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MEASUREMENTS OF GROUND-REACTION FORCES AND VERTICAL
CENTER-OF-GRAVITY ACCELERATIONS OF A BOMBER
ATRPIANE TAXTING OVER OBSTACLES

By James M. McKay, Richard H. Sawyer, and Albert W. Hall
SUMMARY

An investigation was made on an unswept-wing four-engine bomber air-
plane to determine the vertical and drag ground-reaction forces imposed
on the landing gear when taxiing over obstacles 1.5 and 3.0 inches in
height and 1, 2, and 4 feet in width. Vertical accelerations at the cen-
ter of gravity of the airplane and shock-strut displacement were also
measured. The investigation included a range of ground speeds from 10
to 70 miles per hour. The weight of the airplane was approximately
95,000 pounds. Results are presented of the effects of ground speed and
the widths and heights of the obstacles on the vertical and drag forces,
on vertical acceleration at the center of gravity of the airplane, on
shock-strut displacement, and on response of the upper mass of the air-
plane structure.

The results of the lnvestigation indicate that maximum incremental
vertical and reerward drag ground-reaction forces are primarily a func-
tion of the height of the obstacle. The maximum incrementel vertical
ground-reaction force for each obstacle height tested was the greatest
for the 2- and 4-foot widths and the smallest for the l-foot width. The
naximum rearward drag ground-reaction force for each obstacle height
tested was the grestest for the lL-foot-wide obstacles and the smallest
for the L-foot-wide cbstacles. The meximum incremental shock-strut com-
pression was greatest for the 3.0-inch-high obstacles and Increased with
obstacle width for both the 1.5- and 3.0-inch-high obstacles. The
ground-reaction forces imposed on the main-landing-geer wheels are not
affected because the nose wheel strikes the obstacles first. The center-
of-gravity vertical acceleration of the alirplane was the highest for the
2- and 4-foot-wide obstacles for both the 1.5- and 3.0-inch heights
tested. The dynamic response factor at the center of gravity of the air-
plane, as a result of taxiing over any of the obstacles tested at speeds
gbove 25 miles per hour, reached values as much as twice the mean value
of 1.0 obtained in some previous landing tests at vertical velocities
up to gbout 5.5 feet per second. These higher values of dynemic response
factor obtained in the obstacle tests appeared to be associsted with
higher force-input rates which, at the higher speeds, reached values
over three times the force-input rate obtained in the previous landing
tests.
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INTRODUCTEON

In recent years considersble need has existed for experimental date
which airplane designers could use to define more accurately the ground-
reaction forces imposed on airplanes texiing under abnormal or severe
conditions. Only e limited amount of experimental data defining these
ground-reaction forces under actual taxiing conditione have been avail-
able. Inasmuch as there was availsble a bomber alrplane being used for
a landing-loads investigation (ref. 1), it was considered that additional
useful dsta could be obtained by taxiing the ailrplane at various speeds
over obstacles of various widths and heights. Although the airplane was
instrumented primarily to measure the vertical and dreg ground-reaction
forces on the mein gear during landing instead of the response of the
wing and fuselage components to dynamic loads, 1t was considered that
the ground-reaction force date would still be of value in indicating
the input loads developed on this type of airplane when taxiing over
obstacles.

This investigation included the measurement of the ground-reaction

~ forces on the main landing gear, the vertical acceleration at the center
of gravity of the airplane, and the shock-strut displacement when taxiing
at various speeds over obstacles of various widths end helghts.

SYMBOLS

Aa maximum incremental vertical center-of-gravity acceleration,

' ft/sec
AFy maximun rearward drag ground~-reaction force, 1b
LF © meximum incremental vertical ground-reaction force, 1b
AFv,t ' meximum total incremental vertical ground-reaction force, 1b
g acceleration due to gravity, :E‘t/s_ec2
h : height of obstacle, in. ‘
thn time from impact for center-of-gravity vertical acceleration

to reach peek value, sec

TFy . time from impact for rearward drag ground reaction to reach
peek value, sec
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ty time from impact for vertical ground reaction to reach peak
v value, sec

ty time from impact for shock-strut displacement to reach peak
value, sec

A¢5max increment in time from start of shock-strut displacement to
peak value, sec

v ground speed, mph

W welght of airplane, 1b

Wi static vertical load on wheel, lb

w width of obstacle, ft

ABpax maximmm incremental shock-strut displacement, in.

