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Abbreviations:

ALDF
ATD
BPT
CAT
ITTV
KSC
LG
LSRA
RTLS
SLF
STS
TG

Aircraft Landing Dynamics Facility
average texture depth

British Pendulum Tester
Computerized Axial Tomography
Instrumented Tire-Test Vehicle
Kennedy Space Center
longitudinally grooved
Landing-Systems Research Aircraft
return-to-launch site

Shuttle Landing Facility

Space Transportation System
transversely grooved






Summary margin for errors in the final approach for landing or for
anomalies during the landing rollout. The KSC SLF in
This paper describes the test procedures and the criFlorida has a unique runway that was constructed in the
teria used in selecting an effective runway-surface- mid-1970’s that is approximately 5 mi from the Shuttle
texture modification at the Kennedy Space Center (KSC)launch pads and provides the STS program with the
Shuttle Landing Facility (SLF) to reduce Orbiter tire capability to land safely in the event of an RTLS or poor
wear. The new runway surface may ultimately result in weather conditions at other sites. Operationally, the
an increase of allowable crosswinds for launch and land-prime landing site is the SLF, which minimizes program
ing operations. The modification allows launch and land- costs, reduces Orbiter processing time, and eliminates the
ing operations in 20-knot crosswinds, if desired. This hazards associated with ferry flights from the West
5-knot increase over the previous 15-knot limit drasti- Coast.
cally increases landing safety and the ability to make on- . .
time launches to support missions in which Space Station__Early in the STS program, excessive wear on the
rendezvous are planned. The paper presents the results Gi'Piter main gear tires was observed during landing
an initial (1988) texture modification to reduce tire spin- OP€rations at the KSC SLF. Aimost every landing at the

up wear and then describes a series of tests that use ap-F nad some tire-wear anomaly that could be traced to

instrumented ground-test vehicle to compare tire friction € roughness of the runway surface. The original speci-

and wear characteristics, at small scale, of proposed texfications for flight operations included the capability to

ture modifications placed into the SLF runway surface land in 20-knot crosswinds, but tire-wear concerns at the
itself. Based on these tests, three candidate surfaces wefeSC SLF reduced the allowable landing crosswind limit
chosen to be tested at full-scale by using a highly modi-t0 10 knots. The 20-knot crosswind specification was to
fied and instrumented transport aircraft capable of dupli- Provide the STS program with the flexibility to launch
cating full Orbiter landing profiles. The full-scale Orbiter @nd land without frequent weather delays. The unique
tire testing revealed that tire wear could be reduced Orbiter gear geometry, landing conditions, tire materials,
approximately by half with either of two candidates. The @nd runway configuration all combined to produce tire
texture-modification technique using a Humble Equip- Wear that limited the Orbiter's crosswind landing capa-
ment Company Skidabrader shotpeening machine bility. Numerous attempts to build operational capability
proved to be highly effective, and the entire SLF runway © the 20-knot crosswind level have been made, includ-
surface was modified in September 1994. The extensivdd changing the SLF runway touchdown-zone texture
testing and evaluation effort that preceded the selectior?"d changing the tread material of the main gear tires.

of this particular surface-texture-modification technique In the mid-1980’s, research was conducted to quan-
is described herein. tify the effect of various parameters such as speed, yaw

angle, runway roughness, and load on the tire-wear phe-
Introduction nomenon. Yaw angle is defined as the angle between the

rotational plane of a tire and its velocity vector. The

Since the beginning of the Space Transportation Sys-results of those tests showed that the spin-up process pro-
tem (STS) program, the need has existed for a landingduced an unacceptable wear spot on the main gear tires
facility near the Space Shuttle launch site. This needand that the spot grew with subsequent cornering later in
stems from the possibility of having to make a return-to- the rollout whether it was crosswind or pilot induced. At
launch-site (RTLS) abort landing and from a desire to that time, work was begun to improve the tire-wear char-
make the Kennedy Space Center (KSC) Shuttle Landingacteristics by changing the tread-rubber compounding. In
Facility (SLF) a prime landing site for normal end-of- addition, work was conducted at the Langley Aircraft
mission operations to reduce program cost, time, andLanding Dynamics Facility (ALDF) which showed that a
ferry risk factors. Because of extreme conditions large reduction in spin-up wear could be achieved by
imposed on Orbiter tires (especially on the main gearchanging the texture in the spin-up regions of the runway
tires) during landing, tire wear has been a long-standing(ref. 1). The original texture of the runway (fig. 1(a)) was
issue for landings at KSC. The SLF runway was an extremely rough, longitudinally brushédish with
designed with extremely rough texture and transversetransverse grooving thateasured 1/4 in. wide by 1/4 in.
grooving to provide exceptional friction performance deep, spaced on 1 1/8 in. centers. A 3500-ft-long section
during heavy rainfall conditions. These factors, com- on each end of the T®O-ft-long runway was modified
bined with landing in the presence of crosswinds, causedo a texture which resembled corduroy material, its tex-
tire wear to be a limiting parameter for flight operations. ture aligned with the landing direction (fig. 1(b)). The
Early landings of the Space Shuttle Orbiter were made ontexture was modified by using a stack of diamond grind-
the lakebeds and smooth concrete runways at Edwarding wheels that cut into the original surface deeply
Air Force Base, California, to allow the greatest possible enough to remove the originabnsverse grooves. This



modification reduced the main gear tire spin-up wear lev-ing Orbiter landings under a variety of conditions and
els to one-half the original values; therefore, the allow- piloting techniques, including simulated 20-knot cross-
able crosswind value for landing and launching was wind landings. The test results were used to select a mod-
increased from 10 knots to 12 knots but was still short of ification technique to provide the necessary reduction in
the original program requirement for 20-knot crosswind- tire-wear rates to allow for 20-knot crosswind operations.
landing capability. This paper presents the modification techniques studied,
o ) , . documents the results of the ITTV testing used to narrow
In 1992 mission STS-50 landed with the first main e fyll-scale candidates to a manageable number, and
gear tires using a new tread compound. This new com-yresents results of the Convair 990 aircraft full-scale tire
pound produced less tread wear and allowed crosswindsests which were used to select the modification tech-

for Iaunc.h and landing to be as high as 15 knots. Numer-nique that could provide a 20-knot crosswind-landing
ous studies were conducted to see what effect the surfacganapjlity for the Orbiter.

roughness had on rollout wear as opposed to spin-up
wear (refs. 2 to 4). Results of those studies showed tha}a\
while the transverse grooves had a great effect on spin-up
wear, they had little or no effect on the magnitude of the o
rollout wear response of the tire (ref. 5). Conversely, the ~ Original Runway

corduroy texture on the ends of the runway had a drastic  The original runway surface, prior to any modifica-
effect on spin-up wear but caused the same amount Ofjon for these tests, consisted of an extremely rough, lon-
wear on the tire when rollout occurred on that surface. It gjtydinally brushed finish with transverse grooving
was obvious that simply continuing the corduroy texture measuring 1/4 in. wide by 1/4 in. deep, spaced on 1 1/8
into the center 8000 ft of the runway would not produce j centers (fig. 1(a)). A 3500-ft-long section on each end
the desired reduction in tire wear to allow for 20-knot of the 15)00-ft-long runway was modified to a new tex-
crosswind operations. ture that resembled corduroy material with its texture
aaligned with the landing direction (fig. 1(b)).

pparatus

The studies at Langley Research Center showed
relationship between tire wear and tire side energy. The
relationship showed that to increase the tire-wear capa-
bility to a 20-knot crosswind level, the tire must be capa-

ble of absorbing twice the energy necessary for a 15-knot ~ Instrumented Tire-Test Vehicle (ITTV).The ITTV
crosswind condition. is a highly modified 1976 truck (fig. 2). The @80-Ib

truck has a specially designed force measurement dyna-

The purpose of the study described in this paper wasmometer attached to the rear that permits the mounting of
to define a texture modification for the SLF which would a wide range of aircraft and passenger vehicle tires or
reduce the Orbiter main gear tire rollout-wear rate by other apparatus for various kinds of testing. Aircraft tires
approximately one-half while retaining acceptable wet- up to 26 in. in diameter can be accommodated in the fix-
friction performance. A plan was developed wherein ature and can be vertically loaded by using a pneumatic
number of modification techniques were applied in small system up to 5000 Ib. The fixture can be yawed with
test strips directly onto the runway surface at the KSCrespect to the direction of motion so that tire-cornering
SLF. An Instrumented Tire-Test Vehicle (ITTV) was data can be acquired. Forces and moments associated
used to rate 16 textures that were applied to the runwaywith yawed or braked rolling conditions such as side
surface in addition to the two existing textures. Compari- load, drag load, aligning torque, and overturning torque
son testing with the ITTV involved loading a T-38 air- can be measured and recorded by using an onboard elec-
craft main gear tire and conducting yawed-rolling tests attronic data acquisition system. Other pertinent data for
low speeds by using a special instrumented fixture tire testing, including vehicle speed and distance, are also
attached to the rear of the ITTV. Wear-rate information measured. The ITTV can perform tests at any speed up to
in the form of lost weight per foot of rollout distance was 65 mph. The vehicle operator and observer have numer-
used to classify each surface-texture treatment. Wet-ous display devices to provide real-time feedback during
friction test results were also used in conjunction with the testing in an attempt to maintain the desired test condi-
wear information to narrow the surface selection to threetions throughout the test. Further information about the
candidates. These three surface treatments were thelT TV test capability can be found in references 6 and 7.
applied tofull-scale test sections that encompassed the
full length of the runway (1800 ft) and were about 10 to Landing Systems Research Aircraft (LSRAR
12 ft wide. A specially modified Convair 990 transport 1989 NASA designed a test facility capable of simulating
aircraft was then used to conduct full-scale tests offull-scale Orbiter landing conditions. The facility con-
Orbiter main gear tires on the candidate strips by simulat-sists of a modified Convair 990 aircraft and is known as

