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INTRODUCTION

The Space Shuttle Orbiter is the first space vehicle designed to land like a
conventional airplane, and, as such, it is subjected to the same crosswind effects as
commercial and military airplanes. As in the case of conventional airplanes, cross-—
winds during approach and initial rollout phases of the landing are usually manage-
able because the pilot can maintain directional control by taking advantage of aero-
dynamic forces. As ground speed is reduced, however, aerodynamic forces become less
effective, and the pilot must rely upon differential braking or nose~gear steering to
provide the desired spacecraft heading on the runway. The response of the Space
Shuttle to nose—~gear steering input is defined, in part, by the cornering character-
istics of the nose-gear tire; thus, a need exists to establish these cornering char-
acteristics under realistic operating conditions.

The purpose of this paper is to present results of an investigation of the
cornering characteristics of the 32 x 8.8 nose-gear tire of the Space Shuttle Orbiter
on a dry concrete runway. These characteristics, which included side and drag forces
and friction coefficients, aligning and overturning torques, friction—-force moment
arm, and the lateral center—-of-pressure shift, were obtained over a range of yaw
angles from 0° to 12° and tire vertical loads from 22 kN (5000 1bf) to 133 kN
(30 000 1bf). This range of yaw angles and vertical loads spans the expected
envelope of loads and yaw angles to be encountered during Space Shuttle landing
operations. The tests were conducted at ground speeds that ranged from 50 to
100 knots (1 knot = 0.5144 m/sec).

SYMBOLS
Values are given in both the International System of Units (SI) and in the U.S.

Customary Units. The measurements and calculations were made in the U.S. Customary
Units. Factors relating the two systems are given in reference 1.

Fg drag force parallel to plane of wheel

Fs side force perpendicular to plane of wheel
F, tire vertical force

h axle height

Mx overturning torgque

Mz aligning torque

q friction-force moment arm

v carriage or ground speed

Yo lateral center~of-pressure shift



B coefficients of curve-fitting equations

drag-force friction coefficient, parallel to plane of wheel

Ha
M side-force friction coefficient, perpendicular to plane of wheel
P tire yaw angle

APPARATUS AND TEST PROCEDURE
Test Tires

The tires used in this investigation were 32 x 8.8, type VII, bias-ply aircraft
tires of 20-ply rating with a maximum speed rating of 217 knots and a three-groove
tread pattern. A photograph of two test tires having new and worn treads is pre-
sented in figure 1. The worn tire is shown unmounted and thus unpressurized. The
new tire which had an original groove depth of 0.25 cm (0.1 in.) is shown mounted
and pressurized. During the course of this investigation, the test tire was changed
when the tread was completely worn off and, thus, a total of three tires were used.
Throughout the investigation, the tire inflation pressure was maintained at the
nominal operational pressure of 2.07 MPa (300 psi).

Test Facility

The investigation was performed on the 48 000 kg (106 000 1bm) test carriage at
the Langley Aircraft Landing Loads and Traction Facility described in reference 2.
Figure 2 is a photograph of the carriage with the test-wheel assembly installed, and
figure 3 is a close-up view of the tire and wheel mounted within the instrumented
dynamometer used to provide accurate measurements of the tire-ground forces.

For the tests described in this paper, approximately 122 m (400 ft) of the
available 366 m (1200 ft) of the flat concrete runway was used to provide cornering
data. The concrete surface in the test area had a light broom finish in the trans-
verse direction that provided an average texture depth of 159 um (0.00626 in.),
slightly less than that of a typical operational runway. The test runway was level
(no crown) and, for all tests, the surface was kept dry.

Instrumentation

Tire friction forces were measured with the dynamometer shown in figure 3 and
illustrated schematically in figure 4. Strain gages were mounted on the five dyna-
mometer support beams: two of the beams were used to measure vertical forces, two
were used for measuring drag forces parallel to the wheel plane, and a single beam
was used to measure side force perpendicular to the wheel plane. Three acceler-
ometers on the test-wheel axle provided information for inertia corrections to the
force data. BAn electronic interval timer provided a measure of the carriage speed.

A slide-wire potentiometer was used to obtain a measure of drop carriage displacement
and indirectly to provide a measure of axle height. All data outputs were fed into
signal conditioning equipment and then into a frequency-modulated tape recorder.



Test Procedure

The testing technigue consisted of rotating the dynamometer and wheel assembly
to the preselected yaw angle, propelling the test carriage to the desired speed,
lowering the tire onto the dry runway and applying the selected vertical load, and
recording the outputs from the on-board instrumentation. The yaw angle of the wheel
assembly, held constant for each test run, ranged from 0° to 12° in 2° increments
with additional tests at a yaw angle of 1°. The nominal carriage speeds ranged
from about 43 to 104 knots and were measured when the maximum vertical load was
attained. Tire vertical loading was varied hydraulically through a range from zero
to 147 kN (33 000 1bf) and then back to zero during the course of a typical run, and
the loading rate was approximately 133 kN/sec (30 000 1bf/sec).

