

In addition to the measurement of loads on the test tire, it is

necessary to know the position and velocity of the test carriage. This measure-

ment utilized an assembly consisting of a phototransistor viewing a light
source, mounted on the test carriage, and a series of light beam interrupting
brackets mounted on the test track braces. These items may be seen in
Figure 3. Interruption of the light beam to the phototransistor caused an
event mark on the oscillogram. The devices were located to provide event
marks as the tire entered the test section of the track, as it left the test

section, and three intermediate points.

Calibration of the various load measuring members of the test fixture
was accomplished using the dead-weight method. Before assembly of the
fixture, the individual members were clamped to supports and dead weight
ioads ;ere applied tc the same locations as the actual test loads would be
introduced., Because the teat fixture utilized the spherical and linear bearings
in the connections between membe s, there is no interaction between members

and this type of calibration technique is valid.

As the loads were applied in a series of steps, the strain bridge out-

put was recorded on the oscillograph using the same cables and equipment as

91
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used on the test track. Shuat resistance calibration steps were also recorded
on the oscillograph. By using this technique and recording shunt resistance
calibratiax steps prior to each series of test track runs, data reduction is
performed in terms of "percent of calibration" and all changes in galvanometer
sensitivity, bridge excitation voltage, eic., are automatically compensated for.

Figure 37 shows the results of a typical force member calibration.

Test Procedure

Prior to the start of a series of test runs and after all equippment has
become temperature stabilizcd, a shunt resistance calibration is performed on
each force measuring data channel. This is accomplished by operating the
controls on the CEC bridge balance unit and making a short oscillogram for
each calibration. Alsc, the zero position ui all traces is recorded by supporting
the carriage test fixtux. co the tire just cleaxs the test track. Under these

conditions there is no force on the tire.

When all test conditions have been properly set {soil bed prepared,
soil tests completed, tire inflated, turn angle set, vertical load set, drive
cable tensioned) and the instrumentation is prepared {calibrations and zeros
recorded, velocity sensor light on), the carriage is jogged to the starting
position with the tire supported above the test bed. The test run rsequence con-
sists of lowering the wheel onto the test bed, starting the oscillograph, ini-
tiating the carriage "run' function, and , after the carriage has stopped,
turning off the oscillograph. The necessary measurements and documenta-

tion of the tire rut completes the test.

Typical Test Data

A typical oscillogram for a test run is shown in Figure 38. This is a
record of a test with a zero turn angle and shows only the initial part of the
test run. The zero positions of the traces are not shown on this segment of
the oscillogram, however, the force and time scales give some indication

of the sengitivity of the recording.

g2


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

| e PR e e - C -
|
W eferxaen 383 N ‘UCHBIQIIRD) I2QUUAY 3DI04 feordAy "Lt sandyrg
] sq] ‘peorl
“ . T 0
ol 0 g i A e e
“401
<402
N b
q1C¢
<40
lcm ”.UQ
kg ]
0
409 3
0
0L m xR
.. g
| dJos B
B
o6
$
&
B
b
k.
k. i
R TR e o g&%%% = i LN o2 e VP s N s e B .



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

918uy uanyg 0 “‘Surpiodey eieqg oydesBol11osQ teoiddy *gg 2and1 g

A A A Adn N
/. 7~ A\}f\ﬂ M a~ ./\ A\\ft\\(@l.d

@oa10 g Beaq 3381

90304 m.aw.u JuBLyg:

9030 JEOTII A 33T

*0og_ |
1°0

Fa e

(

_

*xoxdde) spunod 42z

!!,\.\3«/.( N et T~
#0304 1eONIRA IWITY
!

vx0 g ovwmjl {

: {
l\l’\l\;\d&.‘a\ﬁl‘lll\}‘l\\!lr P s .l\eﬂ.\lllulﬁ.\lh\/n‘d\}li' L —_—

4\ ) . - Bontsod sBerzzen
i HORI) 390 UO 35 2 et -

A A A p

LA A L

94



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

B. Soil and Test Tire Property Data

Soil Preparation ana Test Procedure

The following procedure was used in preparing the soil test

bed and conducting each test:
1. Prepare the soil test section to a uniform strength

and surface elevation. Both the sand and clayey silt

soil were prepared to a predetermined moisture content by

thorough mixing in a Porto-Muller mixer. The soil was

then placed in the test bed section in approximate 6" to

8'" thick loose lifts and compacted using a Master T-2000

vibratory compactor, In subsequent tests on a given soil,

only the upper 8'' was loosened and recompacted before

the next test run.

