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DEVELOPMENT OF AN AUTOMATIC RECCORDING ACOELEROMETER

SUMMARY

This peaper descrlbesa an automatic recording asccelerometer which was developed
for the purpose of determining accelerations experienced by alrcraft while In flight,
or while landing, taxding, or taking—off The device conslsts of a bank of classify-
1ng accelercometer elememts which are arranged to indicate the maximm acceleration
reached. The recordlng elememt utillzes electricelly marked paper sc that a permansnt
record is obtained lmmediately  Further, the deviece 13 conatructed so as to operate
only when actual shocks are belng experiemced, thus providing for autematic operetion
Repults of laboratory and flight tests which were performed on the autematic recerdlng
accelerometer ere given in detail

It is concluded that the automatlc recording acecelsrometor wall indicate accu-
rately accelerations having & duration as short as 0 02 seconds  Therefore, 1t could
be used in the measurement of landipg accelerations, since the flight tests indicated
that the minimum duration of the latter wee of thia order of magmitude

INTRODUCTION

As a result of the war emergency a large number of light planes have been ussd
to train pilots for the Armed Forces In general, this mesns that these aircraft have
been subjected daily to the rough and inexperienced handling of novice pllote, smd that
all too frequently they have experienced severe shocks which mlght mericusly aifect the
gtrength of the varlous structural components

In order %o obtaln data on the magnitude and frequency of occurrence of the
accelerations experlenced by light planes, 1t was considered desirable tc develop a
recording accelercmeter having the followlng characterietlcs.

1. The device should be capable of autamatically recording the maximum
acceleration experienced during each shock

2. The record should be readable immediately, without the necesszity
for processing the recording medium

3. The recorder should be energlzed only when an actual shock is taking
place, thus allowlng & large nmmber of records to be cbtained with
4 minimue of recording paper

4. The design should be simple, and the device should be light-weight,
easy to maintaln, and require no servieing after being installed in
the airplane.

5 B8peed of response of the device should be such that sccelerations
of short duration, simllar to those which are expsrlenced as a
regult of landing impacte or of gusty weather, should be reccrded

6. Accelerations resulting from englne vibratlons should not be
recorded

The primary reason for undertaking the development of an instrument of this
nature was to obtaln statlaticel data relative to the number of times an alrcraft
component experienced accelerations of verlcus predetermined magmltudes If, for ex-
emple, the accelercmster were to be mounted on the landing gears of a mmber of train-
1ng planes of similar make, data would be obtained which would glve the designer a
knowledge of the frequency of occurrence of various loads  Armed with thls information
he could deelgn lamiing gears in the light of the load factore which had been cbtained
under service conditions with novice pilote in control.

One further mpplication of this type of devlce relates to its use as a train-

ing instrument. If the device were to be made amall enough, 1t could be used to check
the parformance of a pllot on landing and take—off runs over s perled of time  Thus
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& quantitative measure of his normal pileting skill could be obtainadl.

In preliminary studies of the design of thils device 1t was declded to make it
of the classifying2 type  Accordingly, specificatlions were drawn up covering the de-
velopment of a device which would be in accordance with the requirements previously
mentioned The actual design and fabrication was undertaken by the Electrical Research
Products Division of Western Electric Co. The labormstory and flight teets described
in thie report were conducted by the Civil Aerconautlies Admdnistration

Further work l1s now under way on the development of an a&c¢celercmeter based
upen the results and concluslons contained in thils report The objective of the con—
tinued develcpment 18 to obtaln an instrument which wlll be much lighter in welght and
smaller in eize, and that will be capable of measurlng and recording accelerations
having a duration of 0 02 escond or longer with intervals as short as 0 1 eecomd be-
tweon successlve shocks  This wlll be described in e subsequent Techmlcal Development

report
DESCRIPTION OF THE AUTOMATIC RECORDING ACCELERCMETER

The complete accelerometer unlt contalning a bank of 10 classlfylng acceler-
ometer elements is shown in flgure 1 Figure 2 1s a view of the recording unit of the
device which 13 connected to the accelerometer unit by means of a multl-conductor cabls
indicated in figure 1 Figure 3 showe a single accelerometer element

