o @ https://ntrs.nasa.gov/search.jsp?R=19770026206 2020-03-22T08:31:28+00:00Z

NASA TECHNICAL NOTE

LOAN COPY: RETU
AFWL TECHNICAL L
KIRTLAND AFB, N

i

WN ‘g3 AHVHE HO3L

NASA TN D-8455

BEHAVIOR OF AIRCRAFT ANTISKID
BRAKING SYSTEMS ON DRY

AND WET RUNWAY SURFACES

A Slip-Ratio-Controlled System ¥
With Ground Speed Reference 4
From Unbraked Nose Wheel x

Jobn A, Tanner and Sandy M. Stubbs B

Langley Research Center B
Hampton, Va. 23665 ‘




TECH LIBRARY KAFB, NM

I B ll!il‘iﬁi ]

NASA TN D-8L455

- e : 0L34L57
4. Title and Subtitie 7 - B
BEHAVIOR OF ATRCRAFT ANTISKID BRAKING SYSTEMS ON DRY “October 1977
AND WET RUNWAY SURFACES - A SLIP-RATIO-CONTROLLED SYS- 6. Performing Organization Code
"TEM WITH GROUND SPEED REFERENCE FROM UNBRAKED NOSE WHEEL
7. Author(s) o . 8. Performing Oréanization Report No.
John A. Tenner and Sendy M. Stubbs L-11292
e 10. Work Unit*No.
8. Performing Organization Name and Address ] 505-08-31-01

NASA Langley Research Center 11. Contract or Grant No.
Hampton, VA 23665 :

13. Type of Report and Period Covered
12. Sponsoring Agency- Name and Address : Technical Note

National Aeronsutics and Space Administration
Washington, DC 205L6

14. Sponsoring Agency Code

15. Supplementary Notes

16. Abstract

An experimental investigation was conducted at the Langley aircraft landing
loads and traction facility to study the brzking and cornering response of a slip-
ratio-controlled asircraft antiskid braking system with ground speed refererice derived
from an unbraked nose wheel., This investigation, conducted on dry and wet runway
surfaces, utilized one main gear wheel, brake, and tire assembly of a McDonnell
Douglas -DC-9 series 10 airplane. During maximum braking, the average ratio of the
drag-force friction coefficient developed by the antiskid system to the maximum
drag-force friction coefficient available was higher on the dry surface than on
damp and flooded surfaces and was reduced with lighter vertical loads, higher yaw
angles, and when new tire treads were replaced by worn treads. Similarly, the
average ratio of side-force friction coefficient developed by the tire under anti-
skid control to the maximum side~force friction coefficient available to a freely
rolling yawed tire decreased with increasing yaw angle, generally increased with
ground speed, and decreased when tires with new treads were replaced by those with
worn treads. The interaction between braking and cornering indicated that, during
antiskid cycling on a dry surface, the side-force friction coefficient was typi-
cally reduced by more than L0 percent; on a flooded surface, this coefficient was
reduced to negligible values. During the transition from a dry to a flooded sur-.
face under heavy braking, the wheel entered into a deep skid but the antiskid sys-
tem reacted quickly and permitted the wheel to regain ground speed and to resume
braking on the flooded surface while preventing subsequent deep skids. Brake pres-
sure recovery was rapid follow1ng the transition from a flooded to a dry surface.

17. Key Words (Suggested by Authorls)) o 18. Distribution Statement

Cornering < nx .
Aircraft. tires Unclassified - Unlimited

Antiskid braking system

Subject Category 05

18. Security Classif: (of this report] 20. Security Classif. (of this page) | 21. No. of Pages | 22. Price”
Unclassified Unclassified 166 $6.75

*For sale by the National Technical Information Service, Springfield, Virginia 22161
R R R R RRRERRRERRRRRRRREREREEREERERERERERERREESE=ES







SUMMARY . &+ v v v o o o o o o .
INTRODUCTION . . « « « « « . .
SYMBOLS & v v v ¢ & o & o o o .

APPARATUS AND TEST PROCEDURE . .
Test Tires « . . ¢« ¢ & ¢ o & &
Test Faecility . . . . . . . .
Skid Control System . . . . .
Instrumentation . . . . . . .
Test Procedure . . . . . .
Data Reduction . . . . . .

DEFINITIONS . . . « ¢« « 4« ¢ &« &
Tire Friction Terms . . . . .
tiskid-System Effectiveness

RESULTS AND DISCUSSION . . . .
Braking System Behavior .
Tire Frictional Behavior Under
Antiskid-System Performance .

CONCLUDING REMARKS . . . . . . .

REFERENCES . . . . ¢« + ¢« ¢« o « &

TABLE . . . ¢ ¢« ¢ ¢« o o o o o =

FIGURES . . . . ¢« ¢« ¢ ¢« ¢ o + =«

APPENDIX -~ TIME HISTORIES . .

CONTENTS

Skid Control

. . e - . . -

iii

O~ ~JOoUmwWw N

[T Y
Ui -0

b
[To

20
24

59




BEHAVIOR OF ATRCRAFT ANTISKID BRAKING SYSTEMS

ON DRY AND WET RUNWAY SURFACES

A SLIP-RATIO-CONTROLLED SYSTEM WITH GROUND SPEED
REFERENCE FROM UNBRAKED NOSE WHEEL

John A. Tanner and Sandy M. Stubbs
Langley Research Center

SUMMARY

An experimental investigation was conducted at the Langley aircraft land-
ing loads and traction facility to study the braking and cornering response of
a slip-ratio-controlled aircraft antiskid braking system with ground speed ref-
erence derived from an unbraked nose wheel. This investigation, conducted on
dry and wet runway surfaces, utilized one main gear wheel, brake, and tire
assembly of a McDonnell Douglas DC-9 series 10 airplane.

During maximum braking, the average ratio of the drag-forece friction coef-
ficient developed by the antiskid system to the maximum drag-force friction
coefficient available was higher on the dry surface than on damp and flooded
surfaces and was reduced with lighter vertical loads, higher yaw angles, and
when new tire treads were replaced by worn treads. Similarly, the average ratio
of side~force friction coefficient developed by the tire under antiskid control
to the maximum side-force friction coefficient available to a freely rolling
vawed tire decreased with increasing yaw angle, generally increased with ground
speed, and decreased when tires with new treads were replaced by those with worn
treads. The interaction between braking and cornering indicated that, during
antiskid cycling on-a dry surface, the side-force friction coefficient was
typically reduced by more than 40 percent; on a flooded surface, this coef-
ficient was reduced to negligible values. During the transition from a dry to
a flooded surface under heavy braking, the wheel entered into a deep skid but
the antiskid system reacted quickly and permitted the wheel to regain ground
speed and to resume braking on the flooded surface while preventing subsequent
deep skids. Brake pressure recovery was rapid following the transition from
a flooded to a dry surface.

INTRODUCTION

Over the years the number and variety of airplanes using antiskid braking
systems have steadily increased, with most current commercial and military jet
airplanes being equipped with various skid control devices. The earliest anti-
skid systems were generally designed to prevent wheel lockups and excessive tire
wear on dry pavements. Modern skid control devices, however, are more sophis-
ticated and are designed to provide maximum braking effort while maintaining
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full antiskid protection under all weather conditions Operating statistices

of modern jet alrplanes indicate that these antiskid yatems are both effective
and dependable; the several million landings that are made each year in routine
fashion with no seriocus operating problems stiest to this fact. Howsver, it

has also been well established, both from Flight tests and from field experi-
ence, that the performance of these systems is subgeve to degradation when the
runway becomes slippery; consequently, dangerocusly long roll-cut distances and
reduced steering capability can result during some airplane landing operations
{refs. 1 toc 5). There is a need to study different iypes of antiskid braking
systems to find the sources of the degraded performance that occur under adverse
runway conditions; there is also g need to obtain data for the development of
more advanced systems that will insure safe ground handling operations under all
weather conditions.

In an effort to meet these needsa, an expsrimental research program has been
undertaken to study the performance of several different airplane antiskid brak-
ing systems under the controlled conditions afforded by the Langley aireraft
landing loads and traction facility (Fformerly called the Langley landing loads
track). The types of skid control devices undergoing study in this program
include a velocity-rate-controlled system (ref. 6}, a slip-ratio-controclled
gystem with ground =speed reference from an unbraked nose wheel, z s8lip-ratio-
gontrolled system with ground speed reference from a braked wheel, a slip-
velocity~controlled system, and a gystem which relies upon differential pump
control. The investigation of ghese systems is being conducted with one main
wheel, brake, and tire assembiy of a McDomnnell Douglas DC-9 series 10 airplane.

The purpose of this paper is to present the resulis from a2 study of the
performance of a slip-ratio-controlled antiskid braking system with unbraked
nose-wheel input under maximum braking effort. The parameters varied in the
study included ground speed, tire loading, yaw angle, tire tread condition,
gystem operating pressurse, and ruaway webn ess gonditions. A discussion of the
effects of each of these phraﬁﬁt%rg on the performance of the skid control
system is presented. In addition, QGE@&rinﬂ are made between data obbtained
with the skid control system and data obtained from braking tssts without anti-
skid protsciion.

Messier~-Hispano provi hardware for this investigation
and Jean Guichard providsad

Values are given in beth 31 and U.8. Customary Units. The measurements
nd calculations were made in U.3. Customary Units. Factors relating the two
ystems are given in reference 7.




P power

r tire rolling radius
S 7 wﬁeel élib ratio
t o tiine B
v : carriage speed
n perférmanee ratio
H friction coefficient
Y yaw angle
W testnwhéel angular velocity ‘
Subscripts:
b : braking
c cornering
d drag
f ' final value
8 gross
max ﬁaximum value
o iﬁitiéi value
r | free rolling
s side | A
t tire

A bar over a symbol denotes ankaverage value.

APPARATUS AND TEST PROCEDURE
Test Tires

The tires used in this investigation were 40 x 14, type VII, bias-ply
aircraft tires of 22 ply rating with a rated maximum speed of 200 knots
(1 knot = 0.5144 m/s). The tires were stock retreads with a sikx-groove pattern
and the study included both new and worn tread configurations. A photograph of
two tires having new and worn treads is presented in figure 1. The new tread




had a groove depth of 0.71 cm (0.28 in.) and was considered new until the groove
depth decreased to 0.36 cm (0.14 in.). A commercially available tire grinding
machine was employed to remove tread rubber uniformly from the retreaded tire
until only a groove depth of 0.05 cm (0.02 in.) remained. This simulated worn
tire was probably in a worse wear condition than is normally experienced in air-
plane operations. Throughout this investigation the tire inflation pressure was
maintained at the normal airline operational pressure of 0.97 MPa (140 psi).

Test Facility

The investigation was performed on a test carriage at the Langley aircraft
landing loads and traction facility described in reference 8. Figure 2 is a
photograph of the carriage with the test wheel assembly installed; figure 3 is
a close-up view of the wheel and tire and shows details of the instrumented
dynamometer which was used instead of a landing gear strut to support the wheel
and brake assembly because it provided an accurate measurement of the ground
forces.

For the tests described in this paper, approximately 244 m (800 ft) of the
available 366 m (1200 ft) of the flat concrete test runway were used to provide
braking and cornering data on a dry surface, on an artificially damp surface, on
an artificially flooded surface, and on a random dry/damp surface. With the
exception of transient runway friction tests, the entire runway had a uniform
surface wetness condition, and antiskid cyeling occurred for the entire 244 m
(800 ft). The 61 m (200 ft) of runway preceding the test section were used for
the initial wheel spin-up and brake actuation, and the 61 m (200 ft) beyond the
test section were retained for brake release. In order to obtain a damp condi-
tion, the test surface was lightly wetted with no standing water. For the
flooded runway condition, the test section was surrounded by a flexible dam and
flooded to a depth of approximately 1.0 cm (0.4 in.). The random dry/damp sur-
face condition was attained by wetting the test section at random. No water
depth measurements were made for this condition. ’

The concrete surface in the test area had a light broom finish in a trans-
verse direction, and the surface texture was somewhat smoother than that for
most operational concrete runways. The runway surface roughness for the
244-m (800-rt) test section was not uniform, as shown by the texture depth
measurements in the following table:

Station Average
texture depth

m ft Hm in.

