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NATIONAL ADVISORY COMMZTTEE FOR AERONAUTICS

MEMORANDUM REPORT——

foi” the

Army Air Forces, Materiel Command

ACCELERATIONS MEASURED AT CENTER OF’ GRAVITY

AND ALONG SPAN OF THE WING OF A B-2JD

AZR.PLANE” IN LANDING IMPACTS

By John k. Westfall

sTJmARY

During the course of a series of tests on a Con-
solidated B-24,D airplane, made with the primary purpose
of determining loads imposed upon the horizontal tail,
measurements were taken of accelerations at various
points on the wing during landing impacts.

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 2.5 feet per second, and
the highest 6.~ feet per second. The max~mum value of’
increment of wing-tip acceleration was 13. ~g, occurring
with a maximum increment of acceleration at the center
of gravity of 1.4g. The average ratio of maximum incre-
ment of wing-tip acceleration to maximum increment of
center-of-gravity acceleration was about 7.

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

INTRODTJC’TIOIJ

At the request of the Army Air Forces, Materiel
Command, the NAM conduated. a series @ tests
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on a B-2JD airplane that included measurements of the
horizontal--tail loads in flight ahd landing and supple-
mentary measurements of wing vibration and landing-gear .
behavior.

The results of the tail-load investigations in
land.iilg i.rrrpact~have been yresentecl. in refei-ence 1.
The “data presented in this paper consist primarily of
time histories of P.ccelera tioms at the center of gravity
ancl.nlon~ the s~an of tile wing of the B-22-D, and also of
the normal component of the l.andin~-gear loads. This
information wa~ iwcjuesteal by tlie Lr:.:qj-Air YOi”Ces,

Nat eriel Conmcnnd, ‘“lrightPie Id., ilc ~-e-llu?.i”v 1944.

APPARATUS AND INSTRUMENTATION

The airplane on which the tests were conducted was
a four-engine bomber, the Consolidated B-24D. Its general
specifications are given in table IS and two views of its
external appearance are shown in figures Z and 2.

For determining the horizontal-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. Stand.8.rd NACA three-component accelerometers
were installed near the center of ,qravity 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 r,ore accelerometers, one near the
tip of each wing. After about half of the landings had
been made, twlo more accelerometers 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 h. show
the attachment of the strain gages ~0 t~le landj-ng-gear

struts, and figures ~ through 8 show installation of the
accelerometers at the center of gravity, the center of
the stabilizer, the outboard nacelle, and the wing tips.
Figure $) is a sketch of the airplane showing the acceler-
ometa locations i.n the airplane.
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A photographic record of the “behavior of the main
landing gear during impact was obtained by two 5~-millimeter
cameras havf.ng”speeds of abtiut”6-0-f’ram.es per second.,
mounted beneath t-ne fuselage of the airplane . Stationary
targets, attached to the lower end of a tripod-supported
boom whose upper end was secured to the wing structure,
were instalied 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 airplane
were synchronized by means of am NACA tim-er.

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

The airspeed and ~round speed ~Lt contact were d.eter-
m.ined from. the readfn.gs of the pilot~s airspeed in-dicator,
which had been calibrated against t.ru.eairspeed, and the
surfscs wind ~.7elocfty and d.irecti,on. As a check, the
ground speed was coriputed from the wheel pictures and
gave good agreement.

Two hydraulic pressure gages were instalied ~.n the
airplanes brake lines to indicate brake pressure for
certain landings ~~~hich~~leremade Wftli 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 Z.imits of error shown below. The amount
of deviation is based on the spreqd between repeat re,ad-
ings of tb.e”same point? the d~fferences 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.

I ...=-.

,,
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Gross weight of atrplane at contact, lb . . . . . . f100
Ground speed at cc’ntactj rlj?h . . . . . . . . . . . ~3
Vertical velocity, ft,\;ec . . . . . . . . . . . . . tl.O
Attitude angle at ~oa”~actj deg . . . . . . ● . . . *O”?
Main wheel Ioadsj from strain gages ~ percent . . . t~.~
J?ose wheel load-s, from straig gages ~ percent . . t15.o
lTo37mal com~omerl~ of acceleratioil, from

accelerometer reccrds, g
Center of ,gravity . . . . . . . . . . . . . . . tO.2
Centeroftail . . . . . . . . . . . . . . . . *().3
Lefttaii tip. . . . . . . . . . . . . . . . .*O.5
Inboardnacell~ . . . . . . . . . . . . . . ..~3.2
Outboard nacelle . . . . . . . . , . . . . . . ~Oo;
lJ;ingtip . . . . . . . . . . , . . . . . . . Q -EEo,o

TEST PRo(mxmE

A total of 58 Iandings were :ma.de. These included
(a) normal landings (that is, the main wheeis were

~ett~ ~~~~t~~~t~l
stationary prior to co;~tact but free
braked landings, the brakes being c
with varying amounts cf pressure, fiut being released’
again as soon as the initial :mp act was over; and (c)
landings in which the main wheels were given rotational
speed pri Gr to contact.