EQUIPMENT, TESTS, AND INSTRUMENTATION

An unswept-wing four-engine bomber airplane (fig. 1) together with
a series of obstacles 1, 2, and 4 feet wide and 1.5 and 3.0 inches high
(figs. 2 and 3) were used in the tests. The obstacles were built up of

%-—inch plywood and were bolted to the runway with their center lines

300 feet gpart along the runway. The posltions of the obstacles allowed
the nose gear to strike the center obstacle first and the main wheels

to strike the ocuter obstacles later. The welght of the airplane for
these tests was approximately 95,000 pounds, and the corresponding tire
pressure for this weight was 75 pounds per square inch for the 56-inch-
dismeter smooth-contour mein-wheel tires. The main-gear shock struts
had a total stroke of 12 inches and were adjusted by air pressure to &
position 2 inches from fully compressed with the alrplane fully loaded.

The alrplene was taxied over the obstacles at ground speeds ranging
from 10 to TO miles per hour in both directions along the runway. Several
tests were made with the 3-inch-high-nose wheel obstacles removed in order
to determine whether the impact with the obstacle by the nose gear had
eny effect on the main-gear impact with the obstacle.

Figure 4 shows a sketch of one of the msin-landing-gear trucks (a
pair of wheels referred to as & unit) with one wheel removed. The strain
gaeges and the vertical and horizontal linear accelerometers used in
obtaining vertical and dreg ground-reaction forces for each of the four
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main wheels were located as shown. The linear accelerometers had natural
frequencies in the range from 160 to 220 cycles per second. The strain-
gege and linear-accelerometer outputs were recorded on two photographically
recording oscillographs using galvenometers heving a natural frequency of
150 cycles per second. Vertical acceleration was measured at the center

of gravity of the airplene by means of a photographically recording accel-
erometer having a natural frequency of 12 cytles per second. Shock-strut
deflections were measured by means of slide-Wire position transmitters

and photographically recording osclllographs using galvanometers having

a natural frequency of 9 cycles per second.

DATA REDUCTION

For each wheel the axle strailn-gage measurements were used to cal-~
culate vertical and drag forces on the axle, - A complete description of
the method of obtaining the forces on the axle from the strain-gege meas-
urements is given in reference 1. The vertical and drag ground-reaction
forces for each wheel were then determined by adding to the corresponding
sxle force an inertia term consisting of thé product of the mass outboard
of the strain-gage location and the appropriate acceleration as measured
by the linear accelerometers. ' -

The actual ground speed over the obstacles was calculated by using
the relation of the interval between the time the nose wheel and the
main wheel struck the obstacle and the distance between the nose wheel
and the main wheels. This time interval wag determined from the oscil-
lograph records by noting the times of impact with the obstacle as indi-
cated by the vertical accelerometers mounted on the nose and main geers.
The ground speeds for the tests with the nose-wheel obstacles removed
were calculated from rotational velocities of the main wheels which were
obtained from motion-picture records of the main wheels. For some of
the tests. with the nose-wheel obstacles in plaece, both methods of cal-
culating ground speed were used, and the results compared favorably.

