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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

MEMORANDUM REPORT

for the
Army Alr Forces, Materiel Command
ACCELERATIONS MEASURED AT CENTER OF GRAVITY
AND ALONG SPAN OF THE WING OF A B-2LD
ATRPLANE IN LANDING IMPACTS

By John R. Westfall
SUMMARY

During the course of a series of tests on a Con-
solidated B-2LD airplane, made with the primary purpose
of determining loads imposed upon the horizontal tall,
measurements were taken of accelerations at various
points on the wing during landing impsacts.

Landings were made with the wheels initially stationary
but free to rotate, with the brakes set before contact,
and with the main wheels rotating prior to contact. The
landings were generally moderate, the average vertical
velocity at contact being about 2.3 feet per second, and
the highest 6.9 feet per second. The maximum value of
increment of wing-tip acceleration was 13.5g, occurring
with a maximum increment of acceleration at the center
of gravity of l.hg. The average ratio of maximum incre-
ment of wing-tip acceleration to maximum increment of
center-of-gravity acceleration was sabout 7.

In general, there appeared to be little difference
in the magnitude of the peak accelerations recorded for
normal, braked, and prerotation landings of comparable
severity. Howsver, the vibrations of the wing were pro-
longed in the braked landings, whereas in the normal and
prerotation landings they damped out rather rapidly.

INTRODUCTION

At the request of the Army Air Forces, Materiel
Command, the NACA conducted a series of tests
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on a B-2liD airplane thet included measurements of the
horizontal-tall loads in flight ahd landing and supple-
mentary measurements of wing vibration and landing-gear
behavior, :

The results of the tail-load invesbigations in
landing impacts have been nresented in reference 1.
The dafta presented in this paper consist primarily of
time histories of eccelerations at the center of gravity
and along the span of the wing of the B~24D, and also of
the normal component of the landingwgear loads. This
inTormation was requested by the Army Air orces,
Materiel Command, “irisht Field, in Jenuorv 1944.

a
T

APPARATUS AND INETRUMENTATION

The airplane on which the tests were conducted was
a four-engine bomber, the Consolidated B-2liD. Its general
specifications are given in table I, and two views of its
external appcarance are shown in figures 1 and 2.

FPor determining the horlizontal-tail loads, the air-
plane was instrumented with electrical strain gages and
accelerometers. The strain gages were attached to the
front and rear spars of the horizontal stabilizer to
determine the tail bending moments, and to the main
landing~-gear struts and nose-wheel strut to determine
the vertical and drag components of the ground re-
actions. Standard NACA three-component accelerometers
were installed near the center of gravity of the airplane,
at the center of the fuselage, and the center of the
stabilizer. Before the landing tests began, it was
decided to install two more accelerometers, one near the
tip of each wing. After about half of the landings had
been made, two more accselerometers were installed in the
left wing, one near the attachment of the main landing-
gear strut to the wing and the other in the wheel well
near the outboard engine nacelle. Figures 3 and L. show
the attachment of the strain gages to the landing-gear
gstruts, and figures 5 through 8 show installation of the
accelerometers at the center of gravity, the center of
the stabiligzer, the outboard nacelle, and the wing tips.
Figure 9 is a sketch of the airplane showing the acceler--
ometer locations in the airplans.




A photographic record of the behavior of the main
landing gesar during impact was obtained by two 35-millimeter
~cameras having speeds of about 60 frames per second,
mounted benecath the fuselage of the airplane. Statlonary
targets, attached to the lower end of a tripod-supported
boom whose upper end was secured to the wing structure,
were installed in the fields of view of the cameras to
serve as reference points in determining the movement of
the gear. Camera and target installations are shown in
figures 10 and 11. All of the instruments in the alrplane
were synchronlzed by means of an NACA timer.

Attitude angle of the airplane and vertical velocity
at contact were determined by means of two phototheodolites.
A description of the phototheocdolites and the method of
evaluating their data is given in reference 2.