Test Vehicles
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the Landing Systems Research Aircraft (fig. 3). The be appropriately adjusted. This adjustment ensured that
LSRA program was funded by the NASA Shuttle Pro- test-pilot inputs were isolated from the test-tire yaw
gram Office at Johnson Space Center and provided thengles.

capability for full-scale testing of Orbiter main gear tires. . .
Several other tire test facilities had various parameters The test aircraft was capable of landing at speeds up

such as vertical load that could be tested at full scale, bug0 2.45 dkn_?}tf andtqf blelglnglpg ?}:est_at ?bSUt %40,[ I;_n?ts, if
these facilities could not represent correctly other full- esired. 1he vertical load for the single-iré test fixture

le off h fl ncrete runway. was structurally Iimited_ to 15000 [b, which i_s slightly
scale effects, such as a flat, concrete runway higher than the maximum desired test-tire load of

142500 Ib. The vertical load could be controlled to
within approximately 2000 Ib, the yaw angle accuracy
was approximately 0.25and the aircraft speed was gen-
erally held within 2 to 5 knots of the desired speed-time
histories.

The development of the LSRA was undertaken at
Dryden Flight Research Facility in Edwards, California.
The aircraft was highly modified, and a large hole had to
be cut in the aircraft belly at the center-of-gravity loca-
tion between the main landing gear. A robust structural
modification was designed to carry aircraft fuselage Over 100 channels of data were recorded both
loads around the hole to ensure structural integrity onboard the aircraft and after telemetry to a ground con-
throughout the aircraft. A hydraulic loading system was trol station. Some of the pertinent parameters recorded
installed in the aircraft to apply vertical load to an articu- for this part of the investigation included aircraft speed,
lating pallet to which the desired test article was attachedtest-tire vertical, side, and drag loads, test-tire yaw angle,
(fig. 4). The system was capable of applying up to 250and tread temperature. Extensive video coverage of the
000 Ib of vertical load to the test article. For the presenttest tire from three different locations also proved to be
investigation, a steerable fixture with a single Orbiter an invaluable measurement tool. The video signal was
main gear tire was attached to the pallet. The fixture wassynchronized to the data stream and thus the exposure
controlled by using a sophisticated feedback control sys-time of different Orbiter tire-carcass cord layers could be
tem that permitted time histories of vertical load and yaw recorded in postprocessing playback. This visual mea-
angle to be input into an onboard control computer prior surement of tire wear was one of the most widely used
to a test flight. A typical set of time histories used by the pieces of information in this investigation. Numerous
control computer during a simulated R@et crosswind  safety features were added to the aircraft for these tests,
Orbiter landing is shown in figure 5. A special rotary including low-oxygen sensors to detect the presence of a
actuator, capable of yawing the fixture up to 35 deg/sec,nitrogen gas accumulator leak, fault-detection hardware
hydraulically steered the fixture. The desired speed-timeand software in the computer and control system, fire
history was not incorporated into the feedback control detection and suppression systems, triple-redundant
system, but an indicator was mounted in the aircraft mechanisms to ensure cessation of load application, if
cockpit to give the test pilot a comparison of how fast or needed, and armor plating of certain areas of the aircraft.
how slow the test article was when compared to theA more detailed description of this unique test facility
desired speed-time history. The steerable fixture wascan be found in reference 8.
controlled in part by using a set of optical noncontact
infrared translational speed devices. These devices mea- Test Tires
sure translational speed by looking at interference pat-
terns of the radiation reflected by the ground. Because |ITTV tests. The test tires used on the test fixture of
the pilot must steer the aircraft in response to the sidethe ITTV were 20x 4.4 bias-ply Type VII aircraft tires
forces generated by the test tire or in response to thewith a ply-rating of 14 and a 3-groove tread design; they
actual crosswinds on the test aircraft, a means of measurare similar to those found on the main gear of a T-38 air-
ing the aircraft yaw angle (in this case, the angle betweercraft. A new and a worn ITTV test tire are shown in fig-
the aircraft body axis and its velocity vector) needed toure 6(a). The rated load and pressure of the tire are
be devised. Conventional inertial platform units do not 6000Ib and 265 psi, respectively. Because it was desir-
have the accuracy or the response needed for this appliable for wear testing to have the test tire inflated to the
cation; therefore, two optical units were mountet4&® actual Orbiter tire pressure, the ITTV test tires were
from the body axis and at 9@ each other. The aircraft inflated to 350 psi. The tires were mounted on standard
had zero yaw when both instruments agreed in theiraircraft wheels according to accepted buildup proce-
speed measurements. If one instrument reported a highedures. A new tire was used for each surface tested.
speed than its companion, the aircraft yaw angle could be
computed in real time by the control computer, and the LSRA tests.The test tires used on the LSRA steer-
steer angle of the fixture relative to the body axis could able test fixture were of the same design as the Orbiter



main gear flight tires. One of the 44% 16.0 - 21 the surface-friction capability of some test surfaces used
biasply aircraft tires with a 34-ply rating is shown in in the ITTV testing. The skid trailer and the tow vehicle
figure 6(b). The original rated load of the tire and the (fig. 8(b)) consist of an instrumented trailer equipped
pressure were 6800 |b and 315 psi, respectively. These with a water supply and dispensing system and actuation
test tires (and the flight tires) are generally inflated to controls in the tow vehicle cab for braking the trailer test
higher values prior to flight because of some small wheel from a free-rolling condition to a momentary com-
expected leakage and the cold temperature expecteglete (100 percent slip) lockup (ref. 10). After the test
during normal landing operations. Therefore, these testapparatus is brought to the desired test speed, e.g.,
tires were inflated to 340 psi at ambient temperature. The40 mph, water is dispensed at a constant rate to produce
peak certified tire load at the time of this writing is 0.04 in. surface water depth (delivered ahead of the test
142500 Ib. This load limit is intended to prevent exces- tire), and the braking system is actuated to lock the test
sive tire deflections which could damage the carcasstire. The resulting friction drag force acting between the
structure during landing operations. The test tire is of thetest tire and the pavement, together with the speed of the
modified tire design, in which an additional 0.1 in. of vehicle, is recorded with the aid of suitable instrumenta-
undertread was added to the original design, and theion. This skid trailer also can be operated on dry or natu-
entire tread material was changed from a natural rubberally contaminated, e.g., rain-wet, surfaces.
composition to a blend of natural and synthetic rubbers
comparable to those used on commercial aircraft. These  British Pendulum Tester (BPT)The British pendu-
modified tires provide a much-improved wear behavior lum tester, a device designed to provide a measure of sur-
as compared to tires of the original design. The treadface microtexture, was used in this investigation to help
grooves themselves are 3/32 in. thick. A sketch of the tirequantify the relative roughness of the texture for each
cross section is shown in figure 7. surface tested. Microtexture is defined as a surface-
) i roughness quality on the subvisible or microscopic level.
The only difference between the test tires and thethe nassenger tire industry uses such a parameter to help
actual flight tires is that the test tires fallgd certain gov- quantify long-term automobile and truck tire wear. Mac-
ernment quality-control tests for cosmetic reasons. Therotexture, on the other hand, provides a measure of the

manufacture_r’s certification of the tires for. flight e_md for surface roughness on a much larger scale and is compara-
all-wear testing to date suggests that tvegectedtires a4 the quality and scale one would perceive if one
are fully as robust as those that make it to the flight vehi- . ,phed his hand on a surface.

cle. A new tire was used for each test run conducted on

the full-scale test strips by using the LSRA. The Orbiter ~ The BPT uses a pendulum to which a rubber footpad
tires were mounted on standard Orbiter beryllium brake (fig. 9) is attached. The device is used by placing the feet
wheels according to accepted buildup procedures. Theof the tester on the surface to be tested and by leveling
tire-wheel combination was mounted on a specially the apparatus. The footpad is then raised to a predeter-
designed axle, along with a standard Orbiter beryllium mined height (angle) and released. The pendulum and the
brake assembly, to allow it to be attached to the test fix-footpad swing freely, allowing the rubber footpad to

ture on the aircraft. scrapethe surface when the pendulum traverses the ver-
tical orientation. A certain amount of energy is then dis-
Other Test Equipment sipated by friction and wear of the footpad. According to

the theory of the device, the pendulum then swings
Mu-Meter. The Muimeter (fig. 8(a)) is a friction- upward to a height (angle) lower than the equivalent
measuring device designed to be towed behind a vehiclgelease point on the other side. This difference in height
on a test surface (ref. 9). The device consists of two tesgives a measure of the dissipated energy and the relative
tires loaded vertically antbedout to include an angle of surface microtexture. The height reading is in nondimen-
15°, thus forcing each tire to operate in a yawed-rolling sional units; larger units denoteraugher surface that
condition with side forces directed away from and can- prevents the pendulum from rising to as high a point as it
celing each other. The device measures the tensile forc&vould with a smoother surface. Thus, the higher a read-
in the axle and gives a measure of the surface frictioning is, the rougher or higher a microtexture the surface
being developed by the yawed test tires. The device carhas. Generally, on surfaces where one can feel an
conduct tests on dry surfaces and is capable of using aincreased macrotexture, one would expect the BPT to
onboard water tank to wet the test surface just ahead ofndicate a higher microtexture as well. The BPT was
the test tires. used after wetting the surface to be tested. Some surfaces
were not evaluated by using the BPT, but the ones that
Skid trailer. The Florida Highway Department pro- were tested were evaluated by using the pendulum swing
vided a test device which was used to help characterizedirection both parallel and perpendicular to the long axis