The operation of the accelerometer eolement is as follows

¥hen the ascceleratlon acting on the mags iz equivalent to a force suffliclent
to operate the push button of the Micro Switch”, clesure of an electrical circult in-
cluding one of the recording stylll is effected. This operatlon applies & voltage
difference across the Teledeltos% recording paper, end the resulting current marks
the surface of the paper The marks are similar to those shown in figure 19 With
the aad of the tension adjustlng ecrew it 1s possible to adjust the amount of preload-
ing on the spring so that a mmber of these elements can be arranged in a classifyling
order such that they will trigger at a graded serles of accelerrmticns The circult
which eccomplishes this 18 shown in faigure 4.

In the acceleromster element case are mounted 10 accelercmeter slements which
have been adjusted to trlgger at accelerations of 1 5 g, 20 g, 25¢g, 30g, 32¢g,
3.4, g, 36¢g, 3.8¢g, 4.0g, amd 5 0 g for vertical upward accelerations FEach element
actuates one of the 10 swltches labeled D, Do, o The first element will trigger
when 1 5 g 18 exceeded, closlng switch Dy and introducing the 90-volt battery inte the
time-delay reley circuit REL; The functlon of the time—delay relay will be explaimed
below. Subsequently, the paper advance polenoid 3C0L; is energised and remains ener-—
glzed until switch Iy opens, at which time the solenold claw engages the paper-advance
ratchet, thereby preparing the paper for the next recording. Switch Djj imserts the
carrent limiting resistor in the circuit, when the scolencid 1s in the energlzed
positlion in order to reduce the battery drain

1 In ths connection, compare the effect of a rough technique on load
factors glven by Ryder, B 1 , "Load Factors Obtalned on Civll Alrplanes in
Acrobatic Maneuvers,® J Aeroneuticel Sciences, 9, 195 (April 1942

2 F H. Norton & E, P Warner, PAccelerometer Design,®” N AC A
T R #100, 1920.

5 This ewlteh is & snep-actlon type swltch manufactured by the Micreo
Switeh Corporation, Freeport, Ill.

4 Teledeltos is an electrosensitive recording paper mamifactured by
the Western Unleon Telegraph Co



When D 1s closed, the circult through time-delay relay circwit REL,; 1s also
¢losed so that current flows through the recording paper, thus marking 1t at a posi-
tion corresponding to the first recording stylus.

Operation of the automatic recording accelercmeter for accelerations greater
than 1 5 g 15 explained best by an example Suppose that an acceleration of 3 0 g is
experienced Switches I, Dy, D3, and Dj will be in the closed circult position so
that current flows through polnt 6 and the paper 1s marked at stylus 4 Thus, the ar-
rangement of the circuit 1s such that only the maximum acceleration which is sxceeded
will be indicated, provided the rate of applicaticn of the acceleration 1s fast enough
so that the time—delay relays for the other recording stylli do not have time to oper-
ate If the force 15 applied at a sufficiently slow rate, all of the intermediste
points also will be marked, but these will appear along the same line on the recording,
indicating that these points are intermedlate values for the same maximum acceleration
After removal of the force the paper advance ratchet is operated by the return of the
solencid claw and the paper 1s advanced slightly, ready for the next measurement.
There 1s nec battery drain unless an actunal shock greater than 1.5 g 15 being measursd
and paper 1s advanced as required, making for economy of operation

The time-delay relays provide a means for filtering out acceleratlons arising
from engine vibrations Circults REL; to RELg have a tlme delay of 1/15 second, while
REL; to RELj; have delay times of 1/40 second, 1 e , 1/15 second is required before
the voltage applied to the relay in REL; builds up to a value sufficient to operate
the relay armature, and simlarly 1/40 second i3 regquired for the relay armature to
cloge in REL;  Since engine frequencies are of the order of 10 ¢ p 8 or hlgher,
whereas pertinent landing shocks were presumed to be much longer in duration than 1/15
second, 1t was assumed that these fime delmsys would filter cut engine vibratlon The
validity of this assumption will be discussed under the section devoted to flight test
regults