Data Reduction

All data were recorded on analog magnetic tape filtered to 1000 Hz. The analog
data were then processed through a low pass filter (cutoff frequency of 60 Hz), dig-
itized at 250 samples per second, and used to generate time-history plots for data
analysis. From these digitized data, direct measurements were obtained of the drag
force (sum of two drag beams), the side force, the vertical force applied to the tire
(sum of two vertical beams), the vertical displacement of the drop carriage, and the
vertical, drag, and side accelerations of the dynamometer. The instantaneous
vertical-, drag~, and side-~force data were corrected for acceleration effects and
combined as necessary to compute both the instantaneous drag-force friction coeffi-
cient parallel to the plane of the wheel and the side-force friction coefficient
perpendicular to the plane of the wheel. The load transfer between the two drag-
force beams (see fig. 4) provided a measure of the aligning torque about the vertical
or steering axis of the wheel. The load transfer between the two vertical-force
beams (again see fig. 4) provided a measure of the overturning torque about the axis
mutually perpendicular with the vertical and rotation axes. The lateral center—of-
pressure shift of the vertical~load pressure distribution due to yawed rolling was
defined by

Yo = (M, - hF_)/F, (1)

where h was the height of the axle above the runway surface. The friction—force
moment arm q (see ref. 3 for definition) due to yawed rolling was defined by the
equation

- 2 2
q—Mz/\/Fd + F (2)

A least-squares fairing technique (see ref. 4) was used to smooth the digitized
data from each run. 1In this application, seventh-order polynomial line segments
were fitted to the data where each line segment was faired through 40 data points
with a 10-point overlap between each segment. Linear interpolation was used to
insure a smooth transition between line segments within each overlap region, and
eight line segments were necessary to fair the data for each second of test dura-
tion. The effect of this smoothing routine was to limit the frequency response of
the data to 24 Hz without introducing the phase shifts associated with electronic
filters.



The influence of the fairing technique on the data from a typical run is illus-
trated in figure 5. Figures 5(a) and 5(b) are time histories of the unsmoothed and
smoothed side force, respectively, and figures 5(c¢) and 5(4) are time histories of
the unsmoothed and smoothed vertical force, respectively. The side force is plotted
as a function of the vertical force in figure 5(e) before smoothing and in fig-
ure 5(f) after smoothing. The various cornering characteristics from each run were
plotted as a function of vertical force, and discrete data points were chosen at pre-
selected vertical-force values (dashed vertical lines in fig. 5(f)) to establish the -
influence of parameter variations on tire cornering characteristics.

RESULTS AND DISCUSSION

Data from the yawed-rolling tests conducted on the nose—gear tire of the Space
Shuttle Orbiter are presented in table I together with the corresponding test con-
ditions. For purposes of discussion, these data are also presented in figures 6
to 13. The tests examined the effects of three parameters = tire vertical load, yaw
angle, and ground speed - on the characteristics of side and drag forces, aligning
and overturning torques, friction-force moment arm, and lateral center—-of-pressure
shift. The data are presented in the form of carpet plots to illustrate functional
relationships between the characteristics and the test parameters. In the carpet
plots, each characteristic is presented as a function of both vertical load and yaw
angle, and the ground speed is identified by test-point symbols. Lines of constant
load and constant yaw angle were then fitted to the data in a weighted least-—squares
fashion to serve as an interpolation aid. The coefficients of bicubic interpolation
equations for each characteristic are presented in table II. A glossary of terms
used in the study of tire mechanical properties is presented in reference 3. Sub-
sequent paragraphs discuss in detail the effects of tire vertical load, yaw angle,
and ground speed on the cornering characteristics of the Space Shuttle nose-gear
tire.

Side Force

The effect of the test parameters on the developed side force FS is pre-
sented in figure 6 where the side force is measured normal to the wheel plane (as
opposed to cornering force which is measured normal to the direction of motion).
When yaw angle is held constant, side force increases with increasing vertical load
and generally reaches a maximum at vertical loads between 89 kN (20 000 1bf) and
133 kN (30 000 1bf). This figure also shows that the effect on side force due to
changes in the vertical load become more pronounced as yaw angle is increased. As
expected, increasing yaw angle while holding vertical load constant increases the
side force regardless of the vertical load. At low vertical loadings, however, the -
side force appears to reach a maximum around the maximum yaw angle tested. No dis-
cernible trends are evident with variations in ground speed. Frequently, during
high-yaw-angle tests, the lower vertical-locad test points are reached in the loading
process before the tire has fully spun up. When this condition exists, the side
force and other cornering characteristics are negligibly small (see fig. 5(f), for
example), and these data were not included in this report.

Since side~force data are generally presented in dimensionless form, they were
divided by the respective vertical load on the tire. This process yielded, by def-
inition, side-force friction coefficients pg, which are presented in the carpet plot
of figure 7. For fixed yaw angles, there is a decrease in Ug with increasing ver-
tical load. The figure also shows that for most fixed vertical loads, ug increases
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as the yaw angle is increased. For the lightly loaded tire (44.5 kN (10 000 1bf)), a
peak value in Uy of 0.57 is observed at approximately 8° which is in close agree-
ment with the value of 0.60 predicted by equation (88) in reference 5. As the tire
vertical load increases, the yaw angle for maximum Uy increases; and for tire
vertical loads greater than 89 kN (20 000 1bf), the peak in Uy is reached at yaw
angles which are beyond the range tested in this investigation. Again, no trends due
to variation in ground speed are evident. These trends are similar to the trends
observed in reference 3.