of the runway. More information regarding the BPT can example of the tire-profile dimensions before and after
be found in reference 10. testing is shown in figure 12(a). In the figure, dimensions
1 through 40 represent scans that are parallel to the rota-
Outflow meter. The Outflow meter is a device tional plane of the tire, thus providing 40 data points
intended to provide a measure of surface macrotexturérom the left towards the right shoulder of the tire to
(ref. 11). The meter consists of a rubldwughnut characterize the tire-tread wear. Figure 12(b) provides a
attached to the bottom of a tube that is open at its top endiepresentation of the tire cross section before and after
(fig. 10). The doughnut is placed on the surface beingtesting. The change in thickness can then be correlated
evaluated, and a standard quantity of water is poured intovith other tire-wear measurements. This kind of exami-
the top of the tube. Because the surface macrotexturdation is advantageous because many rimafigidual or
does not allow the entire rubber doughnut to contact alldiscrete measurements can be performed automatically
the valleys in the surface texture, the water escapesin a nondestructive manner. Reference 13 has more
through the contact patch, and the time for the entire vol-information about this technique.
ume of water to escape is measured. The time then
becomes the relative measurement of surface texture Other measurement hardwareSeveral common
when this device is used. Thus, the shorter the time formeasurement tools were also used in this investigation.
the water to escape, the rougher the surface texture is. TO measure tire wear during the small aircraft tire testing
by using the ITTV, a sensitive scale was used that gave
Grease sample texture-measurement kifnother ~ Weight readings that were accurate to abogt of
means of quantifying the macrotexture of a surface was0-002 Ibf. The entire test tire and wheel were weighed on
included in this investigation. A grease sample texture- €ach candidate surface at various times during the tests
measurement kit (fig. 11) was used to find the averageS© that a history of tire rubber loss could be recorded.

texture depth (ATD) of each surface tested in this study. For both the ITTV and the LSRA tests, a tire-tread-
The kit contains a supply of ordinary grease, a hard rub-measyrement gauge was used to provide tire-wear mea-
ber squeegee, a plunger, and a short tube that is open af};rements. The gauge is designed to sit flat across the
both ends and has a handle. The short tube is filled withjre-tread ribs and has an extendable probe which is
grease and provides a calibrated, known volume ofyshed to the bottom of the tread grooves and measures
grease for the measurement. The plunger is used Qe remaining tread depth. For cases in which Orbiter tire
extrude the grease onto the surface being evaluated. Thgear was expected to be between the bottom of the tread
grease is spread evenly with the rubber squeegee as far @goovesand the first carcass cordayer, several small
possible between two strips of masking tape placed at & /4.in.-diameter holes were bored into the main gear tire
k_nown distance apart on the sur.face. At this point, essenead by using a small rotary tool. These holes were
tially all valleys created by locdiills on the test surface  pored 9/32 in. deep until the first carcass cord layer was
have been filled with the grease. The initial volume of just exposed. By measuring from the bottom of the hole
grease is then divided by the measured area on the Suky, the outer surface of the tire, one could determine wear

face and yields a measurement of the average depth ofiepth prior to exposure of the first carcass cord layer.
the surface texture. This parameter agrees well with the

results one would feel while rubbing his hand on the sur-
face. A more detailed discussion of the technique is
given in references 9 through 12. One should note that  Four methods of modifying the existing concrete
there are other surface qualities that certainly must influ-runway at the KSC SLF were employed in a number of
ence tire wear such aharpnesf surface disparities, Wways to provide 16 new textures in addition to the exist-
but measurement techniques for these other qualities ar#g 2 textures on the runway. The four methods were

Texture-Modification Devices

not yet fully devised or understood. diamond-blade grinding, Skidabrafker shotpeening,
rotopeening, and methacrylate coating. Table 1 presents
Computed tomographyComputed a chart identifying the 18 texture test strips. Table 2 pre-

tomography was used to provide an alternate means ogents data for all 18 test surfaces, including the results of
defining tire rubber loss caused by wear. A device, simi- ATD measurements, BPT measurements, Outflow meter
lar to medical CAT (Computerized Axial Tomography) measurements, and limited Mu-meter and skid trailer

scanners, passesrys through the cross section of the testing. The Mu-meter and skid trailer results are pre-

tire, and sensitive detectors are used to receive the attersented as nondimensional values calculated by dividing

uated signals on the opposite side of the tire. By placing ahe measured side loads by the vertical load on the test
calibrated block of known size in the scan with the tire, a tires. Although some surfaces were not evaluated with

digital measurement program can be used to measure thhe BPT and the Outflow meter as shown, these data can
tire width or thickness before and after wear testing. An be used to quantitatively compare the different textures.
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Figure 13 shows a sketch of the runway and the loca-this surface, which is typical of this technique, is shown
tion of each test strip. Figure 13(a) shows an overallin figure 17.
layout of each test area used in this investigation. Fig-
ure 13(b) shows eight test strips used during the ITTV ~ Skidabradef] shotpeening. The Skidabradét
testing which are located towards the north end of themachine was used extensively to produce a variety of
runway and east of the runway centerline. Figure 13(c)textures. This device, shown in figure 18, uses pressur-
shows eight test strips used during the ITTV testing ized air to propel small steel shot at the surface being tra-
which are located towards the north end of the runwayversed. The intention is to break many of the sharp peaks
and west of the runway centerline. Figure 13(d) shows aon the original rough surface to reduce the ATD of the
sketch of the full-length test strips applied to the runway surface. The machine is also used to roughen smooth sur-
for LSRA testing. Note that test strips 1 and 3 had a dif- faces such as the rubber-contaminated touchdown zones
ferent texture on the touchdown zones, compared to theof commercial runways. The steel shot also impacts other
center part of the strips, and that test strip 2 had the samareas of the surface texture, and one can imagine many
texture application for the entire strip. possibilities of modification outcomes. The size and

shape of the shot and the shot velocity can be varied. The

The original surface type prior to modification is forward or traverse velocity of the machine also can be
referred to either as TG, the transversely groovedyaried to change dramatically the resultant texture. The
8000-ft—|0ng section in the center of the runway, or as shot is vacuumed up after impact, a|0ng with surface
LG, the longitudinally grooved 3500-ft-long touchdown debyris, and is separated and recycled to be used again.
zones. These zones, often referred to as the corduroyhe machine produces a modified swath 6.5 ft wide. For
touchdown zones, did not actually have grooving butthe |TTV test strips, the Skidabradlemwas used with a
rather had the texture that remained after the 1988 grindging|e shot size and a Sing|e shot Ve|ocity, but with three
ing operation gave the appearance that longitudinalforward velocities. Six test strips were produced by tra-
grooves had been installed. versing both the corduroy touchdown zone and the origi-

nal center section of the runway at machine velocities of

Diamond-blade grinding. The diamond-blade- 100, 150, and 22f/min. For the LSRA tests, one test
grinding texture-modification technique uses a stack of strip 12 ft wide was produced by using the Skidabiader
diamond saw blades to cut into the existing texture. Thisand by traversing the full T®O-ft length at 150 ft/min in
techniqgue has been used for many years to smoothwo swaths. Two other test strips were produced by using
sections of highways and recently has been used to altethe Skidabradéf machine at the same velocity, but only
the texture on some runways. Figure 14 shows one typdhe 3500-ft-long corduroy touchdown zone on the end of
of machine that is designed to grind concrete surfacesthe runway was modified as an entrance to a different
The machine height can be controlled for depth of cut, texture strip in the center 8000 feet of the runway. For
and water is typically used as a cooling agent. The slurryone case, the touchdown zone on each end of the runway
produced during cutting is typically vacuumed and was modified as an entrance for a texture that will be
pumped into holding tanks for later removal. The device described in the next section; for the other case only one
is designed to traverse the surface slowly, and forwardend of the runway was modified (the LSRA test strip that
speed is not normally variedrigure 15 shows close- was produced by using the diamond-saw-grinding tech-
up of a cutting head used on a smaller version of thenique). During the creation of all Skidabradesurfaces,
machine shown in figure 16. The spacers between many ATD measurements were taken, and the equipment
blades can be adjusted so that a range of blades/inoperators were required to produce a texture that varied
configurations can beelected. For these tests) ITTV in ATD by no more than 10 percent throughout the entire
test stripwas cut (alllTTV test sectionswere 2 to 6 ft  test section.
wide and400 ft long unlessotherwisenoted) by using
a blade spacingf 5 blades/in.For the LSRA testinga RotopeeningThe rotopeener shown in figure 19(a)
7 blades/in. configuration was used in a test strip 12 ftis a device with tungsten buttons attached to leather-like
wide and 1500 ft long. This configuration is the practi- belts or straps. A head loaded with these straps of buttons
cal limit for normal blade spacing and provides a fairly rotates, and as it does, the buttstep the runway sur-
smooth surface. Another ITTV test section was createdface and cause the tops of the macrotexture peaks to be
by using the same grinding machine but with a head thatoroken off in much the same way as they are with the
had interlocking diamond saw blades that produced anSkidabraddr. The buttons were unable to penetrate the
extremely smooth surface that is similar to a polished texture as deeply as the Skidabradenachine; thus, the
stone surface. This same equipment was used to producetopeener changed the texture on the very top surface of
the corduroy touchdown zones on the runway in 1988 bythe runway and on the edges of the transverse grooves
using a blade spacing of 4 1/2 blades/in. A photograph ofwhen applied in the center section of the runway
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(fig. 19(b)). For the ITTV test strips, the buttons wore out weight became the measurement standard for each test
occasionally; consequently, the operators felt that differ- strip. To provide meaningful wear data for test-strip
ent results would be obtained with old-versus-new belts.comparisons, it was decided to attempt to conduct tests
Therefore, on the corduroy touchdown zone of the run-totaling about 4000 ft on each strip. In the case of one of
way, a test section using new belts was produced. Thishe smoother surfaces, a total distance of over 7000 ft
section could be compared with another path in the samavas achieved. To reasonably accelerate the wear rate of
zone by using old belts. The operators suggested that théhe test tires, the tires were always set at a fixed yaw
machine would produce a different result if it were oper- angle of 8. To distribute the expected wear across the
ated in the transverse direction on the runway; therefore test-tire footprint evenly, the test tire was yawed towards
the machine was operated in a lateral direction and pro-the opposite direction after every test run.

