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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 surnmarizes 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 tue'ning 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 Z19" 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 supervision 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 implemented, 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 . 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 coaditions 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

Sof a flotation analysis equation. Phase II(4) included the development of an
L 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 Merit

Index (RMI) system for defining comparative flotation capacity. Phase IFT -

(3)Part I 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 ie

interaction of dual tires on soil.

L.I
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Phase III - Part II(1) included the Braked Wheel Verification Tests, the

development of a lumped parameter brakir'g 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

- Aircraft Takeoff Length Prediction Computer Program

- Landing Gear/Soil Interaction Training Sessions

The results of the numerous tire/ soil interaction studies conducted

to date(1- 1 0 ), 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.

i2
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SECTION II

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 brought 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
S~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 aircraft 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 on 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

forces on tires for turning of agricultural tractor tires , but tractor

tire geometry, loads, and conditions are substantially different fronn

aircraft tires. As a nose gear tire is turned through some steer angle, a

the aircraft undergoes a rotation about some instantaneous center

4
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of rotation, 0. As indicated in Figure 1, the steer angle and the turn

angle, 0, 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, 0, 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 supervislcn 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 establishunent of some preliminary relationships

between those variables that influence turning perforuiance. The muore specific

objectives of the turned tire tests included:

1. Lstablishment of relationships between in-line drag (see

Figure 2), side load, and lateral load as a function of turn
angle. Such information was necessary for the complete

developunent of the "Aircraft Turning Operation Predictive

Computer Program" described in Section t-D.

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

turn angle.

5
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direction of tire longitudinal
motion

+turn angle

rag load (in-line), R

F.. I

t

STurn Angle°. 0. angle distance between direction of motion (as deter I ned
• ,--by the instantaneous center of rotation of aircraft) and tire
S~longitudinal axis.

•iDrag Load, R, resistance to atotion encoyuntered in-line, with the tire

•-• longitudinal axis.

SSide -Load, S. force acting un tire at right angle to the tire Iotugatudital

•' L~tcral Load. L. re-a-ultant (lateral) load on tire (vector swii= of drag load And

i• side load).

-nu naic r - Distance iroat c. g.. of tire to location of sifs l-oad (h

product of the aide load and pactettatic trail gives the. tire

SFigure 2. Turned Tire Creow-!rV'I~eads 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 OF DAYTON 'rEST PROGRAM

Test Program

A series of 45 tests were conducted in the Linear Tire/Soil Test j
Track shown in Figure 3 for turn angles ranging frnm 0 to ZO0 in both a

sand and a clayey silt tvpe soil. The test program design is summarized

in Tables II ind IIl. The tire, tire loads, and soil parameters were

selected to provide an initial rolling sinkage of the non-turned tire of

approximately 1/2 inch in both the sand and clayey silt. For the 5.00-5.

Type I. test tire, used in the test program, these sinkages give a Z1/D

(Z = sinkage, D = tire diameter) ratio of 0.03 to 0.04 in a non-turned mode

which is typical for aircraft under operational conditions on soil runways.

The following pazameters were measured and evaluated in the program:

vertical load, P

drag load (in-line drag), R

side load (perpendicular to plane. of wheel), S
ro.sultz~nt laterl force (determined from R and S above), L

ho ri .ontal ca triage velocity

turn angle, 0

tire deflection, d

tire contact geometry (rigid surface contact area. A)

soil properties (moisturc, density, classification properties,

Gone- Lndax C1

permanent rut depth (instantancous sinkages wet. determined from

rut depth and rebound measurements)

iwa
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e !TABLE IT

OUD-TURNED TIRE TEST PROGRAM (DESIGN) - SAND TESTS

Tire Vertical Soil Strength
Turn Deflection Load, Cone Index
Angle * Tire Type lbs. CI **

0avg

00 5.00-5, Type I11 17 115 70-80
0

0 5.00-5, Type 111 17 145 70-80
50° 5.00-5, Type II 17 115 70-80

0° 5.00-5, Type I1 17 115 70-80

105 5.00-5, Type I1 17 115 70-80

*15 0 5. 00 -5, Typem11 17 115 70-80
20° 5.00-5, Type I 17 115 70-80

200 5.00-5, Type III 17 145 70-80

TABLE III

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

Tire Vertical Soil Strength
Turn Deflection Load Cone Index
Angle * Tire Type T lbs CIa *

avg

00 5.00-5, Type I1 17 115 30-40

0 5.00-5, Type 11 17 145 30-40
50 5.00-5, Type 111 17 115 30-40

10 5.00-5, Type I1l 17 115 30-40

100 5.00-5, Type III 17 145 30-40
150 5.00-5, Type III 17 115 30-40
20° 5.00-5, Type III 17 115 30-40

20° 5.00-5, Type III 17 145 30-40

* Replicate tests were run for each test condition.
* Average penetration resistance over 01 to 6 " depth, psi.

10
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All tests were conducted with a forward carriage velocity of 6 fps and

sufficient repetitive tests were conducted for each 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 I.

Turned Tire Test Results - Riverwash Sand

A total of 22 turned tire tests were conducted on the riverwash sand
0 0

soil using the 5. 00-5 tirp Since only five turn angles were used (0 , 5

100, 15°0 and 20 ), many of these tests were replicates and were conducted

to insure consistency of test results. The complete 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 0

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 lb

vertical load. This order of magnitude of sinkage change of approximately

2 to 3 would significantly influence the deterioration of a sand (or frictional

soil, . * unsurfaced runway when subjected to turning motions of aircraft.

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

turn.

11
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TABLE IV

TURNED TIRE TEST RESULTS - SAND (UD TESTS)

Test Number Ve rtical In-Line Rut Depth
and Turn Load, P Drag,R Side Load, S (Sinkage)

Angle (Ibs) (Ibs) (Ibs) (in)

0 -A 121 14 4 0.30

0- B 121 12 -5 0.35

0 -C 122 14 -4 0.30
0° - D 150 18 2 0.55

00 - E 149 19 -1 0.45

5 -A 117 17 15 0.50

5 - B 117 17 14 0.45
5 - C i16 17 16 0.45

10 - A 118 23 24 0.65

10 0 - B 118 16 36 0.25
0

10 - C 120 20 34 0.40

10 - D 114 18 29 0.50

100 E 145 29 34 0.60

100 - F 146 30 3Z 0.60

15°- A 111 26 31 0.80

150 - B ill Z5 31 0.75

15 -C 112 25 33 0.70

20 - A 112 28 38 0.85

200 -B 11z 28 38 0.75

20 -C lIZ 27 39 0.70

200 -D 139 41 43 1.05

0zo -E 138 40 4Q 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. Figure 6 presents a

summary picture of the results in order to examine trends. The buildup

of tire side load and resultant lateral load -'ith 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 20° 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 Z3 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 • 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 nite 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 (lbs) (Ibs) (ibs) (in) (in)

0 - A' 117 16 3 0.15 0.30

0 0- BI 118 23 1 0.25 0.40

S0 - C e 116 18 1 0. Z5 0.40

0 - D 148 28 3 0.40 0.55
00 - E 144 31 1 0.45 0.65

00 - E' 148 27 1 0.30 0.50

1 4 F1 Z8 3 0.40 0.55

5- A 115 20 37 0.70 0.90
0

5 -B 113 20 35 0.60 0.80
5 C liZ 19 35 0.50 0.70

0 -

10 -A 111 22 67 0.45 0.65
I0

10° -B 110 Z2 67 0.55 0.75

10 -C ill 22 61 0.45 0.65

10 -PD 138 31 84 0.50 0.70

10°0 -ý 139 30 85 0.55 0.75
i1 A 106 al 81 0.40 0.60

15 -B 108 z0 72 0.45 0.65

15- C 107 18 78 0.55 0.75

20 0 - A 103 18 75 0.35 0.50

200 - B 101 19 81 0.35 0.50

20 0 - C 106 17 61 0.55 0.75

00 - D 126 27 105 0.55 0.75

200 - E 125 25 103 0.40 0.60

17
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Figure 8. Clayey Silt Test Bad Surface - 200 Turnecd Tire (lID Tests)
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The detailed results of the clayey silt tests are given in Appendix I.