61 200 | 115 | 0.00453
122 400 | 245 .00965
183 600 | 145 00571
244 800 | 137 .00539
305 | 1000 | 155 .00610




Details of the texture depth measurement technique are presented in reference 9.
The average texture depth of the test runway was 154 um (0.00606 in.), which

is slightly less than that of a typical operational runway. {(See ref. 10, for
example.) The test runway was quite level compared with airport runways and
had no crown for drainage purposes. During the course of testing on the dry
surface, particularly with a yawed tire, rubber was deposited on the runway and
it was necessary to clean the surface periodically.

Skid Control System

A slip-ratio-controlled skid control system with ground. speed reference
from an unbraked nose wheel, typical of that used on several European commercial
and military jet airplanes, was used in this investigation. The system was con-
figured to simulate a braking system that had electronic and hydraulic compo-
nents, inecluding correct line lengths and sizes, for a single main wheel of a
DC-9 series 10 airplane. Figure 4 is a photograph of the major hydraulic compo-
nents of the simulated braking system installed on the test carriage; figure 5
is a schematic of the system. The brake system is activated by opening the
pilot metering valve (fig. 5) which allows the brake fluid to flow from a high
pressure reservoir and brake selector valve, through the normally open antiskid
control valve and hydraulic fuse, to the brake. A pneumatic piston was used to
open the pilot metering valve to its full stroke; thus maximum braking for all
tests was provided. The bicyecle-type, lightweight trailing wheel shown in
figure 6 was used to simulate the airplane nose wheel and to provide a ground
speed reference for the antiskid logic electronies. During antiskid braking,
dc voltages (developed by generators driven by the braked test wheel and the
simulated unbraked nose wheel) proportional to the wheel speeds are input to
the electronic antiskid control box which computes the slip ratio of the braked
wheel. (Slip ratio is the instantaneous ratio of slip speed of the braked wheel
(V - wr) to the carriage speed (V)). This ratio is then compared with a preset
slip ratio threshold value of approximately 0.15 (0.13 on dry surfaces to 0.18
on flooded surfaces), and a skid signal {(de current) is generated and trans-
mitted to the antiskid control valve to reduce the brake pressure when the slip
ratio is higher than the assigned threshold value and to increase brake pressure
when the slip ratio is lower than the assigned value.

Typical time histories of wheel speed, slip ratio, skid signal, brake pres-
‘sure, and the resulting drag-force friction coefficient are presented in fig-
ure 7 to help describe the system operation. Figure 7(a) presents time histo-
ries for the entire run and figure T7(b) presents an expanded segment of the run
from 1.2 to 3.2 sec to illustrate more clearly the antiskid cycling action.
Figure 7 shows that, as brake pressure is applied, the wheel speed decreases;
this decrease increases the slip ratio until it exceeds. the threshold value and
thus generates a skid signal. For example, in figure 7(b), during the time
between approximately 1.4 and 2.1 sec, the slip ratio has several spikes above
the threshold value which, in turn, generate a skid signal. The skid signal
seems to have an oscillating characteristic that is especially noticeable at
2.1 sec. Here the slip ratio drops substantially below the threshold level and
the skid signal continues with four or five additional decaying oscillations.
The antiskid system cycling frequency is approximately 10 to 12 Hz and the skid




signal modulates the brake pressure quite well; thus, any deep skids are preé-
vented and a relatively stable friction-coefficient trace is produced.

Instrumentation

The tire friction forces were measured by means of the dynamometer which
is shown in figure 3 and illustrated schematically in figure 8. Strain gages
were mounted on the five dynamomeber suppori beams: two of the beams were used
for measuring vertical forces, two were used for measuring drag forces parallel
to the wheel plane, and a single beam was used for measuring side foree perpen-
dicular to the wheel plane. Three accelerometers on the test wheel axle pro-
vided information for inertia corrections to the force data. The brake torque
was measured with torque links which were independent of the drag-force beams.
Transducers were installed in the hydraulic system to measure pressures at the
pilot metering valve, at the hydraulic fuse, at the brake, and in the return
line between the brake and the hydraulic reservoir. A steel-reinforced, cogged,
rubber timing belt was driven by the test wheel to turn an auxiliary axle which
drove the pulse {(ac) alternators and de generators that were used to cobtain a
measure of the test wheel angular velocity. Signals from one of the de gener-
ators supplied wheel-speed information to the antiskid system. The skid signal
produced by the antiskid system was recorded for an examination of its charac-
teristics. A lightweight trailing wheel simulating the nose wheel on an air-
plane was mounited to the side of the test carriage (as shown in fig. 6), and
the cutput from z de generator mounted on its axle was recorded and was also
routed to the antiskid control box to provide a measure of carriage speed. All
data outpubts were fed into appropriate signal conditioning equipment and then
into two frequency-modulated tape recorders. A time code was fed into the two
racorders simultanecusly to provide synchronisation of the two sets of data.

Test Procedure

The technique for the braking tests with and without antiskid protection
congisted of setting the dynamometer and tire assembly to the preselected yaw
angle, propelling the test carriage to the desired speed, applying a preselected
vertical load on the tire, and monitoring the cutputs from the onbeard instru-
mentation. For antliskid tests, the brake was actuated by a pneumatic piston at
the pilot metering valve, which gave full pedal deflection or maximum braking,
and the antiskid system modulated the braking effort. The runway surface condi-
tion was esgentially unifeorm over the entire length; the brake was applied the
full distance and was released just prior to ecarriage arrestment. In addition
to antiskid braking testzs, single-cycle braking tests were made without antiskid
protection. These single brake cyvcles consisted of applying sufficlent brake
pressure to bring the tire from a [res-rolling condition to a locked-wheel askid
and then releasing the brake to allow full tire spin-up prior to the next cyele.
For singls-cycle braking. the runway surface was divided into three sections
(dry, damp, and flooded) and brake pressure was applied by triggering devices
at each section along the test track. The nominal carriage speeds for both
types of tests ranged from 40 to 100 knots, as measured approximately midway
along the runway. After initial acceleration, the carriage was in a coast mode
and there was a sliow speed decay through the test section due to alr drag,
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friction, and the antiskid braking of the test tire itself. Tire vertical
loading was varied from approximately 58 kN (13 000 1bf) to 120 kN (27 000 1bf),
wHich represented a nominal -landing weight and refused take-off weight, respec-
tively, for a single wheel of the DC-9. Tests were run at tire yaw angles of
09, 39, and 6° and at a nominal brake system pressure of 21 MPa (3000 psi). 1In
addition, several tests were run at a nominal brake-system pressure of 14 MPa
(2000 psi).

Data Reduction

Except for the ac alternator signals, all data recorded on magnetic tape
were filtered to 60 Hz, digitized at 250 samples/sec, and stored on tape. From
these digitized data, direct measurements were obtained of the carriage speed,
the braked-wheel angular velocity, the skid signal generated by the antiskid
system, the brake pressure and torque, the drag force Fy, the side force Fy,
the vertical force applied to the tire Fy, and the accelerations of the dyna~
mometer. The instantaneous force data that were corrected for acceleration
effects were combined to compute the instantaneous drag-force friction coef-
ficient yq parallel to the direction of motion and the side~force friction
coefficient ug perpendicular to the direction of motion. The load transfer
between the two drag-force beams (fig. 8) provided a measure of the alining
torque about the vertical or steering axis of the wheel. The braked-wheel
alternator signal was converted to wheel speed, which was combined with car-
riage speed to yield wheel slip speed and slip ratio. Time histories of some
of the measured parameters for a typical antiskid braking test are presented in
figure 9(a). The vertical and drag forces are each a summation of ftwo data chan-
nels with corrections made for acceleration effects. The time histories of fig-
ure 9(b) are the parameters calculated from the data of figure 9(a). Although
brake pressure is a measured parameter, it is included in figure 9(b) to serve
as a reference. :

DEFINITIONS

An adequate assessment of the performance and behavior of the antiskid
braking system, which was subjected to a wide variety of operational conditions
during these tests, requires careful consideration of many variables. Two
methods developed in reference 6 are used to analyze the performance of the
antiskid braking system - one based upon tire friction coefficients and the other
based upon generated stoppping and cornering power. The various friction and
power parameters used to describe the antiskid-system performance are discussed
in the following paragraphs.

Tire Friction Terms

Time histories of wheel speed, skid signal, drag-~force friction coef-
ficient y4, and side~force friction coefficient pg for a typical antiskid
braking test are presented in figure 10 to help define those parameters which
describe the tire frictional behavior under antiskid control. For the test




illustrated, the brakes were applied at approximately 2 sec on the time scale
and many skid cycles were generated over the test-section length.

Drag-force friction coefficients.- The drag-force friction coefficient that
is observed before the brakes are applied results from the tire rolling resis-
tance and is labeled . 1in figure 10. For those tests on flooded surfaces,

Hpr also includes the resistance attributed to fluid drag. The drag-force frie-
tion coefficient measured at the incipient wheel skid point normally represents
the maximum value of U4 which the tire can develop at that instant. For this
antiskid system, however, with its high cyeling frequency, a maximum available
friction coefficient for each run is difficult to obtain. In order tc assign a
single value of the maximum available drag-force friction coefficient for a
given run, a number of U4 max Values were read at fixed time increments

{10 points shown in fig. 10) and averaged to produce ﬁd,max' Values of ﬁd,max
are not available for the torgue-limited braking tests because, in those cases,
the maximum friction level was not reached. (Torque limited in this investiga-
cion refers to a zituation where, for a given supply pressure, the brake torgue
is insufficient to cause a complete spin-down of the tire.) It is apparent that
no antiskid eyeling occurs when the brake is torgue limited.

The average drag-force friction coefficient 'ﬁd developed by the antiskid
gystem during a given test is defined by the expression

_ 1 te
g = ———— Bq dt (1)
t

tr = %o

where t, and tp, identified in figure 10, enclose the time interval over which
Hg is measured. The time t, represented the point at which the pressure at
the brake neared the maximum system pressure or when the first skid occurred;
the time ¢ty was taken just prior to brake release at the end of the test sec-
tion. The average drag-force friction ccefficient was compubed for sach braking
test with the use of numerical integration techniques.

Side-force friction coefficients.- The maximum side-force friction ceoefl-
ficient Wg magy 18 observed in figure 10 to occur when the yawed wheel is
freely rolli.ig prior to brake application. The average side-force friction
coefficient [z developed by the antiskid system during braking is defined by
an expression similar to that for Tg. This expression

_ 1 tr
s = { ug dt (2)
br = %o ‘i,

was also computed by numerical integration techniques for each yawed
braking test.




Antiskid~System Effectiveness

It is a formidable task to evaluate an antiskid system in terms of effi-
ciency or effectiveness. The ideal evaluation would assign a single performance
number to the system; however, this is impossible because of the number of vari-
ables which must be considered. In an attempt to provide a rational and unbiased
method of evaluating the performance of the antiskid braking system, the follow-
ing performance ratios and power terms are used.