duced a longitudinal strip that was placed in the center or ) ) i
transversely grooved section of the runway. For the  The ITTV was then driven to the desired test strip
LSRA tests, a 10-ft-wide laterally rotopeened strip was and lined up in preparation for a test. 'I_'he data-recording
placed in the center 8000-ft section of the runway with a System onboard the ITTV was then activated, and the test
3500-ft-long Skidabrad@r strip as the entrance to this tire was lowered to the test-strip surface and loaded to
texture on each end of the runway. The machine modi-4200 Ib. The ITTV was then accelerated slowly to
fied only a 10in.-wide swath at a time, so this process aPproximately 25 mph and driven in a straight line to
was very timesonsuming. Once again, operators of the €nsure that the test tire remained on the tes.t strip. The
rotopeening equipment were required to produce test seclT TV braked to a stop at the end of the test strip. The tire

tions which varied no more than 10 percent, as measured/as raised, and the ITTV was then driven to the original
by the ATD method. starting point for setup to repeat the test and to accumu-

late distance on the test tire.

Methacrylate coatingiThe fourth method used to The tire and wheel were removed after every two or
produce modified textures at the SLF involved the use Ofy, o6 jngividual test lengths and weighed to provide a tire
a low-viscosity liquid known as methacrylate (fig. 20). \yeight loss-versus-distance history. The tire-tread depth
This compound bonds to the concrete runway surfacey, e was used each time the tire was weighed, and tire-
and dries extremely hard. The intention was to fill the 054 gepth measurements were recorded at four places
low areas of the surface texture in hopes of reducing thearound the tire circumference in each of the three
ATD of the surface. In a photograph, the surface would g, es. The tire-wheel combination was then returned
appear simply to be wet; the compound gave the Impresyq, yhe test axle and more distance on the tire accumulated
sion of dried polyurethane. This liquid was applied , \he same fashion. After wearing through the tire-tread
(fig. 20(a)) only on the corduroy touchdown zone texture \,asarial wear into the test-tire carcass commenced. This
because no efficient way could be devised to force it toprocess,changed the wear rate for those portions of the
stay on thdand areas of the transversely grooved center overall tests on each tire. but each tire was taken to a
sectio_n texture while @t dried. One test strip was produced,; oo condition of approxi’mately five cord layers, thus
by using ordinary paint rollers to apply a single coat of , eqerying the capability to make wear-rate comparisons

the compound in a 2-ftwide by 340-ft-long aréa. ponyeen surfaces. Data were periodically reviewed to
Another short test strip measuring 2 ft by 60 ft was pro- gng re that steady-state vertical and side loads were

duced by applying two coats of the compound. A close-pqing maintained. The vertical load during each test

up view of this coating after the liquid hardened is shown . je\ved was steady at the desired 4500 Ib. All the ITTV
in figure 20(b). This strip showed that extra coats of this a1 testing was conducted on dry test surfaces, and as a
costly compound would continue to reduce the ATD, but roq it all the recorded side loads, regardless of the test
the strip was not long enough for wear testing. surface, were approximately 1700 Ib throughout each
test. The 168 individual tests were conducted on the
Test Procedures ITTV test strips to provide wear-rate comparison data.

For wet-friction evaluation of the modified surfaces,
the ITTV was used for 20 tire-cornering tests at yaw

The ITTV was used to measure and compare tire-angles of 2, 4°, and 8 under both wet and dry condi-
wear rates on a variety of short test strips that were mod4ions at a 4500-Ib vertical-load condition. The surfaces
ified by using several techniques. A newx24.4 test tire included in this testing were the single coating methacry-
was mounted on a standard aircraft wheel for each suriate strip (test strip 2), the Skidabraderl50 ft/min
face tested. The wheel was weighed without bearingsstrips on both the corduroy touchdown zone and the cen-
prior to being installed on the test-fixture axle that was ter section (test strips 5 and 6), the solid-head-cutter
mounted at the rear of the ITTV. This initial wheel diamond grinding on both the corduroy touchdown zone
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and the center section (test strips 14 and 15), and both ththat used the same time histories and by measuring tire

unmodified corduroy touchdown zone and the center secside forces. The side forces closely matched the side

tion (test strips 17 and 18). Only these test strips wereforces predicted by the simulator and thus provided a

evaluated for wet friction because it became clear that thecheck of the modeling process. This check provided con-

other textures would not be selected as full-scale testfidence that the LSRA could actually simulate crosswind

strip candidates. The solid-head-cutter diamond-grindinglandings on the test tires.

test strips had excellent wear characteristics, as will be

shown, but were unlikely to have satisfactory wet-  Test conditions.A number of 20-knot crosswind-

friction performance. landing profiles were developed to define a range of pos-
For these tests, the ITTV was driven over the desiregSible conditions that the Orbiter tires might be subjected

test strip both at walking speed and at 60 mph. For thel® in actual flight experience (table 3). Yaw angle was
high-speed tests, the test tire was lowered just as thd1® MOSt important parameter relative to Orbiter main
ITTV was entering the test section, which consisted typi- 9ar tire wear. The yaw time history for the tires has a
cally of a 40-ft length dry surface of the desired type fol- nominal value for each crosswind and Orbiter speed dur-
lowed by a 40-ft length of the same surface texture which!Nd the rollout, but other flight disturbances add to or
a KSC fire truck had wet down just prior to the test. The subtract from that baseline. For example, if the Orbiter
water condition simulated the conditions shortly after a ands with a lateral drift rate at touchdown, the touch-
typical rain shower, with a water depth of approximately doWn yaw angle could go up or down, depending on the
0.02 to 0.04 in. The same data were recorded as for th&irection of drift. If the pilot allows the crosswind to

wear testing except for the tire weight-loss data, which Push the vehicle downwind prior to derotation, then a
were not considered relevant to these friction tests. steering maneuver to bring the vehicle back to the center-
line will cause increased yaw angle and therefore

increased wear on the tires. Derotation speed and rate
also affect main gear tire vertical loads that ultimately
The 23 flight tests were conducted by using the will manifest themselves as changes in tire-wear behav-
LSRA to impose full-scale landing conditions on Orbiter jor. Although there are many possible flight conditions,
main gear tires. The flight tests covered a wide range ofthree types of 20-knot crosswind profiles were generated,
conditions that might be experienced during actual flight and they are referred to ease 9 case 1Qor case 11in
operations and included simulating a variety of piloting table 3. All three cases assumed a touchdown-speed dis-
techniques which might affect tire wear. Because thepersion of 20 knots, which forced a 225-knot touchdown
tests were intended to expand the crosswind-landingspeed for the tires. Note that figure 5 is a graphical repre-
envelope to 20 knots, all tests were conducted by simu-sentation of case 9. The main difference between case 9
lating a 20-knot crosswind from either the right or the and case 10 is the addition of the triangular steering pulse
left. The previously tested aircraft was considered a reli-just after peak tire load. Peak tire load on the main gear
able and repeatable facility on which to perform the full- tires occurs just as the nose tires touch down after the
scale testing; high confidence in the system to performderotation maneuver for the Orbiter. The steering pulse is
the test programmed into the control computer had beerntended to model a 20-8 maneuver that an aggressive
achieved. The challenge for the test team was to progranpilot would perform after having been pushed downwind
the correct types of tests to make the decision-makingby a strong crosswind. This maneuver had been per-
process as clear as possible. To simulate 20-knot crossformed several times in actual Orbiter flight experience,
wind landings, time histories of tire vertical load, tire even though such a maneuver was discussed and discour-
yaw angle, and speed are needed. A tire-cornering modehged during pilot training.
based upon tire vertical load and yaw angle (by far the
two most important parameters which influence tire cor- Case 11 is similar to case 10 except that the cross-
nering) had been developed previously by using ALDF wind is modeled as coming from the left as opposed to
and LSRA test results. This tire-cornering model pro- the right (as in cases 9 and 10). The yaw-angle time his-
duces tire side force as its output, and this force was usetbries for cases 10 and 11 are different; the Orbiter main
as one of the inputs into a Shuttle Orbiter landing andgear tire has a phenomenon known as ply-steer that pro-
rollout simulator program. Other important parameters duces an uncommanded side force to the left as it rolls,
such as vehicle-control surface dynamics and vehicleeven at zero yaw. To achieve the same side force to com-
aerodynamics were also modeled in the simulator. Basedat identical aerodynamic side forces, the vehicle
on aerodynamic inputs modeling a 20-knot crosswind onassumes a slightly lower yaw angle during rollout with
the vehicle during landing, the simulator output included crosswinds from the left because of fteeforces devel-
main gear tire yaw-angle time histories. These time his-oped by the four main gear tires. This phenomenon can-
tories were checked by conducting tests with the LSRAnot be mitigated by mounting tires backwards on the
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wheels or by rolling the tires backwards. Because of thetest conductor monitored the test to ensure that the con-
unavoidable asymmetric nature of the composite struc-trol computer was following the desired profiles. A video
ture of the bias-ply tire design, the ply-steer force alwaysoperator was responsible for observing the LSRA land-
acts in a single direction. The rollout simulation program ing gear and the test tire and for monitoring aircraft fire-
had a small anomaly that resulted in a°Grizrease in  suppression systems should they be needed.