Figure 9 gives a summary look of the results and shows the variation of

in-line drag load, side load, and resultant lateral load on the 5.00-5 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 angle is significantly

greater in the ciayey silt than in the sand. This phenomena was true even

though no significant increase in sinkage occurred in the clayey silt with

increasing turn angle. Figure 9 also shows that the in-line drag load

remained relatively constant with all turn angles.

L _o
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j• TEST PROGRAM AT AEWES

Test Program

A series of turned tire tests were also conducted at the Army Engineers

Waterways Experiment Station (AEWES) under supervision by the University

of Daytco. The turned tire/soil tests at AEWES were conducted using larger

tire diameters and tire loads than the tests conducted at UD. A total of 44

tests were conducted in mortar sand and buckshot clay with turn angles

ranging f'o1s 0 o00. The vertical loads and soil strength combinations

"were selected to give a noa -t'u-ned tire sinkage ratio (Z/D) of about 0. 03.

The test program.n which is summarized in Tables VI and VII for the sand

and clay type soil %-s cor-uucted with a 7:00-6, 6 PR and an 8:50-10,

8 PR aircraft tire. Both tires are Type III and have been used in previous

programs conducted at WES. All tests were conducted at a forward

carriage speed of 10 fps. The following param~eters were measured and

data reduction made for each test:

- MeWisurement

Vertical Load, P

Drag Force ilongitudinal direction of tract, R'

Side Force (p0rpendicalar to Jongitudinal axis of track), FL, RL

Turn Angle (or yaw).

Tire ,lip (boeh by standard definition and by me-asuring whcel
rotations)

Wheel kzve Vertical Movcenten

Rut Dielph (measured fromn initial soil iracre-}

Rnt Profile (measured froi initial soil surfact proai!ia)

Sinkage (insertion of pine in clay and wastwers in sand)

Soil strength (cone index prefile before and after), C1g

CvgI Carriage Forward Velocity

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


TABLE VI

TURNED TIRE TEST PROGRAM (DESIGN). BUCKSHOT CLAY SOIL

UD (AEWES)

Soil Predicted
Ti re Strength Turn Rolling

Tire Deflection Soil 1 Ve rtical Angle Sinkage
Designation ly Type CI Load, lb. deg. in.

av0

7.00-6 35 Clay 70 1200 to 1300 0 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 1500 to 1300 20

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

7.00-o 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

7.500-6 40 Clay 70 1500 to 1600 20

8.50-10 35 Clay 40 1300 to 1400 0 53/4

8.50-10 35 Clay 40 1300 to 1400 5

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 53/4

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

IAverage cone index over 0- to 6-in. penetration.
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TABLE VII

TURNED TIRE TEST PROGRAM (DESIGN), MORTAR SAND SOIL

UD (AEWES)

Soil P,"edicted
Tire Strength Turn Rolling

Tire Deflection Soil I Vertical Angle Sinkage
Deaignation Type CI avg Load, lb. 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 660 10

7.00-6 35 Oand 40 550 to 660 15

7.00-6 35 Sand 40 550 to 660 20

7.00-6 40 Sand 40 600 to 700 0 -1/2

7.00-6 40 Sand 40 60u 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 Z0

8.50-10 35 Sand 40 900 to 1000 0 -3/4

8.50-10 35 Sand 40 900 to 1000 5

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 LOO 10

8.50-10 40 Sand 40 1000 to 1100 15

8.50-lU 40 Sand 40 1000 to 1100 20

1

Average cone index over 0- to 6-in. penetratin.

24
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This measured data was then converted to the same format av used

in the UD Turned Tire tests as given below:

drag lead (in-line drag), R

side load (perpendicular to plane of wheel), S

resultant lateral force, L

restoring mondent (torque), M

pneumatic trail, r

The turned tire load-geometry 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 of June 2 and July 13, 1973. A full
(4)

description of this test facility has been given previously (4) The basic

carriage and dynamometer was modified to accommodate the 8:50-10 and

7:00-6 tires for turned angles ranging £rom 00 to 20 0 in 5 degree incre-

ments. The basic Lyout of the test track and the modified dynasnometer/

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 XVUI of

Appendix I.

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 soil bins (64 in. wide,
32 in. deep, and 54 ft. long) in which the soil was prepared to the desired
consistencies, and a dynamorreter system to which the tire was mounted.

Figure 10. Tire/Soil Test Systemn 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 framne with the wheel inserted into the main carriage.
The support frame was bolted to the inner frame of the lower frame 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 00 to 20°. The complete results of these tests are given in

Table VIII. As indicated previously, the dynamnomet-." was instrumented

to measure the longitudinal (R') and lateral (TL) loads acti:ig on the tire

and consequently the in-line drag (R) and side load (S) shown in Table VIII

were calculated using RI and TL as shown in Figure 49 ol Appendix 1.

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 maxim,,m rut depth does not occur

directly beneath the vertical centerline of the wheel (See Figure 13 for

typical result.) Consequently, some adjustments 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 VIII and as shown in Figure

13 shows the influence of increasi:ag wrn angie on the resulting sinkage. In

general, for a turned tire operatine in sand, the sinkage increases with

increasing turn angle. The ratio of the 200 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 variablk- deth rut which increasingly occurs as the

turn angle increases. Figure 14 shown a typical resulting rut from a turned

tire test in sand.

The detailed results showing the variation of the il-line drag load and

side load with -Wurn angle are glven in Appendix 1. Figure 15 gives a summary

picture of the results. These results indicate an Increasing in-line dr-ig

force and side load throughout the 20O turn range. As indicated in Figure

15, the total lateral load on both the 8:50-10 and 7:00-6 tire exceeded one-

half the vertical load at the 200 turn angle.
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Buts left by 8. 50-10 tire in &and; turn angle- I5 degrees; deflection. 35
perceut; wheel load: 900 lb; CI: 38 psi; carriage velocity: 10 ft/sec.

Magure 14. Rutting -from~ 8:50-10 Tire. IS' TVr= Test. $azmd. Ut)
(AEWES)
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The 00 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% to

40% tire detflection range, tire deflection has little If any influence on the

resulting tire lateral load ratio (L/P) throughout the 0 to turn angle

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

deflection condition at high turn angles (150 to ZOO) is an uwisually severe

Londition for the tire and could result in separation or failure of the tire.