All of the landings were made on the concrete runways
of’ Langley Fle3d, \’a. The runways had. been coated, about
a year and a half ea”rli,er, with a camouflage ‘material

consisting of sawdust spread on an asphalt binder. At
the time these tests were begun, perhaps one-third of
the surface of the runways used was still. covered with
the camouflage coating in patches of varying size, shape,
and thickness. The airplane was flown by i!ACA test
pilots who had a great deal of previous experience with
other aircraft although no previo’as ex.perlence witi~ the
B-24.

Landings were made over a wide range of landing
speeds and a somewhat narrower range of landir% attitudes.
No completely stalled landLin~~ were made beta’ase of the

possibility of the taj.1 contacting first, With resultant
structural damage. The angle of the longitudinal axis
of the airplane at the time of contact ranged fro~l -1.40
to 6.10, corresponding to a wing angle-of-attack range
of from 1.6° to ~.l”. Ground speed at ccntact varied



5

from. 80 to 128 miles per ho~m, and vertical velocities
f-~~i~-O.~ to 6.9 feet per second...acontactct were recorded.

Loading the brakes before contact was done by means
of a device which permitted an adjustable pressutie to be
put on the hydraulic brake lines. A release lever,
operatedby theco-pilot, made possible instantaneous
release of the brakes at any desired time. The brakes
were usually cut off immediately after t.b.einitial impact.
The maximum brake p,ressure used during the tests was 2?
pounds per square 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 aj.rplane j_n normal landings in which the
brakes were not set prior to conti~~t.

An attempt was made to bring about prerotation of
the main landing wheels by means of’ special fittings
mi”th anemometer-cup-type wi:nd vanes; however, they did
not prove satisfactory. Preroteti~n of the wheels was
acconq?lished b-y to~zchin~ the wheels to the runway to
brfn~ them up to rotational speed, liftir,g the airplane
off the runway by speeding up the en,gines, and ag,ain
malrfng contact witl~ the runway while the wheels were
revolving at hi.,ghspeed.

l?RFSENTATION AND DISCUSSION OF’ DATA

Table II lists the rlatural frequency of vibration
of the various structural components of the airplane.
Table 111 classifies the landings as to type and severity
of impact, and lists conditi.oils a.t contact and m.axfrflmr~
accelerations and loads.

Most of the landings were of normal or moderate
sever:ty, the average vertical velocity at ,contact being
about 2.5 feet per second, and the highest 6.9 feet per
second. Ground speeds at contact averaged about 97 miles
per hour.

Figures 12 through 29 are ti-me his~ori.es or Wing ~d
center-of-gravity accelerations and larding-gear normal
loads for representative normal, br&cd, and prerotation
landings. ‘The time after contact specified.on the charts
is the time after the first wlneel contacted the ground,
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whethei~ that was left or right, inai.nlanding wheel
nose wheel. Peak values of increment of wing-tip

or the
accel -

erati on as high as 13. 5 mere r?co~ded” ~f’j-g” 17 ~~ though
the average was about ‘?g, The highest value of increnmnt
of acceleration at the center of gravity was about 1.6g
aid tti.~ av~ “%e “was

o.6ge Fo r comparison purpo sess
la.ndln.gsin whi ch the maximum increment Gf acc el.era.tion
at the center of gravi ty was less than C. og are herein-
after referred to as soft lar~dings j arid t~lose in Whj-ch
the value was higher are Ca~~Led hard landings. It 5.s
recognized that the ‘hardest landin~s recorded in these
tests were not extrenely severe, I:or r.ormal, braked j
and p rerot atl..on. landings Of COl~lPare.b~esever j.ty, there
seem.cd~in general, to be little diffe~er.ce in t:he
magn.itude of the accelerometer record peaks. Howeverj

in the case of braked. landings , the vibrations usually
continued over a longer period of time than in the case
of the normal and prerot ation larldi,n.gs. This seemed to

be generally true regardless of tile relative severit Y
of the impact. Figure ~0 cm?rpares a normai, braked?
and prerota.tion landing of about the same severity of
impact (moderate ~ in all cases) and figure 31 compares
the magnitude and duration of the vibrations for a
normal and braked landing that were amor.g t’ne hardest
made duri ng these tests.