The airspeed and ground speed at contact were deter-
mined from the readings of the pilot's alrspeed indicator,
which had been calibrated against true airspeed, and the
surface wind velocity and direction. As a check, the
ground speed was computed from the wvheel pictures and
gave good agreement.

Two hydraulic pressure geges were installed in the
alrplane's brake lines tc indicate brake pressure for
certain landings which were made with varying amounts of
pressure applied to the brakes before landing.

PRECISION OF DATA

The measurements presented in this paper are believed
to lie within the limits of error shown below. The amount
of deviation is based on the spread between repeat read-
ings of the same point, the differences in values obtained
from different instruments, the known mechanical limita-
tions of the instruments, and the conditions under which
the loads were applied to the instruments.
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Gross weight of airplane at contact, 1b . . . . . . ¥100

ground speed at contact, mph . . .« « .+ . o o o . 3
Vertical velocity, f£/5€C « « « o « « o « o .« o . « 1.0
Attitude angle at conbtact, deg . . . . . . . . . . E0.7

Main wheel logds, from strain gages, percent . . . 5.0
Nose wheel loads, from strain gages, percent . . 15.0
Normal component of acceleration, from

accslerometer records, g

Center of ravity « « o+ « o & o o 4 s . . . . . X0.2
Center o0Ff £811 v« v « v & o o « o o « o o o+ . . F0.3
Teft tall t1D « o ¢ v v « o o o o o o o o« . o . 0.3
Tnboard Nacelle .+ v v « « o « o o+« .+ o« + . . ED.2
outboard Nacelle  « v « v 4 o« e 2 e e . . . . T0.3
Wing tiD +« v &« o 4 e e« 4 s e s e .o . .o« EL.D

TEST PROCEDURE

A total of 58 landings were made. These included
(a) normal landinzs (that is, the main wheels were
stationary prior to contact but frse to rotate); (b)
braked landings, the brakes being set before contact,
with varying smounts of pressure, but being released
again as soon as the initial impact was cver; and (c¢)
landings in which the main wheels were glven rotational
speed prior to contact.

All of the landings were made on the concrete runways
of Langley Field, Va. The runways had been coated, about
a year and a half earlier, with a camouflage material
consisting of sawdust spread on an asphalt binder. At
the time these tests were begun, psrhaps one-third of
the surface of the runways used was still covered with

he camouflage coating in patches of varying size, shape,
and thickness. The airplane was flown by NACA test
pilots who had a great deal of previous experience with
othir girecraft although no previous experience with the
B-2i1.

Landings were mede over a wide range of landing
speeds and a somewhat narrower range of landing attitudes.
No completely stalled landings were made because of the
possibility of the tail contacting first, with resultant
structural damage. The angle of the longitudinal axis
of the airplane at the time of contact ranged from -1.4°
to 6.1°, corresponding to a wing angle-of-attack range
of from 1.6° to 9.10. Ground speed at contact varied




from 80 to 128 miles per hour, and vertical velocities
- from-0.9 to-6.9 feet per second.at.contact were recorded.

Ioading the brakes before contact was done by means
of a device which permitted an adjustable pressure to be
put on the hydraulic brake lines. A release lever,
operated by theco-pilot, made possible instantaneous
release of the brakes at any desired time. The brakes
were usually cut off immediately after the initial impact.
‘The maximum brake pressure used during the tests was 25
pounds per sdquare inch. Observations of the brake pres-
sures during taxying after landing showed that about
20 pounds per square inch was the maximum used in decel-
erating the airplane in normal landings in which the
brakes were not set prior to contact.

An attempt was made to bring about prerotation of
the main landing wheels by means of special fittings
with anemometer-cup~type wind vanes; however, they did
not prove satisfactory. Prerotation of the wheels was
accomplished by touching the wheels to the runway to
bring them up to rotational speed, 1lifting the airplane
off the runway by speeding up the engines, and again
making contact with the runway while the wheels were
revolving at high s=speed.