As a source of pomer the mutomatic recording accelerometer utillzes two 45-volt
storage batteries of the Burgess M-30 type The current drain and length of recording
paper are such that approxamately 1,000 records of landing shocks may be obtained The
recorder has the approximate dlmensiona of 7" x B" x 9" and welghs 14 1ba The acceler-
ometer unit has the dimensions of 5" x 6" x 77 and weighs 5 5 lbs

LABORATORY TESTS

Static Load Tests

In order to calibrate the accelercometer unit and adjust the elements to the
desired triggerlng acceleration, 1t 13 necessary to hang known loads on the calibrat-
ing hook of the mccelerometer element and ad]ust the tension screw until closure of
the switeh occurs  The stop adjustment, which 1s obtained by rotating the forward
screw on the element, 23 not critical since 1ts only purpose 1s to prevent the mass
from chattering The combined weight of the leaf apring and mass i3 23 3 gms The
spring 1s a very minor part of this total weight  Furthermore, as a firat approxima—
tion, 1t may be assumed that one-half the distributed welght of the leaf spring 1s
effective in operating the switch  Hence, for calibration purposes the figure of 23 3
gns. per g acceleration is sufficiently accurate The valldity of this figure also
was checked by utilizing the centrifugal-force method of callbration degcribed in a
followlng section

During the course of the static load tests 1t was msscertained that there exiat-
ed a range of critical loading values for which the switch could be 1n either a closed
or open-circuit condition In other words, as the weight (which was hung on the
accelercmeter element) was increased gradually, & manmimum load was found, for which it
was possible to obtain closure of the switch  However, by daisturbing the element with
the finger or in any other sultable marmer, the element restored i1tself to 1ts open-
circult position and remained in this position of equilibrium indefinitely For loads
greater than this minimum value, 1t was possible to have the accelercmeter element in
equilibrium 1n elther the open-circult or closed-circuit position Flpally a load mas



reached for which the element remained in a closed-circuart position and could not be
made to open This ls the maximum value referred to previously

This unstable behavior of the element was attrlbuted to the fact that in the
region of critical leading the Micro Switch, because of its spap actlon, has two peosi-
tions of equilibrium One position results from the deformation or bending of the
tension member? of the switch, while the other pesition 18 that cerresponding to the
undeformed conditien  For actuating forces in the critical region, it 15 possible for
the tension member to be elther flexed or not flexed  Evadently this would appear to
be an inherent property of all snap-action type switches

In teble I are data obtained on a number of different elements with various
tension adjustments, for determlming the spread between the maximum and mnimum static
triggering loads The average spread was 9.6 gms , corresponding to 0.41 g

TABLE T

MAXTMUM AND MINIMUM STATIC TRIGGERING LOADS

¥mmum Load Maximum Load Spread
Grams Grama Grama
15.4 27 3 11 9
359 46 77 10.8
47 3 56 & 95
48 6 60 0 11.4
12 2 22 4 10.2
18 6 26 0 74
29 6 38 6 9.0
A1 7 49 5 78
46 9 57 3 10.4
515 59 2 79
53 4 66 0 12 6
60 8 68 4 76
66 5 47 g2
gs 8 98 7 9.9
Average 9 6

¥hen adjusting the elements to the correct triggering accelerations for putting
the accelercmeter in operation, all of the elements were calibrated so that average
static load, which 1s taken as one-half of the sum of the maximum and minlmum lcads,
corresponded te the desired triggering acceleration  That 1s, 1f 1t was necessary to
adjust an element to 2.0 g, the element was calibrated so that it would trigger for
an average static ioad of 23.3 gms. added to the calibrating hook of the element  Thus,
the tension screw was adjusted for & minimm load of (23 3 - 9 6/2) =18 5 gms

Centrifugel Force Calibration

In this method of calibration, the accelsrometer unit was mounted on the ro-
tating turntable at the Aeronautic Instruments Section of the National Bureau of
Standards and was subjected to centrifugal forces, the magmitude of which could be
computed from the speed of rotation and the distance from the axmas of rotation This
table was supplied with slap raings which were connected to the terminals of the switch
for the purpose of determining mhen the elements were being actuated. The same insta-
bility observed in the static load calibrationg alsc were obmerved here, that 1s, the