Turned Tire Test Results - Buckshot Clay

A total of D3 turned tire tests were conducted in clay with the turn

angles again ranging from 00 to 20. Table IX gives the complete results

of this test series. In-line drag (R) and side load (S) listed in Table IX

were determined from measured values of longitudinal drag (RI) and

total lateral (TL). The instantaneous sinkages were determined from

the measurement of axl-e movement, rut depth profile, and previous

experience with rebound phenomena for the tests in buckshot clay.

Figure 16 shows a typical resulting rjt depth profile for the clay soil

tests. A complete sot of rut depth profiles is given in Appendix 1. Reference

to Table IX and Figure 16 shows that increasing turn angles for tire6

operating in clay has less influence on the resulting sinkage (and rut depth)

than is the case for sand. The ratio of the 200 turn angle sinkagc to t:o

turn angle sinkage in clay ranged from I -1 912 to Z. Aa was the case Pý-r

sands, buildup oi soil occurs in the clay away from the direction -.. t••e

turn. Figure 17 shows a typical rutting result from a turned tire ?'-

conducted in clay.

The results of the turned tire tests in clay as given by the variiaton

of iLn-llne drag, side load, and resultant lateral load are preosented in

sunuuary fashion in Figure 18. The complete resutts of the clay test*

are cwntained ln Appendix L These results indicate littie if any increase

in in-line drag with increasing turn angle but significant increases in side

oa4 as the turn angle increaseo. The ratio of the resultant lateral load
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to vertical load approAched one-half at the Z0o turn condition for both the

7:00-6 tire and 8:50-10 tire. The 0° turn angle s9.nkage ratio (Z/D)

was approximately 0. 03 for both tires. For the range of tire deflections

teo1 ed (35% to 40%), the tire deflection had little if any influence on the

resulting lateral load (L/P), The operation of an aircraft tire at an

increased tire dcvflection (40%) and at large turn zugles (150 to 200) was

again noted to be an unusually 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.

Z. The in-line drag ratio remains relatively constant over the 00

to 200 turn angle range for aircraft tires on clay type soils.

3. Significant amounts of soil buildup, 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

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 soil runways would

include:

I. The 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 200 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 diameter,

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.
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D. AIRCRAFT TURNING OPERATION PREDICTIVE COMPUTER
PROGRAM T
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 aircraft 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 up 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

•mt -left main gear wheel turning angle

0 znr right main gear wheel turning angle

W weight of aircraft

R drag loads (braking or driving) in longitudinal wheel

direction (Rn, RnRz, RR R 2  ll34 R m4)

S = side load perpendicular to wheel longitudinal direction

(S ,S .5 S and
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V = aircraft forward velocity

= instantaneous radius of turn

S= 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 Loads 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 develop from the soil. It is

convenient to refer to the tire/soil interaction forces in two components:

side force (S) 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, 0. It is alao

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, vertical

tire load, sinkage. and soil strength. The results of the recently completed

turned tire test programs will permit the establilshent on a preliminary

basis of the relationships between in-line dr~g and turn angle.
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Computer Prograam for Turning Force Interaction Analysas,

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

* ithrough 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 complete 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. One 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 a 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 oes consider

differential braking. At present, an assumed curve is used for the nose-

gear steering angle vs. time relationship. ExperLmental measurements of

some typical turning operations by aircraft pilots could eventually supply

better data for this curve. Both input curves are broken into ZO time

increments and supplied as part of the input data. For each tUnle infcrement,

the instantancous center of rotation is determined and the aircraft i.s

aa'unmcd to move through a circular arc in each time increment. Thus1 the

path of turn is assumned to be forumed by segments of circular arca. A generai

flow chart of the computer program is shown in Figure 21. A conmplete

description of the computer subroutines and a program listing is given in

Appendix IL

The cmnputer program is currently being used to tvaltatc the

proposed medium STOL transport aircraft during turning operations on

soil runways.
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The aircraft parameters are given in Table X. The re sults of the turned

Uire test programs will be used to define the in-line drag and side force

vs. turn angle relationship. Subsequent to the inedium STOL turning

evaluation, additional existing aircraft (i.e. 0 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 tires. While these test results will prove very helpful in turning

analysis studies, additional research and development requirements are

needed as follows:

"a) A better definition of the characteristic turning pattern for

those aircraft which operate on soil runways.

b) Additional turned tire tests to extend the range of the sinkage

ratio and to evaluate the effects of speed on drag and side loads.

c) Extension of the coniputer programn capability to include

differential thrust and to conduct paametrac studies of turning

operations.

d) Verification of turnig relationsli-s developed thrcwugh a full

scale field operation -est program.

.. .
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TABLE X

AIRCRAFT PARAMETERS FOR TURNING ANALYSIS

General Data

Gross Weight = 100,000 lbs.

Ground Velocity Going into Turn = 15 knots
Mass Moment of Inertia About a Vertical Axis at C. C. 3. 5 x 10 slug -

Tire Data

Nose Main
Tire Deflection (%) 5 35
Tire Diameter (in.) 33.4 38.5
Flange Diameter (in.) 18.0 18.5
Tire Type Type III Type IlI
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)

Nose Gea- C.G. to Forward C.G. 235.0
Nose Gear C. G. to Aft C. G. 250.0
Nose C-.ar C. G. to Mtain Gear C. G. 275.0
Main Gear C. G. to Forward C. G. ZS. 0
Ground Level to Forward C. G. 80.0
Ground Level to Engine Centerline 110.0
Between C. G. 's of Left and Right Main Gears 140.0
Twin Soacing of Nose Tires 20.0
Twin Spacing of Main Tires 25. 5
Tandem Spacing oi Main Tires 70.0
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SECTION III

ROLLING F4IG. SPFED DRAG RATIO PREDICTION TECHU,1IQUE

AND COMPUTER PROGRAM

A. GENERAL

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 takeoff runs go through

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

studies and flotation studies conducted for aircraft tires were accomplished

at low velocities (generally less than 5 knots) and resulting flozation criteria

generally 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,
it was recognized that if the rolling drag did, indeed, vary with velocity,

provisions would have to be made for sufficient aircraft power (thrust) to

oercome potentially higher rolling drags in takeoff operations.

With this background of general unavailbtbility of high speed tire/soil
(8)-interaction elperixiental data, Boeing in 1964 conducted a numsber of

high speed full-scale tests using a modified KC-137 prototype aircraft.

One of the primary purposes of these tests4 which were conducted at

Harpers Lake, Californiaon a lean e(lay. was to observe the influcnce of

speed on the aircraft rolling drag ratio, H/P 'R rolling drag; P vertical

load), The results of these stests which %re summarized in Figure Z.

demonstrated very dearly that speed was an importai. parameter in

defining rolling drag and that higher drags can be anticipated at high speed

for aircraft operating on soil runways. The results, however, generally

could not be extended to other aircraft, loads, tire sizes, etc., sh:rce the

tests encompassed one aircraft under one loading conditica on on- type of

soil. More rtcen;-'i. the Air Force again sponsored a series of full scale

V 50
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speed tests conducted by Lockheed (6) at the NASA-Langley test track.