RESULTS AND DISCUSSION

Typlcal time histories of verticel and drag ground-reactilon forces,
vertical sacceleration at the center of gravity of the airplene, and
shock-strut dlsplacement are shown in figure 5 for the left outboard
wheel as it rolled over cbstacles 3 inches high snd 1, 2, and 4 feet in
width et a ground speed of approximately TO miles per hour.
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For the time histories shown in figure 5, both the vertical and drag .
forces reached maximum values &t approximately the same time; namely,
between 0.025 and 0.03 second after impact with the obstacles for &ll
three widths of the obstacles tested. The time for the verticsl accel-
eration at the center of gravity to reach a peak value can be seen to be
somewhat longer; that is, about 0.035 to 0.045 second. For the shock
strut, the time to reach a peak deflection varied from sbout 0.06 to
0.08 second: These times appear to be typical of the times required for
the forces, acceleration, and shock-strut displacement to reach pesk
values at moderate and high speeds. The maximm Incremental wvalues of
the force and the times for each of these values to reach a peak after
impact are given in teble I for each individual wheel. Teble II gives
the maximum total incremental values of the vertical forces on all four
wheels, the incremental center-of-gravity vertical accelerafions, and the
times for these guantities to reach peak values. The maximm total ver-
tical forces given in table IT were determined by summing the individual
vertical-force time histories and are, therefore, not equivalent to the
sum of the maximum individual vertical forces given in tdble I. Table III
gives some of the shock-strut time-history characteristics.

Ground-Reaction Forces

The varistion with ground speed of the maximum incrementsl vertical
and meximum rearward drag forces caused by impact with the obstacle are
shown in figure 6 for all of the obstacles tested for the left outboard
wheel only. The date for the other three main wheels indicated the same
trends as the data for the left outboard wheel end are presented in
teble I.

For each particular width tested the highest vertical forces
(fig. 6(a)) occurred for the 3.0-inch-high obstacle. For both the 1.5-
and 3.0-inch-high obstacles the 2- and 4-foot widths resulted in higher
vertical forces than the 1-foot width. In this connection it was observed
from motion pictures teken of the wheel that for the 1-foot-wlide obstacles
the tires completely engulfed the obstacle and the wheel did not appreci-
ably rise as it passed over the obstacle. For the drag force (fig. 6(b))
the opposite results were indicated in that the higher drag forces occurred
for the 1-foot-wide obstacles for each particular height tested, with the
values decreasing as the obstacle width increased. The highest values of
drag force occurred for the 3-inch-high obstsacles.

The vertical and drag forces increased with an increase in ground
speed up to 40 to 60 miles per hour (depending on obstacle height), after
which these values had a tendency to decrease with ground speed. For the
tests with the k-foot-wide obstacles the motion plctures indicated that
the wheel rose up on the obstacle and that the complete footprint was
supported by the obstacle part of the time during the passage of the
wheel over the obstacle. Thus, the ground-reaction forces for the 4-foot-
wide obstacles probably closely represent those which would be experienced
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when taxiing back onto a runwey having a shoulder height equivalent to
that of the obstacles tested. The faired curve representing results for
the l-foot-wide obstacles for both heights are slso shown in figure 7

as the varistion of vertical end drag load factor with speed, where load
factor 1s simply the maximum incremental ground-reaction force divided
by the static verticsl load on the wheel. Results In terms of load
factor (furnished by the msnufacturer) obtained from strain-gage meas-
urements on the main vertical landing-gesr strut of an unswept-wing ten-
engine heavy bomber slrplane for tests at two welghts over obstacles of
the same width and heights are slso shown. The results shown for the
heavy bomber are not directly compareble to the results of the present
tests and are presented only to indicate trends. The strut forces meas-
ured in the tests of the heavy bomber would have to be converted to
ground-reaction forces by correction for the unknown inertis forces of
the mass below the point of measurement in order to be comparsble. As
far as trends are concerned, however, the measurements shown for the
heavy bomber do not seem to indlcate the seme variations with speed as
do the present results but do sgree 1ln Indicating higher values of both
dreg and verticel load factor for the higher obstacle.

Center~of-Gravity Acceleration

From the time histories of the center-of-gravity vertical accelera-
tion such as shown in figure 5, the maximm Incremental values were
obtained for each impact with an obstacle and are glven in teble II.

The variastion of the maximum incremental vertical acceleration with
ground speed is shown in figure 8 for the various obstacles tested.

These data varied with ground speed in a somewhat simllar manner as the
vertical forces (fig. 6) with the highest values of acceleration occurring
for the 1.5- and 3.0-inch-high cbstacles of 2~ and 4-foot widths.