5 See Mlcro Switch Aircraft Catalog No 70 for description of the
construction of the switeh



switch closed for accelerations larger than those for whaich i1t cpened The deta ob-
talned on the turntable {on previously unadjusted elements} are in table II

TABLE II

CENTRIFUGAL, FORCE CALIBRATION DATA

Element No Maxamum g | Manimm g | Average g | Spread in g

1 221 165 193 0 56

2 20 165 1.92 0 50

2 2 4B 225 2 36 023

2.50 2 22 236 0 28

3 3 08 2 59 284 0 49

312 2 58 2 85 0 54

4 307 2 60 2 84 0 47

3 10 2 60 2 85 0 50

Average Spread 0 45

To simulate the effect which the vibration of an airplane might have on the
unstable region between minimm and maximum g, a buzZzer was fastened to the acceler-
ometer unit As was anticipated, the vibration reduced the range between the maxamum
and minimum values (see table III) The spread was reduced from O 45 g to 0 23 g, =o
that the vabratory excltation of an airplane would have the general effect of in-
creasing the accuracy with which the elements might be set from>T 022 gte T 012 g
In addition, 1t should be noted that the average value as given in tables II and III
remained unchanged, within the limts of observational precisien

TABLE II1I

EFFECT OF VIBRATICON CN CENTRIFUGAL FORCE CALIBRATICON

Element No Maxamum g | Minimum g | Average g | Spread 1n g

1x 2 04 176 190 0 28
2% 2 42 2 29 2 35 0 13
3 291 27 24 0 20
L 3 & 285 325 079
5% 353 32 3 36 033

Average Spread 0 23

Average of 2 measurements

In this measurement difficulty was experienced 1n
determimng the minimum value, since the vibratlon
tended to cause chattering, and hence only partaal
clogure was indicated on the test meter which was
used to check clrcuit closure This wvalue therefcre
has been excluded from the average spread figure

* x

A comparison of the results of static load tests with those obtained from
centrifugal loading 1s shown in table IV  Thus, the calibration constant as deter-
mined from centrifugal force tests 15 in excellent agreement with that obtained
rravioualy by considering the weight of the mass and spring as the equivalent of 1 g



TABLE IV

DETEEMINATION OF CALTBRATION CCNSTANT FROM STATIC AND CENTRIFUGAL LOADING

Element No Av (1)gtatic Load (gm) | Av Centrifugal Acceleration (g) | Grams per g
1 Lb T 1 90 23 6
2 55 1 235 23 5
3 64 6 2.8 23.0
4 75 3 325 23 2
5 7.6 3.36 231
Av 23 3

(1) The 23 3 gma weight of element 1s included in this figure

The tests described 1n thie section have been referred to in a rather amblgu-
ous fashion ms "centrifugal” force tests  However, since the accelerataon acting on
the accelerometer base 1s directed radially imward toward tre center of the turntable,
in reality the force is a centripetal one (flgure 5) Under equilibrium conditions,
when the base 15 moving with a constant rotaticnal speed, there can be nc relative
motion between the accelerometer mass, m, and the base Therefore, m alsc has the
acceleration a, The force ma, acting on the mass m can only arlse from the action
of the restoring force of the accelerometer spring and, hence, the deflection of m
(as indicated in figure 5) must be radially outward, since deflection and spring-
restoring force are 1n opposite directions  With respect to a coordinate system fixed
in the switch or base of the accelerometer element, the deflection of the masa 13 such
as would occur from an external force acting downward (directed from mass to switch)
so that tre effective force on the switch could be considered as a centrifugal force
from this point of view