PRESENTATION AND DISCUSSION OF DATA

Table IT lists the natural frequency of vibration
of the various structural components of the airplane.
Table TIT classifies the landings as to type and severity
of impact, and lists conditions st contact and maximum
accelerations and loads.

Most of the landings were of normal or moderate
severity, the average vertical velocity at contact being
about 2.3 feet per second, and the highest 6.9 fest per
second. Ground speeds at contact averaged about 97 miles
per hour.

Figures 12 through 29 are time histories of wing and
center-of-gravity sccelerations and landing-gear normal
loads for representative normal, braked, and prerotation
landings. The time after contact specified on the charts
is the time after the first wheel contacted the ground,
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whether that was left or right main landing wheel or the
nose wheel. Peak values of increment of wing-tip accel-
eration as high as 13.5 were recorded (fig. 17}, though
the average was about 7g. The highest value of increment
of acceleration at the center of gravity was about 1.6g
and the aversge was O,6g= For comparison purposes,
landings in which the maximun increment of accelerstion
at the center of gravity was less than C.0g are herein-
after referred to as soft landings, and tlose in which
the value was higher are called hard lendings. It 1s
recognized that the hardest landings recorded in these
tests were not extremely severe. Yor normal, braked,
and prerotation landings of compareble severity, there
sesmed, in general, to be little difference in the
magnitude of the accelerometer record peaks. However,
in the case of braked landings, the vibrations usually
continued over a longer period of time than in the case
of the normal and prerotation landings. This seemed to
be generally true regardless of the relative severity

of the impact. Figure 30 compares a normal, braked,

sand prerotation landing of about the same severity of
impact (moderate, in all cases) and figure 31 comgares
the magnitude and duration of the vibrations for a
normal and braked landing that were among the hardest
made during these tests.

After one landing, accelercmeter records were taken
during the run while the airplane was decelerating. The
pilot applied his brakes hard seversal times, the purpose
being to determine tail accelerations. The wing accel-
erations were small and the vibrations did not persist
as in the case of a braked landing. A time history of
the wing accelerations in this taxi run is shown in
figure 32.

Figures 33 through 53 depict time histories of wing
and center-of-gravity accelerations for miscellsaneous
normal, braked, end prerotation landings, most of them
being comparatively soft.

Figures 5L aad 55 present the ratic cf maxlmum lncre-
ment of wing-tip acceleration to maximum increment of
center-of-gravity acceleration, plotted sgainst maximrum
increment of center-of-gravity acceleration. The incre-
ments of acceleration were determined by subtracting an
assumed airload of lg fror the maximum values recorded
by the accelerometers. There was considerable scatter
in the values, probably due chiefly fto large percentsage




of error in determining the smaller values of acceleration,
.especially at the center of gravity. (See section on
Precision of Data.) However, there seemed to be a trend
toward higher ratios for the softer landings (smaller
values of center-of-gravity acceleration) and smaller
ratios for harder lsndings. The average value for all
landings was about 7.

SUMMARY OF RESULTS

1. The maximum increment of wing-tip acceleration
recorded was 1%3.5z, in a landing in which the center-of-
gravity maximuw acceleration increment was 1l.lg.

2. Normal, braeked, and prerotation-type landings of
comparable severity seemed to have maximum accelerations
of roughly equal magnitude.

3. The wing vibrations were usually more prolonged
in braked landings, even though the brakes were released
immediately after impact.

li. The average ratio of maximum increment of wing-
tip acceleration to maximum increment of center-of-
gravity acceleration was about 7.

Langley Memorial Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley Field, Va., August 8, 19LlL
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TABLE I

SPFCIPICATIONS OF THE CONSOLIDATED

B-2L,D ATRPLANE

Gross weight at landing, 1b . . . . .

Wing span, ft .
Wing area, sq ft

Horigzontal tail area, tOtal sq ft .

Stabilizer area, sqg ft . . . . . . .
Weight of teil assewbly, 1b . . . . .
Normal rated horsepower . . . .

