-

-
View metadata, citation and similar papers at core.ac.uk brought to you by ;i CORE

provided by NASA Technical Reports Server

STATUS OF RECENT AIRCRAFT BRAKING AND CORNERING RESEARCH

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

SUMMARY

i In an effort to enhance the safety of aircraft antiskid braking and

i steering systems under adverse weather conditions, NASA Langley Research
Center is currently conducting two parallel research programs. One program
is an experimental study of antiskid braking systems and the second program
is the development of an aircraft ground handling simulator.

Two antiskid systems have been investigated to date: the first was an
older velocity-rate-controlled system and the second was a more recent system
designed to operate at a constant slip ratio. 1Initial results indicate that
for both systems there was a rapid deterioration in tire cornering capability
with increased braking effort, and the braking performance was degraded on
W wet runway surfaces. As expected, however, the braking performance of the
newer antiskid system was shown to be somewhat better than that of the older
system on both dry and wet surfaces.

The adequacy of a simulator hardware/software program to represent air-
craft ground handling characteristics has been evaluated for a wide variety
of operational conditions during demonstration flights made by several experi-~
S enced tast pilots. Based on their recommendations, some changes are currently
" being made to improve the simulation capability before it is implemented at
Langley Research Center,

INTRODUCTION

Operating statistics of modern aircraft indicate that the antiskid brak-
. ing and steering systems used on these airplanes are both effective and
! dependable. The several million landings that are made each year in routine
< fashion with no serious operating problems attest to this fact, As aircraft
avionics improve, however, the number of adverse weather landings also
increases and thereby imposes greater demands on aircraft braking and steer-
ing systems. If compromises in the safety of aircraft ground operations are
to be avoided, the performance of these braking and steering systems under
slippery runway conditions must continue to improve.

e
¢

In an effort to meet this need, NASA is currently conducting two parallel
research programs, One program is an experimental study of the performance of
several different aircraft antiskid braking systems under the controlled con-

_ ditions afforded by the Langley aircraft landing loads and traction facility.
o The second is the development of a motion base aircraft landing anld take-off
: simulator program which, when completed, will be implemented at Langley for use,
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among other applications, as a research tool to study alreraft braking and
steering operations under adverse weather condltions without risk to aircraft
and flight crew.

The purpose of this paper ls to present findings to date on the antiskid
research program and to describe briefly the ongoing development and status of
the aircraft landing and take-off simulator program.

SNTISKID BRAKING RESEARCH PROGRAM
Objectives

The objective of the antiskid braking research is to find the sources of
degraded performance which sometimes occur under adverse runway conditions and
to obtain data necessary to the development of more advanced systems in an
effort to insure safe ground handling operations under all-weather conditions.
Secondary objectives are to acquire tire-to-ground friction characteristics
under braking conditions which closely resemble those of airplanes under heavy
braking and to relate braking data from single-wheel landing loads track tests
with those available from full-scale flight tests.

Apparatus

Test facility.- The antiskid tests are being performed at the Langley air-
craft landing loads and traction facility utilizing the test carriage shown in
figure 1, Figure 2 is a photograph of the DC-9 tire wheel and brake assembly
used in the test program mounted on the instrumented dynamometer which measures
the various axle loadings. DC-9 equipment is being used because of the avail-~
ability of flight test data from an earlier DC-Y program., The tire is a
40 x 14, type VII bias ply aircraft tire of 22 ply rating and both new and
worn tread conditions are being investigated. The 3A5-m runway has a smooth
flat concrete surface and tests are being conducted with the surface under dry,
damp, and flooded conditions. With the exception of transient runvay friction
tests, the entire runway is maintained at one uniform surface wetness condition
and antiskid cycling generally occurs for approximately 300 m.