A comparison of these vertical-accelerstion results with those
available from the cbstacle tests of the heavy bomber is shown in fig-
ure 9. The tests of the heavy bomber included 1.5- and 3.0-inch-high
obstacles l-foot wide for two alrplane weights. The vertlical accelera~
tions for the heavy bomber were meagured at the fuselage center line on
the rear spar of the wing in close proximity to the center of gravity
of the alrplane. For both the heavy bonber and the airplane used in
the present tests, the ground-reaction forces were transferred to the
structure through wing-mounted landing gear. The results for the heavy
bomber show gbout the same values up to speeds of 20 to 30 miles per -
hour, but at higher speeds the results show lower values than do the
results of the present tests.

The incremental vertical-acceleration results of the present tests
are compared in figure 10 with those obtained from the msmufacturer for
obstacle tests of a swept~wing medium bomber which had six Jjet engines
and weighed 95,000 pounds. Resulits are shown for both the forwerd and
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rearward gears of the bicycle-gear arrangement as the bomber passed over
each obstacle. The results for the medium bomber are for slightly higher
(1.6-inch) and wider (2.2~ and L4.5-foot) cbstacles than are the present
results. The results for the forward gear of the medium bomber show the
same Increase with speed at the lower speeds as do the results of the
present tests but, in general, go to higher velues at speeds in the

range of 40 to 60 miles per hour. The results for the rearward gear

are of the same order at 15 miles per hour as the present results but

are considerably lower at higher speeds.

As has been previously shown (fig. 9) the vertical center-of-gravity
response was generally lower for the larger, more flexible heavy bomber
than for the airplene used in the present tests. In contrast, the swept-
wing medium bomber which had the landing gear mounted in the fuselage
indicated a center-of-gravity response for the forward-gear impacts
higher than that for the airplane used in the present tests. These con-
trasting results only serve to emphasize that the response at the center
of gravity is dependent on a number of factors such as the landing-gear
shock-strut characteristics, the location of the landing gear, the mode
shape excited, and the flexibllity of the structure.

Shock-Strut Displacement

From the time histories of shock-strut displacement such as are
shown in figure 5, the maximum incremental values of compression were
obtained for both the left and right main gear for each lmpact with an
obstacle. The variation of the peak incremental compression with speed
is shown in figure 11 for the various obstacles used in the tests. - For
the 1.5-inch-high obstacles it appears that the compression increases
with both speed and obstacle width. The large amount of scatter of the
results at the lowest speed appeared to be associated with the rolling
of the airplane caused by one geer rising on an obstacle before the
other. For the 3.0-inch-high obstacles it 1s evident that the shock-
strut displacement- 1s higher than that for the 1.5-inch-high cbstacles
and increases with obstacle width as for the 1. 5-inch—h1gh obstacles but
varies rather errestically with speed.

Exemination of the time histories of shock-strut motion indicated
that in most cases the time history appeared to be simllar in shape to
a sine curve for the initisl motion up to the pesk value of compression.
Because of sticking tendencies, motion of the shock strut, in general,
did not start st the time of lmpact; therefore, both the values of the
time from impact to peak displacement and the time from start of shock-
strut motion to pesk displacement are given in table III together with
the value of the maximum incremental shock-strut displacement.
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Effects of Nose Wheel and Runway Roughness

From strain-gage and aeccelercmeter records it was observed that
with the 300-foot spacing between the obstacles the impact with one
obstacle did not appear to have any significant effect on the impact
with the next obstacle. A comparison of results with and without the
nose-wheel cbstacles in place (figs. 6 and 8) indicates that the nose-
wheel impact with the obstacles has no significant effect on the main-
gear ground-reaction forces and the vertical acceleration at the center
of gravity of the sirplane. In addition, runway roughness encountered
throughout the investigation transmitted lomds through the landing gear
to the airplane structure and resulted in wing and engline oscillations
which, depending on the phasing at the time of obstacle impact, either
added to or subtracted from the loads contributed by the obstacle.
These wing and engine osclllations are believed to have contributed to
the scatter of the ground-resction force and center-of-~grevity vertical-
acceleration data. . |