After one landings accelerometer records were taken
during the run while the airplane was decelerating The
pilot applied his brakes hard several times, the pl.mpose
being to determine tail accelerations. Tile m~ng accel-
erations were small and the vibrat~.ons did not persist
as in the case of a braked landing. A time history of
the wing accelerations j.n this tax.f run is shown in
figure 52.

Figures 53 throu~h 53 depict tjme hfl.stories of wing

and center-of-gravity accelerations for Niscellaneolds
normal, braked> and prer~tation landings , nmst of them.
being comparatively soft.

Figures 54 and jj present the rati c cf maximarn incre -
rlent of wing- tj.p accelerate o-n to maximum increw.ent of
center-of-gravity acceleration, plotte(d i-:gainstmaximum
increment of center- of-gravit~: a.ccelerati on. The incre-
ments of acceleration were determined by S’u-~traCtir.gan

assumed nirload of lg f’ro.rthe ma.xir.um values recorded
by the accelerometers. Thsre was considerable scatter
in tb-e values , probably due chief l-y to large percent age
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of error in determining the smaller values of’ acceleration,
especially at the cqnt,er o,f gra,vity. (See section on
Precfs:.on of Data. ) H6w’eVe r , there- see]tied.to be a trend
toward higher ratios for the softer landings (smaller
values of center-of-gravity acceleration ) and smaller
ratios for harder landings, ‘The average value for all
landings was about 7.

StTMMARY OF RESULTS

1. The maximum increment of wing-t:.p acceleration
recorded was 15. 5g, in a landing in wkcich the center-of-
gravi ty maximum acceleration increment was l.bg.

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

3. ‘The wfl.ngvibrations were usually more prolonged
in braked landip-gs, even though tb~e bralkes were released
immediately after impact.

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

.

Langley Memori al Aeronauti cal Laboratory
National Advisory Ccmmittee for Aeronauti cs

Lang ley Field, Va. , August 8, 194k
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TAB.LE I

S??EDIFICATIONS OF THE CONSOLID.4TED

B-2)+D AIRPLANE

Gross weight at landing, lb . .
Wing span,,., ft.........:::
lfl:in~areaysqf t.. . . . ..o. ~
Horiz,ontai tail area, total, sq ft .
Stabilizer area, sq ft . . . . . . .
Weight of tail assembly, lb . . . . .
Normal rtated horsepower . . . , . .
Center-of-.gravi.ty location, as flownj

percent N.A.C. . . . . . . . . . .

,
●

✎

✎

✌

✎

✎

✎

48,900 to

●

✎

✎

✎

✎

✎

✎

Height of center of gravity above ground,
static ]-;ositlon of airnla.ne, ft . . . .

Approxima~e moment ~f ln~rtia”in pltch~
as flown, Slug -ft-- . . . . “ , .

Moment of inertia of main wheel, sn&; &
Wheel tre:ad, ft . .
l’,heelbase,ft, ..~~ ~;~:~~~;.’

.

.

.

.

.

.

,

.

●

✎

✎

✎

. . .
.*.
. .. .
. . .
.*.

● ✎ ✎

50,100

“1,;~8
1 2.0

!
1 0.5

,8 .6
.4?, ’00

27’.9 tc) 28.’2

. . . . 8.2

. . 150,000
● ✎ ✎ ✎ 33.5
. . . ::.;;
. . . 0

NATIONAL ADTJTSORY
COMM1 TTEE FOR AEROITAUTICS

.

*



TABLE II

NATURALVIBRATIONFREQUmCIRSOF * B+E AIRPLANE

[JheB-2@ la practicallyidentioal structurally to the B-2)+D3 NATIONALAOfBORY
CO!iMITIEEFORAEWAUTKS

Part TypeofVibmtlon Frequency Vibretor locationopal Remarks

Fing Synmmtrlcal bending 215 Outboard end of aileron. Nodal line just outbosrd of
inboard engine. Large fuse-

@s” gas lege vertical motion.
in each wing) Synm9trical imer- 315 Outboardendofaileron.~od~llinerunedlegon&llY

paneltordon fromjuetoutboardofout-
combinedwith boardengine●t leadingedge
Symetrlcal
bending

tow@ rootattra~llng
edge.outboardenginepltch-
fngcon~fdarably.