Performance ratios.- In order to obtain a measure of the braking perform-
ance of the antiskid system, the average friction coefficient developed by the
system during a run was divided by the average maximum friction coefficient
developed by the system during that run. This braking performance ratio Ny
is defined by the expression

ﬁd - llp
Np == (3)
Hd,max = Hr :

and provides an indication of how well the antiskid system is using the avail-
able friction coefficient during maximum braking. For equation (3), the tire
rolling resistance friction coefficient U, 1is subtracted from both the avail-
able ud max and the developed Wy friction coefficients in order to isolate
the braklng portion of the drag force. A similar ratio TN, is used to define
the cornering performance
Hs
()

Ne =
Hs,max

Power terms.- As defined in reference 6, the performance of an antiskid
system can also be expressed in terms of the gross stopping power developed by
the braking system and by the stopping and cornering power developed by the
tire. These various power terms are defined in reference 6 in terms of the
wheel speed V (equivalent to carriage speed), the drag force Fy parallel
to the wheel plane, the side force F perpendicular to the wheel plane, the
yvaw angle WV, and the slip ratio S. S3lip ratio is the instantaneous ratio of
slip speed of the braked wheel (V - wr) to the carriage speed V and is given
by the following equation:

V - wr
S = —, (5)
v

where r for the test tire equals 0.492 m (1.613 ft), as determined by averag-
ing the rolling radii from the number of free-rolling tests. Time histories of
some of these variables during a typical antiskid braking test are presented

in figure 11. The following power expressions are defined over the interval
between t, and tp.

The gross stopping power Py ,E developed by the antiskid system during a
braking test is




te
= ---------—-——'j-l (Fy cos ¢ + Fy sin Y)V dt (6

where Fgy cos Y + Fy, sin ¢ converts the measured drag and side forces noted

in figure 11 to a single drag force opposing carriage motion. The product of
velocity and time yields the distance through which the force acts and completes
the work equation. Dividing the work by the duration provides a measure of the
power being generated.

A measure of the stopping power dissipated by the tire Pd,t is given by

Jﬂ E(Fx cos Y + Fy sin )VS + Fy sin ¢ (1 - S)i] dt (7

P =
d,t te - to

where the carriage speed is multiplied by the slip ratio to obtain the slip
speed (relative speed between tire and pavement). The last term in equation (7),

te

Lf’ Fy 8in § (1 - S)V dt, is an estimate of the work dissipated by the rolling
t

registanee, which 1s attributed to a yawed rolling tire.

The cornering power dissipated by the tire Pc ¢ can be closely approxi-
mated by the expression

te
. hf (Fy cos Y - Fy sin P)(1 - S)V =in ¢ dt (8)
tO

where F cos Y - Fy sin § converts the measured side and drag forces to a single
gide force perpendicular to the direction of motion and where (1 - S)V is the
braked wheel speed which, when multiplied by sin V¥, /gives a measure of the tire

lateral slip speed.

If Fy, Fy, and V are measured in U.S. Customary Units, then the values
determined from equations (6), (7), and (8) must be divided by 550 to express
the power terms in units of horsepower.

RESULTS AND DISCUSSION

Pertinent data obtained from all the antiskid braking tests are presented
in table I, together with parameters which describe each test condition. 1In
addition, time histories of key parameters from all the tests are presented in
the appendix. The tabular data and the appendix time histories are given for
the convenience of the user in plotting the data in ways other than those pre-
sented in this report. The following sections describe the braking system
behavior, the tire frictional behavior under skid control, and the antiskid-
system perfeormance under a variety of operating conditions.
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Braking System Behavior

In order to adequately study the performance of the antiskid system, it is
first necessary to establish the response characteristics of the braking system
and its components. The following paragraphs describe the pressure-torque
response, the brake hydraulic response, the antiskid-system electronic response,
and the braking-system response to transient runway friction conditions.

Pressure-torque response.- The relationship between brake pressure and
brake torque is illustrated by the time histories in figure 12. The data pre-
sented in the figure are for a run that was torque limited during approximately
40 percent of the test, and was so chosen to minimize the effects of cyelic
braking on the pressure-torque response. For the test condition illustrated,
braking was initiated at about 1 sec and the brake pressure rapidly increased
to the nominal system operating pressure of 21 MPa (3000 psi). The figure shows
that when braking is initiated, the torque developed by the brake increases
rapidly from 0 to approximately 21.7 kN-m (16 000 ft-1bf) and gradually increases
with continued braking until the antiskid system is called upon to modulate the
brake pressure in an effort to maintain the desired slip ratio and to prevent a
wheel lockup. Figure 12 also shows that continued heavy braking causes the
brake torque to dimish until the antiskid system is no longer modulating the
brake pressure. The gradual torque rise which occurred during initial braking
and the loss in torque (brake fade) which was noted near the end of the test
are most likely due to the heating of surfaces within the brake. Another illus-
tration of brake heating effects is found in figure 9(a). For that particular
test the antiskid system was forced to gradually reduce the average brake pres-
sure from approximately 18 MPa (2600 psi) at the start of the run to about
10 MPa (1450 psi) at the end of the run to maintain a uniform brake torque of
approximately 18 kN-m (1300 ft-1b) throughout the braking test.

Hydraulic and electronic response.- Time histories of the pressure response
at the antiskid eontrol valve and at the brake during a typical antiskid braking
test are presented in figure 13. In this example, the brake is not torque
limited and the antiskid system is actively modulating the brake pressure.
Although approximately.3 m (10 ft) of the hydraulic line and a line fuse sepa-
rate the two transducers, no measurable hydraulic lags can be detected between
them as the pressure response spikes of each occur at approximately the same
time, as shown by the dashed lines in the figure. However, approximately
50 msec is required for a complete pressure dump due to the lags caused by line
flow restrictions; this duration closely corresponds to the approximate time
noted in figure t# for the tire to lock up following a transition from a dry
section to a flooded section of the runway.

The electronic response characteristics of the antiskid system can be
described by examining the test wheel speed signal, the skid signal generated
by the antiskid system, and the brake pressure. Typical time histories of these
signals are presented in figure 14 for a transition from a dry section to a
flooded section of the runway. As the dashed vertical line in the figure indi-
cates, there is essentially no time lag between the wheel incipient skid point,
the initiation of the skid signal, and subsequent brake pressure dump.
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Response to runway friction transition.- The adaptive characteristics of
the antiskid system are illustrated by time histories of the wheel speed, the
skid signal, the brake pressure, and the drag-force friction coefficient as pre-
sented in figure 15 for two transient runway friction conditions. The response
of the braking system to a single transition from a dry to a flooded runway
surface is presented in figures 15(a) and 15(b) for nominal carriage speeds of
41 knots and 100 knots, respectively. At both test speeds, the brake pressure
reached a nominal system operating pressure of 21 MPa (3000 psi) and was modu-
lated by the antiskid system on the dry surface. Upon entering the flooded sec-
tion, the wheel in both tests rapidly decelerated to a deep skid, as noted by
the immediate reduction in wheel speed. At a carriage speed of 41 knots, the
antiskid system reacted quickly to permit the wheel to recover from the skid,
and the remainder of the braking test was conducted with proper antiskid pro-
tection. At a carriage speed of 100 knots the wheel did not recover but con-
tinued to skid even though the antiskid system responded properly and released
all brake pressure. The predicted spin-up hydroplaning speed for the tire,
based upon a tire inflation pressure of 0.97 MPa (140 psi), was 91 knots (equiv-
alent to a wheel speed of 15.16 rps); thus, once the tire had spun down, insuf-
ficient torque was being developed between the tire and the pavement to spin
the tire up. (See ref. 5.)

Time histories of test runs that were selected to illustrate the response
of the braking system during the transition from a flooded to a dry runway sur-
face are presented in figures 15(e) and 15(d), for nominal carriage speeds of
43 knots and 102 knots, respectively. In both tests, the wheel was spun up to
carriage speed on a dry surface prior to entering the flooded test section and
the brakes were applied at or near the flooded section. Figure 15(e) shows
that, at 43 knots, the antiskid system properly controlled the braking action
on the flooded porition of the runway and maintained a mean brake pressure of i
approximately 6 to 8 MPa (900 to 1200 psi}. Note that at 3.3 sec, changes in /
the developed drag-force friction coefficient resulted in corresponding changes
in brake pressure. Upon reaching the dry runway, the brake pressure rapidly
increased to a mean value of approximately 14 MPa (2000 psi). In figure 15(d4),
however, upon entering the flooded test section at 110 knots, the wheel commencel
to spin down due to dynamic tire hydroplaning, which caused the skid signal
to become saturated. The predicted tire spin-down hydroplaning speed, based
upon an inflation pressure of (.97 MPa (140 psi), was 106 knots (equivalent to
a wheel speed of 17.66 rps). {(See ref. 5.) Upon reaching the dry section, the
wheel rapidly spun up to carriage speed and the brake pressure increased to a
maximum pressure of nearly 21 MPa (3000 psi) in approximately 0.7 sec. Subse-
quent braking on the dry runway was with normal antiskid protection.

Tire Frictional Behavicr Under 3kid Control

Effect of test parameters on maximum drag-force friction coefficient.-~
The average maximum drag-force friction coefficient ﬁd,max as developed by
the unyawed tire under dry, damp, and flooded conditions is presented as a
function of carriage speed in figure 16. The fairings in the figure are linear
least-squares curve fits of the data. As expected, values of ﬁd,max for the
wet runways are substantlally lower than those for the dry runway and the dif-
ference becomes greater with increasing water depth, particularly at the higher
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speeds; also, they approach negligible values on the flooded runway near the
predicted tire spin-down hydroplaning speed of 106 knots. Noted in the figure
is the maximum value of the drag-force friction coefficient, 0.78, which was
predicted from the empirical expression developed in reference 11 for the test
tire operating at very low speeds. It is apparent from the fairings that the
dry data for ud max Wwould fall below this prediction if extrapolated to zero
speed. The reason for this apparent difference can be explained by examining
the data of figure 17 where values of 14 pmay that were obtained solely during
the first wheel spin-down at the initial brake application for each test are
presented as a function of carriage test speed. These values represent the
maximum friction coefficients available from an unheated tire and are faired

by a straight line that corresponds to a least-squares fit of the data and
which, when extended to very low ground speeds, agrees very closely with the
value of Ud max Chat was empirically determined from reference 11 for cold
tires durlng a single braklng cyecle, For comparison purposes, the fairing of
the average values of Ud max obtained over the entire duration of each of the
eight test runs (fig. 16) is also presented in the figure. The maximum friction
developed during the initial brake cycle is shown to exceed the average maxi-
mum developed throughout each of the tests, particularly those conducted at
speeds below approximately 80 knots. The lower average maximum values are
attributed to the high tire temperatures generated as the antiskid system main-
tains the tire at a relatively constant slip ratio.

The data of figure 16 were obtained at a yaw angle of 0°. The fairings
of these data for the three surface conditions are reconstructed in figure 18,
together with corresponding data obtained at yaw angles of 3° and 6°, to show
the effect of yaw angle on ud max- The figure shows that the effect of yaw
angle is dependent upon the surface condition. With the introduction of yvaw,
Ud max 1S shown to be reduced on the dry surface but to be relatively unaf-
fected when the surface was damp or flooded.

The effect of tire tread wear on Ud max 1S presented in figure 19 where
the values of Ud max for tires having néw and worn treads are plotted as a
function of carrlage speed under the three test surface conditions. The new
tread data were obtained from the faired curves of figure 16. The data indi-
cate that when the new tread is replaced by a worn tread, ud max 1S increased
on the dry surface and is reduced on the damp and flooded runway surfaces.
These trends are in reasonable agreement with similar trends noted in refer-
ences 2 and 6.