Evadently, this same situation also holds where the accelercmeter element 1s
used to measure accelerations occurring in the vertlcal plane In this case, acceler-
aticns applied to the base of the accelerometer in a vertlcally upward direction de-
flect the mass on the spring dowrmvard sc that force 1s exerted on the switch In thie
connection, 1t 1s to be noted that 1f the accelerometer case has an upmard acceleration
of 1 g, the actual acceleration acting on the unit caused by external forces (other
than gravity) 1s 2 g upward, since 1 g 1s reguaired to overcome the effect of gravaty

Freguency Response of Accelercmeter Element

An 1mportant advantage in using a prelcaded element arises from the fact that
no dynamlc motion of the mass occurs until the exciting ferce reaches a magnitude
wnich overcomes the preloading of the element  Therefcre, it should be pessible te
measure shocks of very short duration without dynamle errors arising because of the
duration of the shocks and the nature of their wave shape This will be true if any
motion of the mass of the element which may be involved in operatlng the switch 1s kept
to & minimum

The resonant frequency of the mess leaf-spring system, when fastened at one
end of the spring in cantilever feshion but free in all other respects, was measured
tobe 14 ¢ p s TWhen restrained in a mamner sirdlar tc that caused by the button on
the switch, the resenant frequency was approxmately 15 ¢ p s Since very llttle
damping exasts in the free element, a frequency response characteristic of the element
ahould show considerable deviation from a flat response if dynamic errors are present
Accordingly, a frequency response characteristic in the range of 12 te 22 ¢ p s was
determined

An accelerometer element was mounted on the vibrating plats of a vibration-
plekup calibrator The latter is a mechanical device which preduces an essentlally
sinuscidal vibration havang both adjustable amplitude and frequency The tension on
the accelerometer spring was adjusted so that different static loads would be required



to close the swmatch The frequency of vibratlon at which closure of the swatch occur-
red was observed on a cathede ray oacillograph. Thls was msccomplished by placing the
oscillograph in series with the switch so that the current surge which occurred when
the switch first closed could be observed readily The acceleration amplitude which
actuated the accelerometer was computed from the frequency and amplitude of displace—
ment of the vabration-. In table V a comparison between the average static g and the
dynamic g 1s meds

TABLE V
COMPARISON BETWEEN THE AVERAGE STATIC g AND DINAMIC g
Frequency(c p s )| Average Static g| Dynamc g | Dynamic g - Average Static g

11 6 1 60 170 -0 20
12 8 1 82 1.83 +0 0L
13 8 1 97 198 +0 01
151 2 30 2.16 —0 14
16 9 2.54 2 47 -0 Q7
16 9 233 2.48 +0 15
18 1 2T 2 67 -0 10
19 3 313 2 90 -0 23
21 4 353 335 -0 18

Averape Difference -0 083

The average difference indicates that on the average the dynamic g agrees with
the average static g to wathin 0 1 g PFurthermore, over the range of fregquencies meas-—
ured, there 13 neo demonstrable frequency error, so that the accelerometer element will
respond faithfully under both static and dynamic comditions Since a 20 ¢ p a  vibra-
tion corresponds to an acceleraticn which geea from zerc to a maximum back to Zero in
1/40 second, and since the dynamic tests show that during the greater part of the vibra-
tion cycle the accelerometer element behaves in a static manmer (inasmuch as the mass
does not movs untail 1ts static triggering acceleraticn 1s reeched) one can state that
the accelercmeter element will follow sinusoldal single pulses having a duration whach

1
may be as short as, or possibly shorter than 2 x 21 4 (=0 023) geconds  Actual testis
in which the element and recorder were subjected to transient shocks will be described
1n a following section

It 1s of interest to note that in the dynamliec tests it was observed that the
smtelk 18 closed and opened at the same magnitude of the vibratory acceleration ampli-
tude 1rrespective of whether this amplitude 13 increasang or decreasing Evidently
the dynamc effect{ 19 such as to overcome the instability of the Micro Switch  Since
the average static g agrees well wath the dynamic g, and since actual shocks are dy-
namic 1n nature, it follows that the adjustment of the elements so that their average
static g agrees with the deslred triggering accelerations i1s an accurate and convenlent
procedure