2. Cone index penetration tests were conducted along the
soil bed to determine a soil strength profile, The soil
surface elevation profile was also determined. The
average penetration resistance for each test-bed is
given in Table XIII and a moisture-density summary is

given in Table XIV.

3. Calibration checks were made on the test instrumentation

and sensing devices.
4, The tire load was set and tire deflection was checked,
5. The test was conducted and all test parameters were recorded.

6. Post test soil strength (cone index) tests and rut depth

measurements were made,
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Soil Properties of Test Beds

TABLE XIII
SOIL TEST BED - AVERAGE SOIL STRENGTH RESULTS (UD TESTS)

Average Cone Index

i *®
Turn Angle Soil Type Clavg
| 0° Riverwash Sand 74.7
50 Riverwash Sand 72.5
10° Riverwash Sand 73.1
15° Riverwash Sand 74.7
20° Riverwash Sand 76.8
0° Clayey Silt 43.0
59 Clayey Silt 31.7
10° Clayey Silt 35.1
15° Clayey Silt 33.8
20° Clayey Silt 34.9
* CI is average penetration resistance over 0' to 6" depth

(number shown in Table is average of several tests)

TABLE XIv

MOISTURE-DENSITY SUMMARY (UD TESTS)

Dry Unit Weight Moisture Content
Soil Type (1bs/ £t3) (%)
Riverwash Sand - 6.3
Clayey Silt 129.0 29.6



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

s R R G B T S ST i i g AR

TABLE XV
CLAYEY SILT SOILS DATA (UD TURNED TIRE TEST PROGRAM)

Dry Unit Weight = 129.0 PCF
Moisture Content = 29.6%
Liquid Limit = 31.0
Plastic Limit = 24.0
Plastic Index PI = 7.9

TABLE XVI
5.00-5 TIRE TEST DATA

Rigid Rigid

Section Surface Surface Tire
Carcass Width Wheel Tire Print Tire Print Per Cent
Tire Diameter (Unloaded) Load Area Length Deflection
Type  (in) (in) {ibs)  (ind) (in) (%)
%,00-5, 14,2 4.8 145 5.7 ’mz 3.6 17
4 PR
5.00-5, 14,2 4.8 115 6.1 in2 3.7 17

4 P
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C. Test Results

The complete results of the turned tire tests conducted using the
UD Test Track are given in Figures 41 through 46. The results include

both tire loads for the tests in sand and clayey slit,

Numerous tests have been conducted in the past for rolling air-
craft tires (non-turned) on soil. Since the 0° turn was included in this
Tests Program, Figure 47 was developed showing results of a comparison
between the rolling tire (0° turn) tests in this program with the least
square fit trend to all previous data. The results are in relatively close
agreement, which indicates a good baseline from which to compare turned

tire trends.
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APPENDIX I

UD (AEWES) TURNED TIRE TEST PROGRAM

2.
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1.

VR

3.
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A. Soil Preparation, Test Procedure, and Tire/Loads Geometzy

As in previous testing programs conducted at AEWES under UD
supervision, a set procedure was followed in conducting each test. A

smizmary of this procedure is as follows:

Prepare the soil test section to a uniform strength and surface
elevation. The buckshot clay was prepared at a predetermined
moisture content by thorough mixing in a pug mill, placed in

the test track carts in lifts and compacted using a pneumatic
tired roller. The mortar sand was placed in the test track carts
in an air dry condition in lifts and compacied using a vibratory
plate compactor. In subsequent tests, only the upper 6' to 8"

was looscned and recompacted before the next run.

Cone index penetration tests were conducted along the length of
the soil bed to determine a soil strength profile. Additional soil
property tests included moisture content, density, and CBR.

Surface clevation profiles were also taken.

Check all calibrations, put on M tape, make trial rum to
establish inertia drag.

Load tire; set tire deflection and inflation preseure.

Run test; record all parameters on FM tape and oscillographic

tape. Figure 48 shows a test in progress.

Take post test soil strength prafile and rut depth prafile and

croeg section.