anticipated yaw angle at the time of peak load that was

simply accepted in these flight tests. Since these tests were known to be near the maxi-

mum wear capability of the tire, the crew was constantly
These three cases therefore include a number of disaware of the test progress. If the test tire failed because of
persions from the expected norms for a crosswind land-excessive wear (which it did several times), the crew
ing but represent the types of events that could beexecuted procedures to retract the test tire, and depend-
encountered in actual flight. These dispersions could being on the speed and position of the LSRA, either per-
added together in a root-sum-squared (RSS) manner thaiormed a takeoff or brought the aircraft to an emergency
would result in a more benign set of speed, load, andstop.
yaw-angle time histories, but it was decided that these
dispersions were independent, and the problems were,
likely to cascade under high-crosswind conditions.
Therefore, the dispersions were linearly combined to
define a worst-case landing profile. The test tire would
thus have to survive the worst of these profiles to verify a
20-knot crosswind capability.

The results of a test-tire failure with personnel near it
uld be catastrophic because of the tremendous poten-
tial energy stored in the tire. After a test, the test-tire
wear condition was evaluated by using the onboard video
coverage. If the tire remained inflated but had worn into
8 or more of its 16 cord layers (the tire would normally
fail if wear progressed into layer 9 or 10), the aircraft was
parked, and a robotic device was used to approach the
test tire and drill a hole into the tire sidewall by using an
ordinary cordless drill, thus deflating the tire. If wear was
not severe, the tire-wheel assembly was allowed to cool
for an hour and was then dismounted from the aircraft
and removed from the test axle.

LSRA procedureskor each flight using the LSRA,
a new test tire was installed on the aircraft test fixture
and inflated to 340 psi at ambient conditions. The aircraft
normally conducted preroll on the test tire in which the
tire was loaded to about 600 Ib and rolled 1000 ft
with zero yaw. This preroll was designed to heat up and
work the nylon carcass cords to precondition the carcass LSRA touchdown positions and the touchdown posi-
in case the tire’s first landing (in Orbiter use) was an tion of the test tire itself were marked and measured on
RTLS abort. The technique helps to ensure tire surviv-the SLF runway surface by ground observers. Rollout
ability under those conditions. Although a first-landing lengths were measured and recorded. Comparisons of the
RTLS abort was not a concern during the LSRA testing, desired-versus-actual time histories of the test parameters
it was desirable to treat each test tire as if it were a flightwere produced almost in real time during the test so that
tire on the Orbiter. After the preroll, the aircraft was decisions about the next scheduled test could be made
either parked overnight to allow the test tire to cool down quickly.
to ambient temperatures (the test-tire temperature would
normally climb over 140F during the preroll), or the tire
was sprayed with cool water for approximately 45 min to
reduce the temperature to about 8995 F.

The LSRA was also used to conduct limited wet-
runway tests. For these tests, the control computer was
normally programmed to load the Orbiter test tire to 75,
100, 150, and 200 percent of its rated load and yaw the
For a typical test run, the pilot made a normal takeoff tire in a stair-step fashion at each load. The tire was
with the test tire retracted, flew a closed loop around theyawed rapidly and then held at the desired yaw angle
SLF, and set up for a test landing by aligning the aircraft (normally+1°, 2°, 4°, and 7) for a short period to let the
with the desired 10- to 12-ft-wide test strip. Most tests side force stabilize at each steady yaw angle. Such tests
required a test-tire touchdown speed of 225 knots thatwere conducted at speeds ranging from 50 to 200 knots.
required the LSRA test pilot to land the vehicle 5 knots Because of limited resources and time during the LSRA
faster. After LSRA touchdown, the pilot derotated the testing, wet-friction tests were conducted onghmoth-
aircraft and at the proper speed gavstat testcom- estversion of the full-scale test strips. In the touchdown
mand. The test conductor onboard the aircraft thenzones, the wet tests were conducted on the Skidabfader
enabled the test-control computer to perform the test asurface because it was assumed that it would display the
programmed. The pilot steered the aircraft to keep thehighest friction loss of the two possible touchdown zone
test tire on the test strip (for all tests, the test pilot nevermodifications. In the center section of the runway, wet
once strayed out of the 10- to 12-ft-wide test strips) andtests were conducted on the rotopeened test strip because
decelerated the LSRA to match the desired speed profilethat strip had the smoothest feel and also was expected to
thus simulating the rollout and stop of the Orbiter. The lose more friction capability when wet, as compared to
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the other two textures in the runway center section. Thethe tread area of the tire. These parameters were the most
purpose of the tests was to demonstrate satisfactory wetimportant in terms of quantifying Orbiter main gear tire
friction characteristics even on therstsurfaces so that  wear; however, a wealth of other information was col-
the friction loss on the rougher surfaces, caused by wetdlected. Other instrumentation defined, controlled, and
ness (increased roughness almost always provides morgacked many support functions on the aircraft and
protection against friction loss from wetness) could be allowed the testing to be conducted. The side loads pro-
ignored as a disqualifying factor for selection of those duced by the tire as a result of rolling under various com-
textures as potential solutions to the wear problem. Forbinations of vertical load and yaw angle are critically
each test, a water-tank truck wet down the runway justimportant in the wear phenomenon.

prior to an LSRA landing. The tank truck was driven at
approximately 30 mph next to the intended test strip and
allowed water to drain from a 4-in. valve and wet the lat-
eral half of the test strip closest to the runway centerline.

A parameter known as side energy was previously
developed (ref. 4) in which tire wear can be expressed as
a function of the work that the tire performs in the lateral
direction during cornering. The side energy can be calcu-

The runway crown in that area (1 percent) caused theIate d as
other lateral half of the strip to be wet prior to LSRA test-
ing, which usually occurred within about 3 to 4 min. The T
wetness condition was approximately the same as for the E = [ F(sinw)Vadt (1)
ITTV wet-friction tests. ‘([ S
Data Reduction where
E side energy
ITTV Wear Tests .
Fs side force
Data collected for the ITTV wear testing consisted of m yaw angle
(1) recording the distance traveled during each test (nor- ,
mally 400 ft), (2) recording the weight loss caused by tire V velocity
wear after approximately every second test, and (3)t time
recording the various environmental data for later analy--l- duration

sis, if necessary. The tire weight loss was measured in i )

grams but will be presented in this report as Ibm to pro- ~ The work term defined by the equation can be
vide easy-to-understand plotted data. Wear rates in Iomfhought of as a force acting through a distance; the work
ft will be presented as the slope of the last measuredS the integrated product of the side force and the lateral

weight for each test tire. component of the longitudinal distance traveled. This
work or energy term has been used with success in pro-
ITTV Wet-Eriction Tests viding a tool for predicting tire wear under different com-

binations of speed, load, and yaw angle on a given
Data collected during the ITTV wet-friction testing surface. Note that it appears that the technique might
consisted of test-tire yaw angle, vertical load, and sideallow prediction of wear caused by braking since that
force. The side-force friction coefficiept for each test  also can be thought of as a force acting through a dis-
was calculated by dividing the average steady side forceance. However, one must be careful when applying the
(produced by the test tire) by the average vertical load onphenomenon to braking because during braking, most of
the test tire during each test. Thevalues for the 2 4°, the energy is absorbed by the brake, whereas for corner-
and 8 tests on each wet surface were compared tpthe ing all the energy is absorbed by the tire.
values for a dry concrete surface at the same yaw angles.
For each surface and yaw angle, the wetalue was . .
divided by the dry value to give a percentage of the €S ©Of side force, yaw angle, and speed were used
average dry value. The three values of the percentage Offlccordlng to the above equation to prowdg a time history
average dry values for each surface were then averageaf the side energy for the test tire. The_ videotape _of the
to give a single value for each wet surface. This averag-tESt as seen from the_ front_of the test tire was reviewed,
ing was done for both speed conditions. and the time at which different carcass cord Iaye_rs
became visible was recorded to be correlated later with
LSRA Wear Tests the side-energy time histor_y. As the first and succe_s_sive
cord layers of the test-tire carcass become visible
Data collected during the LSRA wear testing because of wear, hull's-eye pattern is produced that
included test-tire yaw angle, vertical load, side load, makes the interpretation of tire wear reasonably easy.
tread temperature, vehicle speed, and video coverage ofigure 21 shows a photograph of a typical bull's-eye