Frequency-Response Neasurements of Reccrder Components

There ara several components iIin the recordang unit of the automatic recording
accelerometer which limat the frequencies at which the device will respond One such
element iz the time delay circuat included waith the relays In order te determine the
actual time delay involved, the following experimental means were used

An accelerometer element was wmeounted on the plate of the vibration pickup
calibrator, as indicated in figure 6, and the switch was arranged with respect to the
recerder circuit so that only one relay would be energized when the switch waa closed
As the calibrator plate vibrated, the stop attached to the frame of the calibrator
closed the switch The fraction of a perloed during which the switch remained closed



was controllable by adjustment of the calibrator amplitude  The length of time the
switch was closed was adjusted by varying the frequency As long as the frequency is
such that the time interval during which the swaitch is clecsed 1s longer than the delay
time, the Teledeltos paper wxll be marked Tre highest frequency at which marking
ovccurred was noted, and from the frequency and the fraction of one complete vibratlon
for which the switch was closed, 1t was possible te compute the delay time The frac-
tion of a period i1nvolved was determined by turning over the flywheel of the calibra-
tor slowly by hand and notimng the fraction of a revelution for which the switch was
closed

Delay times determined in this fashion were

Relay circuait No 1 0 092 (1/11) geconds
Relay n No 2 0 092 (1/11) n
Relay " No 3 Q075 (1/15 4)
Relay n No & 0 022 (1/45) n

As relay circuits 4 to 11 are nominally identical, insofar as circuit constants
are concerned, the measurement on circuit 6 served to identify the approximate magni-
tude of the others  Thus, transient shocks having a magnmitude of 1 5 to 2 O g must
have a duration of the order of 0 1 seconds or longer, in crder to pe recorded by the
automatic recording eccelerometer This should falter out engine vibratiocns’ effec—
tively since any periodic acceleration 1n the range of 1 5 to 2 0 g having a frequency
greater than about 5 ¢ p 5 could not energize the relays For higher accelerations,
ghorter time delays are perm:zgsible, since engine vibrations would not be expected to
have amplitudes 1in the higher range of acceleration

The frequency response of the intermitient paper-advance mechanism was next
determined It was ascertained that 1t followed pulses faithfully for frequencies up
to three per second, the pulses lasting more tran O 1 second as reguired by the time
delay circuit  This characteristic of the paper advance effectively limits the response
of the entire instrument, because succesgive sheocks cccurring at time intervals less
than 1/3 second apart will not be resolied correctly Further, unreliable paper-advance
operation w1ll cccur 1f the pulse 15 much shorter than 1/3 second

Laboratory Shock Tests

In order to determine the reliability of cperation of the automatlic recording
accelerometer under shock excitation conditions, 1t 1s necessary to subject the acceler-
ometer to known transient accelerations A very sample metheod of producing shock ex—
citation 18 to hold the accelerometer box 1n one's hands and then glve 1t a sharp jerk
vertically upward or downward If a calibrated vibration pickup (accelerometer) is
mounted on the accelerometer box so that its axis of response i1s in the vertical direc-
tion and 1f suitable recording means are used to recerd the resultant transient shock,
1t 15 pessible to compare the acceleration indicated by the automatic recording acceler-—
ometer with that obtained from the vibration pickup

Fagure 7 18 a schematic diagram showing the experimentel set-up which was used
to conduct these testa The vibratron pickup was a piezcelectric accelerometer util-
1zang a rochelle salt crystal as the acceleration responsive element  With an appro-
priate external impedance the acceleration respense 1s practically flat from very low
frequencies up to 500 ¢ o s Figure 8 shows the computed change in cutput voltage in
decibels as a function of frequency for various external resistances B A 20-megohm
resistor was used for R in this case so that the response 1s flat down to a fregquency
of approximately 5 c p s

The 0 5-mf condenser and l-megohm attenuator are standard circuit components
of the amplifier used 1n these experiments and could not be changed read:ly  This
necessitated use of the series resistance R and a consequent loss in ocutput  Figure
9 shows a front panel view of a special fowr-channel amplifier built to the Technical
Development Division's apecifications by Electrical Research Products, Ine  The per-
formance of this amplifier wall be described in a subsequent report It wlll suffice
here to say that two integrating circuits are provided so that an acceleration input



may be integrated once to obtain veloclty records, or it may be integrated twice to
obtain displacement records

The recording oecillograph is & multi-channel device having 12 D'Arsonval
wound-coll galvanometers, the deflectlons of which are recorded directly on photo-
graphic paper by means of llght beams reflected from mirrors mounted on the galven-
omaters.