Drag Force

The effect of the test parameters on the developed drag force Fgy is presented
in figure 8 where the drag force is measured parallel to the wheel plane. When the
yaw angle is held constant, drag force generally increases with tire vertical load.
Increasing the yaw angle while holding the vertical load constant generally decreases
the drag force. For the lightly loaded case (44.5 kN (10 000 1bf)), a minimum drag
force is observed around 8°; and for the heavily loaded case (133 kN (30 000 1bf)), a
peak drag force is observed at approximately 6°. Dividing the drag force by the
respective tire vertical load produces the drag-force friction coefficient Ugr and
values of this coefficient are presented in figure 9. These coefficients represent
rolling resistance values, and their absolute values are usually below 0.05. Con-
siderable scatter is observed in the data for small yaw angles (less than 2°), and no
discernible trends are established in this yaw—angle range. For fixed yaw angles
between 4° and 12°, Mg increases with increasing vertical load. When the vertical
load is held constant, Ug generally decreases when the yaw angle is increased from
4° to 12°, For the 66.,7-kN (15 000-1bf) vertical load case, a minimum ug value is
observed between 10° and 12°; and for the heavily loaded case, a maximum g value
is observed between 4° and 6°. No trends due to variation in the ground speed are
observed for either Fq or uge

Aligning Torgque

Aligning torque Mz is defined as the torque developed about the steering axis
of a yawed tire. Positive M, is considered self-aligning; that is, it tends to
reduce yaw angle. Aligning torques for the Shuttle Orbiter nose—gear tire are pre-
sented in figure 10. The figure shows that when the yaw angle is held constant,
aligning torque generally increases with increasing vertical load. This trend is
reversed for the lightly loaded tire at high yaw angles. When vertical load is held
constant and yaw angle is increased from zero, aligning torque increases rapidly,
reaches a maximum, and then decreases with further increases in yaw. For several
conditions, specifically when the tire was lightly loaded and at high yaw angles, the
torque is negative; that is, no longer self-aligning. In general, the aligning
torque appears to reach a maximum value at yaw angles between 2° and 6°. Figure 10
also shows that aligning torque is insensitive to variations in ground speed. These
trends are consistent with data from references 3 and 6.

Overturning Torque

The torque which tends to tilt the wheel plane away from the vertical is
referred to as overturning torque M, . The carpet plot of figure 11 shows the
effects that vertical load and yaw angle have on M, over a range of ground speed.
At small yaw angles (less than 4°) the overturning torque reaches peak values for



tire vertical loads between 89 kN and 133 kN (20 000 1bf and 30 000 1bf); at higher
yaw angles the overturning torque increases with increasing vertical load. Figure 11
also shows that, as expected, an increase in yaw angle at a fixed vertical load
increases the overturning torque and that the rate of increase generally increases as
the vertical load becomes larger. These trends are similar to those reported in
reference 4. As in the case of the other characteristics, there appears to be no
discernible effects due to ground-speed variations.

Friction-Force Moment Arm

The friction-force moment arm g 1is the distance from the friction-force
resultant vector to the steering axis and is considered positive when the friction
force acts along a line behind the steering axis. The friction-force resultant
vector and moment arm represent a force system which is statically equivalent to the
actual forces and moments in the footprint. Friction-force moment arms computed from
the data of these tests are plotted in figure 12 to show the effect of the various
test parameters. The moment arm increases with increasing vertical load on the tire
and generally decreases with increasing yaw angle. The moment arm is insensitive to
ground-speed variations. At high yaw angles and at light loads, g is negative, as
expected, since the aligning torque (fig. 10) is negative at these test conditions.

Center-of-Presgsure Shift

Little information is available in the literature on lateral movement of the
center of pressure in the tire footprint under yawed-rolling conditions because of
the severe instrumentation demands to acquire that parameter. However, measurements
of the lateral center-of-pressure shift Y, Wwere obtained in this investigation
and are presented in figure 13 as a function of vertical load and yaw angle. For yaw
angles below 8°, vy appears to be fairly insensitive to variations in the vertical
load; and for yaw angles above 8°, Y. appears to increase with increasing vertical
load. As the yaw angle is increased from 0°, Yo increases rapidly, but the rate
of increase reduces at the higher yaw angles. For the lightly loaded case, a peak
in Yo is observed at a yaw angle of about 8°. Once again, Y., appears to be
insensitive to ground-speed variations. The variation of Yo with yaw angle and its
insensitivity to ground-speed changes are consistent with the data of reference 3.

CONCLUDING REMARKS

An experimental investigation was conducted to evaluate the cornering charac-
teristics of the 32 x 8.8 nose-~gear tire of the Space Shuttle Orbiter. Data were
obtained on a dry concrete runway at nominal ground speeds ranging from 50 to
100 knots and over a range of tire vertical loads and yaw angles which span the
expected envelope of loads and yaw angles to be encountered during Space Shuttle
landing operations. The cornering characteristics investigated included side and
drag forces and friction coefficients, aligning and overturning torques, friction-
force moment arm, and the lateral center-of-pressure shift.

The results of this investigation indicate that the cornering characteristics of
the Space Shuttle nose~gear tire are insensitive to variations in ground speed over
the range tested. The effects on cornering characteristics of variations in the tire



vertical load and yaw angle are as expected. Trends observed are consistent with
trends observed during previous cornering tests involving other tire sizes.