Effect of test parameters on maximum side-force friction coefficient.- The
maximum side-force friction coefficients available to the free-rolling tire
under dry, damp, and flooded conditions are plotted as a function of carriage
speed in figure 20. The fairings in the figure are linear least-squares curve
fits of the data. The values of Us,max always occur during the free-rolling
portion of the run and, for the wet runway surfaces, are lower than those for
the dry runway surface with the difference becoming greater with increasing
water depth and speed. As expected, the values of s, max at a yaw angle of
6° are' substantially higher than those at a yaw angle of 3° on the dry and damp
runway surfaces. On the flooded surface, however, this trend was not as clearly
defined as the values of g max at both yaw angles are shown to approach 0 in
the region of the predlcted tire spin-down hydroplaning speed of 106 knots.
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The effect of tread wear on Mg may is shown in figure 21 where the values
of Ug max 2abt a yaw angle of 69 on dry, damp, and flooded runway surfaces are
plotteé as a function of carriage speed. The new-tread data were obtained from
the faired curves in figure 20 for a yaw angle of 6°. The data show insignif-
icant differences between the values of Ug payx that are developed with new
and worn treads on the dry surface, but there is a definite frietion loss on the
wet surfaces when the new tire tread is replaced by a worn one. Further, the
friction loss appears to become more pronounced with in&reasing water depth.

Interaction between braking and cornering.- Typical tire friection response
to antiskid braking on dry and flooded runway surfaces (interaction beiween
braking and cornering) is presented in figure 22. The drag- and side-foree
friction coefficients, Ug and Mg, respectively, for the tire yawed to 3° and
operating at a nominal carriage speed of 72 knots are plotted as a function of
wheel slip ratic. The data presented in the figure illustrate the irregular
nature of the friction coefficient to which the antiskid braking system must
respond. The random perturbations can be atiributed to a combination of such
factors as small fluctuations in the tire vertical load due to runway unevenness,
flexibility in the wheel support which would be reflected in the measured drag
and side forces, variations in the runway surface friction characteristics, tire
and brake temperatures, and the spring coupling provided by the tire between the
wheel and the pavement. Reference 12 discusses some of these factors in detail.

The data presented in figure 22 also illustrate the traction losses asso-
ciated with flooded runway operations. For example, on the dry runway, the maxi-
mum value of M4 1is 0.55, but it never exceeds 0.25 on the flooded runway. A
somewhat smaller loss is noted in the maximum side-force friction coefficients.
The figure also demonstrates the deterioration in tire cornsring capability with
increased braking effort (slip ratio). The value of Ug is reduced approxi-
mately @4 percent on the dry runway at a slip ratio of only 0.15, which is the
maximum value reached in the test illustrated, and Ug 1is reduced to a negli-
gible value at a slip ratio of 0.2 on the flooded surface. These btrends are
consistent with those ncted for similar antiskid braking tests in raeferences 1
and 6 and further illustrate the cornering/braking dilemma faced by antiskid
manufacturers.

Effect of cyclie braking on maximum drag-force friction coefficisnt.- A
comparison between the values of Ug, max measured during single-cycle braking
tests made without antiskid protection and the average of corresponding values
measured under the same test conditions with the antiskid system operational
is presented in figure 23. The data are presented separately for dry, damp,
and flooded test conditions and for all the test conditions combined. These
data include coefficients for tests at various speeds, yvaw angles, vertical
loads, and for worn as well as new tread configurations. The data for each test
condition are faired by a least-squares fit through the plot origins. The dats
indicate that the maximum drag-force friction coefficients c¢btained from single-
cyecle braking tests tend to be higher than the average maximum coefficients
developed by the antiskid system on the dry and flocded surfaces and tend to
underestimate those on a damp surface. When the data for all three surface wet-
ness conditions are compared simultaneously, the tendency is for the single-
cycle data to be higher than the maximum drag-force friction coefficient avail-
able to the antiskid system. These results, which are in close agreement with
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the results reported in reference 6, imply that braking performance calcula-
tions that are based upon the values of Uy pay obtained from a number of anti-
skid cycles would be more representative than those based on U4, max from a
single braking cycle because the latter neglects, among other things, runway
surface variations and tire heating effects.

Antiskid-System Performance

Braking performance.- In this section, two terms are used to present a
measure of antiskid performance: (1) the performance ratio which assesses the
ability of the antiskid system to use the friction that is available at the
tire/runway interface; and (2) the total stopping power which essentially
describes the extent of the braking effort that is developed by the antiskid
systemn.

Antiskid braking performance ratios 10 were computed and listed in
table I for all braking tests except those which were torque limited throughout
the entire run, those involving tire hydroplaning, and those performed to examine
the effects of a runway friction transition. Figure 24 is a plot of np pre-
sented as a function of the average maximum available drag-force friction coef-
ficient_ ﬁd,max- With the exceptions mentioned, all the data are plotted in
the figure and the wide range of test variables (surface condition, yaw angle,
carriage speed, tire wear, etc.) resulted in the scatter shown. The braking
performance ratio for all damp and flooded tests varied from 0.47 to 0.94 with
an average value of 0.80. The magnitude of 14 pmay on these wetted surfaces
never exceeded 0.4. The braking performance ratios for the dry surface tests
varied from 0.79 to 1.00 with an average value of 0.94 where the range of
ﬁd,max extended from 0.43 to 0.65. For the four runs on random dry/damp sur-
faces where Ud,max ranged from 0.37 to 0.54, the average braking performance
ratio was 0.76. Thus the antiskid braking system is shown to suffer a loss in
performance on wet surfaces - the surfaces that have the greatest need for good
performance since they have lower friction coefficients.

In order to illustrate the effect that various test parameters have on the -
braking performance ratios of the antiskid system, the data are presented in
bar-graph form. Figure 25 presents these data in terms of Ty, a numerical
average of all data from a given test condition. For example, the dry, 50-knot
bar graph is the average of all dry runs conducted at 50 knots, including the
various yaw angles, vertical forces, and tread configurations. The trends
observed for some of these test conditions may be influenced by a small sample
size. On the dry surface, T inc¢reases slightly with tire vertical loadings,
decreases when the new tread is replaced with a worn tread, and suggests no
ﬁiscernible trend for variations in the carriage speed and wheel yaw angle. The
average performance ratio on the wet surfaces is shown to decrease with increas-
ing carriage speed, increasing yaw angle, and when the new tread is replaced by
a worn tread and to increase with increasing vertical force on the tire. The
trends described here on both wet and dry surfaces are in agreement with trends
observed from another antiskid system and reported in reference 6 for variations
in carriage speed, tire vertical loading, and tread condition. However, some
differences do exist between these data and those of reference 6 as to the
effect that yaw angle changes have on the performance ratio. The data presented
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in figure 25 suggest that the braking performance of this antiskid system may
be degraded as the aircraft vaw angle approaches 6©, as might occur during
cross-wind operations, may be reduced by excessive wing lift during the landing
roll-out, and may be reduced by excessive tire wear, particularly under wet
runway conditions.

The gross stopping power Py . (eq. (6)) developed by the antiskid system,
which is a measure of the @felali antiskid braking effort, is listed in table I
for each test condition. Bar graphs which are the average of these data are
presented in figure 26 to describe the effects of test-parameter variations.
Data from torque-limited tests and from tests involving tire hydroplaning are
included in the figure but not data from tests performed under transient runway
friction conditions. As expecited, because of higher available friction coef-
ficients, the gross stopping power on the dry surface is much higher than that
on the wet runway surfaces. On the dry surface, Pd increases with carriage
gpeed and tire vertical force, and decreases with yaw angle. The tire tread
condition appeared to have little effect. On the wet surfaces, Pd,g increases
with tire vertical force, decreases with tread wear, is lower at a yaw angle
of 6° than at angles of sither 09 or 39, and there is no discernible trend for
variations in carriage speed.

The stopping power dissipated by the tire alone Pg ¢ (eq.(7)) is only a
small fraction of the gross stopping powsr but it does provide an indication of
the tread wear associated with braking effort; thus, the ideal antiskid system
would maximize Pd and minimize Pg . Vaites of Pg,t are listed in table I
for each test condifion. These data are averaged and plotted as bar graphs in

Figure 27 to show the effects attributed to test-parameter variations. Data
from all tests except those performed Lo study the effect of a runway friction
transition are included in the figure. The figure shows that for corresponding
aonditions, Pd £ is higher on the dry surface than on the wet surfaces, as
would be exaectea since higher forces are generated on the dry surface. On a
dry surface, pd t increases with yaw angle and when a new tread is replaced
by a worn tread, deereasps with tire vertical force, and there is no discern-
ible trend for changes in carriage speed. On the wet runway surfaces, P ,
increases with carriage speed, increases with tire vertical force, decreaSes when
a worn tread is used, and there is no discernible trend for variations in the yaw
angle. The data in figure 27 indicate that the most severe tread wear occurs
during combined braking and cornering cperations on a dry surface.

The ratio of tire st@npl 12 power to gross stopping power for each test is
plotted as a function of g Jmax 1n figure 28. Data are not included for
torque~limited tests, for tests performed under transient runway frietion con-
ditions, or for tests involving tire hydroplaning. The curves which fair the
data represent a least-squares fit and indicate that the ratio increases as the
surface friction level decrsases, perhaps due to hydroplaning effects and te¢ an
increasing slip ratic threshold on lower friction surfaces. The figure also
shows that the general effect of increasing the wheel yaw angle is to increase
the percentage of the total stopping power dissipated by the tire; thus an
inerease in tire wear, which was suggested by the amount of rubber deposited on
the runway during yawed rolling tests is indicated.
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Cornering performance.- Antiskid systems are not designed to maximize
cornering performance since good cornering is not compatible with heavy braking,
but cornering is 1mportant for directional control, especially when cross winds
are present.

The antiskid system cornering performance ratio T, for the individual
braking tests at yaw angles of 3° and 69 is listed in table T and is presented
in figure 29 as a bar graph for the average values for each set of test condi-
tions. The data indicate that ﬂe was higher on the dry surface than on the
wet surfaces. In’ addltlon, the average cornering performance ratio is shown
to decrease for both surface conditions with increasing yaw angle and when the
new tire was replaced by a worn one. The effect of increasing carriage speed
was generally to 1mprove nc on both the dry and wet surfaces.

The cornerlng power d1s31pated by the tire Pc £ (eq. (8)) not only is
indicative of the overall cornering capability of the tire during the antiskid
controlled braking, but also pPOVldeS an Indication of the increased tread wear
a35001ated with the steerlng effort. The effects of test-parameter variations
on P £ are presented in figure 30 as bar graphs. The data indicate that
the values of Pc t are, as expected, considerably hlgher on the dry surface
than on the wet surfaces and increase with yaw angle and speed on both surfaces.
The value of Pc t was higher for the worn tread condition on the dry surface
and was higher for the new ‘tread condition on the wet surfaces. Although ne
decreased with increasing yaw angle (fig. 29), the values of Pc t 1increased
substantially when the yaw angle was increased from 3° to 60 (flg. 30); thus
the need for both power terms and performance ratio terms when studylng the char-
acterlstlcs of antlskld systems is 1llustrated.

e CONCLUDING REMARKS

"An experlmental 1nvest1gatlon was conducted at the Langley alrcraft landing
loads and traction facility to study the braking and cornering response of a
sllp-ratlo—controlled alrcraft antiskid braking system with ground speed refer-
ence derived from an unbraked nose wheel. The investigation, conducted on dry
and wet runway surfaces, utlllzed one main gear wheel, brake, and tire assembly
of a McDonnell Douglas DC~ 9 series 10 alrplane.—

During maximum braklng, the average ratio of the drag-force friction coef-
ficient developed by. the antiskid system to the maximum drag-force friction
coefficient available was higher on the dry surface than on damp and flooded
surfaces and was reduced with lighter vertical loads, higher yaw angles, and
when new tire treads were replaced by worn treads. Similarly, the average ratio
of side-force friction coefficient developed by the tire under antiskid control
to the maximum side-force friction coefficient available to a freely rolling
vawed tire decreased with increasing yaw angle, generally increased with ground
speed, and decréased when tires with new treads were replaced by those with worn
treads.