This procedure was followed very carefully with great aitention to detail

to insure the uniformity of test resuits.

The relationship between in-line drag and side loads and longitudinal

and transverse loads on a turned tire is presented in Figure 49,

109
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Test with B.50-10 tire in #and; wkeel load: 990 lb; defiection: 35 per-
cent; turn angle: 0 degree; CI - 34 psi; carriage velocity: 30 ft/gec.

Figure 48. Turned Tire/Soil Test UD {AEWES).
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Sign Convention

1. As chown,
2. Pneumatic trail, r, (ecccentricity)

is positive whexn forward of axle. Front

teral-

? ' +) (FL)

@ (turn angle)
\
Y <3\ .

KER ™ % y
\ \Moment (M)
#

- ]
F a
4
E Rear Lateral
{ Total Lateral {TL) = FL + RL )
5 Total Drag = R'
Moment (M) = (FL-RL)a Drag (R)

Pacumatic Trail (r) = (FL-RLJa . L 2 M
FL+RL Cosgp ™ Cosg

Resuliant Lateral Load (L) = J(R')z + ('S‘L)2

Direction of Resultant ¥ = tan™! TL

5L
In-Lice Drag (R) = R'Cosg - TL sin ¢
Side Load (S) = R' ein ¢+ TL cos @

Figure 49. Turned Tire-Load Geometsy Relatiopebips UD (AEWES)Tests
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B. Soil and Test Tires Property Data

The results of the moisutre-density tests are given in Table XVII
while the results of the cone penetration tests (CIavg) are given in the
Test Result Summary Tables (Tables VIII and IX).

TABLE XVIl

MOISTURE-DENSITY SUMMARY UD (AEWES)

Soil Type Dry Unit Weight Moisture Content CBR
(1bs/ft3) (%)
Mortar Sand 100.6 Air Dry -
Buckshot Clay 82.6 37.6 1.4
CI= 39
Buckshot Ciay 89.0 32.2 2.2
Ci>~ 171

C. Test Resguits

The variation in rut depth and rut depth profile for the (AEWES) UD
turned tizo teets are shown in Figures 50 through 53 {or sand and Figures
54 through 57 for clay. Refersnce to thege Figures indicates significant
buildup of aci] away from the direction of turn. Also noted is the greater
increasc in sinkage with turn angle which occurs in sand type soil in com-

parisan to clay type soil.

Figures 58 through 69 give the complete results of the variation in
in-line drag and sideload for the turped tire in sand and clay type sail for
tive deflections of 35% and 40%.

ii2
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Again, for comparative purposes to previous tire/soil test results,
Figure 70 was prepared using the test data from the 0° (non=-turned) test
conditions. The results can then be compared to the least square fit line

of previous test data and in general show a relatively close agreement.
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: APPENDIX II

AIRCRAFT TURNING OPERATION PREDICTIVE

COMPUTER PROGRAM



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

The "Aircraft Turning Operation Predictive Computer Program"

consists of a number of subroutines which calculate the required turning
variables leading to both a description of the path of turn and aircraft tire
in-line drag and side !oads. The program flow chart was previously given

in Figure 2l. Each subroutine is described below.

Subroutine FAREA and SDRAG

Subroutine FAREA calculates the tire contact area and tire footprint
length from the tire input data. These two quartities are needed in the
calculation of longitudinal drags. Subroutine SDRAG calculates the longi-
tudinal drag on a tire with or without slip. It uses the load-drag relation-
ships for nonturning single-wheel and multiwheel operation which were

reported in previous reports (3 9,

Subroutine SIDEF

This subroutine calculates the side force from the cornering angle
and the vertical tire load. An approximate relationship between side load
and cornering angle was used based on the results of the test program. A
fourth degree polynomial equation was fitted to the curve and incorporated

into this subroutine.

Subprogram for Determining the Instantaneous Center of Turn

The conditions for determining the location of the instantaneous center
of turn of the aircraft are: (a) the summation of forces, including inertia
forces, transverse to the aircraft must be zero, and (b) the summation of
moments, including inertia moments, about a vertical axis must be zero.