Using the LSRA onboard recorded data, time histo-
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pattern. As stated earlier, other data were analyzed durthat the original corduroy surface produces the highest
ing these tests, but the wear data became the most impowear rate. These data suggest that any reasonable attempt
tant on which to base a runway modification decision.  at smoothingthe surface would result in better tire-wear
performance. The figure shows that the 5 blades/in.
LSRA Wet-Friction Tests diamond-grinding technique improves the wear perfor-

Data relied upon for these tests were the same as fopiance of the surface but not to the same degree as some

the wet ITTV tests. A single yaw angle of was used of the other techniques do. This result was expected
' >;ghecause the original surface was created by using exactly

during these tests. The side forces obtained during thes e same technique with a slightly wider (rougher) blade

tests were compared to the side force obtained on dr ing of 4 1/2 blades/in. Two modification techni
concrete (which could be predicted accurately by the cor->Pacing o ades/in. 'Wo modinication techniques
nering model) at 4and at the different vertical loads prowde;d extremely S|m.|Iar tire-wear behavior, '”C'“d'ﬂg
tested. The side forces for the wet tests were then dividedhe Skidabradé machlne at both 100 and 150 ft/min
and the rotopeener (with a new belt). These two methods

by the dry side-force values to yield a wet behavior for e ) ,
tge diffe?/ent surfaces testedyThe wet behavior isof modifying the surface produced a noticeably different
: feel to the touch but had extremely similar ATD’s

expressed as a percentage of the dry-friction value to . . o )
allow wet runways to be easily modeled in Orbiter roll- (0.0104 in. 10 0.0115 in.). The similar ATD's suggest

out simulators. A wet runway usually can be modeled that there may be a strong link between surface-wear

) . s - haracteristics and ATD. The remaining data plotted in
satisfactorily by multiplying dry friction by a percentage ¢ ) !
and dividing by a velocity term which reduces friction figure 22 show the wear behavior of the test tire on the

. original corduroy touchdown-zone surface treated with a
values even further as speed increases. single coat of methacrylate. The plot shows that the
methacrylate-coated surface produced the least tire-wear
rate of any modification tested on the touchdown-zone

Note that certain testing was conducted by using textures.
both the Mumeter and the skid trailer to help character-

%?otshee &’ﬁ;fﬂg'oen d piﬁrLor:Eine&:Zfaengrnthehcl)IvTXi fg;?ttqgih_link and shows the wear rate for the test tires on both the
P 9 transversely grooved center section and the corduroy

hiques for megsuring surface fri(_:tion rela_lte to each Ot.hertouchdown zone with their respective modifications plot-
and also provided background information as to which

kinds of tests can be conducted. Also note that textureted as a function of ATD. The figure, however, does not
o o completely explain the wear phenomenon. As seen in
measurements made by using the British Pendulum

X . table 2, the ATD for the 5 blades/in. diamond grinding
Tester and the Outflo_w Meter provide background mfor_— that is applied to the corduroy touchdown zone is
mation about the various methods developed to quantify,

. 270.0108in. This ATD is virtually identical to the values
surface texture. Data generated by these four dewcesfor the Skidabradét and rotopeening techniques, yet

Poiviiﬁggki\évgerﬁj IE(sjtt::IZetdesl? ;?r?pgegf'xﬂ;g]at'gg A'?r%csetzsthe wear on the 5 _blades/_in. diamond-grinding surface
were conducted and thus are not discussed in this section, . o oo and provides evidence that _there must be other
r‘barameters such as sharpness qualities that the ATD
technique does not measure but that are important never-
ITTV Wear Tests theless. The values in table 2 for the BPT of these sur-
Each modification applied to the KSC SLF runway faces also show that the BPT cannot discern a significant
used a technique which was sensitive to the original sur-difference among these four surfaces. Table 2 shows that
face texture. For example, the Skidabrademachine the surface with the single coating of methacrylate had an
was used to smooth each of the original textures on theATD of 0.0123 in. This apparently small change in the
runway, but the device was also used elsewhere toATD, as compared to the Skidabradeand rotopeened
roughenthe surface. Therefore, both original textures on surfaces (since it reflects an even rougher surface), is fur-
the runway surface were treated as different runways,ther evidence of the existence of other unmeasured
allowing for the possibility that the technique chosen to parameters. Although equivalent side loads were pro-
modify the touchdown zones might not be the same tech-duced on all these surfaces during tests, one could hear
nique chosen for modifying the center section. an unusual noise as the test tire traversed the methacry-

Average values of test-tire wear rate f h surf late test strip. The low-pitched sound gave the
9 rate for each sur ace{i;npression that the tire wadipping on this test surface

Results and Discussion

Figure 23 presents a plot that confirms this strong

type are presented in table 4. Figure 22 presents a plot o ore than on the other test surfaces
test-tire wear as a function of distance (at a yaw angle o '
8°) for the 20x 4.4 test tires on modifications applied to The similar wear behavior measured on the 100 and
the corduroy touchdown zone texture. The figure shows150 ft/min Skidabradért test strips, combined with the
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data in table 2 that shows similar ATD values for them ascantly lower for the lateral case. The laterally rotopeened
well as for the 220 ft/min Skidabradérest strip, led the  surface did have a noticeably smootfeml as compared
test team to decide that no advantage was likely to beto the longitudinally rotopeened surface. This result
gained by conducting time- and resource-consumingagain implied that there are other unmeasured qualities
tests on the 220 ft/min Skidabradetest surfaces either  which influence tire wear.

on the original corduroy touchdown zone or on the origi-
nal center section. Likewise, very little difference in the
ATD was measured for the various techniques of using

the rotopeener (new-versus-old belts or longitudinal- have been too slick (when wet) for the corduroy touch-
versus-lateral installation); therefore, only the one appli- . X y touc
down zone tests, it had some merit as a modification

cation for the rotopeener that applied to the corduroy . . - .
touchdown zone was tested. The number of available tes{echmque in the original center section because trans-

tires was such that some narrowing-down of possibilitiesvers.e grooves remain after th_e_ technique has been
was necessary in real time during the testing. applied, and it is known that providing an escape path for
water in the tire footprint reduces the severity of the
The test strip produced by the solid-head-cutter dia- friction-versus-speed penalty for wet surfaces. Tests on
mond grinding was exceedingly smooth (table 2); the testthat surface showed a 2/3 reduction in tire-wear rate for
team was convinced that the wear tests on that surfacéhe original center section that exceeded the 50-percent
would have shown the lowest tire-wear values of any of reduction deemed necessary to achieve a 20-knot cross-
the test surfaces. Since this surface was smoother thawind Orbiter landing capability. Thus it appeared that
other ungrooved runway surfaces that are known to havéwo techniques had the capability to reduce tire wear in
unacceptable wet-friction characteristics, it was felt that the original center section to acceptable levels: solid-
the surface would not meet the wet-friction criteria later head-cutter-diamond grinding and lateral rotopeening.
in the testing; thus, wear tests were not performed on this
surface. The results of this testing phase indicated that,,
the anticipated reduction of tire wear to one-half the orig-
inal value was possible on the corduroy touchdown zone
and that at least three of the proposed methods coul
accomplish that goal: using the Skidabratlenachine,
rotopeening, and applying a single coating of methacry-
late.

In figure 24, the lowest wear surface shown is the
one produced by using the solid-head-cutter diamond-
grinding technique. Although this surface surely would

Note in table 4 that the wear rate for the original cen-
section and the corduroy touchdown zone are nearly
identical, as are their ATD’s. This result suggests that for
ollout conditions (countering crosswinds and steering as

pposed to spinup), the transverse grooves in the center
section do not cause increased tire wear. However, the
grooves are shown to be one of the primary tire-wear fac-
tors during the spin-up process (ref. 2).

The results of the 28 4.4 tire-wear testing on the o
original or transversely grooved center section are plot-  [TTV Wet-Friction Tests
ted in figure 24, which shows test-tire wear as a function As mentioned earlier, the wet-friction performance
of distance. Again, tests on the original surface were con-of a surface usually decreases with increasing speed and
ducted to define the baseline wear behavior that was tayith reductions in surface roughness. The Orbiter rollout
be improved upon. Data were collected on the test stripssimulator has shown that a 50-percent decrease in wet-
in the original center section, which had been modified friction performance of a runway can be accepted since
by the Skidabrader at both 100 and 150 ft/min. The vehicle control is achieved not only by using tire forces
results showed that the forward speed of that device diCbut also by using aerodynamic forces generated by con-
not have a significant effect on ATD or tire wear (figs. 22 tro| surfaces. Figure 25 presents the result of extremely
and 24); therefore, the decision was made to refrain fromjimited testing (by using the ITTV) of some of the candi-
further testing on the strip produced by the Skidabfader date strips. The figure shows the percentage of dry-
machine at 220 ft/min. cornering values obtained on the wet test strips as a func-

Data collected on the test strip modified by using the tion of speed.