Skid control systems.- To date, a velocity-rate-controlled, pressure-bias-
modulated, skid control system, hereafter referred to as system A, and a slip
command system, hereafter referred to as system B, have been investigated.
System A is of interest in that it is a celatively early skid control technique
(about 10 to 15 years old) but one that is still in widespread use on many com~
mercial and military aircraft. System B is a more recent design based on main-
taining the braked wheel at a constant slip ratio vuile ucing the nose wheel
speed for a reference speed input to compute that ratio. Both antiskid control
systems used the same hydraulic components and line lengths for a single wheel
of the dual-strut four main-whecl, Mchonnell-bouglas DC=9 series 10 airplane,
Schematic diagrams of both systems are shown in figure 3. Pressure from a . *1ly
open pilot metering valve (to cxert maximum braking) is regulated by the anti-
skid control valve and is fed to the brake. For system A (fig. 3(a)), braked
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wheel speed is fed to the antiskld electronle control box which cences the

change in angular velocity (acceleration) of vhe braked wheel and pencrates a
voltage to the control valve that Is a function of the nupber ond depth of
previous skids,  The antiskid control box of system B (fip, 36hi), on the other
hand, compares the speed of the braked wheel with that of the unbraked nose

wheel and generates a current to the control valve to maintain presoure sulfi-
clent to control the braked wheel at 15 percent slip with respeet to the unbralked
nose wheel,

Test Results

Antiskid response.- Typical time histories of parametere vhich 1llustrate
the nature of the response characteristics of the two antiskid svstems are
presented in figure 4., These parameters include the whee! speed, <kid signal,
brake pressure, and drag-force friction coefficient, and serve to show the
adaptive characteristics of the antiskid systems as thev experience an abrupt
change in runway friction. At the start of the test, for svstem A (fig, 4(a)),
the tire is operating on a dry runway and when a pressure of 20 MPa is applied
to the brake, the drag friction coefficient developed between the tire and the
runway increases to approximately 0.65. Approximately 3.5 scconds into the
test, the runway condition changes abruptly from dry to flooded and the wheel,
still under heavy braking, immediately enters into a deep skid which produces
a full skid signal to the antiskid control valve. The valve, in turn, reduces
the brake pressure to allow spinup of the braked wheel., When the wheel spins
up to free rolling speed, the skid signal drops but not completely and allows
brake pressure to be reapplied at a reduced rate which is o result of the pres-
sure bias modulation circuit of system A. Five subsequent cyveles cnsue on the
flooded surface as the system allows the pressure to build up to produce a skid
and then decrease to permit wheel spinup. The inabilitv of systerm A to prevent
these deep skids on a flooded runway is attributed, at lc¢ast in part, to the
fact that the brake torque capacity greatly exceeds the resisting drayg force,
to the low spinup torque available on wet surfaces, and to the 40 ms response
time required for the antiskid system to react to abrupt chinges in wvheel speed.
The response time delay appears to be the result of electronic logs in the anti-
skid control box which occeur when the wheel speed ac signal is converted to a
dc voltage that is supplied to the antiskid control valve.

The test with system B, presented in figure 4(b), alwe chowe o buildup in
friction coefficient on the dry surface with brake application. In this test
the dry surface was sufficiently long tor antiskid cveling te cocare Sote that
the high-frequency oscillations in wheel speed correspond o shid <ipgnals and
brake pressure releases and result in a fairly uniform drag=foree 1eiction
coefficient. At approximately 6.2 scconds, th: runway condition chomes abhruptly
from dry to flooded and, as a result, the wheel enters o deep ol Vhie Jdeep
skid produces a full skid signal which reduces the brale prescure tootear dere,
After the initial transition, system B controls the hrale proscaie vory welly
prevents further deep skids, and, most importantly, mointains o il copstant
drag coefficient,

Typical tire frictional response to antiskid brabine oo dre i o booided
runwvay surfaces s presented in tigure 5 where the drav- o 050 -0 triction
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coefficients for the tire vawed to 0 and operating at a nominal apeed of

75 knots are plotted as a function of uheel slip ratio, A 6lip ratio of 0 cor-
responds to a freely rolllng wheel and o slip ratlo of 1 corresponds to a locked
wheel skid, The data presented in the Cpare were gonperated by system A and
illustrate the cyclic nature of the friction developed during antiskid braking
control., The classical p slip curve (ref. 1) is a sm-oth curve that reaches

a peak somewhere between 10 percent and 20 percent #1ip (4 denotes friction

coefficient). These data show that under realistic conditions, however, the
curve is not smooth because ol runway roupghness, flexibility in the wheel sup-
port which would be reflectod In the measurcd drag and side forces, variatlons
in the runway friction charactertstics, and the spring coupling between the

wheel and the pavement provided by the tire. The data in the figure illustrate
the traction losses associated with flovded runway operations. For example, on

the dry surface the maximum drag-force friction coefficient reaches approxi-
mately 0.6 but on the flooded surface it never exceeds 0.2. A similar loss ie
noted in the developed side~-force friction coef{iclent when the surface is

flooded. The figure also demonstrates the rapid deterioration in the tire cor-

nering capability with increased braking effort, For example, at a slip retio
of only 0.3, the side-force friction coefficient had decreased approximate ly
60 percent on the dry runway and to negligible values on the flooded runw .y,