These tests were conducted with a 29 x 11 -10, 8 PR tire loaded to 5,000

"lbs. on a buckshot clay at CBR's of 1. 5, Z. 3, and 4.4 and on a sand at a

CBR of 1. 5. The test results, summarized in Table XI represented the

first high speed tire/soil interaction experimental data taken under

controlled conditions. Previous experience by UD (3,4) with aircraft tire

,inkages 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 X1 includes a

listing of sinkages (as determined from rut depths) for Che 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 ktire size, soil strength, vertical load, etc.)

leading to the development of a high speed drag prediction model, both
(8)(6

Boeing and Lockheed (6) noted the similarity in the shape of the drag

ratio vs. velocity relations'lip (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(° +tanQ) + 0 bZ (1)

where

R = total rolling drag

P = total vertical load

o= coefficient of rolling friction on a rigid surface

tan0 =Z/

C = soil inertia drag coefficient (a function of the planing velocity)

b = tire width
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TABLE XI

LOCKHEED/LANGLEY HIGH SPEED TEST
PROGRAM SUMMARY RESULTS

Average Values for Rolling

ConditionNominal
Soil Soil Tire

Type Strength Pressure Velocity Sinkag Vertical Drag Drag
Load Load Load Ratio

(CBR) (psi) (knots) (Ibs) (in) (lbs) (lbs) R/P

Clay 1.5 30 Tow 5000 1.0 5918 1186 0.20

Clay 1.5 30 22 5000 L•0 5819 700 0.12

Clay 1.5 30 35 5000 1.0 5879 883 0.15

Clay 1.5 30 50 5000 1.2 5779 1211 0.21

Clay I 1.5 30 64 5000 1.0 5846 990 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 0.09

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 425 0.08

, determined from rut depth.
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TABLE XI (continued)

Average Values for Rolling
S oeNomina 1Condition
Sopi Soil Tire Vertical .... Vertical Drag Drag
Type Strength Pressure Velocity Load Sinkage Load Load Ratio

(CBR) (psi) (knots) (Ibs) (in) (lbs) (lbs) (R/P)

Clay 2.3 45 Tow 5000 0.7 5480 400 0.07
Clay 2.3 45 19 5000 0.9 5446 388 0.07
Clay 2.3 45 24 5000 1.0 5449 779 0.14
Clay 2.3 45 28 5000 1.1 5449 600 0.11
Clay 2.3 45 30 5000 1.2 5468 729 0.13
Clay 2.3 45 41 5000 1.2 4821 497 0.10
Clay 2.3 45 44 5000 1. 1 5477 903 0.17
Clay 2.3 45 61 5000 1.0 2512 435 0.17
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 0.11

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 5199 727 0.14

*determined from rut depth.
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and

V = forward velocity of the tire

= tire footprint length

= 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 rolling tires which undergo low sinkage (low vertical load or high soil

strength) in the low speed range, very little increase in drag win 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 "ts 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

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

empirically. Until additional high speed tire/soil rolling 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 which 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-analytical

approach in order to develop a high speed drag prediction model. Such a

technique and the resulting model is described below.

B. HIGH SPEED DRAG RATIO ANALYSIS

"As an aircraft tire moves through the soil 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 hydrodynamnic

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 II + AZinertia drag AZlift (2)

(at any speed) (where viscous and
inertial effects are
minimal)

Reference to Figure 24 and 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
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P = Vertical Load

V =F ward Velocity

e = Effective Tirv/Soil Interface
Angle (angle of attack)

f = Inertia Drag
Z Rut(rut depth)

Z AL= Lift

Figure 2,4. Tire/Soil Interaction at High Speed
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In order to further define these two incremental sinkage terms,

applicatton of the hydrodynamic equations at the tire/ soil interface (see

Figure 24 gives a lift as defined by

2
AL pbZ V sing coso , (3)

and an inertia drag term given by

2 2
&R = PbZV sin 0 (4)

where

0 = 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

necessary 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)

Air Force sponsored research efforts have resulted in a

definition of there 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

-Z AR'DAZinertia drag KR D (5)

where

PI total vertical load minus the lift

Zlift K2 L (6)

avg
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+ a =P
48,0 X

where P = tire vertical loadA = tire contact area (rigid surface)
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and K and K are constanta.

Based on known conditions of tire size and operating conditions,

soil type and strengtAh, aircraft loading conditions, and the velocity range of

interest, the incremental sinkages can be calculated for each velocity from

which the instantaneous sinkage (for that vebcity) can be determined by use

of Equation 2. The corresponding high speed rolling drag ratio is then

given by

RI zisantaneous + A R Lnertia (7)

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
i cond,,tions and speeds. The existing state of tht art of high speed tire/ soil

Sivteraction phenomena does not pernus, an accurate definition of 0 an a strictly

t theoretical basis. Dimnensionless anyisi tecbniques suggezt that an expression

for the angle of attack based on the variables Involved in the proble would

take the form

I;(VISV •D (8)

where Q n aircraf. tire/&oil angle of attack

Z = low speed (a•egpo U) rolling sizlkage

£ rigid aurxface Wi4 fvotprint length

D tire diazn-tter

for aircraft type tires opez•-tinq near standard tire deflections. Both t

a.d f were empirically deteraiined and are given in the Source Program

Listing in Appendix Ul. Endsting high speed test data troan the Lockheed-

Langley programs were used in conjunction with Equation 8 to determine an
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expression for the angle of attack in the dti-velopm 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 sail conditions. Resulting

comparison between predicted and measured results were also limited to

the clay soil condition.

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

Equations 2 through 8, together with an empirical definition of the

angle of attack, 0 , at the tire/soil interface (clay soil) were used to develop

a FORTRAN IV computer program predictive techniqu-e on the CDC 6600

Computer at Wright-Patterson Air Force Base. Use of the computer program

is currcently restricted to clay type soils and the program is detailed in

Appendix Il. The program was initially developed for use in a predictive/

comparative study with the NASA-Langley High Speed TesL 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 Computer Prograu is given in Figure Z0.

The experimental test conditions and variables fros" the previoul4y

described Lockheed-NASA Langley test progra-n were used as invut data tn

the "Rolling High Sped Drag Ratio Prediction Computtr Program". The

tire/soil input data is given in Table XII. The rc-,uIts of this cmplrative

study (for the dsy type sewil, ,y) art given in .Igures ZQthrosih 'i IVr

the CUR I. 5 soil, and Figures'12 through ý4 for the C11 Z. 3 soil. Rtercnce

,o these 1.gures indicale that the' exp riscntal data exhibits a great deal

oi scatter (reif~'nce Figure 1 at speeds approximately 60 to 90 kno¶).

This type of experinicoal data scatter for tests on soil I's expected. In

general. •w-ver, , ,-dicted variation oi 0he drag ratio w.nh spe 4d 4or
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TABLE XII

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

Case Number
S~Input

Parameter I II III IV V VI

Tire Deflection 3.4 2.85 2.2 3.4 Z.85 2. z

Initial Sinkage 1.05 1.40 2.30 0.40 0.80 1.25

Cone Lndex 69.0 69.0 69.0 97.0 97.0 97.0

Caliiornia Fearing 1.5 1.5 1.5 2.3 2.3 2.3
Ratio

Tire inflation 30.0 45.0 70.0 30.0 45.0 70.0
Pressure

Tire Diameter D = 29. 0 inches

Tire Section B = 10. 7 inches
Width

Vertical Load P = 5000. 0 lbs.
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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, 0, 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 approach.