Center-of-gravity location, as Ilown,

vercent M.A,C.

. . . . .

. 18,900 to 50,100

. . 110
1,048

. 192.0
. 120.5
. 869.2
R

. . . 27.9 to 28.2

. . .

-
. & 4 e =

° . .

Height of center of grdV1ty abovo ground,

static prosition of .
gf inertia in pitch,

Approximate moment

as flown, slug-ft=
Moment of inertisa of main wheul

Wheel tread, ft
tWheelbase, ft

al rplane, ©t

. . . - » .

. . L] L] . 1 . 8'2
. . . 150,000

slug—ft2 e e e e . 33,

-
Ul T8l

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS




TABLE II

NATURAL VIBRATION FREQUENCIES OF THE B-2LF ATRPLANE

{fhe B-2LE 18 practically identicel structurally to the B-24D]

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Part Type of vibration F”%;:F°7 Vibrator location Remarks
wing Symmetrical bending 215 Outboard end of sileron. [Nodal line just outboard of
(approx. inboard engine. Large fuse-
LoO gal gas lage vertical motion.
in each wing) |[Symmetrical inner- 315 Outboard end of afleron. {Nodal line runs diagonally
‘panel torsion from Just outboard of out-
combined with board engine at leading edge
symmetrical to wing root at trailing
bending edge. Outboard engine pitch-
ing considerably.
Inner-panel torsion 520 Between cylinders No. 7 [Small response outboard
. and 9 on engine No. 2. engines; larger response
inboard engines. Amplitude
too small to check phase,
Rear of fuselage moving
vertically.
515 Floor of fuselage just

Fuselage

Stabilizer

Main lending
gear

Righer order bending 590
990
1360
Side-bending 340
520
Vertical-bending 980
Symmetrical bending Loo
combined with wing
symmetrical
bending. Pitching
of sirplane
excited also.
Torsion . 640
Fore-and-aft k1o

bending

forward of tail turret.
outboard end of aileron.
Qutboard end of aileron.

Outboard end of aileron.
Inspection door on bottom
of fuselage, 2 feet
forward of tall light.
Latersal impulses.
Thrustwise impulzes at
bottom rudder hinge.
Floor of fuselage just
forward of teil turret.
Vertical impulses at
second rudder hinge
from bottom.

Thrustwise impulses at
bottom rudder hinge.

Fhase symmeZrical by pickups.
Phase unsymmetrical by
pickups,

Phase symmetrical by plckups.
Very small amplitude.

Large amplitude mode. Node
at walst gun cutout.
Amplitude too small to
determine node line.

Stabilizer nodes L feet from

center line of airplane. ¥Wing
tip and stabilizer tip in phase.

Phase symmetrical by plckups.
Nodal line near-rear spar.

(From AAP Memorandum Report on
Ohio, October 1-5, 1942.)

Flutter Inspection of the Ford B-2LE Alrplane.

¥right Fleld, Dayton,

NATTONAL ADVISORY
COMMITTEE FOR ARRONAUTICS




TABLE IIX

LANDINGS CLASSIFIED ACCORDING TO TYPE AND SEVERITY OF IMPACT

Incremsnt of maximum acoelerstion, g
[33

NATIONAL ADVISORY

COMMITTEE FOR AERONAUTICS

3] Vys Ground Attitude Maximus main gear “Maximm nose
landing -'at inboard outboard -at left - at right at center st-left speed, angle vertioal lowds, 1b. wheel vertioal
nusber c.g. naeelle moslle wing tip wing tip of tail tail tip £ps Ml degrees Left Right Tokal loads, 1lbe