Langley Research Center

National Aeronautics and Space Administration
Hampton, VA 23665

August 13, 1981
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TABLE I.-

SUMMARY OF TEST CONDITIONS AND TIRE CORNERING CHARACTERISTICS

\'P Y, FZ Fs Fd MZ Mx yC q
knots| deg kN 1bf kN  1bf kN 1bf N-m in-1bf N-m in-1bf cm in. cm in.
(a) (a) (a)
50 %] 22.24 50080 B.89 %] ¥ KK KN /3% %% % 224.8 1982 -356 -3147 XRKRRN/ARRE® XERXN/BHH* ¥
44.48 19060 59 132 K ¥R HN/ ¥ %%% 472.8 4185 -89 -7’87 HRUUN/B¥XK® RRRHN/FAX KK KX
66.72 150809 20 44 ¥R RN/ TR X %% 238.6 2643 -444 -3933 HRRUN/ARKRKK KRKHN/F*H*H%
88.96 20800 98 228 * %N/ FI# %% 373.3 3304 -89 -787 XX HREN/ARKKH KA RN/ FK* ¥ %%
51 a 22.24 5069 41 93 ¥R KN/ F*%%% 435.5 3855 187 1652 KA H RN/ AR K X% X% ¥ RN/AKH KK
44 .48 10020 82 185 ¥ KRN/ P KKK 383.3 3332 249 2283 KRR RN/PAR¥ %X RN/ PR KR K%
66.72 15000 96 2186 KX KRN/ AR ¥ ¥ % 582.3 5242 373 3304 FRHRN/AR XK ¥ KEXRN/A*KR KK
88.96 20028 86 216 ¥HKRN /AR KKK 548.Q 4780 187 1652 ®HH RN/ FRRKR RRRRN/ARKRX
111.21 25800 .86 216 HHHHN/P*%%% 487.8 4317 %] 5] ¥ ¥ KN/ A¥*¥¥ ARKRRN/OXHE%
133.45 388060 1.23 278 ¥ RN/ %X %% 487.8 4317 187 1852 KXW HN/AXKRKX KK KN/ P %%
78 a 22.24 5808 2.29 [} FHRRN/ AKX %% 288.6 2643 -267 -2368 XRERN/AKRK KX RRKXN /PR X% %
44.48 108000 38 88 K3 KN/ F% %% % 373.3 334 -178 ~-1573 XA RXN/ARKRX KRN/ F*KR %5
66.72 15080 28 44 XM RN/ AR K% %% 547.5 4846 7] [4] #2 KNP ¥ KK KRKHRN/FHK KX
88.96 20802809 98 229 KRN/ OI% % %% 398.2 3524 89 787 *3%HN/ ¥ %K% XX RN/ FO¥KXRHK
111.21 250890 .98 228 XRARN/RRRRX 423.1 3744 287 2369 %% %N /%% % % ** KRN/ ARK* %
133.45 30800 .98 220 XXX KN/ FAKKRR 448.9@ 3865 -267 -2369 XK ¥ RN/ AKNK% XA R RN/ FA* K% *
184 %] 22.24 5088 .28 44 *RAKN/RNRXH 124.4 1181 -178 -1573 *RHUN/ARKR* H XX KN/ % %%
44.48 190000 .59 132 X %R RN/ 3% %% 224.@ 1982 a 7] XK ¥ KN/ KK K% HRKRN /AKX XX %
66.72 15000 .78 176 %% HN/F# % %% 248.9 2203 2 4] RHAKN /AR * KK ¥R HN /¥ KK ¥
88.36 28808 .78 176 #HHR KN/ AR R*H 273.8 2423 178 1573 * %% RN /[ %% % XXX KN/ AKX ¥ %
111.21 259089 .98 220 # X KRN/ KK ¥ 273.8 2423 -178 -1573 %% % ¥ N/ A% %% % FRH RN/ F* K K%
133.45 32008 .98 2208 # KR KN/ AR K% ¥ % 248.9 2283 4} %] ¥* %% %N/ A% % % % XK XXN/ AR HK¥
43 1 44.48 10908 4.51 1913 2.69 604 373.3 3304 1600 14160 -.13 -.05 7.186 2.82
66.72 15000 6.27 1418 1.46 327 497.7 4405 2311 28453 .13 .85 7.67 3.@82
88.96 220002 7.64 1718 2.69 6084 647.0 5727 2933 259608 .33 .13 7.88 3.87
111.21 25000 8.23 1858 4.31 969 796.4 7’048 29833 25960 .23 .29 8.56 3.37
133.45 300@0 7.64 1718 3.08 692 845.7 8370 2844 25173 .28 ! 11.38 4.48
?5 1 22.24 5800 3.14 785 .17 38 273.8 2423 1155 ip227? -.15 ~. 06 8.43 3.32
44.48 10808 5.09 1145 1.96 441 448.9 3965 1778 15733 8.00 2.00 8.56 3.37
66.72 15000 ?.25 1638 2.52 566 572.4 50686 2666 23600 .20 .98 7.54 2.97
88.836 28009 7.84 1762 2.69 504 746.86 66@8 2833 25960 .28 11 9.19 3.62
111.21 25800 7.84 1762 4.26 83?7 871.8 7’7089 2755 24386 .15 .06 9.60 3.78
133.45 38008 7?.64 1718 4.208 844 995.5 8811 2755 24386 .20 .g8 11.51 4.53
198 1 22.24 5002 3.14 ?0s .28 63 273.8 2423 1155 19227 B.00 0.00 B8.85 3.17
44 .48 10206 5.49 1233 1.91 227 448.09 3985 2044 18893 -.05 -.p2 8.05 3.17
66.72 15800 7.64 1718 2.13 478 547.5 4846 2844 25173 29 .08 7.084 2.77
88.96 2182006 8.23 1858 2.69 604 746.6 6698 3822 26746 23 .89 8.69 3.42
{11.21 25226 8.@3 1806 2.81 654 8385.9 79309 2833 25960 29 .98 18.36 4.08
133.45 30000 7.84 1762 3.78 831 1820.3 9031 2755 24386 15 .88 11.76 4.63
52 2 22.24 5888 5.49 1233 .34 76 298.6° 2643 2222 19666 43 17 5.48 2.16
44 .48 10008 18.39 2335 1.01 227 572.4 5866 435S 38546 1.40 .55 5.49 2.16
66.72 15880 13.91 3128 1.82 365 821.3 7269 5599 49559 1.17 .46 5.7? 2.27
88.96 20800 16.@7 3612 2.24 5083 1169.7 10352 6222 55866 1.19 .47 7.67 3.82
111.21 25088 15.87 3568 2.91 634 1483.2 132186 6399 56638 1.04 41 g.18 3.62
1 133.45 302000 15.83 3392 2.74 617 1742.1 15418 6133 54279 g7 38 11.13 4.38