Antiskid performance.- A measure of che antiskid performance can be obtained

from the ratio of the average drag-force friction coefficient developed by the

system to the average maximum available drag-force friction coefficient developed
at the tire/pavement interface. This ratio, called the braking performance ratio

for the purposes of this paper, is presented in bar graph form for systems A
and B in figures 6(a) and 6(b), respectively,

The values in this figure are the numerical averages of all the data for
a given test condition; for example, the ?° bar graph for the dry surface in

figure 6(a) is the average of all dry runs at 39, regardless of speed, vertical
force, tire configuration or system pre-sure. For system A, the average perfor-
mance ratio on a Jry surface Is shown to increase with increasing yaw angle and

tire vertical force and to decrease when a new tire was replaced by one with

essentially no tread. On the wet runway surfaces, the average performsnce ratio

also decreases with a worn tire and increases with tire vertical force. There
was no conclusive trend in braking pervformance at vaw angles of 3° and 6° but,

in general, braking performance was not appreciably degraded by yaw angle; thus,

the braking characteristics can be expected to be good during crosswind opera-

tions. For system A the best braking performance was obtained with a new heavily

loaded tire running on a dry surface.  In pencral, similar trends were noted
with system B (fig. 6(b)). As expected, this newer system exhibits higher

performance ratios for every test condition, but both systems consistently have
reduced performance ratios on slippery surfaces. Thus, the stopping capability

potential of an afrplane on a wet runvay surbace is hampered not only by the
reduced friction level but also by the fnability of the antiskid system to
effectively take advantage of the friction available
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AIRCRAFT LANDING AND TAKL-OFF STMULATOR DEVELOPMENT

One of the applications of the data from the antlskild braking research
- program 18 to provide Inputs necesaary to the development of landing and take-
. off simulation technolopy, The following paragraphs discuns the baclkpround,
SR current atatus, as well as the plins for and applications of this development,

Backpground

It 18 common knowledge that the ground operation safety margins of alreraft
are reduced by combinations of such factors wg slippery runways, the presence
of crosswinds, poor pilot vislbility, cxcessive touchdown velocity, and cquip=
ment malfunction, among others, Full-gcale tests can be used to explore the
braking capability of an alrplane by simply noting the distance required to
bring the vehicle to rest from some preselected ground speed., The directfional
i control capability cannot be evaluated through full-gcale testing because such
o tests would compromise the safety of the airplane and crew and because of the
v unpredictability of the key ingredient, the surface winds, In an effort to
ot acquire the capability to safely explore aircraft dircetional control and brak-

X ing performance under any runway environment, a major rescarch program was

recently undertaken to explore the feasibility of cxpanding current flight simu-
lation technology to include the complex interactions between the runway and
the landing-gear system. Such an expansion would require a definition of the
runway environment (including curface crown and roughness), the magnitude and
direction of crosswinds, tire/surface friction levels (including the relation-
ship between braking and cornering), airplance characteristics (landing-gear
dynamics, brake system behavior, and the contributions from reverse thrust and
auxiliary braking devices), and a good runway visual scence.

Current Status

The initial simulation involved the F-4 afrplane which was chosen because

. of the considerable amount of available tire traction data on the airplane from
v landing loads track tests and full-scale braking tests., A photograph of the

§ motion base simulator used in the program development is given in figure 7, A

; typical time history of a simulated F-4 landing as performed by one of the test
. pilots on an icy runway is presented in figure 8, For this test run, the pilot
: touched down at approximately 125 knots in an 8 m/sec crosswind after negetiating
a somewhat higher crosswind during approach, The figure shows the rollout
behavior of the airplane which included some rather substantial lateral excursions,

The results of the feasibility study with the F-4 airplane were sutticiently
encouraging that the development was extended to Include the DC-9 jet transport,
Table T is a summary of the pilot assessment of the F-4 ana the DE-9 simulations
o during approach and touchdown, landing rollout, and aborted take-off demonstra-

W tions. Thus far, 348 simulator demonstration runs with six ditferent pilots

have been conducted with the F-4 and 186 runs with two pilots with the DC-9.