Inner-penaltors~on 520 BetweencyllndersNo.y Smallreeponseoutbonrd
and~ onengineNo.2. engines;largerre~ponee

Inboardenglnee.Amplitude
too small to check phaae.
Rear of fueelagemotlng
vertically.

515 Flooroffuselagejuet
forwardoftatlturret.

RfgheP orderbending 590 Outbeardendofaileron.Phaaes~etricalbyp~ckupe.
990 Outboardendof aileron. Phaseunsymmetricalby

pickups.
1360 Outboardendof●ileron.phase~ymmetr~cnlbyplckupe.;

~selage Side-bending 340 Inspectiondoor on bottom Very emall amplitude.
of fuselage,2 feet
forwardof tail light.
LateralImpulees.

520 Thruetwieeimpu18esat Largeamplitudemode.Node ~
bottomrudderbinge.

VertLcal-bend~ng
atwaiatgun cutout.

980 Floor of fuselagejust Amplitudetoo small to
forwatiof tail turret. determinenode lin

Stabtlizer Symmetricalbending 400 Verticalimpul~eeat rStabilizernoden42feetfrom
combinedwithwing eecondrudderbinge
~ymmetrical frombottorn. centerllneofairplane.Ring
bending.Pitching tipandetabll~zer~lpinphase.
ofalrplene
excitedalso.

Toralon 640 ~stwise impuleea●t Phaseeyzmetricalby PICICUPS.
bottom rudderhinge. Nodal line nearrear epar.

Main lending Fore-and-aft 410
gear bending

1

(FromAAP MemorandumRe ort on FlutterInepeotlm of the Ford S-24E Airplane. Wright Field,Dayton,

o~o~ Ootober1-5,19.&.}

NATIONALArJvIsoRY
COHHITTENFOR AMONAUTJCS
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Inar89mtof =imm aeawlsm+.ioa.c
t

lmid~ --●+ i&d Ou:bwd -mtX*Tt
%. .3muud Attitude ~ -in gar -lM non

●trim ●tWatar-8t-1.* ~m , ●ngl* T,rtiml lmd., lb.
mmbw e.g. mnlz. maolr. wingtipWlw tip

WII*.1lm-tial

or ail *11 tip rpa &gmcs Ldt SiLbt T- lmdm, lb.

7
16

1.55
1.40
1.S6
1.W
.20
.10

.-.

.66
-..

7.66
6,60
6.70
2.90
4.m
4.=
..-

4.16
3.66
2.97
4.06
--.-

4.9d
2.s0
5.00
2.4s
2.80
4.86
2.00
2.20
S.40
.-..
7.46

11.60
18.60
4.42
s.16
S.lo
6.60
-...

5.s0
SJO
4.00
-6.60
4.42
2.s0
6.s0
4.20
s.66
2.70
1.s6
6.60
....

4.66
S.2S
----

3.76
1.s0
1.40
3.06
3.20
2.20
2.96
----

10.70

----
--
2.10
.m

---
-..
1.70
1.12

S.65
3.20
S.lo
1.65
1.10
1.60

7.s0
6.00
6.20
5.60
S.lo
2.s0

6.5
4.2
6.9
2.6
4.0
2.9
2.6
3.1
2.2
2.6
2.4
1.6
2.9
1,1
1.9
2.s
1.6
1.4
1.4
1.4
1.9
1.7
1.6
1.3
1.4
1.3
.7

---

.9
1.6

-0.9
3.9
-1.4

40,600
26,700
40.000
42,s20
26,000
27,200
19,000
11,3s0
M,sm
2s.s00
20,420
1.W41

sz,zm
1s.060
2.T.6m
4,2m
7,300
16.644
10.600
7.200

20,900
S2.200
18,603
20,400
14.400
1S,9W
ls,3m
-----

ls,mo
.9,660

10,500

34,02.2
26,.WW
26.6m
29,400
20,702
28,700
19,s50
24,600
11,4m
1,820
1,602

11,750
11●SW

20 ,Sco
9,2m

n ,zm
19,8m
ls,mo

17,100
9,120

19*3WJ
10,3CQ
9,030

12,6m
9,0m

70,102
61,46Xl
67.000
4S.4W
31●7W
m.zm
40,0m
26,702
ss,4m
z9.4m
Ss.doo
s4.lm
m,2m
29 ,WO
24,200
25,129
27,3(X3
17,800
2s,4m
18,600
20,5m
S4.SW
26,dm
31,600
26,000
16,W0
21,200
-----
9,300
u ,zm
—---