-]
Notation N/A refers to data

not available.




TABLE I.- Continued

Vv, 'P ’ Fz F Fd M MX yC
knots deg kN  1bf kN 1bf kN 1bf N-m in-lbf | N-m in-lbf . cm in. cm  in.
T
76 2 44.48 10000 18.78 2423 .17 kL] 472.8 4185 4266 37760 .76 30 4.22  1.86 *
86.72 15000 14.11 3172 1.96 441 796.4 7048 5511 48773 .76 .30 5.36 2.11
88.96 20000 15.87 3568 3.14 785 1295.8 9682 6133 54279 .99 .38 6.78 2.87
111.21 250e0e 16.2? 3612 4.42 994 1418.5 12555 6222 55066 .84 .33 8.43  3.32
133.45 30000 1s.@3 3392 3.82 881 1692.3 143978 6133 54278 .89 .35 18.43  4.13
181 2 22.24 S@00 5.88 1322 1.57 352 273.8 2423 24p8 21240 1.@7 .42 3.84 1.51
44.48 19000 18.58 2379 1.1 227 448.8 3965 4355 38546 1.55 .61 4.3¢  1.71
66.72 15000 14.38 3216 2.88 829 746.5 6628 5955 52706 £.45 .57 4.98  1.96
88.96 20008 15.28 3436 3.36 755 1118.3 8812 6133 54279 .40 .55 7.29 2.87
{11.21 25000 15.87 3568 3.81 856 1443.4 12775 6311 55853 1.1? .46 8.81 3.47
133.45 30000 14.78 3304 4.65 1845 f717.2 15138 5777 51133 1.04 .41 11.13  4.38
53 4 44.48 10020 18.83 4853 2.74 817 423.1 3744 7288 64506 2.21 .87 2.44 .96
66.72 15@B@ | 25.28 5683 .45 181 671.9 5947 12318 91252 2.36 .93 2.6 1.96
88.96 20800 29.28 6564 1.74 390 1269.2 11233 12888 106986 2.31 .91 4.34  1.71
111.21 25000 29.73 6696 2.58 579 1816.7 16879 12443 118132 2.11 .83 6.02 2.37
133.45 30000 27.83 6256 4.3 986 2488.7 22028 11919 185412 1.96 .77 8.81  3.47
77 4 44.48 10008 28.18 4537 1.12 252 298.6 2643 7993  7B8799 1.83 .72 1.52 .68
§6.72 15000 26.26 5903 28 63 746.6  66@8 18755 95186 2.3t .91 2.82  1.11
88.96 20008 29.53 6652 1.98 428 1368.8 12115 11993 106199 2.24 .88 4.60 1.8]
111.21 25800 29.59  BBS2 3.92 881 2815.8 17841 12888 106986 2.16 .85 §.78  2.67
133.45 30008 27.63 6211 5.82 1383 2588.2 22997 11918 185412 1.80 .71 8.56  3.37
1e2 4 §6.72 15000 25.67 5771 3.81 856 895.9  793@ 18318 91252 2.08 .82 3.58  1.4!
88.96 20000 29.98  §740 3.14 705 1313.8 11674 11732 193839 1.96 .77 4.47  1.76
111.21 25000 29.7?9  BE96 4.37 982 1791.8 15859 12266 1088559 2.28 .82 5.89 2.32
133.45 30000 29.28 6564 5.21 1171 2488.7 22028 11643 183852 1.83 .72 8.43  3.32
72 6 44.48 1PB@@ | 22.14 4978 | -1.@1 -227 -49.8  -441 8621 76306 1.35 .53 -.25 -.1@
66.72 15900 31.55 7893 26 13 273.8 2423 12718 112492 2.36 .93 .89 .35
88.96 200090 | 38.68 8678 .84 189 §71.3 5947 15554 137865 2.72  1.@9 1.65 .65
111.21 25000 41.35 9295 3.36 755 1592.7 14097 16621 147185 2.72  1.@? 3.84 1.51
133.45 30000 41.35 9285 4.37 982 2488.7 22026 16719 147832 2.67 1.85 6.2 2.37
75 B 44.48 10008 24.28 5458 1.14 256 5@5.2 4471 18017 88656 2.95 1.16 2.86 .81
§6.72 15060 31.27 7831 1.18 264 783.3 6938 13252 117291 3.43  1.35 2.51 .89
88.96 20@BE@ | 36.35 8172 2.35 528 155@.4 13722 15679 138787 3.63  1.43 4.29  1.89
111.21 25888 | 37.84  B326 3.64 813 2247.3 19838 15865 140419 3.38  1.33 6.18 2.40
133.45 38028 | 36.21 8141 5.29 1188 2344.1 26857 15741 139317 3.2 1.21 8.15 3.2
194 6 88.96 28@@@ | 37.86 8S1! 1.92 432 948.7 8326 15119 133811 2.24 .88 2.51 .99
111.21 25000 39.78 8943 2.86 643 1411.1 12489 15988 141528 2.36 .93 3.48 1.37
133.45 30068 | 48.85 9884 4.52 1048 2473.7 21894 16736 148128 2.69  1.06 6.17 2.43
101 & 44.48 10800 24.83 5581 -.28  -44 17.4 154 18639 94163 4.84  1.59 2.00 ©.08
§6.72 15000 33.47 7524 55 123 $74.9 5088 14372 127203 4.29  1.69 1.70 .67
88.96 20000 36.43 8203 1.92 432 1148.8 18176 15679 138767 3.84 1.1 3.12 1.23
111.21 25000 36.98 8295 3.37 758 1985.8 17577 15927 148869 3.58 1.4l 5.46  2.15
133.45 30008 35.12 7894 4.78 1857 2999.2 25749 1543@ 135564 3.33  1.31 8.23  3.24
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TABLE I.- Continued