Center-of-Gravity Dynamic Response Factor

The response of the upper mass of the alrplane structure caused by
the landing-gear trucks striking the obstacles was snalyzed and compared
with the response of the upper mass obtained from landing impacts during
a landing-loads investigation made previously with this alrplane (ref. 1).
This analysis was made on the basis of a dynamlc response factor which

was teken as —E;éé——
g APy 4
where —_
W weight of airplane .
AFv,t maximum total incremental vertical force applied to main gear
by lmpact with obstacle or in landing lmpact
As maximm Incremental vertlical center-of-gravity accelerstion

The varistion of the response factor with ground speed for the
results obteined in the obstacle tests is shown in figure-lE(a). For
the landing tests the response factor is given as a function of the
vertical velocity at impact in figure 12(b)}. A comparison of these
results indicates that for vertical velocities up to 5.5 feet per sec-
ond in the landing tests, the response factor i1s low (mean value about
1.0} and egrees with the response factor obtained in the obstacle tests
at the low speeds below about 25 miles per hour. For the obstacle tests
made at higher speeds, the response factor is, 1ln general, greater and
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reaches values as much as twice the mean value obtained in the landing
tests.

The higher value of the response factor shown by the results of the
obstacle tests (at the higher speeds), when compared with the results of
the landing tests, is apparently associated with the higher force-input
rate that occurred during the high-speed obstacle test. The variation
of force-input rate with ground speed for the obstacle tests is given
in figure 13(a). The force-input rate variation with vertical velocity
for the landing impacts is shown in figure 13(b). These results indicate
that the force-input rate increases with increasing ground speed or with
increasing vertical velocity. The maximum force-input rates obtained in
the obstacle tests (for example 2,950,000 1b/sec at 65 miles per hour)
were over three times as high as those obtained in the landing impacts
(830,000 1b/sec at about 5.5 feet per second). It is also evident that
for the landing impacts the force-input rates are comparable to those
for the obstacle tests up to 30 miles per hour.

The relationship between dynamic response factor and force-input
rate for both the obstacle and landing tests is shown in figure 1k.
It appears that, in genersl, the dynamic response factor increases
with an increase in force-input rate. The values of dynamic-response
factor for both the obstacle and the lending tests appear to agree
throughout the range of force-input rates covered by the landing tests
(0 to 830,000 1b/sec).

CONCILUSIONS

The principal results of an investigation of an unswept-wing four-
engine bomber alrplane taxiing at various speeds over obstacles of
various widthg and helghts are summarized as follows:

1. Meximum incremental vertical and rearwerd drag ground-reaction
forces which develop on impact with an obstacle are primerlly & func-
tion of the height of the obstacle.

2. The maximum incremental vertical ground-reaction force for both
obstacle heights tested (1.5 and 3.0 inches) was greastest for the 2-
and 4-foot widths and smallest for the 1l-foot width.

3. The meximum rearward drag ground-reaction force for both obstacle
heights tested was greatest for the l-foot-wlide obstacle and smallest
for the h-foot-wide obstacles.

k. The maximum incremental shock-strut compression was greater for
the 3.0-inch-high obstacles than for those 1.5 inches high and increased -
with obstacle width for both obstacle heights tested.
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J. Ground-reaction forces imposed on the main-landing-gear wheels
are not affected because the nose wheel strikes the obstacles first.

6. The airplane center-of-gravity vertical accelerations developed
on impact with the obstacle were the highest for the 2- and L4-foot-wide
obstacles for both the 1.5- and 3.0-inch heights tested.

7. The dynasmic response factor at the center of gravity of the
airplane gs a result of taxiing over the obstacles at the higher speeds
reached values as much as twice the mean value of 1.0 obtzined in some

previous landing tests at vertical velocities up to 5.5 feet per second.

These higher values of dynamic response factor obtained in the obstacle
tests appeared to be associated with higher force-input rates which, at
the higher speeds, reached values over three times the highest force-
input rete obtained in the landing tests.