~ The average gross stopping power generated by the brake system was consid-
erably higher on the dry surface than on the wet surfaces. That portion of the
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stopping power which was dissipated by the tire and which provided an indication
of the tire wear was observed to be greatest during combined braking and corner-
ing on a dry surface.

The interaction between braking and eornering indicated that, during anti-
skid cyeling on a dry surface, the side-force friction coefficient was typiecally
reduced by more than 40 percent; on a flooded surface, this coefficient was
reduced tc negligible values.

During the transition from a dry to a flooded surface under heavy braking,
the wheel entered into a deep skid but the antiskid system reacted quickly and
permitted the wheel to regain ground speed and to resume braking on the flooded
surface while preventing subsequent deep skids. Brake pressure recovery was
rapid following the transition from a flooded to a dry surface.

Langley Resesarch Center

National Aeronautics and Space Administration
Hampton, VA 23665

June 30, 1977
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TABLE I.- SUMMARY OF TE3T

Brake i
Tire supply | Yaw Vertical gzg;;:ée o Brake
Run| tread |pressure angle,| Surface load speed, | Md |Md,max | Mr |performance
condition deg | condition |-- Knots ’ ratio
MPa jpsi kN 1bf
1 New 19 2700 0 Dry 63.6|14 300 97 0.58) 0.59 0.03 0.98
2 New 21 {3000 0 Dry 81.8118 400 4y .54 57 .02 .95
3 New 21 {3000 0 Dry 80.1118 000 68 .58 59" .04 .98
4 New 20 [28¢90| O Dry 81.8118 400 95 .57 .57 .03 1.00
5 New 20 (2940 0 Dry 81.4118 300 98 52 .54 .03 .96
6 New 21 j3000 Q Dry 98.3(22 100 39 .53 .54 .02 .98
7 New 21 |2950 v} Dry 98.3(22 100 68 .51 51 .02 1.00
8 New 21 2950 0 Dry 97.4121 900 98 .50 .53 .04 .94
9 New 21 |3000 [¢] Damp 62.3|14 000 7 .32 .36 .05 .87
10 New 21 13000 s} Damp 63.214 200 T1 .26 .33 .02 L7
11 New 21 {3000 [¢] Damp L 61.8113 900 103 .16 .19 .03 .81
12 New 21 (3000 ¢ Damp 81.0{18 200 46 .31 .35 .03 .88
13 New 21 {3000 0 Damp 80.5(18 100 73 .29 .35 03 W81
14 New 21 {3000 0 Damp 81.0118 200 99 21 .25 .03 .82
15 New 21 |3000 O Damp 97.9122 000 46 .30 .33 .03 .90
16 New 21 {3000 0 Damp 97.4121 900 72 .28 .31 02 .90
17 New 21 |3000 ¢ Damp g97.4121 900 101 .26 .29 .04 .88
18 New 21 {3000 ¢ Damp 117.9|26 500 ig .33 .35 .04 .94
19 New 21 |3000f © Damp 118.3126 600 1 .33 .35 .02 .94
20 New 20 {2900 0 Damp 118.3126 600 T2 .28 .32 .03 .85
21 New 21 {3000 C Damp 118.8 126 T00 99 .28 .26 .05 .91
22 New 21 {3000 4 Flooded 61.8113 900 T4 .18 .18 .06 .52
23 New 20 12930 G Flooded 61.8)13 900 101 .06 .04
24 New 20 2880 ¢ Flooded 61.4{13 800 102 .07 07
25 New 21 13006 ¥ Flooded 81.4{18 300 50 .26 .29 .03 .88
26 New 21 {3000 4] Flooded 81.0(18 200 74 7 .19 .05 .86
27 New 20 12900 C Flooded 80.5(18 100 5 .16 7 .0k .52
28 New 20 |2910 0 Flooded 80.1118 000 100 .06 .03
29 New 21 13000 4] Flooded 97.9|22 000 46 27 .30 .03 .89
30 New 21 3000 0 Flooded 97.021 800 72 .19 21 .08 .88
31 New 21 13000| O Flooded 68.8 |22 200 100 .07 .07
32 New 19 |2820 0 Flooded 122.3127 500 46 .25 .28 el .88
33 New 18 12640 0 Flooded 118.8 (26 700 T2 .18 21 .04 .82
34 New 19 2770 0 Flooded 117.9126 500 103 .06 .05
35 New 19 {2760 0 Dry/Flooded | 83.218 700 i1 .61/.28
36 New 19 [2780] 0 Dry/Flooded | 84,1118 900 70 .557.19
3 New 19 (2820 0 Dry/Flooded| 85.0(19 100 100 1.y
38 New 19 12800 0 Flooded/Dry!| 83.2]18 700 43 .32/.50
39 New 19 |[28401 O Flooded/Dry| 63.6]14 300 73 .187.57
40 New 20 12870 0 Flooded/Dry| 64.5|14 500} 102 /.57
41 New 21 130007 O Random 79.6 |17 900 65 .38 1 .ol .81
Dry/Damp
42 New 21 (3000 3 Dry 80.5(18 100 39 .52 .53 .03 .98
43 New 21 13000 3 Dry 81.8118 400 72 49 .50 .03 .98
2 New 21 3000 3 Dry 82.3(18 500 99 b7 49 .02 .96
45 New 21 13000 3 Damp 81.0]18 200 it .31 .36 .03 .85
46 New 21 {3000 3 Damp 81.0{18 200 70 .24 .30 .04 .Th
y7 New 21 3000 3 Damp 80.1118 000 98 .26 .32 .06 7T
48 New 19 (2800 3 Flooded 64.5i14 500 48 .24 .28 .04 .83
49 New 19 2820 3 Flooded 82.3118 500 72 .16 .19 .04 .80
50 New 20 12860} 3 Flooded 83.2118 7001 102 .06 .06
51 New 21 | 3000 6 Dry 81.4{18 300 10 ) gits] .06 .35
52 New 21 13000 6 Dry 81.4118 300 67 45 Ry .07 .95
53 New 21 {3000 6 Dry 82.3118 500 97 43 1 .06 .97
54 New 21 13000 6 Damp 81.0118 200 4y .28 .31 .04 .89
55 New 21 13000 6 Damp 81.0118 200 70 .22 .28 .06 .73
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CONDITIONS AND RESULTS

Percent of - Gross Tire Tire .
run time | _ Cornering |Average| stopping|stopping jcornering Hydro-
brake was| Ug |Ug max|Performance| slip 1 power power power |pianing|Run

torque .ratio ratio ]
limited kW | hp |kW | hp kW | hp

24 0 0.09 196212631} 172 | 231 0 No 1
0 .15 . 1113411521} 164 | 220 0 2

14 .01 .09 11764{2366|153 | 205 0 3
39 .01 .10 | 2476]3321{235| 315 0 L
39 0 .07 2248|3014 148 | 198 ‘0 5
0 .15 1187 1592|166 | 223 0 6

23 0 .09 1929 [258T7| 169 | 226 0 T
47 0 .06 [2619[3512|151| 202 0 8
0 .18 shz} 727 95| 127 0 9

[} .12 6581 882| 78| 104 ¢} 10

-.01 .15 5381 722| 75| 101 ] 11

0 .16 664| 890|104 | 140 0 12

0 .15 9531278} 137 | 184 0 13

0 .14 931|1248| 124 | 166 0 14

.01 .15 772110351112 | 150 0 15

.01 14 1111} 1490} 145 | 195 0 16

.01 .12 142911916{ 158 | 212 0 17

g .14 1004 1347|136 | 183 0 18

.01 .13 93711257113 | 151 4] 119

.01 .12 }1339{1796} 146 | 196 ¢ 20

.01 .12 1687|2262 189 | 253 0 21

.02 .16 439| 589f 691 92 0 4 22

.01 .88 213| 285{188 | 252 0 Yes |23

.01 .64 236 317|146 196 0 Yes 24

0 .16 594 796| 92| 123 0 No 25

.01 .16 570| 764| 89| 120 0 L 26

.01 .18 529| 710| 89 120 ¢} 27

0 .87 283 380|251 ] 336" 0 Yes |28

.01 .16 702] 9411108 | 145 0 No 29

.01 .16 735| 985|113 | 151 ¢ No 30

.02 .82 303| 406|251 | 337 0 Yes |31

(] .14 9281244} 125 | 168 0 No 32

.01 .18 | 856(1148[150 | 201 0 No 33

.02 .81 358 480{250 | 335 0 Yes |34

0 ‘ -1 9051213156 | 209 0 No 35

0 125111677151 | 202 0 No 36

0 12091621} 114 | 153 0 | No/Yes|37

0 701| 9u0j 95| 128 0 No 38

0 82511107| 92| 123 0 39

.01 923|1238|221 | 296 0 4o

0 .13 1136115241128 | 172 0 41

14 .26 0.54 .16 95211277]163 | 219 13 17 42

AT .24 .71 .10 11590]2132]190 | 255| 26} 35 L3

.19 .26 .73 .08 |2089{2801|217 | 291 41155 yh

.i0l- .18 .56 .15 662| 888[112] 150 10| 14 45

.10 .20 . .50 .14 T73}11037| 124 | 166 161 21 46

.10 .16 .63 .13 [1150]1542]|168 | 225| 21| 28 7

07} .21 .33 .20 }'431| 578| 85| 114 51 7. 48

.05 .14 .36 14 538| 721| 84} 112 7110 4 hg

.01 .91 312 419|259 | 347 1 2 Yes |50

22 .43 .51 .15 849|1139|173| 232 37| 49 No 51

.28 .43 .65 .10 1376}1845|241 | 323 81 11 52

.30 .43 .70 .09. |1851{2u482|303 ] 406 | 124 |166 53

.16 .2k 67 .16. 580| 778|127 | 171 29 | 39 54

.15 .22 .68 14 696| 9331148 | 198! 44| 59 r 55
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TABLE I.-