These two conditions may be expressed mathematically as:
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{9

(10)

where X, and y, are the coordinates of the instantanecus center of turn and
are unknowns, F and G are complicated nonlinear functions of X, and Y.
and are represented by subroutine SUMFM, which will be discussed in the
next paragraph., Equations (9) and (1U) form a set of nonlinear simultaneous
equations for solving X, and Y. The Newton-Raphson Method is used for
solving the equations. It starts with a trial solution, X o and Yeo * and

. . th s
iterates toward the solution. The equation for the n~ iteration is,

i 20 aF
*n = *na1 F dy G % (11)
J
Yp = ¥na1 +F3x G dx (12)
J

where J is the Jacobian

aF  3F
RS 3y
a6 36
X 3y

Subroutine SUMFM

For given X, and Yo this subroutine calculates the summation of

transverse forces and summation of moments, i, e., F(xc , yc) and

Ci»(:.:C Yo ). They may not be zero, since X, and Yy may not be the correct
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£

e AL

solution. It follows the steps shown below:

ot P tivractisind SR

(3) Calculate the cornering angles,
(b) Calculate the centrifugal forces.

(c) Using the drags and side forces of the preceding time increment,

calculate the thrust required to maintain forward motion.

(d) Calculate vertical loads on nose and main gears by summation

of moments about the roll and pitch axes.

(e) Calculate new drags and side forces,

(f)  Calculate angular acceleration of the aircraft about its vertical
axis,

(g) Sum traasverse forces.

: () Sum moments about the vertical axis.

» gy s

e R T T T A S W AT T
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AIRCRAFT TURNING PREDICTIVE COMPUTER PROGRAM

PROGRAM SQURCE LISTING

140
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—— . 5dl . _FUxMELT (S34]) —
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Re AL _18:807) L1
20T FURPMAT (E13.3)
Cl=CIsl2,
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——— READ {5,502) CNLOFNJBAAN
REAL (54502) CMDFM,0F NN N1 NpL,ANE
302 _ELHMAY (3KQ.2,615)
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—_— 503 FORMAT (S]158)
REAC {5+504) LaLlLsFeMoU EpSiieShM,SH
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5C4 FORPAT (10FE.2)
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363 FudbAT (F10.2.E13.4)
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oL O L
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CALL STRAG_L(PY ALy aMy FLY sy Loy 2 prinelanin] o S% 4 SN™odBLY
RMR=]NL 141
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WITE (206020 RHNyRNRGRML
4y JU B o e e e vt ———  ——— e et e e
XL IsAve
.- el e
IF (1.CF.l) GC 30 45
Ql=BEYALANLET,2550842.
GO TO 46
4y . BIsIBETALL)OBEYAM 1-1))/51.255310d2a
4o YC1l=2ykeCCSIR]IZSENIDE)
oo —-mRITE (20358) _XC1eYCL | ; —_—
54 XC2=1.2038)C)
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 x=xC2-XC1
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e B L E La F€SCAT D 0400210 —_— . e m e e 2 e
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LLcFFat 85
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e Ly A=U TASOFMAMVISCUEFF e e
Qe fLEN
ERS, —

e — ———— et e e - ———

——— S — Lm e 4 N7, s e et . e
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APPENDIX III

ROLLING HIGH SPEED DRAG RATIO PREDICTION
TECHNIQUE AND COMPUTER PROGRAM
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The computer program developed and used in conducting the high speed
rolling drag ratio comparative study as given in Figures 28 through 34, is
detailed below. A Fortran IV source program listing of the computer program,

a list of definitions of symbols, and some remarks about running the program,

and the outputs from the comparative cases are included.

Procedure for Running the Computer Program

1, Specify the first two data cards:

First Card Specify three tire parameters: (D) Tire Diameter,

inches; (B) Tire Section Width, inches; (D1) Tire
Deflection, inches.

: Second Card Specify five parameters: (P) Vertical Load, lbs;
(Z201) Initial Sinkage, in.; (CI ) Cone Index, psi;
(CBR) California Bearing Ratio {optional); Tire

Inflation Pressure, psi (optional)

c. All input cards are to be typed in a8 real values with consistent units.