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)

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

define the tire/soil contact geonimtry (angle of attack, etc.)
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incorporation of high speed drag prediction techniques in takeoff

length prediction computer program (currently in progress in

this research program)

i7I
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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

'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
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 qhur"

course was to disseminate the results of recent ressearch activities in the

study of tire/soil interaction effects to those individuals who are directly

involved in aircraft planning, design, and use. A total of 18 individ-al,

attended representing aircraft manufacturers. aircraft tire suppliers, antic
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FQ

government organizations involved in aircraft operation on soil rtruways. In

cove ring the training material sunmmarized below, videotapes and workshop

problem sessions were used.

- Aircraft Tire Drag and Sinkage Analysia 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 3ystem and Prediction Computer

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 from:

Dr. David C. Kraft
Professor of Civil Engineering
University of Dayton
Dayton, Ohio 45469

C. INTEGRATED FLOTAT:ON DESIGN SYSTEM

Because of the s~gnificant research activities in aircraft tire/soil

interaction conducted over the past five years, it is now possible to begin to

put together the individual perforaunce parameters (rolling performance.

"braking performance, multi-.,heel effects, etc.) into a single comprehensive

design system (procedure). Such a design system would utilize -•,' aircraft

performance requirements (gross load. performance in air, turning perfor-

.nIance, etc.). the landing gear design limitatiuns (nunber and location of

bogies, num-ber of tires per bogie, weight, etc.) and the soil Parameters

(soil strength, imitial surface conditions, maximuir allowable roughw-sa of

the soil surface) to select an optimtwn landig gear configuration, geometry,

aircraft tires and to develop the operational criteria for the aircraft. The

resulting aircraft performance factors such as rolliag drag ratio, braking

drag ratio, takeoff and lauding lengths, turning effects, etc. could then
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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.

(Q)
This design procedure was a first attempt and included the latest

esults of U.S. Air Force sponsored research and the previously developed

WES coverage techniques. The design procedure, subject to certain limita-

tions, includes techniques for:

1) Predicting rofling and braking drags and drag ratios.

Z) Incorporating multiwheel influences on sinkage and drag.

3) Determining aircraft passes.

Takeoff 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.

This design procedure computer program is also available on the

CDC 6600 Computer located at Wright-Patterson Air Force Base.

Current restrictions in the design procedure are:

S) Tricycle lanoing gear type aircraft.

•) Aircraft tak off/landing weights in the 150. 000 to 250. 000 pound

range.

) Lower sped-4 performance (< 40 knot#,, the incorporatioa of !he

takeoff length portion will etxend predictii-e capzbilitv throughout

ihe entire takeoff speed range).

4) Low speed (< 15 knots) braking.

5) Cohesive typ- soil and coil strength on CF' eq •tuivalent (this

"'•'s done specifically tor the MSTOL) d6.irgo nd the program is

beii.e generalized to a variable soil strength.
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F
Restrictions (2), (3), and (5) will not be prebent upon completion of the

current modifications in the design computer program.

The general procedure for optimizing the flotation capability of landing

gears consists of a series of calculations which must be performed for each

of the selecbed tires and landing gear systems (groups of tires). The result

will be a number of tire/landing gear systems to which appropriate weighting

factors can be assigned for:

- minimization of rolling drag

- maximization of passes

Additional weighting factors must be assigned to such parameters as gear

weight, surface area of gear, storage volume requirements, etc., leading

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

for the aircraft.

7
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SECTION V

APPLICATIONS 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

rea sonabie 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

cbnfigurations tested the aide 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 beyond

that point way not increase the force de",oloped. 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 the data collected.

Ai= Force Systems Conunand Design Handbook Chapter 4, Ground

Flotation, indicates that the current criteria for multipass operation on

unprepared soils is based upon permanent rutting to a ciepth 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 veWhicle configuration, or to indicate that runway areas used for turning

should be avoided. Turn around areas may require special analysis to

deter~ine 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

soil, fields 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 hence drag) are dependent upon many variables. While low

speed-small 9inkage conditions will not significantly influence takeoff

leng,--, high speed-high sinkage conditions should be mentioned. Rolling

j 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 equations

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 Foil 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.

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 RECOMMENDATIONS

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 tis'e) will exceed one-half for aircraft

operating in a turning mode 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) In those situations where low speed (5 knots to Z5 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.

(3) 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.

The design procedure developed for the medium STOL aircraft repre-

sents a firsL step in that direction.

Future research efforts for landing gear/soil interaction should be

directed in the following areas:

(1) Continuing 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.

(2) Evaluation of advanced tire types and designs (i. e., expandable

tire, replaceable tread tire, etc.) to establish their flotation

A. characteristics and performance on soil.

(3) Instrumentation of aircraft tires to prov.•de a better insight into

the boundary conditions and forces at the tire/soil interface

leading to an improved interaction mathematic model.

(4) 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 linear 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 tire 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 posiLion 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 ilhe free (rcar) 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

angle. A series of holes is provided in the bracket to accommodate turn

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 cable 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 positive motor power

shut-off when the carriage reaches either end of the track and initiates the

braking sequence during a test run as the test wheel leaves the "test section"

of the crack. 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 deceleiration 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 sequence for

the turned tire testa involves positioning the carriage at the "start" end tof sce

track and actuating a RUN switch. The carriage is towed through the '"tst

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.

88

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


Instrumentation

The turned tire tests require the meas.urement of the vertical, in-line

drag, and side loads on the test tire. A special test wheel support fixture waf

designed to separate aud measure these three load components. The fixture

is shown in Figure 36, and consists of an instrumented axle, supported by

8 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 bearings 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 CLe 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

vertical load on the tire. The vertical support members also have bending

sections that are instrumented with four-active-arm strain gage bridges. The

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 loac? No side load is ied into the right-

hand member because of the linear ball bearing connection to the wheel axle.

The strain gages are not visible in Figure 56 becau-se the gages and associated

wiring have been covered with a protective rubber compound.

All the force measuring Inembers on the test fixtu., were aiade of

"7075-T6510 aluminnum in order t-3 achieve a high strain to yield stress ratio.

IMaximum design load linsits for the test tixture are as follows: vrrtical load

250 lbs each side of axle, 500 lbs total; in-line drag load 250 lbs each side,

500 lbs- total; side load 400 lbs total. The strain gages (Micro-Measurements

Type E A 13250 MQ-350) wvre bonded to the aluminum. with epoxy adhesive to

89

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


tot

44

4k4

600

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


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

rubber compound to exclude moisture and to provide physical protection.

4, Recording of the strain bridge outputs was accomplished with D.C.

bridge excitation; a CEC (Consolidated Electrodynamics Corp.) model 8-108

bridge balance unit and a CEC mnodel 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

____" Loads '..ere applied tc the same locations as the actual test loads would be

introduce i. Because the teat fixture utilized the spherical and linear bearings

in the connections bewveen members, 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
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used on the test track. Shunt resistance calibration steps were , lso recorded

on the oscillograph. By using this technique and recnrding shunt resistance

calibratinz steps prior to each series of test track runs, data reduction is

performed in terms of "percent of calibration" and all changes in galvanonmeter

sensitivity, bridge excitation voltage, etc., are automatically compensated for.