69,SW
61.7m
48.803
44.200
4s,zm
62,4)0
s9.mo
s8.7m
26,190
Ss,om
Zl,mo
21,2W
2s,7m

S7,7W
24.7m
s40mo
S4,W0
so.6m

28.600
29.61X
22.mo
18.700
10,100
ls.sm
lS.000

15.400
-----

S.mo
------
------
------
----
.. ...
-----

a.soo
------
------
-----
------
-....-
.----
--....
------
... ..
..----
--.---
----.-

116
1s2
102
107
10s

1:

.9

6.2
---

0.6
1.7
1.2

..-
.m
----
....
----

---
1.46
----
---
----

---- ----
2.70
1.UJ
6.10
s.m
2.90
2.70
2.70

2.20
1.10
1.70
1.46
l.m
1.10
1.20
1.15
1.26
1.06
1.20
.60
..95

1.45
1.16
1.70
1.40
.’40
.20
.6S
.s0
.m
.40
.75

2.W
2.26
.S6

1.20
1.70
1.36
1.20
.60
.75

1.10
.W
.20
.TO

102
104
64
27

Im
102
96

6
17
s

291
40
sol
20

.60

.60
5.s
.-.

0.2
S.6
S.6

.m

.@

.60

1.20
.m
.79

----

I.m
1.15

:%

1.72
.70

1.0s
---

I.m
1.46
.243
.30

----
....-

4.s0
----
.m
.m

S.so
2.m
1.70
l.m
2.s0
1.S6
2.m
2.m

.66
20
42

(~
67
116
113
82
96
87
89
91
96
24
98
--

Q1
96
67
98
96
90
m

105
91
66
81
84
94

w
94

.m

.s5

.S6

.65
---
-..

1.1

...
1.0

-0.1
...

6.1
S.o
4.4
6.1
4.6
S.Q
0.6
---

1.0
O.e
().4
S.7
1.9
---

2.4
3.2
4.5
5.7
---

6.1
2.7

---
2.6

----
----
----
.m
.70

S.70
2.20
1.s0
1.40
. .-

1.W
1.26
.80

1.15

-..
0,

52
6

.s0 3-16
2.20
1.60
l.m
s.m
1.65
1.90

7.2s
S.70
S.76
6.42
4..m
7.10
6.2s
2.10
4.m
----
Z.m
2.s0
2.62

2.60
2.40

1.s,900
10,676
‘3,700

-----

.9.Om
7,200

12,mo

40.7m
Ss,zm
20,7m
21,400
Zs,m
z6,400
s6..2m
2S,730
11.400
.-----

10,8m
8,425

lo,sm

17,4W
17,400
lo,zm
17,700
17.Om

1s,002
26,100
16.100
9,326

1%
9.9m

.s6 -----

.so

.s0

.20

.so

1.10
1.20
.60
.90

-----
-----
------
..----

S,mo
----
------
-----

.40

.25

.s5

.m

.6S

.90
1.66

---

mAmim

4.m
S.20
4.80
s.m
2.80
2.70
2.20
2.10
1.W
l.m
1.90
1.60
1.s0

41
SI
11
8
22
16

6.8
4.9
3.6
4.1
4.2
2.8
s.0
2.2
1.8
1..9
1.0
1.2
.9

2.s
2.9
s.1
1.8
S.o

2.1
2.2
1.2
1.0
1.0
.9

1.s

5.75
5.s7
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Figure l.- Side view of the B-24D airplane.



Figure 2.- Three-quarters frontview of the B-24D airplane.



Figure 3.- Strain gage installationon leftmain
landing-gear strut.of B-24D airplane.
Protective covering of tape and wax removed.

Figure 4.- Strain gage installationon nose wheel
strut of B -24D airplane. Protective covering
of tape and wax removed.
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Figure 5.- Installation of NACA three-component
accelerometer near center of gravity of
B -24D airplane.

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

,
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Figure 7.- NACA accelerometer No. 291, 10cated in left
wheel well near outboard nacelle.

Figure 8.- NACA accelerometer No. 286, located near left
wing tip. Fairing removed.
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Figure 10. - Cameras used tophotograph main landing wheels
of B-243 airplane, installed beneath the fuselage.



I
I Figure 11. - Two views of the left main landing wheel of the B-24) airplane, showing

wheel markings and reference target. Inboard face of wheel shown.
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