3. To make more than one contimucus run, additionzl caxds with the

same format as data caxds 1 and 2 must be inseried behind the

Lt e h oo A sl At

original set of date

List of Symbols

A = Contact area

B = Tire section width

CBR = Californiz Bearing Ratio

Ci = Cepe Index {average over 0" to 6" in psi)

Dl = Tire defiection, inches {rigid surface}

DELTAR = Incremental chang: in rolling drag resistance due
to inertia effrcts

DELTZI < Incremental sinkage due to inmerfia

DELTZL = Incremnental siokage due to lift
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s
IR

PR ES

BNt

)

I TR DY

200

AN

LT

R, e e e

e agairs s o LS AL LA E LT RO

DRAG =
P :
PLIFT =
PS1 =
THETA0 =
THETAV =
v =
Vi =
Zl =
Z0l =

ER. BY THE LOBBOTT AERDS v e B L VR CS ST RN T AR N RN

e e

Rolling drag ratio (R/P) at any velocity

Vertical load

Hydrodynamic lift

Tire inflation pressure

Initial angle of attack, 8, for Region II velocity range
Angle of attack, g, at any velocity

Velozity in feet per second

Velocity in knots

Instantaneous sinkage at any velocity

Initial tire sinkage in Region II velocity range

AR PN
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TRV

L]

1

Fortran IV Source Program Listing

FROGRAK SP (IRSUT,CUTPUT, TARE Sz IAPUT)

REAL TAB{20,7)

REAL K,yH,L

DATA CUTAYC(I eI ) gy T=1sT709J51920)/00ayellialZ0e83,e0G,y.0€64.08,
ACo(10910910y10g19910,

1009059892595, 4+99,.947,.987 4489,
2059565949950 98,9,67540975,.985,
D3d094%92,70985, oSL6,.9%5,.9:7,,98, -
ECepaCC - 0GByc8BeoC05¢905497
GBUus0ST5e32:e85,5485,083,5487,
H7Uese9655090938106819e7%,2062)
I8CessC0poBTyeT B, 78%;75ya738,

JOCe9aC Tl yeBloe TDee78 32739573y~
KifUe3v95 3085435755 ,907455¢7055468,
L310e90G0S,) o799 4072 yeT35eb682,50555,
M12009069%2e72)6739e71.4655463,
N130070935a0765,072$05951964299611
Olbb.,:93ge77,n71,.68,.625,.59,
PIC5c 54925, ¢705 4. TDC2eb75.612,.565,
01690’093)9?630701065,@63!054,
Ri7C+ 992507559 e695;46334589453,
S18le9e92 307550695 e51508735452/

READ {5:5) DyB4814

FORMAT (3F9:3)

READ (5,;15) P, 201,CI,CBR,PSI

FORMAT (5F9,3)

PRINT 1,CBR,PSI

FORMAT(®1% ,*CBR =%,Fb4s:1,* PSI =*4F5.1)

PRINY 8

FCRUAT(®<% ,2S0IL TYFLC = CLAY®)

PRINT 2 i N

FCRHATY (*~=¥, ‘VELOCiTY°,13X,’THETA',13X,JDELTA Z’,L’X,'DELTA Z'ai3x
A BLIFT#,) 13X POELTR R®,13X,*0RAGH?

FRINT 3

FORMAT (3 %,2Y , *KNOTS# 45Xy ¥DEGe ® o 4IX s *LIFT;IN - 10X, S INERTIA,ING *
OpdiX,?LBSe®La> s #LES? 314X, #RATIO®)

PRINT 4 - - - . s e mme e e e = e - — e e e
FLCRYAT ()%, %cmocacecconamccancenssraenssenasssscasncacconnsamonroma
c--n--au-.--.o--u---o--nuu------d--.-n-ua-ooutﬁdonw.u.b-.‘.ab.dhbwnb
Qome®)

V=20

A1=201/D

{{:ZOSGRT ‘01¢ (0-01)) . ee B T O, FRRRE
F=29SGRT(03¥(B~D1))

L=0,85%H4

=0 TUBTS¥LFF

X=(A1¥%,5237((3.93416 = (5,932975L/DY)*(L7D))

TANX=ATAN(X)

tHETAOzT“NX 3 570296 e e e e e e me e eme e o e mbata & i e e e e oo b e e e e
V=ye2(0

#MP=g

£0=201

IF(V.EQ:. 200, GO 10 8 T

CAL. SPEED (AL,V,7AB,0)
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THETAY = THETAQ®C
Y=THETAV/%57.296

bC ol J=1,10

28 PLIFT=((110/732.2)%¥8%20°y2VY+COSIYYSSIN(YI) FiLs

DELTAR=PLIFVT*TANL(Y)