JORMAL .
7 1.55 ——— - 7.65 11.80 3.86 7.20 8.5 102 «0.9 40,600 51,200 70,100 15,400
18 1.40 —— ———— 6,80 13.50 3.9 £.00 4.2 118 3.9 28,700 33,800 61,800 —————
39 1.36 2.10 170 6.70 4.66 .10 8.20 8.9 128 1.4 40,000 22,800 57,000 3.500
36 1.00 «80 1.12 2.90 3.16 1.56 5.80 2.6 102 ——— 22,350 21,300 43,600 ————
10 #80 ———— wem- 4.50 3.10 l.10 3.10 4.0 107 9 28,000 15,000 31,700 wn———
13 «70 ——— ——— 4.80 6.80 1.80 2.30 2.9 103 5.2 27,900 24,700 50,200 —————
27, —— ——— w— —— - ——— ! mme- 2.6 82 — 19,000 25,100 40,000
351 «85 «80 l1.48 4.15 5.30 2.20 2.70 3.3 100 0.5 11,830 16,660 26,700
9 ———— m———— —— 3.85 3.10 1.0 1.40 22 102 1.7 15,200 27,300 33,400
5 680 ——— —— 2.97 4.00 1.70 6.10 2.5 108 1.2 23,300 16,400 29,400
17 +80 ——— 4.06 -6.50 1.45 5.80 2.4 84 ——— 20,400 14,500 33,600
b} —— - ———— 4.42 1.00 2.90 1.8 7 5.3 1,800 ~ece-e- 34,100
291 «80 1.72 4.92 2.3 1.10 2.70 2.9 100 e 32,200 7,300 32,200
«80 «70 2.30 5.30 1420 2.70 14l 102 0.2 13,060 16,400 29,000
30y «80 1.08 5,00 4.90 1.156 3.30 1.9 98 3.6 28,650 25,700 24,900
20 «55 - 2.55 3.65 .25 2.00 2.3 100 3.6 4,900 9,850 28,100
2 ——m- 1.00 2.80 2.70 1.08 1.70 1.8 20 e 7.600 19,250 27,600
33, «80 1.65 4.36 1.85 1.20 1.90 l.4 98 1.1 15,680 6,400 17,800
26 35 «80 2.00 6.50 «80 2.30 1.4 \ 87 m——— 10,800 17,980 23,400
333 «35 «60 2.00 —— «85 1.25 1.4 87 . 7,800 10,900 18,800
2 «86 o——— 3.40 4.65 1.45 2,90 1.9 118 1.0 20,900 13,800 30,500
2 ———— ——— ——— 3.25 1.15 R.50 1.7 113 ~0.1 32,800 34,200 34,200
24 ———— 4.20 T.45 —o——— 1.70 3.70 1.6 82 —— 18,800 8,140 26,600
1 ——— ———— ——— ——— 3.75 1.40 2.90 1.3 96 el 20,400 ~cean- 31,600
o1 +30 «80 «90 3.15 1.90 90 1.30 1.4 a7 3.0 14,400 15,900 26,000 —————
38 «35 «70 90 2.680 1.40 «90 1.40 1.3 89 4.4 15,950 10,675 16,000 —————
] «30 —— vo——— 1.50 3.08 «65 v - o7 91 8.1 13,580 9,700 21,9800 rewn-
114 «30 ———— — 1.50 3.20 «30 1.00 _— 96 4.5
21 —— o —— 3.00 2.90 «80 1.25 <9 " 3.9 13,600 8,080 9,500 —————
340y «20 40 +80 1.65 2.95 «40 -80 1.6 98 0.8 8,560 7,900 11,200 cmmna-
541 <30 25 -85 1.90 ——— <76 1.15 ——— - -— 10,600 12,500 ————— —————
BRAZT
41 1.10 «35 «90 7.86 10.70 2.80 4.00 6.8 9 1.0 34,000 40_700 69,300 3,800
31 1.20 —— 1.86 5.70 —— 2.25 3.90 4.9 96 0.8 26,800 35,900 81,700 ——————
11 +80 ——— ——— 3.78 5.76 «35 4.80 3.6 87 0.4 35,650 20,700 48,800 ————.
8 .80 - - 5.42 5.37 1.20 3.00 4.1 98 3.7 29,400 21,400 44,900
22 +86 ——— ——— 4.60 8.30 1.70 2.80 4.2 96 1.9 20,700 23,000 43,200
18 75 —— —o——— 7.10 8.50 1.35 2.70 2.8 90 — 28,700 26,400 652,400
12 «860 ——— ———— 5.23 2.86 1.5 2.90 3.0 89 2.4 19,350 38,860 39,800
16 35 —— —— 2.10 4.57 50 2.10 242 108 3.2 24,500 25,760 38,700
32 «30 ——— 1.13 4,00 —— <76 1.90 1.8 9 4.5 11,400 11,400 25,100