Brake Nominal
Tire supply | Yaw Vertical |oarriage| . (_ Brake
Run| tread |pressure|angle, Surface Load speed, | W4 |Bd,max | ¥p |Performance
condition deg | condition Knobs ’ ratio
MPaipsi kN 1bf
56 New 21 {3000 6 Damp 81.0118 200 98 0.19] 0.26 0.05 .67
57 New 19 (2840 6 Flooded 84,1118 900 45 .24 .28 .06 82
58 New 19 [27H40 6 Flooded 84,1118 900 T2 .14 A7 .06 .73
59 New 20 {2870 ) Flooded 83.6(18 800 92 09 07
60 New 21 | 3000 6 Random 80.11{18 Qo0 T .31 .37 .06 .81
Dry/Damp
61 Worn 20 12880 0 Dry 79.6 {17 900 2 .60 .63 .02 .55
62 Worn 2% [3000] O Dry 80.5|18 100 43 .BHL 64 .02 .84
63 Worn 20 12920 Q Dry 81.4118 300 k0 .62 LBl D2 97
64 Worn 20 12860 0 Bry 84,1118 900 66 .54 .59 .03 .81
65 Worn 20 12910 0 Dry 81.0/18 200 67 .59 .65 .03 .90
66 Worn 20 12910 0 Dry 81.0}18 200 100 57
67 Worn 20 2880 ¢ Dry 81.4{18 3200 97 .56
68 Worn |18 [2640] O Damp 83.61{18 800 43 .30 .3 .03 .79
69 Worn |18 |2640( O Damp 83,6118 800 un .28} .35 .03 .78
70 Worn 21 j3000 0 Damp 79.2117 800 48 .19 .21 .02 .89
71 Worn |21 |3000] O Damp 79.6 117 900 43 .18 .22 .02 .80
72 Worn 21 |3000 0 Damp 79.2 |17 800 47 22 .26 .02 .83
73 Worn 18 2600 0 Damp 83.2118 700 72 R .32 .03 .BB
T Worn 21 3000 0 Damp 79.2 117 800 T4 .18 .18 .03 .73
75 Worn |21 |3000f O Damp 79.2 |17 800 72 18] .25 .ol 67
76 Worn 21 3000 0 Damp 80.1 /18 000} 100 21 27 .ol T
77 Worn 21 [3000 O Damp 80.5118 100 99 .14 .21 .03 .60
78 Worn 18 12620 ] Flooded 84,1118 900 4g .21 24 .ok .85
19 Worn 21 13000 Q Flooded 78.3 117 600 k5 .22 2 .03 .90
80 Worn |21 |3000f O Flooded | 78.3[17 600 73 427 .14 06 .75
81 Worn |20 2930 O Flooded | 78.7 {17 700 100 .08
82 Worn 19 (2830 ¢} Flooded 81.4118 300 33 07
83 Worn 21 13000 6 Dry 81.4118 300 45 A0 .49 .06 .79
84 Worn 21 3000 6 Dry 83.218 700 70 46 .48 .06 .95
85 Worn |19 |2690] 6 Dry 86.7]19 500 68 .40y 43 .06 .92
86 Worn 21 |300C 6 Dry 82.7118 600 99 .42 A5 .06 .92
87 Worn |19 [2750| 6 Dry 87.2 119 600 95 g2 b .06 .88
88 Worn 19 12750 6 Damp 84.5{19 000 46 .25 .30 .05 .80
89 Worn 21 13000 6 Damp 80.5118 100 50 .16 20 .03 .76
90 Worn 21 3000 6 Damp 79.6 |17 900 76 .13 .18 .03 67
91 Worn 18 2620 6 Damp 85.0:19 100 72 .16 .23 .05 .61
92 Worn 21 {3000 ) Damp 80.51{18 100 101 12 .20 .05 A7
93 Worn 17 (2470 b Flooded 85.0 119 100 49 it .18 .06 .67
94 Worn {21 |3000] & Flooded | 77.0 17 300 46 .23 .26 .08 .83
95 Worn (21 {3000| 6 Flooded | 79.2|17 800 72 091 .10 .05 .80
a6 Worn 19 |2660 [ Flooded 83.6 {18 800 73 .08 .09 .05 .75
97 Worn 20 [2900 6 Flooded 78.3 117 600 85 07
38 Worn 19 (2690 6 Flooded 82.7 18 600 91 .07 .07
99 New 15 12000 0 ‘Random 80.5 )18 100 72 .40 54 .02 .13
Dry/Damp
100 New 14 |2000 0 Dry/Wet 79.2 {17 800 100
101 New 14 12000 0 Wet/Dry 63.6 {14 300 s 39/7.58
102 New 13 1940 0 Wet/Dry 63.6 {1k 300 100 /.23
103 New 13 ]1940 6 Dry 81.0 18 200 70 .50 .51 .09 .98
104 New 14 (2000 6 Damp 80.5 |18 100 75 21 27 Rl LTh
105 New 14 {2000 6 Random 78.7 |17 700 71 .32 Ly .05 .69
Dry/Damp




Concluded

Percent of Gross Tire Tire
run time _ Cornering | Average| stopping|stopping |cornering Hydro-
brake was| Ug us’max performance| slip power power power planing Run
torque ratio ratio |—
limited ’ kW | hp {kW {hp kW{ hp
0.14} 0.20 0.70 0.12 84911138} 164 | 220 57| 76 No 56
.08 27 .30 7 536 719/108 | 145 16| 22 l 57
.02 .14 .18 .15 4821 646 84 {112] .8 11 58
-.01 .32 391| 525|122 | 164 21 3 Yes 59
.23 .15 g972| 1304|212 | 284 691 93 No 60 |
82 -.02 .06 1665|2233|571 | 766 0 61
0 .15 1079 | 1447|147 | 197 0 62
15 -.02 .13 11841588 148 } 199 0 63
70 0 .08 1747123431136 | 183 0 64
93 0 .06 178712397( 105 | 141 0 | 65
100 .01 .06 248313330( 152 | 204 0 66
100 0 .06 246113300( 149 | 200 ¢} 67
-.02 .19 692| 928|107 | 143 0 68
.01 .19 659| 884105 | 141 0 69
0 17 ko6| 545| 70 9k 0 70
0 .23 389| 522| 86 | 115 0 7
0 .20 459| 616} 88 | 118 0 72
.01 .16 793| 1064|106 | 142 0 73
.01 .18 458| 614] 79 {106 0 T4
0 .20 571 766|106 | 142 0 i)
0 .19 95411279171 | 229 0 76
Q T 676§ 906(103 | 138 4] 77
.01 .20 k91| 659| 92 | 124 4] 78
.02 .20 439} 589| 85 | 114 0 79
.01 .25 367| 492| 93 | 125 0 J 80
.01 47 265| 355|125 | 168 0 Yes 81
4] .87 310| 416{251-| 336 0 Yes 82
.21 .45 Riye .18 77910441195 262 31| 42 No 83
.29 g .59 .13 148219881289 | 388 87 |117 84
.12 .34 4o .13 1404|1883|237 | 318 41| 55 85
.28 .47 .60 .13 19042553386 | 518 | 119159 86
.12 .36 .33 17 | 2127(2853| 526 | 572 59| 79 87
.05 .21 .2k 17 58k| 783|108 | 145 14} 19 88
.04 .19 .21 .19 350| 470] 77 | 103 91 12 89
.08 .18 i .18 425! 570/101 | 136} 25} 33 90
.02 .13 .15 AT 641| 860§114 | 153 171 23 91
.07 .18 .39 17 5591 7501136 | 183 31| 42 92
-.01 .10 0 . .18 348} LeT7| 65| 87 1 2 93
.10 .18 .56 .20 y7h| 636|116 | 155 16| 22 94
.03 .08 .38 .19 262| 352| 63 84 91 12 95
-.02{ 0 0 .19 282| 378| 54§ T2 0 0 v 96
.01 .73 258| 346]190 | 255 1 1 Yes 97
.02 .91 317| 425|286 | 384 21 3 Yes 98
41 .01 .10 1296 1738|110 | 147 0 4] No 99
15 .01 133111785} 107 | 144 0 0 ~ {100
0 0 679( 910 89 | 119 0 0 1101
34 ¢] 1293|1734( 114 | 153 0 0 102
37 .31 i .70 .09 152112040| 241 | 323 g 12 103
.13| .24 .54 .13 669| 897|133 | 179| 39| 52 104
.25 .14 11007|1351]211 |283| 731} 98 105




L-76-1704 .1
Figure 1.~ New and worn tread condition of six-groove, #0 x 14, type VII aircraft test tires.
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Figure 2.~ Test carriage.
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L-T5-3427 .2
Figure 3.~ Close~up view of ter

wheel, tire, and instrumented dynamometer.
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Figure 4.- Layout of simulated braking system on test carriage.
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Figure 5.- Schematic diagram of braking systenm.
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Figure 6.~ Lightweight trailing wheel used to simulate airplane nose wheel.
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(a) Time histories for an entire run.

Figure 7.~ Typical antiskid-system operation. Run 20; yaw angle, 0°;
vertical load, 118.3 kN (26 600 1bf); brake supply pressure,
20 MPa (2900 psi); tire condition, new; nominal carriage speed,
72 knots; surface condition, damp.
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Figure 7.- Concluded.
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Figure 8.~ Dynamometer details.




: 20 - 7 3% 10°
Brake M 42 Brake -
pressure, g |- f WWWWWMWMM pressure,
MPa 4 1 psii

i i 1 4

0 i 1 1 1 0 N
4 2x 1
Brake
Brake 20
41 torque,
;?\lr?;e. 10k ft-Ibf
0 L o .

Nose
wheel
speed,
rps

Braked

wheel

speed, 10
ps 0 i 1 1 1 i i i s

Skid
signal,
mA

.
%
=
=
(.
=
ES

F, kN

Time, sec

(a) Measured parameters.

Figure 9.~ Typical time histories of measured and calculated parameters.
Run 43; yaw angle, 3°; vertical load, 81.8 kN (18 400 1bf); brake
supply pressure, 21 MPa (3000 psi); tire condition, new; nominal
carriage speed, 72 knots; surface condition, dry.
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(b) Calculated parameters.

Figure 9.- Concluded.
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Figure 10.- Definition of various friction téerms. Run 54; yaw angle,'6°;
vertical load, 81.0 kN (18 200 1bf); brake supply pressure, 21 MPa (3000 psi);-
tire condition, new; nominal carriage speed, 44 knots; surface condition, damp.
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Figure 11.- Typical time histories of variables used to obtain power terms. Run 54;
yaw angle, 6°; vertical load, 81.0 kN (18 200 1bf); brake supply pressure,
20 MPa (3000 psi); tire condition, new; nominal carriage speed, 44 knots;
surface condition, damp.
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Figure 12.- Typical pressure~torque relationship. Run Y4; yaw angle, 0°; vertical load,
" 81.8 kN (18 400 1bf); brake supply pressure, 20 MPa (2890 psi); tire condition, new;
~ nominal carriage speed, 95 knots; surface condition, dry.
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Figure 13.- Typical hydraulic response. Run 20; yaw angle, 0°; vertical load,
118.3 kN (26 600 1bf); brake supply pressure, 20 MPa (2900 psi); tire
condition, new; nominal carriage speed, 72 knots; surface condition, damp.
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Figure 14.- Typical brake—system electronlc response :ﬁﬁhr36; &aw ahgle *06} vertical load,
84.1 KN (18 900 1bf); ‘brake supply pressure, 19 MPa (2780 pSl), tire condition, new;
nominal carriage speed, 70 knots. :
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(a) Run 35; nominal carriage speed, 41 knots; yaw angle, 0°; vertical load,

83.2 kN (18 700 1bf); brake supply pressure, 19 MPa (2760 psi); tire
condition, new.

Figure 15.~ Typical transient runway friction response.
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(b) Run 37; nominal carriage .speed, 100 knots; yaw angle, 09; vertical load,
'85.0 kN (19 100 1bf); brake supply pressure, 19 MPa (2820 psi); tire -
condition, new. ,
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Figure 15.- Continued.
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(e¢) Run 38; nominal carriage speed, 43 knots; yaw angle, 0°; vertical load,
83.2 kN (18 700 1bf); brake supply pressure, 19 MPa (2800 psi); tire
condition, new.

Figure 15.~ Continued.
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(d) Run 40; nominal carriage speed, 102 knots; yaw angle, 0°; vertical load,

Figure 15.~ Concluded,

64.5 kN (14 500 1bf); brake supply pressure, 20 MPa (2870 psi); tire
condition, new.
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Figure 16.~ Effect of carriage speed on maximum drag-force friction coefficient.
Yaw angle, 0°; vertical load, 80.1 kN (18 000 1bf); brake supply pressure,
21 MPa (3000 psi); tire condition, new.
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Figure 17.- Dry surface friction coefficients for first wheel spin-down following
initial brake application compared with g max obtained during entire run.
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Figure 18.- Effect of yaw angle on maximum drag-force friction
coefficient. Vertical load, 80.1 kN (18 000 1bf); brake
supply pressure, 21 MPa (3000 psi); tire condition, new.
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Figure 19.- Effect of tire tread wear on maximum- drag-force friction
coefficient. Yaw angle, 09; vertical load, 80.1 kN (18 000 1bf);
brake supply pressure, 21 MPa (3000 psi).
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Figure 20.- Effect of carriage speed on maximum side-force friction
coefficient. Vertical load, 80.1 kN (18 000 1bf); brake supply
pressure, 21 MPa (3000 psi); tire condition, new.
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Figure 21.~ Effect of tréad wear on maximum side-force friction
coefficient. Vertical load, 80.1 kN (18 000 1bf); yaw angle,
6°; brake supply pressure, 21 MPa (3000 psi).
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(a) Run no. 43.