A2=(P=-PLIFT} /7A

£1=R2/CI

=0e23¢( 0, 13%€ 1)
DELTZL=(K*PLIFT*L) F(A*C])
PDELTZI=(DELTAR®D) 7 {3.85%(P=-PLIFT))
IF(4M,2Q.1) GO TO 3¢
IF(OELTZL«6TDELTZi) GC TO 47
IF(J.EG-1) GO TO 33

50 TO 25

7 ZC =2C + 3.1
CCNTINUE

e ME=1

IFCDELTZL.GT-0ELY2Y) GC 10O 35
IF(ABS(ZNL =70} EQels) GO TO 35
IC= 20 = 3B.13
GC TO x8
35 2I=70=-CELTZL+DELTZ2I
ORAG= (3. 85%2170)+ (RELTAR/P)
1=y P.5921
FRINT 759V, THETAV,CELYZL SOELTZI FLIFV,DELTAR,ORAG
73 FORMAT(® 3% oFf 00 1516 X sF el 12N FTe 3ol XoFTe 2,303 FBo1,9X,;FGe1s11X,F8
0.2)
FRINT 7,20
7 FCRMAT(® %, ¥FINAL Z =%,FF,2)
GC TO 14
e FRINT 64 THETAQ
FORMAT(® =% STHETRAL 2%,F5,1)
GC TC 93
END

TR 2R ADITIRIDA A ML T RT3 2 e
o

At T

o

NP
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SUBROUTIHE SPRED (A1,V:TAB,C)
REARL YAB(20,7)
0C &4 I=1,2)
' : CK=T8B{I,1}
! IF(CREQ.Y) N=1X
JFICHLEG.Y) 50 TO 85
8¢ CONT IRUE
4 IF{AL1.GY 2608 SC TC 95
DC 9y M=2,7
CKi=TEB(L, M
IFICK1.5T. £} Niz=M~3
IF(CK1.5Ya 81} GO Y0 180
CONTINUE
CoTAB (N, N1 ({TABIA NI =TAB (N NL#1))* ((AL=-TAB(1,ML3) 7 (TEB(L1,N1¢1)
D-TAB(1,¥2)}})
6C TG 135
; €5 C=TRI N, T)
108 REVURY
END

[ Y o]
LA )
«©
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APPENDIX IV

AFFDL/FEM APPROVED LIST OF SYMBOLS ON AIRCRAFT LANDING

GEAR/SURFACE INTERACTION COMPUTER PROGRAMS
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The following list is composed of five parts, These are;

a) Landing Gear Configuration Data
b} Soil and Runway Data

c) Aircraft Configuration Data

d)} Imnitial Conditicns Data

e) Calculated Data

The development of the several digital programs concerned with take-
off/landing, turning, high speed, and multipass performance, led to the need
for a group of common symbols, All programs developed are to eventually

be incorporated into one master predictive program and hence it is necessary
to insure compatability of terms. This will also provide a guide for further
programs and avoid the use of needless multiple definitions of the same
quantity. The symbols provided are not all of those used in the programs
developed to date (1973), because they would be of little interest to the user,
However, many have been selected as those which the reader would require

: for an understanding of both the test material and computer input/output

data. The list shown is a first attempt at compiling a "useable' list and will

require updati;:g with future changing needs.

a) Landing Gear Configuration Data

e G T A R T

2 A Tire contact area

AL Mean distance from aircraft center of gravity io nose gear center
of gravity

AM Main tire contact area

AN Nose tire

AVM Mena distance fram aircraft center of gravity to main gear center
of gravity

BM Section width of main tires
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BN

Bl

CPM

CPN

DE

DEM

DFM

DFN

DM

DN

FLM

FLN

NM

Section width of nose tires

Distance from center of gravity of ocuter tire to center of

gravity of inner tire for main landing gear set
Main tire contact pressure

Nose tire contact pressure

Deflection of nose tires

Deflection of main tires

Flange diameter of main tires

Flange diameter of pose tires

Diameter of main tires

Diameter of nose tires

Distance from center of gravity of one main gear to center of

gravity of the other main gear

Distance fram center of gravit- of rose gear to center of

gravity of main gear
Footprint length of main gear tire
Footprint length of nose gear tire