Table I prescats comments from twe pilots in cach airvplane during the most

recent demonstrations. These runs demonstrated the need tor airplane deceleration
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cues (Lhe current motlon=based slnulator has five deprees of freedom and fore-
and=alt motion i not among them), a cockplt environment closely allled to the
atrplone heing examined (both the F-4 and the DC~9 simulations were performed
on an ¥4 chmmlator), and pood visual scene simulation (some difficulty was
expericnced inopetting the terrain map translator to the proper simulated eye
Tevel for both airplanes),

Plans and Applicatious

Current plans in the aireratt landing and talke-off simulation program
include Turthering, under contract, the Jevelopment of the NC-9 transport simu-
lation. This exlension calls tor the u.c of a transport cockpit on o motion
base simulator with six degrees of freedom, and the incorporation of antiskid
brake svstem simalation with hardeare as necded., 1t is also planned to imple-
ment this simulator capability at Langley Research Center by starting with the
DC-Y, since the simulator technology for that airnlane exists, ard then expand-
ing to a generatized model to accommodate the sipulatien of a variety ef air-
craft. Such o simulation would provide o rescarch teel for evaluating, in
porfect safety, tactors which influence the ground hondiing performance of an
aircratt up Lo and bevond its normal operating limits, or tor ralb ing trade-off
studics to evaluate aiteraft desipn concepts (that iv, landing ccar, tire,
brake, and antishid wodifications). In additien, anoafreratt yround handling
gimulator could be used to establish sate operaticast Vit G varicus air=-

.

plane and runway combinations and to optimize piloting technigoes under adverse

runway conditions,

COLCLITIL0G RLUARKS

This paper has presented the status of recent W v Lo coarnering
research at Langlev Rescarch Center.  Two antish fd systors s Poos tosted to
date and the degraded performance noted on siippery rumie s sttribated to
clectronic lags, low wheel spinup torces, und toe biph Lol torgoe capacity
relative to the resisting drag force. Antiskid poertormince was hiyhest under
a heavy loading condition with o new tirc on o dre vonwis, sooaarerart landing
and take—off simalator program has been writtep to witels Sad e odreratt direc-
tional contrel preblems on slippery rumenys fo e proocnoe of Cresswinds,
Initial runs in an atreraft lending and take-off -amuiation pregran appeared
to be quite promising and the development is beinp oxponce? te inelude o teans-
port cockpit utilizirg a six degrees of rrecdom motion foase wirulator with the
addition of antiskid brake action and an fmpreved visual soenes 0o sinulator,
generalized Lo accommodate a variety of adrveratty, is schedu’en too beoinstalled
at Laugley Pezearch Center,
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TABLE 1

PILOT EVALUATION OF SIMULATOR DEMONSTRATION RUNS

F-4 AIRPLANE DC-9 AIRPLANE
SIMULATION PILOTA | PILOT B | PILOTC | PILOT D

APPROACH AND GOOD | GOOD | GCOD | FAIR

TOUCHDOWN '

— e e ——

{

LANDING ROLL-OUT %
DIRECTIONAL CONTROL | GOOD GOOD FAIR \ GOOD
BRAKING RESPONSE FAIR FAIR POOR . GOOD

ABORTED TAKE-OFF |
DIRECTIONAL CONTROL | GOOD | GOOD | FAIR |
BRAKING RESPONSE | FAIR | FAIR | POOR |

FAIR
FAIR

—————d
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Figure 2,- Test tire and instrumented dynanoncter,
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Figure 3.- Skid coutrel system.
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(a) Brake system A; 0° yaw; 79.2 kN vertical load; 20.7 MPa brake supply
pressure; new tread; 49 knots nominal carriage speed.
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(b) Brake system B; 0° yaw; 83.2 kN vertical load; 19,0 MPa brake
supply pressure; new tread; 41 knots nominal carriage speed.

Figure 4.~ Typical antiskid system responses to transient runway conditions.
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Figure 5.~ Brake system A friction coefficients during cyclic braking.

6° yaw; 78.3 kN nominal vertical load; 20.7 MPa brake supply pressure;
new tread; 75 knots nominal carriage speed.
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Figure 6.- Effect of test parameters on braking performance ratio.
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Figure 7.- Motion base simulator.
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