Figure 22.- Interaction between braking and cornering.
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(b) Run no. 49.

brake supply pressure 21 MPa (3000 psi); nominal carriage speed,
72 knots.

Yaw angle, 39;
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Figure 23.- Effect of cyclic braking on maximum drag-force friction coefficient.
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— Figure 24.- Effect of maximum drag-force friction coefficient on antiskid braking performance
ratio. These data include all runs except those which were torque limited the entire run,
those involving tire hydroplaning, and those performed to examine the effects of runuwsv
friction transition.
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Figure 25.- Effects of test parameters on antiskid braking performance

ratios. Each bar graph represents the average of several runs.
(See text, p. 15.)
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Figure 26.~ Effects of test parameters on gross stopping power
developed by the antiskid braking system.
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Figure 27.- Effects of test parameters on the stopping power
dissipated by .the tire.
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APPENDIX

TIME HISTORIES

This appendix presents time histories in figures A1 to A105 of eight
parameters which describe the behavior of the antiskid system during each
test condition. These eight parameters, which are wheel speed, skid signal,
brake pressure, brake torque, drag-force friction coefficient, side-force
friction, alining torque, and slip ratio, are given for the convenience of
the user in studying detail characteristics of the antiskid system.
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Figure A1.- Time histories for run 1. Nominal carriage speed, 97 knots;
vertical load, 63.6 kN (14 300 1bf); yaw angle, 0°; brake pressure,
19 MPa (2700 psi); tire condition, new; surface condition, dry.
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Figure A2.- Time histories for run 2. Nominal carriage speed, 44 knots;
vertical load, 81.8 kN (18 400 1bf); yaw angle, 0°; brake pressure,
21 MPa (3000 psi); tire condition, new; surface condition, dry.
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Figure A3.- Time histories for run 3. Nominal carriage speed, 68 knots;
vertical load, 80.1 kN (18 000 1bf); yaw angle, 0°; brake pressure,
21 MPa (3000 psi); tire condition, new; surface condition, dry.
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Nominal carriage speed, 95 knots;

vertical load, 81.8 kN (18 400 1bf); yaw angle, 0°; brake pressure,
20 MPa (2890 psi); tire condition, new; surface condition, dry.
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Figure A5.~ Time histories for run 5. Nominal carriage speed, 98 knots;
vertical load, 81.4 kN (18 300 1bf); yaw angle, 0°; brake pressure,
20 MPa (2940 psi); tire condition, new: surface condition, dry.
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Figure A6.~ Time histories for run 6. Nominal carriage speed, 39 knots;
vertical load, 98.3 kN (22 100 1bf); yaw angle, 0°; brake pressure,
21 MPa (3000 psi); tire condition, new; surface condition, dry.
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Figure A7.- Time histories for run 7. Nominal carriage speed, 68 knots;
vertical load, 98.3 kN (22 100 1bf); yaw angle, 0°; brake pressure,
21 MPa (2950 psi); tire condition, new; surface condition, dry.
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Figure A8.-~ Time histories for run 8. Nominal carriage speed, 98 knots;
vertical load, 97.4 kN (21 900 1bf); yaw angle, 0°; brake pressure,
21 MPa (2950 psi); tire condition, new; surface condition, dry.
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Nominal carriage speed, 47 knots;

vertical locad, 62.3 kN (14 000 1bf); vaw angle, 0°; brake pressure,
21 MPa (3000 psi); tire condition, new; surface condition, damp.
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Figure A10.- Time histories for run 10. Nominal carriage speed, 71 knots;
vertical load, 63.2 kN (14 200 1bf); yaw angle, 0°; brake pressure,
21 MPa (3000 psi); tire condition, new; surface condition, damp.
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Figure A11.~ Time histories for run 11. Nominal carriage speed, 103 knots;

vertical load, 61.8 kN (13 900 1bf); yaw angle, 0°9; brake pressure,
21 MPa (3000 psi); tire condition, new; surface condition, damp.
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Figure A12.- Time histories for run 12. Nominal carriage speed, 46 knots;

vertical load, 81.0 kN (18 200 1bf); yaw angle, 0°; brake pressure,
21 MPa (3000 pSl), tire condition, new; surface condition, damp.
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Figure A13.- Time histories for run 13. Nominal carriage speed, 73 knots;
vertical load, 80.5 kN (18 100 1bf); yaw angle, 0°; brake pressure,
21 MPa (3000 psi); tire condition, new; surface condition, damp.
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Figure A14.- Time histories for run 14. Nominal carriage speed, 99 knots;
vertical load, 81.0 kN (18 200 1bf); yaw angle, 0°; brake pressure,
21 MPa (3000 psi); tire condition, new; surface condition, damp.
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Figure A15.- Time histories for run 15. Nominal carriage speed, 46 knots;
vertical load, 97.9 kN (22 000 1bf); yaw angle, 0°; brake pressure,
21 MPa (3000 psi); tire condition, new; surface condition, damp.
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Figure A16.- Time histories for run 16. Nominal Carriage"_speéd,v 72 knots;
vertical load, 97.4 kN (21 900 1bf); yaw angle, 0°; brake pressure,
21 MPa (3000 psi); tire condition, new; surface condition, damp.
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Figure A17.- Time histories for run 17. Nominal carriage speed, 101 knots;
vertical load, 97.4 kN (21 900 1bf); yaw angle, 0°; brake pressure,
21 MPa (3000 psi); tire condition, new; surface condition, damp.
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Figure A18.- Time histories for run 18. Nominal carriage speed, 45 knots;
vertical load, 117.9 kN (26 500 1bf); yaw angle, 0°; brake pressure,
21 MPa (3000 psi); tire condition, new; surface condition, damp.
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Figure A19.- Time histories for run 19. Nominal carriage speed, 41 knots;
vertical load, 118.3 kN (26 600 1bf); yaw angle, 0°; brake pressure,
21 MPa (3000 psi); tire condition, new; surface condition, damp.
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Nominal carriage speed, 99 knots;

vertical load, 118.8 kN (26 700 1bf); yaw angle, 0°; brake pressure,
21 MPa (3000 psi); tire condition, new; surface condition, damp.
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Figure A22.- Time histories for run 22. Nominal carriage speed, 74 knots; ?

vertical load, 61.8 kN (13 900 1bf); yaw angle, 09; brake pressure,
21 MPa (3000 psi); tire condition, new; surface condition, flooded.
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Figure A23.- Time histories for run 23. Nominal carriage speed, 101 knots;
vertical load, 61.8 kN (13 900 1bf); yaw angle, 0°; brake pressure,
20 MPa (2930 psi); tire condition, new; surface condition, flooded.
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Figure A24.- Time histories for run 24. Nominal carriage speed, 102 knots;
vertical “load, 61.4 kN (13 800 1bf); yaw angle, 0°; brake pressure,
20 MPa (2880 psi); tire condition, new; surface condition, flooded.
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Figure A26.- Time histories for run 26. Nominal carriage speed, T4 knots;

vertical load, 81.0 kN (18 200 1ibf); yaw angle, 0°; brake pressure,
21 MPa (3000 psi); tire condition, new; surface condition, flooded.
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Figure A27.- Time histories for run 27. Nominal carriage speed, 75 knots;
vertical load, 80.5 kN (18 100 1bf); yaw angle, 0°; brake pressure,
20 MPa (2900 psi); tire condition, new; surface condition, flooded.
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Figure A28.~ Time histories for run 28. Nominal carriage speed, 100 knots;

vertical load, 80.1 kN (18 000 1bf); yaw angle, 09; brake pressure,
20 MPa (2910 psi); tire condition, new; surface condition, flooded.
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Figure A29.- Time histories for run 29. Nominal carriage speed, 46 knots;
vertical load, 97.9 kN (22 000 1bf); vaw angle, 0°; brake pressure,
21 MPa (3000 psi); tire condition, new; surface condition, flooded.
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Figure A30.- Time histories for run 30. Nominal carriage speed, 72 knots;
vertical load, 97.0 kN (21 800 1bf); yaw angle, 0°; brake pressure,
21 MPa (3000 psi); tire condition, new; surface condition, flooded.
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Figure A31.- Time histories for run 31. Nominal carriage speed, 100 knots;
vertical load, 98.8 kN (22 200 1bf); yaw angle, 0°; brake pressure,
21 MPa (3000 psi); tire condition, new; surface condition, flooded.
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Figure A32.- Time histories for run 32. Nominal carriage speed, 46 knots;
vertical load, 122.3 kN (27 500 1bf); yaw angle, 0°; brake pressure,
19 MPa (2820 psi); tire condition, new; surface condition, flooded.
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Figure A33.- Time histories for run 33.
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Pigure A34.- Time histories for run 34, Nominal cérriage speed, 103 knots; ,
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Figure A35.- Time histories for run 35. Nominal caréiage speed, 41 knots;
vertical load, 83.2 kN (18 700 1bf); yaw angle, 09; brake pressure,
19 MPa (2760 psi); tire condition, new; surface condition, dry to
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19 MPa (2840 p=si); .tire condition, new; surface condition, flooded to
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Figure A42.- Time histories for run 42.

vertical load, 80.5 kN (18 100 1bf); yaw angle, 3°; brake pressure,
- 21 MPa (3000 psi); tire condition, new; surface condition, dry.
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Figure AU45.- Time histories for run U45. Nominal carriage speed, 46 knots;
vertical load, 81.0 kN (18 200 1bf); yaw angle, 39; brake pressure,
21 MPa (3000 psi); tire condition, new; surface condition, damp.
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vertical load, 81.0 kN (18 200 1bf); yaw angle, 3°; brake pressure,

21 MPa (3000 p31), tire condition, new; surface condltlon, damp
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Figure A47.- Time histories for run 47. Nominal carriage speed, 98 knots;
vertical load, 80.1 kN (18 000 1bf); yaw angle, 30; brake pressure,
21 MPa (3000 psi); tire condition, new; surface condition, damp.
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Figure A48.- Time histories for run 48. Nominal carriage speed, 48 knots;

vertical load, 64.5 kN (14 500 1bf); yaw angle, 3°; brake pressure,
19 MPa (2800 psi); tire condition, new; surface condition, flooded.
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Figure A49.- Time histories for run 49. Nominal carriage speed, T2 knots;
vertical load, 82.3 kN (18 500 1bf); yaw angle, 3°; brake pressure,
19 MPa (2820 psi); tire condition, new; surface condition, flooded.
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Figure A50.- Time histories for run 50. Nominal carriage speed, 102 knots;
vertical load, 83.2 kN (18 700 1bf); yaw angle, 3°; brake pressure,
20 MPa (2860 psi); tire condition, new; surface condition, flooded.
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Figure A51.- Time histories for run 51. Nominal carriage speed, U0 knots;
vertical load, 81.4 kN (18 300 1bf); yaw angle, 6°; brake pressure,
21 MPa (3000 psi); tire condition, new; surface condition, dry.
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Figure A54.- Time histories for run 54. Nominal carriage speed, 44 knots;
vertical load, 81.0 kN (18 200 1bf); yaw angle, 6°; brake pressure,
21 MPa (3000 psi); tire condition, new; surface condition, damp.
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Figure A55.~ Time histories for run 55. Nominal carriage speed, 70 knots;
vertical load, 81.0 kN (18 200 1bf); yaw angle, 6°; brake pressure,
21 MPa (3000 psi); tire condition, new; surface condition, damp.
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Figure A56.- Time histories for run 56. Nominal carriage speed, 98 knots;
vertical load, 81.0 kN (18 200 1bf); yaw angle, 6°; brake pressure,
21 MPa (3000 psi); tire condition, new; surface condition, damp.
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Figure A59.- Time histories Ffor run 59. Nominal carriage speed, 92 knots;

vertical load, 83.6 kN (18 800 1bf); yaw angle, 6°; brake pressure,
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118