Langley Aeronautical Leboratory,
National Advisory Committee for Aeronsutics,

Langley Field, Va., July 29, 1958.
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(2) Left outboard wheel

TABLE I.~ GROUND-REACTION FORCES
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TABIE I.- GROUND-REACTION FORCES - Continued

(b) Left inboard wheel
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(c) Right outboard wheel

TABLE I.- GROUND-REACTION FORCES - Contimued

I:Kose-wheel cbstacles removed for tests k9 to 60]
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TABLE I.- GROUND-REACTICN FORCEB ~ Concluded

(&) Right Irboard wheel .
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Figure 1.~ Airplane used in thé investigetion. L-78020
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18 NACA ™ 4hoO

Plywood sheets 0.75 inch thick fastened together to give
obstacle heights of 1.5 and 3.0 inchea.

. —

Runway
center line

e——— 300" —— ’LE ——! 300"—
| ﬁ

Figure 2.~ Dimensions and respective positions of obstacles on the
runwey. : '
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Figure 3.- Some test obstacles bolted to runway.
w = 2.0 feet.

L-867T1
h = 1.5 inches;
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(ml axle forces)
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\_\.“_ Linear accelerometers
~ (inertia corrections)

- Outer brake shoe

Figure 4.-‘Main-landing-gear truck with one wheel removed to show
arrangement of instrumentation.
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Figure 5.- Time histories of vertical and drag ground-reasction forces,
center-of-gravity vertical accelerations, and shock-strut displace-

ment for the 1-, 2-,
70 miles per hour.

and 4-foot-wide obstacles at approximately
h = 3.0 inches.
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Figure 6.~ Effect of ground speed on maximum incremental vertical and rearvard drag ground-
reaction forces for cbstacles of various helghts and widths. (Solid symbols deslgnate teste
with nose-wheel cbstacles removed; flagged symbols designate tests made in opposite direction
from those deslgneted by unflagged symbols.) .
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Figure T.- Varilation of vertlcal and drag load factors with ground speed for the tests of the
present airplane compared with tests of e heavy bomber airplene when teaxiing over obetacles
of various heights. w = 1 foot.
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Figure 8.~ Variation of maximum incremental vertical center-of-gravity acceleration with ground

speed for obstacles of various widths and helghts for teste of the present airplane.
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Figure 9.~ Variation of maximm ineremental vertical center-of-gravity acceleration with ground
speed for tests of the present alrplane compared with tests of a heavy bomber airplane when
taxiing over obstacles of various heights. w =1 foot.

OOfth Nl: VOVN




TECHNICAL ‘LIBRARY

ABBOTTAEROSPACE.COM

1.
% 2 Medlum bomber
P {h=1.6in,)
gh Forward gear Rearward gear
ﬁ 1.0 g w= 2.2ft g 2.2ft
G o w= 45t d 45ft
3]
:‘; g

.8
B
iﬁ 1
& a
] \q| —

..6 74"'-'_.'-- —---'::-'h-. -

Present qirplqne, h=1.5in. /7 —
= w=2 ft i / .
Ci = a
: w=4 ft 72/
4 o +—a
: 2 ¢
g /, Yo
L/

b A7 %y
g2 77—
1 | /7
g <f

0 10 20 30 40 50 60 70 80 90

Ground speed, mph

Figure 10.- Variation of meximum incremental vertical center-of-gravity acceleration with ground

speed for tests of the present ailrplene compared with tests of & medium bomber airplane when
taxiing over cbetacles of various widths and heights.
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Figure 1ll.- Variation of maximum incremental shock-strut displecement with ground speed for
tests of the present alrplane when taxiing over obstacles of various helghts and widths.
(Bolid symbols designate tests with nose-wheel obstacles removed; flegged symbols designate
tests made in opposite direction from those désignated by unflagged symbols.)
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(b) Variation with vertical velocity.

Figure 12.- Dynsmic-response factor.

[} . t ¥



Force — input rate, Ib/sec

Force —input rate, Ib/sec

3000

2000

1000

2000

TECHNICAL-LIBRARY

(b) Variation with vertical velocity.

Figure 13.- Force-input rate.
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