v, v, F Fg Fg M, My Yo
knots | deg kKN  1bf kN 1bf kN  1bf N-m in-1bf N-m in-1bf cm  in. cm in.
75 8 44 .48 19609 25.24 S674 -.51 -115 ~-348.4 -3P84 9726 85923 1.50 .59 -1.35 -.53
g§6.72 15808 34.16 7678 .24 53 -156.8 -1388 13501 118493 2.44 .88 -.48 -.18
88.96 200890 42.11 9467 .59 132 286.1 2621 17172 1518982 3.53 1.39 .71 .28
111.21 25000 44,58 19B22 4,18 943 1254.3 11101 18229 161344 3.51 1.38 2.87 1.13
133.45 30808 44 .72 19853 5.88 1322 2404.0 21278 18665 165198 3.61 1.42 5.28 2.08
79 8 44 .48 100808 23.73 5335 .88 18 68.7 617 18203 90388 3.81 1.58 .28 11
66.72 15000 34.43 77408 .55 123 191.6 1696 14878 131608 4.50 1.77 .64 .25
88.96 20069 338.37 8858 1.33 344 608.7 5396 17189 151432 4.60 1.81 1.66 .63
111.21 25080 42 .52 8558 2.908 652 1167.2 19330 18548 16540887 4,29 1.68 2.77 1.09
133.45 30000 42 .66 39580 4.51 1913 1885.9 175727 18478 163546 3.84 1.51 4 .65 1.83
185 8 88.96 2080800 43.62 9806 -.04 -3 124.5 925 17?669 156388 3.15 1.24 .18 .B7
111.21 2580908 45.48 10207 2.51 564 313.6 2775 18354 162445 3.82 1.19 1.7 .67
133.45 38000 48,15 12824 2.82 634 1898.8 16886 28469 181167 3.56 1.4 3.58 1.41
100 8 44 .48 190009 26.34 5821 -.55 -123 —-47B0.4 ~-4183 18266 90853 2.886 .81 ~-1.7@ -.67
66.72 15089 35.83 2987 1.18 264 -2039.8 -1850 14248 126101 2.84 .12 -.53 -.21
88.86 20089 42,11 9467 3.48 784 226.5 2904 17234 132533 3.58 1.41 .64 .25
111.21 250880 45.23 18392 2.67 588 1862.7 9405 19038 168502 3.94 1.55 2.24 .88
133.45 3@0e0 44,85 10084 5.92 1330 29073.8 18348 18727 1657489 3.86 1.52 4.57 1.8@
181 8 44 .48 19080 23.18 5211 1.14 256 52.3 463 18879 89207 4.42 1.74 2.8a8 @.0a
66.72 15080 35.94 8@78 1.41 317 139.4 1233 14932 132158 4.11 1.62 .46 .18
88.96 20200 42.25 9498 2.78 626 7?31.7 6476 18643 159692 4.65 1.83 1.70 .67
111.21 25009 44,99 18115 3.61 811 1655.08 14648 19225 178154 4.72 1.86 3.85 1.28
133.45 332000 43.62 9806 5.53 1242 2187.9 18656 19@38 1685082 4.04 1.58 4.83 1.8@
74 19 66.72 15080 35.84 8@78 1.57 352 -3522.6 —-4626 14878 131608 3.68 1.45 -1.42 -.56
88.86 20080 48.15 19824 3.61 811 639.7 61?7 20034 177313 4.67 1.84 .18 .87
111.21 25008 52.54 118t 4,78 1057 522.6 4628 22087 195485 4.78 1.88 .99 .39
133.45 300008 54.84 12159 6.15 1383 1376.2 12181 23882 284295 4.90 1.93 2.91 .89
74 18 g86.72 150088 32.37 7278 .39 132 -226.5 ~-20884 13439 118943 3.28 1.29 -.71 -.28
88.86 200006 43,07 9683 1.18 247 1824.5 925 184?8 163546 4.47 1.76 .36 .14
111.21 25800 49.66 11163 2.58 581 ?31.7 6476 21402 189427 4.80 1.89 1.42 .56
133.45 38008 52.480 11781 3.80@ 83585 1550.4 13722 22771 2081542 4.88 1.92 3.85 1.20
98 18 66.72 15808 37.31 3388 .16 3s -783.9 -6938 14745 139507 2.87 1.13 -2.16 ~.85
88.86 20000 46.58 10454 1.57 352 -627.1 -5551 19198 168053 4.17 1.64 . ~-1.35 -.53
111.21 25800 5@.48 11348 1.92 432 -296.1 -2621 21216 187775 4.47 1.76 -.64 -.25
133.45 30008 52.48 11780 4,31 968 592.3 5242 22522 198339 4.78 1.88 1.17 456
108 18 66.72 15898 33.61 7555 .24 53 -174.2 -1542 14861 124443 3.68 1.45 -.53 -.21
88.86 28008 42.38 85289 1.21 273 191.6 1696 18292 161894 4.70 1.85 .46 18
111.21 258089 45.13 18145 1.92 432 487.8 4317 19723 174559 4.67 1.84 1.87 .42
133.45 300008 46.58 19454 3.53 793 871.08 2709 20469 181167 4.42 1.74 2.16 .85
76 12 66.72 15000 33.06 7432 63 141 ~-261.3 -2313 14061 124449 4.24 1.67 -.81 -.32
88.96 2080 43.21 9714 1.33 386 -156.8 -1388 18852 166850 5.16 2.83 -.36 -.14
111.21 25009 52.85 11983 2.43 546 52.3 4863 22833 202093 5.31 2.89 .19 . B4
133.45 BBBBB_ 57.61 12952 3.41 767 574.9 5988 25446 2252208 5.82 2.28 .88 .39
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TABLE I.~ Concluded