Figure 37 shows the results of a typical force member calibra~ion.

Test Procedure

Prior to the start of a series oi test runs and after all equipment has

become temperature stabilizea, a shunt resistance calibration is performed on

each force measuring data channeL This is accompli"ihed by operating the

controls on the CEC bridge balance unit and making a short oscillogram for

each calibration. Alsac the zero position cd all traces is recorded oy supporting

the carriage test fixtum.. co the tire just clears 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 requence 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.

TTypical 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 sensitivity of the recording.
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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:

I. 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-Mu~ler 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-Z000

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 detern-ine 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
Turn Angle Soil Type CI *

Aavg

00 Riverwash Sand 74.7

05 Riverwash Sand 72.5

100 Riverwash Sand 73.1

150 Riverwash Sand 74.7
200 Riverwash Sand 76.8

00 Clayey Silt 43.0

_ Clayey Silt 31.7

100 Clayey Silt 35.1

150 Clayey Silt 33.8

S200 Clayey Silt 34.9

* CIavg is average penetration res itance over 0" to 6" depth
avg(number shown in Table is average of several tests)

TABLE XIV

MOISTURE-DENSITY SUMMARY (UD TESTS)

Dry Unit Weight Moisture Content
Soil Type (lbs/ft3 1 (5)

Riverwash Sand 6.3

Clayey Silt 129.0 29.6
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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 7.0

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) (in 2) (in) (M)

5.00-5, 14.2 4.8 145 5.7 in2 3.6 17
4 PR

5.00-5, 14.2 4.8 115 6.1 in 3.7 17
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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

2. UD (AEWES) TURNED TIRE TEST PROGRAM

108

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


A. Soil Preparation, Test Procedure, and Tire/Loads Geometry

As in previous testing programs conducted at AEWES under UD

supervision, a set procedure was followed in conducting each test. A

summary of this procedure is as follows:

1. 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 compacted using a vibratory

plate compactor. In subsequent tests, only the upper 6" to 8"

was loosened and recompacted before the next run.

2. 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 elevation profiles were also taken.

3. Check all calibrations, put on FM tape, make trial run to

establish inertia drag.

4. Load tire; set tire deflection and inflation pressure.

5. Run test; record all parameters on FM tape and oacillographic

tape. Figure 48 shows a test in progress.

6. Take post test soil strength pr-Oile a"d rut depth profile and

cross section.

This procedure was followed very carefully with grea attention to detail

to insure the uziiformity of test results.

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

and transverse loads on a turned tire is presented in Figure 49.
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Teast withi 8. 50 -10 ti re inl *and; wbe el load: 900 Wb deflection: 35 per-
cent; turm angle; 0 degree; Cl - 34 pot; carriage velocity: 10 ft/sec.

Figure 48. Turned Tire/Soil Test UD (ALWES).
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Sign Convention

1. As shown.
2. Pneumatic trail, r, (eccentricity)

is positive when forward of axle. Front

teral.
(+)(FL)

0 (turn angle)

a

- \

A oMoment (M)

a 1 *'
(RL

Rear Late ral

Total Lateral (TL) FL. RL
Total Drag = R'
Momet (M) = (FL-RL)a Drag (R')

Pnieumatic Trail (r) jFRL)a L M
FL + RL Co. @ Coso@

Resultant Lateral Load (L) = + (TL)

Di rection of Reoultaut tan- T L

In-Line Dras (R) WR Cos 0" TL si•.
Sde Lad (S) = R* in 4 TL coo

Figure 49. Turmed n ire-Load Geomaetry Relatioaheipe UD (AEWES)Tect#
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B. Soil and Test Tires Property Data

The results of the rmoieutre-density tests are given in Table XVII

while the results of the cone jpnetration tests (Cla) are given in the
avg

Test Result Sununary Tables (Tables VIII and IX).

TABLE XVIl

MOISTURE-DEISITY SUMMARY UD (AEWES)

Soil Type Dry Unit Weight Moisture Content CBR
(lbs/ft3 ) (%)

Mortar Sand 100.6 Air Dry

Buckshot Clay 82.6 37.6 1.4
"CI • 39

Buckshot Clay 89.0 32.2 2.2
CI 71

C. Test Results

The variation in rut depth and rut depth profile for the (AEWES) UD

turued tiro terts are showna in Figures 50 through 53 for sand and Figures

54 through 57 for clay. Reference to these Figures indicates significant

buildup of soil away from the directilo of tun. Also noted is the greater

increase Wn sinkage with turn angle which occurs in sand type soil in corn-

parison to clay type soil.

Figures 58 through 69 give the complete results of the variation in

in-line drag and aideload for the turved tire in sand and clay type soil fur

tire deflectio•s of 35% and 40%.
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Again, for comparative purposes to previous tire/soil test results,

Figure 70 was prepared using the test data from the 00 (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

13
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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 21. 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 quantities 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 (3,4)

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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Flxc ,yc)-O (9)
Fx C C

G(x ,y)O (10)
C YC

where x and y are the coordinates of the instantaneous center of turn and

are unknowns. F and G are complicated nonlinear functions of x and yC Y

and are represented by subroutine SUMFM, which will be discussed in the

next paragraph. Equations (9) and (10) form a set of nonlinear simultaneous

equations for solving x and yc . The Newton-Raphson Method is used for
C

solving the equations. It starts with a trial solution, x and y * and
Sco co

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

x =x -F Gn n-i ay v(11)1

yn = n-I +FG - Z

J

where J is the Jacobian

j =(13)
;• aG a G
i, x by

Subroutine SUMFM

For given x and y , this subroutine calculates the summation of

transverse forces and summation of moments, i.e., F(x Y ) and

c cG(xc Y They may not be zero, since x and y may not be the correct
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solution. It follows the steps shown below:

(a) 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 transverse forces.

(h) Sum momenta about the vertical axis.
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AIRCRAFT TURNING PREDICTIVE COMPUTER PROGRAM

PROGRAM SOURCE LISTING

I
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C4/2,/73d29bTFKeSRC*TURN ~2222i'i222?2tiZ cNvcY LUI~'NG

RsýhL LLLM

CPC0NjDRGSF/RNRVRRA'L.SF~tSpFiSFL.