APPENDIX

Figure A60.- Time histories for run 60. Nominal carriage speed, 70 knots;
vertical load, 80.1 kN (18 000 1bf); yaw angle, 69; brake pressure,
21 MPa (3000 psi); tire condition, new; surface condition, random

dry/damp.
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Figure A61.- Time histories for run 61. Nominal carriage speed, 42 knots;
vertical load, 79.6 kN (17 900 1bf); yaw angle, 0°9; brake pressure,
20 MPa (2880 psi); tire condition, worn; surface condition, dry.
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Figure A62.- Time histories for run 62. Nominal carriage speed, 43 knots;

vertical load, 80.5 kN (18 100 1bf); yaw angle, 0°; brake pressure,
21 MPa (3000 psi); tire condition, worn; surface condition, dry.
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Figure A63.- Time histories for run 63. Nominal carriage speed, 40 knots;
vertical load, 81.4 kN (18 300 1bf); yaw angle, 0°; brake pressure,
20 MPa (2920 psi); tire condition, worn; surface condition, dry.
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Figure A6Y4.- Time histories for run 64. Nominal carriage speed, 66 knots;
vertical load, 84.1 kN (18 900 1bf); yaw angle, 09; brake pressure,
20 MPa (2860 psi); tire condition, worn; surface condition, dry.
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Figure A65.- Time histories for run 65. Nominal carriage speed, 67 knots;
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vertical load, 81.0 kN (18 200 1bf); yaw angle, 0°9; brake pressure,
20 MPa (2910 psi); tire condition, worn; surface condition, dry.
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Figure A66.- Time histories for run 66. Nominal carriage speed, 100 knots;
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Figure A67.- Time histories for run 67. Nominal carriage speed, 97 knots;

vertical load, 81.4 kN (18 300 1bf); yaw angle, 0°; brake pressure,
20 MPa (2880 psi); tire condition, worn; surface condition, dry.
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Figure A68.- Time histories for run 68. Nominal carriage speed, 43 knots;

vertical load, 83.6 kN (18 800 1bf); yaw angle, 0°; brake pressure,
18 MPa (2640 psi); tire condition, worn; surface condition, damp.
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Figure Ab9.- Time histories for run 69. Nominal carriage speed, 4l knots;
vertical load, 83.6 kN (18 800 1bf); yaw angle, 0°; brake pressure,
18 MPa (2640 psi); tire condition, worn; surface condition, damp.
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Figure A70.- Time histories for run 70. Nominal carriage speed, 48 knots;
vertical load, 79.2 kN (17 800 1bf); yaw angle, 0°; brake pressure,
21 MPa (3000 psi); tire condition, worn; surface condition, damp.
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Figure A71.- Time histories for run 71. Nominal carriage speed, 48 knots;
vertical load, 79.6 kN (17 900 1lbf); yaw angle, 09; brake pressure,
21 MPa (3000 psi); tire condition, worn; surface condition, damp.
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Figure AT3.« Time histories for run 73. Nominal carriage speed, 72 knots;

vertical load, 83.2 kN (18 700 1bf); yaw angle, 0°; brake pressure,
18 MPa (2600 psi); tire condition, worn; surface condition, damp.
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Figure A77.- Time histories for run T7. Nominal carriage speed, 99 knots;
vertical load, 80.5 kN (18 100 1bf); yaw angle, 0°; brake pressure,
21 MPa {3000 psi); tire condition, worn; surface condition, damp.

136




Wheel

Brake
pressure,
MPa

Brake

torque,
kEN-m

Figure A78.- Time histories for run 78.

20
10

APPENDIX

10

(44

-3 x 163
—2 Brake
{ —-1 mm’
psi
0
—3 x 10%
—2 Brake

1.0

Time, sec

vertical load, 84.1 kN (18 900 1bf); yaw angle, 0°;
18 MPa (2620 psi); tire condition, worn; surface condition) Tlooded.

Nominal carriage speed, 49 knots;

brake pressure,

137




APPENDIX

201
Wheel
speed, 10}
Tps "”WWKMWwMWWMWNWh
10
Skid
signal, b
mA
3
20— -3 x 10
Brake —9  Brake
pressure, 10— pressure,
MPa m psi
' 0 ettas e 0
40— -3 x 104
Brake —2 Brake
torque, 20— torque,
kN-m st FETDE
0 : 0
1.0p-
Mg .ER:
0 ““}¥réw$ MMwﬁ&»
1.0y
[ B
0
Alining
torque,
kN-m
1.0
Slip 5
ratio *
I
0

Time, sec

Figure A79.- Time histories for run 79. Nominal carriage speed, 45 knots;
vertical load, 78.3 kN (17 600 1bf); yaw angle, 0°9; brake pressure,
21 MPa (3000 psi); tire condition, worn; surface condition, flooded.
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Figure A80.- Time histories for run 80. Nominal carriage speed, 73 knots;
vertical load, 78.3 kN (17 600 1bf); yaw angle, 0°; brake pressure,
21 MPa (3000 psi); tire condition, worn; surface condition, flooded.
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Figure A81.- Time histories for run 81. Nominal carriage speed, 100 knots;
vertical load, 78.7 kN (17 700 1bf); yaw angle, 0°; brake pressure,
20 MPa (2930 psi); tire condition, worn; surface condition, flooded.
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Figure A83.-~ Time histories for run 83. Nominal carriage speed, 45 knots;
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Figure A84.- Time histories for run 84. Nominal carriage speed, 70 knots;
vertical load, 83.2 kN (18 700 1bf); yaw angle, 6©; brake pressure,
21 MPa (3000 psi); tire condition, worn; surface condition, dry.

L
143 |




APPENDIX

| el V-

T AAAA A yr o e
| / A R e s i L SN Y SENY E WUV VTV WYYV PO TOICESETNVEIVENT YN

¢

e AP oA ot - Al A A AN AR vwmwvmwwwﬂ
;

/

e ) o

. [“w’*“‘-"“’" MWJWNM‘W*’”#‘IWMV@‘&VMW{
A N

o “WNWWVw-.Mwmmwﬂummwmwwwwwmwm.w&wwr J

Alining gL

to X - i . - i ; e .- - N»
L Nrg;lne v Y H»V\mmmww,wwmww VWA WWM*LWW’F W{V‘ -~

\M+wwffwwwwvW%WMww*wwwmE -
1 2 3 4 5 G 7 8 9

Time, seC

Figure A85.- Time histories for run 85. Nominal carriage speed, 68 knots;
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Figure A87.- Time histories for run 87. Nominal carriage speed, 95 knots;
vertical load, 87.2 kN (19 600 1bf); yaw angle, 6°; brake pressure,
19 MPa (2750 psi); tire condition, worn; surface condition, dry.
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Figure A88.- Time histories for run 88. Nominal carriage speed, 46 knots;
vertical load, 84.5 kN (19 000 1ibf); yvaw angle, 6°; brake pressure,
19 MPa (2750 psi); tire condition, worn; surface condition, damp.
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Figure A89.- Time histories for run 89. Nominal carriage speed, 50 knots;

vertical load, 80.5 kN (18 100 1bf); yaw angle, 6°; brake pressure,
21 MPa (3000 psi); tire condition, worn; surface condition, damp.
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Figure A90.- Time histories for run 90.  Nominal carriage speed, 76 knots;
vertical load, 79.6 kN (17 900 1bf); yaw angle, 69; brake pressure,
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Figure A91.- Time histories for run 91. Nominal carriage speed, 72 knots:
vertical load, 85.0 kN (13 100 1bf); yaw angle, 6°; brake pressure,
18 MPa (2620 psi); tire condition, worn; surface condition, damp.

150




‘Wheel
speed,

Skid

Brake
pressure,

Brake

torque,
kIN-m

10

i0

1.0

APPENDTIX

i
_ -3 x 10°
—2 Brake
0 _
_ —3 x:lo4 :
—9 Brake
- . -1 torque,
/\ﬁNwVNUM¢ﬂ\ﬁﬁ\¥DﬁJbA~wﬂf\ﬁAf*\Nn\k ; felbf
‘ 0 ‘

Figure A92.- Time histories for run 92. Nominal carriage speed, 101 knpﬁsf
vertical load, 80.5 kN (18 100 1bf); yaw angle, 6°; brake pressure,
21 MPa (3000 psi); tire condition, worn; surface condition, damp..

151




Wheel
speed,
Tps

Skid
signal,
mA

Brake
pressure,
MPa

Brake

torque,
KN-m

Alining
torque,
kN-m

Slip
ratic
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Figure A9Y4.~ Time histories for run 94. Nominal carriage speed, 46 knots;
vertical load, 77.0 kN (17 300 1bf); yaw angle, 6°; brake pressure,
21 MPa {3000 psi); tire condition, worn; surface condition, flooded.
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Figure A96.- Time histories for run 96. Nominal carriage speed, 73 :knots;
vertical load, 83.6 kN (18 800 1bf); yaw angle, 6°; brake pressure,
19 MPa (2660 psi); tire condition, worn; surface condition, flooded.
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Figure A97.- Time histories for run 97. Nominal carriage speed, 85 knots;
vertical load, 78.3 kN (17 600 1bf); yaw angle, 6°; brake pressure,
20 MPa (2900 psi); tire condition, worn; surface condition, flooded.
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Figure A98.- Time histories for run 98. Nominal carriage speed, 91 knots;
vertical load, 82.7 kN (18 -600 1bf); yaw angle, 69; brake pressure,
19 MPa (2690 psi); tire condition, worn; surface condition, flooded.
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Figure A99.- Time histories for run 99. Nominal carriage speed, T2 knots;
vertical load, 80.5 kN (18 100 1lbf); yaw angle, 0°; brake pressure,
14 MPa (2000 psi); tire condition, new; surface condition, random
dry/damp {natural rain).
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Figure A100.- Time histories for run 100. Nominal carriage speed, 100 knots;
vertical load, 79.2 kN (17 800 1bf); yvaw angle, 0°9; brake pressure,
14 MPa (2000 psi); tire condition, new; surface condition, dry to wet.
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Figure A101.- Time histories for run 101. Nominal carriage speed, 45 knots;
vertical load, 63.6 kN (14 300 1bf); yaw angle, 00; brake pressure,
14 MPa (2000 psi); tire condition, new; surface condition, wet to 4dry.
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Figure A102.- Time histories for run 102. Nominal carriage speed, 100 knots;
vertical load, 63.6 kN (14 300 1bf); yaw angle, 0°0; brake pressure,
13 MPa (1940 psi); tire condition, new; surface condition, wet to dry.
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Figure A103.- Time histories for run 103. Nominal carriage speed, 70 knots;
vertical load, 81.0 kN (18 200 1bf); yaw angle, 69; brake pressure,
13 MPa (1940 psi); tire condition, new; surface condition, dry.
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Figure A104.- Time histories for run 104. Nominal carriage speed, 75 knots;
vertical load, 80.5 kN (18 100 1bf); yaw angle, 6°; brake pressure,
14 MPa (2000 psi); tire condition, new; surface condition, damp.
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Figure A105.- Time histories for run 105. Nominal carriage speed, 71 knots;
vertical load, 78.7 kN (17 700 1bf); yaw angle, 6°; brake pressure,
14 MPa (2000 psi); tire condition, new; surface condition, random
dry/damp.
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