v, v, Fyp F Fa My My Y
knots | deg kN  1bf kN  1bf kN  1bf N-m in-1bf N-m in-1bf cm  in. cem  in.
99 12 66.72 15800 37.45 8419 1.082 229 -94p@.7 -8326 15119 133811 3.28 1.28 -2.51 89
88.896 228080 48,11 11249 1.45 326 -8@01.3 -7883 28220 178965 4.52 1.78 -1.52 68
111.21 250800 57.280 12859 2.27 S1t -662.8 -5859 23333 2087048 4.70 1.85 -1.87 .42
133.45 380080 59.67 13414 4.12 925 69.7 617 24887 220264 4.85 1.95 .10 .04
188 i2 66.72 15800 34.29 7788 -.24 ~53 -357.5 —-4934 14318 126652 3.53 1.38 -1.52 68
88.96 20888 41.87 9436 .88 283 -522.6 —-4626 17856 158040 4.11 1.82 -1.17 46
111.21 250888 48.56 10916 1.18 264 -331.0 -2930 21831 186674 4,75 1.87 ~.71 .28
133.45 30088 53.81 12118 2.88 670 278.7 2467 23393 287048 5.83 1.98 .53 21




TABLE II.- BICUBIC

L 2 3
Characterist = + +
[ istic = B + 8,F +B.F ° + B.F_
Cornering Coefficients of B for -
characteristics 8 g
Bo B1 2 3 B4
Fe, ST | -3.3416 x 103 | 9.4981 x 1072 | -7.8146 x 1078 | -4.0600 x 10”12 3.3435 x 103
N (Ibf) 2 —7
U.S. [(-7.5123 x 102) | (9.4981 x 1072) |(-3.4761 x 1077) | (-8.0333 x 10”1y | (7.5165 x 102)
n sT | -3.1045 x 1073 | 2.3555 x 10”7 | -3.7580 x 10”12 1.6522 x 10”17 0.16670
-3 -6 -11 -15
U.S. |(-3.1045 x 1073) (1.0478 x 107®) |(-7.4358 x 107'")| (1.4542 x 10™"%) | (0.16670)
F., sI 9.4574 x 102 1.7911 x 10~2 1.9823 x 10”7 -1.5041 x 10”12 -5.8040 x 102
N (1bf) 2 2 -7 1 2
U.s. | (2.1261 x 10%) | (1.7911 x 107%) | (8.8179 x 1077) |(-2.9762 x 10~y | (-1.3048 x 102)
Hy ST 3.8969 x 1072 | 2.5601 x 10™2 | -3.8621 x 10713 | -3.0400 x 10”8 | -9.9506 x 19=3
U.S. | (3.8969 x 1072)[ (1.1388 x 1078) [(~7.6418 x 107 12)| (-3.4678 x 10"16) | (-9.9506 x 10™3)
M, SI 1.9507 x 10 8.2103 x 1072 | -3.2516 x 1072 | -1.9424 x 10714 1.7663 x 102
N-m (in-1bf - - -
(in " u.s.| (1.7265 x 102) | (3.2324 x 10 flj(—5.6944 x 1077) [(-1.5131 x 107"y | (1.5633 x 103)
M, st | -7.9353 x 102 3.0389 x 1072 | -1.3274 x 1077 | -7.4122 x 10”13 7.1965 x 102
N-m (in-1bf) -5
U.S. {(-7.0233 x 103) | (1.1964) (-2.3246 x 107°) | (-5.7741 x 1010 (6.3694 x 103)
-5 -10 -16
Yor sI -1.3149 2.1476 % 10 -2.3572 x 10 9.3808 x 10 8.3236 x 10
cm (in.) 5 9
U.S. [(-5.1769 x 10~ 1) (3.7611 x 1072) [(-1.8363 x 107%) | (3.2506 x 10~14) | (3.2770 x 10™1
a. SI 1.1223 x 10 | -7.2742 x 107" | 6.8968 x 10710 | —4.2003 x 10716 | -2.9192
cm (in.) a o
U.S. | (4.4184) (-1.2739 x 107 | (5.3726 x 107%) [(-1.4898 x 10”14y | (-1.1493)