rotopeener longitudinally showed results similar to those Although the ITTV test speed of 50 knots does not
experienced on the corduroy touchdown zone whereinadequately permit the prediction of surface performance
the longitudinally rotopeened surface produced the sameat 200 knots, the data were used to provide some insight
wear as the Skidabradérsurfaces. The laterally roto- into general friction trends. The data show that the
peened test strip in the original center section producedriginal two-surface textures (the original center section
significantly lower tire wear than the Skidabrddesur- and the corduroy touchdown zone) retain the highest
faces (fig. 24). Even though the data in table 4 showlevel of wet performance at slow speed. The 150 ft/min
nearly identical ATD’s for the laterally versus the longi- Skidabraddrl surface on both the original surfaces
tudinally rotopeened surface, the tire wear was signifi- showed good retention of friction at low speed. The
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solid-head-cutter diamond-grinding test strip and the sin-shown in figure 13(d) and are denoted as test strips 1
gle-coat methacrylate test strips displayed more perfor-and2. As described previously, test strip 1 (west strip)
mance loss at slow speed than the other surfaces, as wasnsisted of an 8000-ft center section modified with the
expected because of their smooth nature. The methacryrotopeener used in a lateral direction with a 3500-ft
late strip was not tested at the maximum ITTV speedentrance on each end that was produced with the
because it was assumed that it would lose too much perSkidabradell machine at 150 ft/min. Test strip 2 (east
formance at high speed. The solid-head-cutter diamond-strip) was produced with the Skidabraddemachine at
grinding technique applied to the original center section 150 ft/min.

was tested at about 50 knots and showed what appeared

to be a gain in performance as compared to its slow-  Figure 26 shows a wear-performance plot of the
speed value. Based on what is known about wet-surfacé’riter tires on the original surface prior to any modifi-
friction behavior, such gains are not likely to occur con- cation. The plot shows tire wear as a function of side
sistently; thus, these data provide an indication of the€nergy (eq. (1)). Tire wear is shown both in cord layers
accuracy level of this type of testing. The 150 ft/min and inches, with the f_|rst cord layer the chsest to the tl're
Skidabradef surfaces on both original textures were tréad. As shown in figure 7, about 9/32 in. of wear is
tested at about 50 knots. The data show very little perfor-réquired to expose the first cord layer. The Orbiter tire
mance loss for the technique as applied in the center sed?@S been extensively tested, and a wear limit of 6 cords
tion, but a relatively large loss of about 15 percent of the (Of the available 16) has been established as a safe wear
dry performance for the technique as applied on the Cor_condlt.|on for thg tl'res at the end of a rollout. The band
duroy touchdown zone. This trend, if it continued lin- denoting the existing KSC runway represents the range
early up to 200 knots, would suggest that too much of experience of tire wear on that surface, as tire wear
performance loss would occur for a Skidabratienodi- variability can be as high as Seyeral cord layers at equiv-
fication of the corduroy touchdown zone. However, since @l€nt energies. The two vertical bands represent the
the Orbiter has a wealth of aerodynamic control in the €nergy the tire may be required to absorb for both a 15-
early phase of landing (because of speed) when it is tra@nd a 20-knot crosswind landing. The bandwidth repre-
versing the touchdown zone, the need for high friction in SENts the reasonable range of energy that may be experi-

that zone is somewhat diminished. enced in each crosswind condition, depending on pilot
performance and atmospheric uncertainties. The lower
LSRA Wear Tests energy level of each band shows the energy required dur-

ing aperfectlanding in which no anomalies are experi-
Time and cost were two important considerations in enced and no steering (other than that necessary just to
determining what modification techniques should be counter the steady crosswind) is performed. The 20-knot
applied in full-scale test strips for LSRA testing. The crosswind band shows that approximately twice as much

methacrylate treatment is a very costly one, and concerngnergy is required to be absorbed by the tire than for the
arose regarding its uniqueness. No other runway experi<15-knot crosswind case.

ence had been gained by using that treatment, and there

was a reluctance to have the KSC SLF be the test case for Figure 27 shows a bar chart of various dispersions
the technology. The application cost for the Skida- shown in table 3 that increase the energy requirement of
bradef] device was about $1.004/dnd the cost for  the tires. The right edge of the bands in figure 26 repre-
rotopeening was about $1_20?yd‘naking both treat- sent the energy requirements when all dispersions are
ments very economical. The application rate and there-present (at 20-knot crosswind). Note that these studies
fore the time for the treatments are quite different. Thewere conducted assuming that steady crosswinds and
Skidabrader machine travels at 150 ft/min, modifies a actual flight rules use maximum winds, including gusts,
swath 78n. wide, and provides an application rate of SO that a 20-knot steady-crosswind capability (as mea-
about 108 y&min. The rotopeener device is controlled sured during these tests) includes some margin in capa-
manually, travels at 50 ft/min, modifies a swath just over bility, as compared to a real flight where steady winds
10 in. wide, and provides an application rate of aboutare almost never encountered.

5 ycF/min. The data in figure 26 indicate that the unmodified

Based on the wear behavior of the test surfaces measurface is unable to support even a 15-knot crosswind if
sured by using the ITTV, the limited wet-friction perfor- significant dispersions are present. To verify this obser-
mance measurements, and the cost and scheduleation, note that a vertical line at the right edge of the
requirements, a recommendation was offered andl15knot band will intersect the lower curve at about 3
accepted to initially apply two full-scale test strips near cords of wear and will intersect the upper curve at about
the KSC SLF runway centerline for LSRA full-scale 9 cords of wear. Prudent judgment leads to the conclu-
Orbiter tire testing. Sketches of these test strips aresion that it is likely that the defined safe limit of 6 cords
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will be exceeded. Testing has also shown that the tireuncured state and to lose adhesion to the textile carcass.
usually fails in the 9- to 10-cord region of wear. Thus, a These delaminations cannot support the high shear loads
tire failure under 15-knot crosswind conditions is a possi- during cornering and rip off and expose the carcass to the
bility that must be considered. Figure 26 also shows arunway and cause more overall damage to the tire. It was
band denoting the side energy associated with the runsurmised that the higher temperatures were caused by the
way as modified by the Skidabradermachine. The increased smoothness of test strip 1 itself. By causing
improvement resulting from this technique is quite evi- less initial tire wear because of the surface smoothness,
dent. A 15-knot crosswind landing can be accommodatedthe tire must retain more of the hysteretical heat created
easily. A 20knot crosswind-landing capability is feasi- by yawed rolling and deflection caused by vertical load.
ble except for the most severe conditions, and even theThe rubber that would have carried away some of the
the likelihood of actual tire failure is low. These results heat (as it is worn away on a rougher runway surface) is
were encouraging and suggested that further studies ohow retained and causes the heat damage described
the Skidabradét modification technique would be above.

neficial. . . .
beneficia To evaluate this theory, test strip 3 (the far west strip

Figure 28 shows the result of a number of tests con-shown in fig. 13(d)) was installed on the runway. This
ducted on two full-scale test strips shown in figure 13(d) test strip used the Skidabradetexture in the corduroy
(test strips 1 and 2). The figure shows tire wear as a functouchdown zone as an entrance to the new center section
tion of side energy, with tire wear scaled in both inches texture created by using a diamond-blade-grinding tech-
and cord layers. The upper shaded region shows tirenique with a 7 blades/in. spacing. Test strip 3 had an
wear behavior on the original surface under high landingATD of 0.003 in. and was intended to represent the
speed and high crosswind conditions. The lower shadedgsmoothest test strip that could be installed quickly and
region shows tire-wear behavior at more benign landinginexpensively. Since the ATD was so low, it was hoped a
conditions, including touchdown speeds up to 200 knotsclear change in the wear behavior of the tire would be
and crosswinds lower than 15 knots. The legend showsobserved. Figure 29 shows the wear results for test strip
each run as having been conducted under either case 3, Results from figure 28 are repeated in figure 29, but in
case 10, or case 11 conditions from table 3. An LSRAa lighter shade so that the results of the testing on test
calibrationrun is shown as the open square data symbolsstrip 3 can be discerned easily. The energy bands associ-
in figure 28. This run was used to verify that the LSRA ated with 15- and 20-knot crosswinds are also shown.
could produce repeatable wear results before examining-igure 29 shows that the texture in test strip 3 did not
the modified surfaces. The data points represent theresult in a clear decrease of tire wear as compared to the
energy levels retrieved from the flight data at the point results on test strips 1 or 2. Instead, test strip 3 sometimes
when each cord layer became visible on the time-showed more wear and sometimes less wear than test
correlated flight videotape. Connecting the data pointsstrip 2. Subsequent testing that used the LSRA on the
shows the progression of tire wear as side energy wasmooth, ungrooved runway at Edwards Air Force Base,
accumulated by the tire. The data for both test stripsCalifornia, confirmed these results. Nevertheless, the
show that a significant reduction in tire wear is achieved results of the LSRA wear testing at the KSC SLF showed
by smoothing the original textures. The data indicate thatthat using the Skidabradeérmachine at a nominal 150 ft/
the tire wear on test strip 2 was slightly less than for testmin rate on both the corduroy touchdown zone and on
strip 1. This result seems contrary to the idea that lesghe original center section produced a surface that
wear would be observed on the smoother surface, whichappeared capable of increasing the Orbiter tire cross-
in this case was test strip 1 (the strip with the rotopeenedwind-landing capability to 20 knots (fig. 26).
center section). The ATD for test strip 1 was 0.008 in.,
while the ATD for test strip 2 was 0.010 in. In addition, LSRA Wet-Friction Tests
test strip 1 was noticeably smoother to the touch than test