4 —_—— ———— —— ———— 2.07 1.10 1.60 l.8 88 5.7 1,800 wacaaa 33,000
28 «30 «45 .82 2.88 2.40 «80 1.90 1.0 81 —_— 1,600 10,880 21,000
19 — ———— —— 2.30 3.76 20 1.80 1le2 84 6.1 11,750 8,526 21,900
23 «35 ———— ———— 2.62 2.21 70 1.30 9 94 2.7 11,300 10,300 23,700 ————
PREROTATION
273 «80 1.20 1.25 2.60 2 60 .95 2.55 2.3 80 —— 20,3 17,430 37,700
352 -80 -85 1.00 2.40 3.35 1.20 Z2.40 2.9 94 2.5 9,200 17,400 24,700
345 36 50 1.13 4.18 —— <70 1.50 3.l — -—— 11,200 10,200 34,600
242 80 1.30 1.88 4.80 3.15 1.38 3.12 1.8 80 ——- 19,850 17,700 34,900 ———
293 +85 86 1.00 2.17 8.31 1.25 3.10 3.0 87 4.8 13,800 17,000 30,800 comno
36 85 emem ———— —— ——— .60 .20 2.1 100 5.8 17,100 13,000 28,600 a————
332 «40 50 1.28 3.58 — 5 1.25 2.2 —— —— 9,100 26,200 29,200 m——
302 40 .50 <95 2.20 —— .80 1.50 1.2 %6 347 19,500 16,100 22,000 P
262 «30 45 1.50 1.5 1.80 «35 1.00 1.0 a2 —— 10,300 9,326 18,700 aammne
S3ay «40 «45 «65 2.70 2.00 <80 <80 1.0 94 2.4 9,030 7,900 10,100 ——————
263 28 «70 1.12 2.76 2.88 «36 1.70 9 a3 - 12,550 15,150 15,200 comm——
34my «35 45 «&5 1.36 1.30 45 +40 1.3 20 4.9 9,000 9,950 13,000 ———

o Nose wheel loads listed only when nose wheel contacted during msjor portion of impaot.




Figure 1.- Side view of the B-24D airplane,
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Figure 2.- Three-quarters front view of the B-24D airplane,




Figure 3.- Strain gage installation on left main
landing-gear strut of B-24D airplane.
Protective covering of tape and wax removed.

Figure 4.- Strain gage installation on nose wheel
strut of B-24D airplane. Protective covering
of tape and wax removed,



Figure .- Installation of NACA three-component
accelerometer near center of gravity of
B-24D airplane.

Figure 6.- NACA three-component acceierométer located
at the center of the stabilizer of the B- 24D airplane.
Fairing removed.




Figure 7.- NACA accelerometer No, 291, located in left
wheel well near outboard nacelle.

Figure 8.~ NACA accelerometer No. 286, located near left
wing tip. Fairing removed.
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Acc o F66

[oleo_strut wing fitting

110'0"

-51'11*

Acc na 268
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Figure @-Installation of accelerometers in the B-A4D airplane
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Figure 10.- Cameras used to photograph main landing wheels
of B-24D airplane, installed bensath the fuselage.



Figure 11.- Two views of the left main landing wheel of the B-24D airplane, showing
wheel markings and reference target. Inboard face of wheel shown.
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