@Boundary values of characteristic, 0 when F, = 30 000, 25 000, 20 000, 15 000, 10 000, 5000, and
0 1bf with ¢ = 0°; and when ¢ = 1°, 2°, 4°, 6°, 8°, 10°, and 12° with F, = 0 for a total of
14 additional points to weight boundary.
Boundary values of characteristic, 0 when Fz = 30 000, 25 000, 20 000, 15 00O, 10 000, and 5000 1bf
with ¢ = 0°; repeated for a total of 167 additional points to weight boundary.

°No boundary value weighting used.
Boundary values used in (a) above repeated for a total of 84 additional points to weight boundary.



INTERPOLATION EQUATIONS

2 3 2 2
HA R R R R R R A ]

- Coefficients of B for - Number of data| Boundary |
35 86 67 88 89 points used condition
-4.0866 9.6513 6.9333 x 1072 | -9.0677 x 10”4 | -1.6509 x 1077 139 (a)
(-9.1871 x 10”1 | (2.1697) (6.9333 x 1072) |(-9.0677 x 10™%)| (-7.3436 x 1077)
-1.2407 x 1072 1.1631 x 1074 | -5.4208 x 1077 1.4449 x 1078 | -3.7037 x 10”13 139 (b)
(-1.2407 x 1072) | (1.1631 x 107%) [(-2.4153 x 1078)| (2.8590 x 10”7)|(-3.2508 x 10~ ')

6.7920 x 10 1.0984 x 10”1 | -1.0844 x 1073 | -8.0974 x 1074 | 6.8798 x 10°8 117 (c)
(1.5269 x 10) (2.4694 x 1072) [(~1.0844 x 1073)|(-8.0974 x 10™%)| (3.0603 x 1077)

3.3772 x 1074 1.5060 x 107°) | 9.0355 x 1078 | -6.8720 x 10™° 1.7479 x 10”13 117 (c)
(3.3772 x 1074 | (1.5060 x 1073)| (4.0192 x 10”7y (-3.0568 x 10~8)| (3.4585 x 10”12) o
-6.2965 x 10 4.9674 3.8097 x 1073 | -7.0523 x 10”4 2.8409 x 1078 139 (b)

(-5.5729 x 10%) | (4.3965 x 10) (1.4999 x 10~y | (-2.7765 x 1072)| (4.9751 x 1076

-1.0123 x 102 3.5308 3.5601 x 1072 | -9.2192 x 1974 | -7.2382 x 1078 139 (d)
(-8.9600 x 10%) | (3.1250 x 10) (1.4016) (-3.6296 x 1072)[ (-1.2676 x 1073)

-9.8064 x 1072 | 9.6713 x 1074 2.7235 x 1078 | s5.1351 x 1077 | -7.6350 x 10”1 117 (c)
(-3.8608 x 1072) | (3.8076 x 107%) | (4.7695 x 107%)| (8.9930 x 1077) (-2.6742 x 107'0)

1.8707 x 10”1 | -1.5328 x 1073 1.6389 x 1072 | -1.2566 x 10°% | -1.8610 x 10~ 117 ()
(7.3653 x 1072) [(-6.0346 x 10™%) | (2.8701 x 107%)|(-2.2007 x 1076 (-1.4497 x 10~19)

13
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Figure 1.- New and worn tread condition of three-groove, 32 x 8.8, type VII, nose-gear test
tire of Space Shuttle.
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Figure 2.~ Photograph of carriage with test-wheel assembly installed.

o

L9—5860.2






Ll

DRAG-LOAD BEAM\

F ORWI&

DRAG-LOAD

BEAM } /
| /
VERTICAL, SIDE, AND DRAG )
ACCELEROMETERS i

Figure 4.- Schematic drawing of dynamometer details.
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Figure 5.- Data fairing technique.
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Figure 6.- Variation of side force with vertical load and yaw angle over a range of ground speed.
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Figure 7.- Variation of side~force friction coefficient with vertical load and yaw angle over a
range of ground speed.
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Figure 8.~ Variation of drag force with vertical load and yaw angle over a range of ground
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Drag-force friction coefficient, u d
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Figure 9.- Variation of drag-force friction coefficient with vertical load and yaw angle over

a range of ground speed.
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Figure 10.-~ Variation of aligning torque with vertical load and yaw angle over a range

of ground speed.
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Figure 11.- Variation of overturning torque with vertical load and yaw angle over
a range of ground speed.
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Figure 12.- Variation of friction-force moment arm with vertical load and yaw angle over
a range of ground speed.
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Figure 13.- Variation of lateral center-of-pressure shift with vertical
a range of ground speed.
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