COPPCi%/T li /UK* CPaON*.e .'IN*41INK9NVI &~i.3MSri* SNX

CuPP'(A/C!;VIS/AL ,FAVM,UULE
* . INJECW JpIty, Ty~

RcAC 15,501) TITLE
j iJkMAT t SA4 I

REAC (59502) GW

2V7 FLIRPAT (E13*3)

REAC (59502) CE9CEP

R~EAL (t5.52) CM9DFMv8V,NtMNINi41NNI

IAEA (59503) TN#TM

liýAC 45,504) L. LLtF9A9UpES~sSh4vSN

5C4 FORPAT I IOFEo2)

.IIAC (5,506) 1 st I),I-'212C)
.E4.ikAL~L101-7 *3.1t ___________ _________

W.kITiE (2955i) L.W.l~tF,,WL.LCSNS,

tor AVOO-ALeC

CALL FgatAa (CE .L\.CFN*8N.1th*NIF-LN)

KI ________aFLI

A r;PA. .IC-Y IC 6 HA f_2_,_1_#F___TP I___-L 14 9i L.ý
v (4Vo~ --

14 0- 1 GVPN 1

LALL I p 1 N
RO~cROL341
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IF (I.Cf.1) GO 10 45

Go T0 48

4o YC1-n-vPw*CCSfItlJ/SlktIUI

CAL SUPF"E. (2,XCItYL*Fl . -____________I~ol

CALL SULNFM (XC1.YC2,SF12,SYL2,iE1TA(I),b(I),0J

XC3=xc1-xNJP"/AJAC

kaJIE (2 90c:1 JTIXCIVC1
wKITE11 I A l*C3. VL3

IF IJT.E%..Li GO TO 90

DFY=Ai3S12.*(YC3-YCMJiYC3*YC1))

YC1=YC3

IF ii :X.1T.0.0O3.ArIOt0FY.L1.C.CCi).UK.11.tA.U'4AX) (WU IG d0

Ec JT~1

9~. If (I.GcE.3) GO TO 100

ICU SIcp

SUt2AUUTIME FAkEA l)e*,DFou, IYPivAtFL)

IIt~-i.L1.6) CGTO 15

1% IF t1yr$- I I -A I I II It.

ItCLEF-C.94

.1~LK~1~sCALjA~a))9Cl-q

~ik±I i.X. ;, -T Out;i fiI

C'SIIL/t142
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MaI L .1:1, U

Gc TO 2c

VIA= C. 354336-C. 73021*POeLCsP-o254S*2o 4-.ý930*.2,03~ 7 ~ 6 sj

YI=YIA#Y18

2C IF ININ.NE.C) GL TC 3C

GI. YC 40

Y2A=-0.1926~4 -Co44e567*SP +C*55cC61 *SOs.*2

4vu FP=1.-Y1*RTW-Y2*I4TN

IF (SL.(GT*1C) GC TC 5C
* --.----- JL S%;fl.325&UA3 .375 2#1'1

R~PPRPS*FFM

50 FMP=I.~

RPV=aRPS*FPtM

RETURIN

StAbR(LTINE SL)'FF I C#,V~ ,SL~r ,SUPI',?CvSLvJP)

- ~CCPCNtCRGSF/RgN.gp4Rpk*. SFNSFFI~.SFML

Pt.',nPPA T AN UF-XC ) I Yl.