Distance from center of gravity of rose gear to aircraft

forward center of gravity

Distance from center of gravity of nose gear to aircraft aft

¢ ater of gravity

Distance from center of gravity of main gear to aircraft

forward center of gravity

Number of main tires
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NMG Tota: nuimber of main gear urits

NM1 Number >f tires that are in a tasdemi-trarking situation -
main gear

NN Number of tires - nose gear

NNI Number of tires that are in a twin situation - main gear

N1 Number of tixes per main landing gear

SM Spacing of twin tires ~ main gear

SN Spacing of nose tires

SNM Spacing of tandem-~tracking tires - main gear

™ Tire type of main tires

TN Tire type of nose tires

b) Soil and Runway Data
CBR California Bearing Ratio

Cl Cone Index

&
3

e

T

NTYP Saoil type, cohesive or soncohesive
RHOS5  Secil density

RRC Rigid surface friction coeffic:ent
SLOPE  Runway slope

¢) Aircraft Configuration Data

o

AW Wing referepce area
CcD Drag coefficient

CL Lift coefficient

Gw Gross weight
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Ql
U

UE

S1G

VO
VTO

e)
ACRPM
ACRPN
ACRPT
APM
APN
BR2G
ESWILM
ESWLN

FMA

Number of thrust-velocity vaiues for one engine

Yawing moment of inertia

Distance {rom ground level to forward center of gravity
Distance from grcund level to poiat of thrust application

Iaitial Conditions or Controlled Paramneters

Initial acceleration
Steering angle
Tine increment
Slip in percent

Air demsity ratio
Initial displacement
Initial velocity
Takeoff velocity

Calculated Data

Multiwheel rolling drag for main tires
Muitiwheel rolling drag for nose tires
Total multiwheel aircraft rolling drag
Number of airerait passes for maia tires
Number of aircraft passes for nose tires
Drag fozce

Equivalent siugle wheel load for main tires
Equivalent single wihoeal lozé for nose tires

Major axis of foo'print
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©tae e r»woﬂﬂ;w:ﬂ\:!ﬂ'!’ﬂ.’:’«:nﬂww-v:r;?zﬂ.'.bm;m“n.rwv, ey

FMI

P

PCM

PCN.

PiHwL

PHMR

PHN

PM

PMR

PML

PN

R

RBPM

RBPMI

RBPN

RBPN1

RC

RML

RMR

RN

RFM

RPN

RPS

Minor axis of footprint
Vertical force
Passes per coverage main gear
Passes per coverage ncse gear
Turn angle of ieft main gear
Turn angle of right main gear
Turn angie of nose
Total main gear force
Vertical force on right main gear
Vertical force or left maiin _ .r
Vertical force on nose gear
Drag force
Main gear braked drag ratio
Main braked drag
Nose gear braked drag ratio
Nose braked drag
Radius of turn
Drag force on left main gear
Drag force on right main gear
Drag force on nose gear
Multiwheel drag ratio -main gear
Multiwhe .1 drag ratio - nose gear

Single wheel drag ratio
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RPSM

RPSN

KPSM1

RPSN1

RPT

RTN

RTW

SDRAG

SF

SFML

SFMR

SFN

SP

SWL

SWLM

SWLN

SWLN1

THRT

TSMGL

TSNGL

PNRTR 7Y PR B

Single wheel rolling drag ratio -main gear
Single wheel rolling drag ratic -nose gear

Single wheel rolling dray - maia gear

&
E

Single wheel rolling drag - nose seazx
Aircraft muitiwhecl drag ratio

Ratio of number of tandem tires to total number of tires per

landing gear strut

3
;
h:
".

Ratio of number of twin tires to total number of tires per landing

gear strut

Slip in percent é
Soil drag

Side force

Side force on left main gear

Side force on right main gear

R ORI

Side force on nose gear

Multiwheel spacing parameter
Single wheel vertical load

Main gear single wheel load
Nose gear single wheel load

Nose gear operational single wheel load

Total aircraft thrust

e % iy o ma i

Total static main gear load

Total static nose gear load

.§
)
|
!
i
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T S

TP OIS AN SN o 1t

e A sy

XC

YC

ZD

rA®

Velocity

Location of center of ture in X direction

Location of center of turn in Y direction

Sinkage ratio, Z/D

Sinkage characteristic, Zfg
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