strip 2 The LSRA was used to conduct tests on the full-

scale test strips to provide assurance that sufficient wet-
When observing the tire damage after each test, itfriction capability would be retained for Orbiter direc-
appeared that more discoloration and tread delaminatiortional control and braking. Because of limited time and
occurred during the testing on test strip 1 than occurredtest resources, only two sets of tests were conducted. The
during the testing on test strip 2. These findings arefirst tests were conducted on the rotopeened center sec-
indicative of higher tread temperatures on the test strip 1tion of test strip 1 prior to the conclusion of the wear
tires. Subsequent analysis of the tread temperature datatudies and before it was known that the modification
for those flights confirmed that slightly higher average recommendation would be to use the Skidabfader
tread temperatures were present. The higher temperatursachine. The results of these tests are presented in figure
causes parts of the tread rubber to revert nearly to theiB0. The plots show the percentage of dry friction retained
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when theaircraft is operating at different speeds on the Concluding Remarks

test surfaces. The data in the upper curve show that the

rotopeened center section retains virtually all its dry An experimental investigation was performed to
capability even when wet. This result is largely becausedefine a texture modification for the existing Kennedy
of the retention of the transverse grooves in the test stripSpace Center (KSC) Shuttle Landing Facility (SLF) run-
This result provides confidence that the rougher test stripway which would provide an increase in Orbiter main
2, produced by using the Skidabrademwould also have  gear tire-wear capability that is sufficient to support
satisfactory wet-friction performance under full-scale Orbiter landings in crosswinds as high as 20 knots. Tests
conditions. The middle curve for tests conducted on thewere conducted by using an instrumented vehicle to
corduroy touchdown zone that was modified with the compare the friction and wear characteristics, at small
Skidabradddl machine shows the same trend identified scale, of a number of proposed texture modifications
by the ITTV test on that surface in which a decrease inplaced into the SLF runway surface itself. A strong link
friction level (as speed is increased) is observed. Thebetween surface average texture depth (ATD) and tire
tests using the LSRA at low speed corroborate the resultsvear was observed. Based on these tests, three candidate
obtained by the ITTV at its maximum speed. The datasurfaces were chosen to be tested at full-scale by using a
show that the friction on the Skidabradesurface thatis  highly modified and instrumented transport aircraft capa-
applied to the touchdown zone decreases to about 40 peble of duplicating full Orbiter landing profiles. Test strips
cent of the dry value at approximately 200 knots. This for the three candidates were prepared for the entire
decrease was deemed acceptable and was significantliength of the 15000-ft runway.

better than the wet Edwards runway surface behavior, as

shown in the lower curve. For the wet Edwards runway, The full-scale Orbiter tire testing revealed that tire

the friction level drops to only 25 percent of the dry Wear could be reduced approximately by half by using
value when aircraft are operating at 200 knots. This €ither of two treatments. Full-scale testing also revealed

severe reduction in friction levels was reported to be & phenomenon which caused increased tire damage when
unacceptable, and any runway modification would have aircraft are operating on a runway smooth enough to pre-

to perform better than the Edwards wet runway. vent sufficient wear to carry away excess tire heat. For
the Orbiter tire, it appears that a balance between surface

_ _ texture and tread heating can be achieved to minimize
Final Recommendation tire wear or damage. A device known as the Skida-
bradef] was shown to be effective at reducing the tex-
Based on the ITTV wear testing, the ITTV wet- ture of the existing KSC SLF runway while retaining
friction testing, the LSRA wear testing, and the LSRA adequate wet-friction performance. The reduced texture
wet-friction testing, a recommendation was made to andapproximately doubled the capability of the tire to absorb
accepted by the Shuttle Program Office to modify the side energy, thus enabling the tire to withstand 20-knot
entire KSC SLF runway by using the Skidabrader crosswind landings while retaining some wear margin to
machine operated at 150 ft/min. The runway modifica- allow for various landing dispersions. The Skidabrader
tion was performed in September 1994 (see aerial viewshotpeening machine was used to modify the entire KSC
in fig. 31), and numerous Orbiter landings have been per-SLF runway. Since completion of the modification in
formed on it at crosswinds as high as 12 knots to dateSeptember 1994, numerous landings have been con-
with wear results as predicted by the curves shown in fig-ducted to date with no tire-wear anomalies. The runway
ure 26. The STS program will continue to monitor tire surface texture will continue to be monitored as will
wear as a function of side energy as opportunities to landOrbiter tire-wear behavior, as opportunities to land in
in higher crosswinds arise. Providing the tire-wear capa-higher crosswinds arise.
bility for 20-knot crosswind landings will permit the pro-
gram to realize an increase in the statistical probability of
meeting short launch-window opportunities and also will NAsSA Langley Research Center
provide an increased safety margin for normal end-of- Hampton, VA 23681-0001
mission landings under crosswind conditions. December 15, 1996
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Table 1. Description of Test Surfaces

Original
Test surface surface Texture modification

1 4G Methacrylate: double coating

2 LG Methacrylate: single coating

3 LG Skidabrader : 100 ft/min

4 bTG Skidabrader : 100 ft/min

5 LG Skidabraddrl : 150 ft/min

6 TG Skidabradédrl : 150 ft/min

7 LG Skidabradédr : 220 ft/min

8 TG Skidabraddd : 220 ft/min

9 LG Rotopeening: longitudinal
10 TG Rotopeening: lateral
11 LG Rotopeening: longitudinal, new belt
12 LG Rotopeening: longitudinal
13 TG Rotopeening: longitudinal
14 LG Solid head-cutter diamond grinding
15 TG Solid head-cutter diamond grinding
16 LG Diamond-saw grinding: 5 blades/in.
17 LG Original corduroy TD zone
18 TG Original center section

8 ongitudinal grinding (corduroy touchdown zones)

ransverse grooving (center section)

CSkidabraderl shotpeening machine (Humble Equipment Company)
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Table 3. LSRA Test Conditions

(a) Nominal conditions

Crosswind,knots . . ......... ... 20
Target touchdown speed, knots . . . .............. 205
Start of derotation, knots. ................... =175

Tire peakload,Ib ........................ 120000
Centerlinetracking .................... No steering

(b) Types of dispersions

Type Dispersions
A 225-knot touchdown speed
B Additional 0.4 touchdown yaw to model drift
C Simulator error of 0.2additional slip near peak load time
D Aggressive steering;” &dditional yaw triangular pulse 4.5 sec
long immediately after peak load
E High-rate derotation increases tire vertical load to 142000 Ib
F Right crosswind forces vehicle to assume yaw to countef tire
ply-steer (extra 0.6at wheelstop)
(c) Case definitions
Case Nominal landing plus types of dispersions included
9 A B,CEF
10 A, B,C,D,EF
11 A/ B,CD,E
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Table 4. Instrumented Tire-Test Vehicle (ITTV) Test-Surface Wear Summary

Description of texture Wear rate,| ATD,
Test surface modification Ibm/ft in.

1 Methacrylate: double coating .005¢

2 Methacrylate: single coating 308.4E-6 .0123

3 aSkidabrader : 100 ft/min 330.4E-6 .0104

4 Skidabradér : 100 ft/min 418.5E-6 .0130

5 Skidabradédn : 150 ft/min 330.4E-6 .0115

6 Skidabraddn : 150 ft/min 506.6E-6 .0159

7 Skidabradér : 220 ft/min .0119

8 Skidabradédn : 220 ft/min .0136

9 Rotopeening: longitudinal .0083
10 Rotopeening: lateral 242 .3E-6 .0108
11 Rotopeening: longitudinal, new belt  330.4E16 .0104
12 Rotopeening: longitudinal .0088
13 Rotopeening: longitudinal 440.5E-6 .0119
14 Solid head-cutter diamond grinding .004p
15 Solid head-cutter diamond grinding  198.2E:6 .0062
16 Diamond saw grinding, 5 blades/in.  418.5E:6 .0108
17 None, original corduroy TD zone 616.7E-6 .0210
18 None, original center section 594.7E46 .0192

aSkidabrader shotpeening machine (Humble Equipment Company)
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Figure 5. Typical time histories of inputs for LSRA test fixture.

25



26

(@) ITTV test tires.

(b) Orbiter main gear tire used during LSRA testing.

Figure 6. Test tires.



16 carcass cord
layers

Figure 7. Cross section of modified Orbiter main gear tire. Dimensions are in inches.
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(@) Mu-meter and tow vehicle.

(b) Skid trailer and tow vehicle.

Figure 8. Other test vehicles.



Figure 9. British pendulum tester (BPT).

Figure 10. Outflow meter.
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Figure 11. Grease sample texture-measurement Kkit.
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(a) New versus worn tire-profile comparison.
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(b) Tire scan images.

Figure 12. Computer tomography examples.
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Figure 14. Diamond-blade-grinding machine.
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Figure 15. Diamond-blade-grinding machine cutting heads.
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Figure 16. Large diamond-blade-grinding machine.
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Figure 17. Typical appearance of corduroy texture.



Figure 18. Skidabrader machine in operation.
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Figure 19. Rotopeener machine.
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(a) Application to corduroy surface.

(b) Appearance of methacrylate after drying on surface.

Figure 20. Methacrylate coating.
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Figure 21. Typicabull's-eyeappearance of spin-up wear spot after cornering.
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Figure 27. Tire side energy required for nominal 20-knot crosswind landing with and without piloting dispersions.
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Figure 30. Effect of speed on wet-friction behavior on modified surfaces.



Figure 31.

View of Skidabradermachines modifying entire SLF runway.
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