L f Y X. C E4 T XC- AWR I~/ 14

~~~ *L L t L ___c_____%to

PaI CW*AV'14, PNOH )IF

- ~ . . . C A L L ~ S C RA G~ P . ~ . ~ ~ i ~ 6 . . A

LALI. SIOtF IPWPý ON tsf.N I

. CALL SIC

AVt12 *YIyc

Irr IDFL..'&. dS4o~jC(L G 670G 143
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..7' IF (JP.CC.Q.Odl.IT.LCE.4) U'U TO) 6C

. hfhITE I 4U~2 bA?& l.PYRL~

WITE~r 12twOZ) -.5FNSP4RtSFML
C.L~AU RiIu)E- .2 o C) -L) ~stUMK...
6-fo FURI'AT (IHC912,2EL3.6)
b6 TQ~_____ ______- ET~h

Pt-zhPSIPlH )Q57.29i78

S C =C. 2 15 C 3 E- C4 *PH**3 -0. 116A 6E-OQ~*'

IF (OH! SL1-0.1 &F=-SE

RLTLRt4

IIN
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APPENDLX III

ROLLING HIGH SPEED DRAG RATIO PREDICTION

TECHNIQUE AND COMPUTER PROGRAM

14-

-im g-*
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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:

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

inches; (B) Tire Section Width, inches; (DI) Tire

Deflection, inches.

Second Card Specify five parameters: (P) Vertical Load, lbs;

(Z01) Initial Sinkage, in.; (CI) Cone Index, psi;

(CBR) California Bearing Ratio (optional); Tire

Inflation Pressure, psi (optional)

Z. All input cards are to be typed in as real values with consistent units.

3. To make more than one contiauous run, additionz,1 cards with the

same format as data cards 1 and 2 must be inserted behind the

original set of datv

Litof S=1hos

A Contact area

B r're secti'n wi-th

CBR = Californi; Beartug Ratio

C1 Ce.e Index (average over 0" to 6" in psi)

4 . DI Tire defzectioz, inches (rigid surface)

DELTAR tucrewentaI chang,. in roUig• drag resistance `ue

to inertia effu'ctb

DELTZI incretental sinkage due to inertia

DELTZL Incrnental sinkage due to lilt

_K146
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ElDRAG Rolling drag ratio (RIP) at any velocity

P -Vertical load

PLIFT Hydrodynamic lift

PSI Tire inflation presaure

- ,THEThO I initial angle of attack, 8, for Region II velocity range

THETAV Angle of attack, e, at any velocity

V Velocity in feet per second

VI Velocity in knots

ZI Instantaneous sinkage at any velocity

ZOl Initial tire sinkage in Region II velocity range

11.

k 147
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FRiOGP.AN SP (INPUTtOUTPUTt TAPE 5z 16PiJ)
REAL TAS(20,7)
REAL K,?tL
DATA TA(I)I17,1,/.fl,,.3.4OE.8

AC fI 5 ,.# 91, a 98s , 975 1 p 7

Moo., 9"# .985, .8,.9450.955, cj*T 97,8

L11O.,.9459,795,.72,.73,.682,.G55,
"1423*1.,.94 to79to739 o7l .66,.o631

014U, t , 93 sc 779 s Tit * 68, *625 , e 59t

0 160,9 v5,? &76; o70 -, 657, 60 v *54t ,

R17%X 9 92 so755p *695,.8*39 *58,.) 53,
SleZ. p,*97 to 75t,. 69, o.51,.57,p.52/

C9 READ (5,F~) 0,8,01
5 FC'RMAT (3F933)

READ (5,15) PtZOIýC1,CBRoPSI
15 FORMAT (5Fg.3)

PRINT ±,CBRPSI
I FORM1AT (41* tO8R =,F~aiv PSI =*,F5o.±)

PRINT 9
9FCR'!AT(*o4,l0S0IL TYFE - CLAY*)

PRINT 2
2 FCRHAT (4-4,VLOIY *iXTHETA~,tL3X#*DELTA V~i3XWCELTA Z,±i3X
A0*L.IFT#,13xv#OELTA R*,i3XP*DRAG*)
FRINT 3

PRINT 4-. -

Caaaaaaaaaaaaaaaaaaaaaaa--------- -----------------------

AI=ZOI/D
A=2*SGRT (D 11(0 -01).............. .... ...

A=Co 74575*LIPF
X=(Al*4o523)f(3o9341.6 -(5o93297,*L/D))*(LIO)l
TANX=8TAN( X)
TFETAO=TANX 11 57*291..........- -8~- .

iC V=V4K2O

ZQ:ZOI
IF(V*EQ.o0DC) GO TO 8
CAL.. SPEED (At#TeC
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THETAV THETA04C
Y=THE TAV /S 7. 296
CC 60 J=I,10

DELTAR=PLI FT*TAN( )
A2=CP-PLIFT) iA
EizA2/CI
K=.l*24+ (0, 13*E i)
0ELTZL=CK*PLIFT*L)/(A*CI)
CELTZ I= ( DELTARD) / (3,854 (P-PL1FT)
IF(4*E0.i) GO TO 30
IF(0ELTZL.GT9DELTZi) GC TO J?
IF(J.EO.±) GO TO 30
SO TO 35

-7 ZC =Zc + 31
to CCNTINUE

XP([lELTZL*GI.OELT2ZI) GO TO 35
IF(AOSUPI~-ZO.EG.1o) GO TO 35
ZC= Z(L - 0

0RP',-z(3. 85;*ZI/0)+ (0ELTAR/P)

F;I~NT 70 tV IsTHETA V ,CELTZL I DEL TZI,P LIFT ,0ELTAR ,CRAG
70 FORMAT (*', iF6a I 15X tFSe v12X XF?. 3 911X F7. 2;3)XF8. I, OXCF9.1 9 ligF6

cQo~2)

PRINT lZO
7 FCR4AT(* *14FINAL Z =*,FF¼i2)

GC TO '
e PRINT 69THfETAO

F0fA(-**fEA =*F5al)

END
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SUBROUTINE SPEED (Ai9VTABC)
REAL TAB(20,7)
DC 6.3 I=Iszo

IFCCb..EQ*V) N=I
1F(C~(.EQ*V) SO TO 85

e CCNT1NUE
E5 F(A1oGT.,.*38) Go ro 9S

DC 94 M=~2,,?
CKI= TAP( it 04)

CON~TINUE

100 CTA II(i, N1.)- TB0 4))TB))jj) A TB( rl)M 4 l

GCTO 135

ICS RLTURN

IS
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Ohl
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OI L Col I 4 40

. 4D
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I g,
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If ItI

.4 .ll 6

6 - - .640. U N.

So .0 U. -

'- I,

i ~~IAA I " ° " "

:* , * ,.4

': IlI

'il I H , o

Io~~P 8 40, 4 4

3w AL 6 6 1
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4m V1 :'o

is- in to t4mm0 ~ * *.I

ot 4r In m t
A IL

af jl
4m* ~ I

1 n

.4 04

w 62 a cCL

44 a, Ij j04 -1 be
a) I i04 M 04

43 1.1
%6 b. 116
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I: ID 4r

4, 1 q4 $9 I.1 * .

1. go * 4 9 9
0 0 I cm inO
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InII
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APPENDIX IV

AFFDL/FEM APPROVED LIST OF SYMBOLS ON AIRCRAFT LANDING

GEAR/SURFACE INTERACTION COMPUTER PROGRAMS

1

1 56
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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) Initial Conditions 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 updatiz.g with future changing needs.

a) Landing Gear Configuration Data

A Tire contact area

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

of gravity

AM Main tire contact area

AN Nose tire

AVM Mer.i distance from aircraft center of gravity to main gear center

of gravity

BM Section width of main tires
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BN Section width of nose tires

BI Distance from center of gravity of outer tire to center of

gravity of inner tire for main landing gear set

CPM Main tire contact pressure

CPN Nose tire contact pressure

DE Deflection of nose tires

DEM Deflection of main tires

DFM Flange diameter of main tires

DFN Flange diameter of nose tires

DM Diameter of main tires

DN Diameter of nose tires

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

gravity of the other main gear

F Distance from center of gravit- of nose gear to center of

gravity of main gear

FLM Footprint length of main gear tire

FLN Footprint length of nose gear tire

L Distance from center of gravity oi rose gear to a-ircraft

forward center of gravity

LL Distance from center of gravity of nose gear to aircraft. aft

c nter of gravity

M Distance from center of gravity of main gear to aircraft

forward canter of gravity

NM Number of inain tires
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NMG Totai number of main gear units

NMI Number 3f tires that are in a tandezn-trarklng situation -

main gear

NN Number of tires - nose gear

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

Ni Number of tdres per main landing gear

SM Spacing of twin tires - main gear

SN Spacing of nose tires

SNM Spacing of tandem-tracking tires - main gear

* TM Tire type of main tires

•-• TN Tire type of nose tires

b) Soil and Runway Data

CBR California Bearing Ratio

* CI Cone Index

SNTYP Soil type, cohesivc or noncohessve

RHOS Soil density

RRC Rigid surface friction cQeffic•ent

SLOPl Runway slope

c) Aircra ft Confhzttation Dlata

"AW Wing referer•cc area

CD Drag coefficient

CL Lift coefficient

GW Gross weight
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KNumber of thrust-velocity ::iues for one enginegavt

Yawing moment of inertia

tJE Distance from gr~uund level to poisit of thrust application

d) lnitiý>l Conditions or Controlled Parameters

AO) tnitia1 acceleration

BE TA Steering angle

DT Time increment

S Slip in percent

SIG Air density ratio

so Initbal displacemnent

VO Initial velocity

VTO Takeoff velocity

e) Calculated Data

ACRPM M.ultiwboel rolling drag for miain tires

ACRPN Multiwheel rolling drag for nose tires

ACRPT Total zxxiltiwhecl aircraft rolling drag

APM Ntun L-or of aircraft passes for tnain tires

APN Nvabro arrf p~asses for notse tre

DRI' G D~rag fozee

!&SWLM% Equivalent siigle wheel load sor mair. tires

E;SWLN Eqivalent aingle lt>t~ oad fn n~ose tircs

FM.A M~oraxio of 'v~n
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* FMI Minor axis of footprint

P Vertical force

PCM Passes per coverage main gear

PGN Passes per coverage nose gear

PHiviL Turn angle of left main gear

PHMR Turn angle of right main gear

* PHN Turn angle of nose

PM Total main gear force

PMR Vertical force on right main gear

PML Vertical frirce or left maia. _r

PN Vertical force on nose gear

R Drag force

RBPM Main gear braked drag ratio

RBPM1 Main braked drag

RBPN Nose gear braked drag ratio

RBPNI Nose braked drag

RC Radius of turn

RML Drag force on left main gear

RMR Drag force on right main gear

RN Drag force on nose gear

RPM Multiwheel drag ratio -main gear

RPN Multiwhe .1 drag ratio - nose gear

RPS Single wheel drag ratio
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RPSM Single wheel rolling drag ratio -main gear

RPSN Single wheel rolling drag ratio -nose gear

RPSM1 Single wheel rolling drag - main gear

RPSN1 Single wheel rolling drag - nose gea-

RPT Aircraft multiwheil dr-ig ratio

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

landing gear strut

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

gear strut

S Slip in percent

SDRAG Soil drag

SF Side force

SFML Side force on left main gear

SFMR Side force on right main gear

SFN Sidt force on nose gear

SP Multiwheel spacing parameter

SWL Single wheel vertical load

SWLM Main gear single wheel load

SWLN Nose gear single wheel load

SWLNI Nose gear operational single wheel load

THRT Total aircraft thrust

TSI,4GL Total static main gear load

TSNGL Total static nose gear load

162

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


V Velocity

XC Location of center of turn in X direction

YC Location of center of turn in Y direction

ZD Sinkage ratio, Z/ D

ZL Sinka~ge characteristic, Z/A
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