Figure 10a 18 & typlcal acceleration curve recorded by the osclllograph, while
flgure 1Cb is a typical veloclty curve which is obtalned when the output from the ec-
celerometer 1s Integrated once In flgure 10a the plckup was jJerked dowoward sc that
it had an inltiel dowrward acceleration At the end of ita path the plckup wae stopped
sharply so that it had a large deceleration or upward acceleration Figurs 1Cb tells
& slmllar story except that the mollon or velocity was upward. Accelerations are com-
puted from the veloclty records by determining the slope of the velocity curve Timing
Yines appear at O 0l-second Intervale alopng the sdge of the paper.

The indicated accelerations on the flgureep represent dypnamic components only,
to which + 1 g must be added to obtain the effective acceleration since the vibration
picknp and remainder of the vibratlon measuring eystem will not indicate statlc, or
very slowly varying accelerations The crysatal pickup was callbrated by means of a
vibration pickup calibrator which supplied known frequencies and amplitudes Over a
range of test frequencles from 10 to 70 c.p 5 the response 1s egsentially flat wlth
an average scatter of about 1 10 percent in the test points, although soms points
Bcattered more than this. TFor the velecity callbration it was possible to take measure-
ments down fo 3 c.p.s slnce the effect of the Integrating circult 1s to cause conslder-
able attsnuatlon in circult nolss and in 60-cycle hum picked up 1n the high impedance
input to the amplifier. The veloclty callbration Indicates that the overall response
of the system is essentlally flat down to 5 ¢ p.se A typical overall calibretion curve
of the vibration measuring system is given in figure 11

Table VI summarizes the results obtsined by comparing the responmes of the
automatic recording accelerometer amd the cryetal accelercmeter to translent accelera-
tions. A study of table VI indicates that, in genersl, the antomatlc recording mcceler-
ometer reaponds to translent shocks havlng & duration se short as the time delay of
the relays, i e ,1/15 second for 1.5 g and 2.0 g, and 1/40 second for 2.5 g to 50 g
Record 146 indicates that the 3.0 g eccelerometer element requlres a somewhat longer
time than 0.025 seconds before it will respond or clese the switch This same behavior
of the 3 0 g element appears in record 2, 1n which 1t will be noted that an accelera-
tion of 3.0 g wam exceeded for O 055 secord. Similarly, the error in record 126 msy
be explained on this basla. This evidently is an error in the dynamic response of
the 3.0 g element 1tself and not in the relay clrcult If the relay clrcult required
an excitetion time greater than 0.025 secomd, no marklng would reesult for duratiome
lese than this, even for elements triggering at lowsr asccelerationa, unless the rate
of change of acceleratlon was such that intermedlate accelerations lested more than
0 025 second {or 1/15 second for 1 5 g and 2 0 g). In the records considered here
the rate of change of acceleration exceeded the latter rate

A certaln amount of mechanical malfunctioning was possible in the accelsr-
cmster element This would occer when the stop mdJustment of the element wasz turned
down too far, so that the swltch remained open, but was on the verge of closure.

Under the influence of the appropriate acceleratlon the switch closed  However, it
ramained closed after the shock was over due to the lnstabllity characteristic of the
awitch previcusly discussed, eince the restraint offered by the stop was now suffi-
clent to keep the ewltch closed It is believed that the erroneous indicaticn in
record 118 may have arisen from such e gause, for if the 2.5 g elemsnt bhad been clomed
and the acceleration had reached 2.0 g, 8 reading of 2 5 g would have bsen obtmined

FLICHT TESTS

A baplc supposltion in the application of the automatic recording acceler-
cmeter to the measurement of landing shocks is that the duration of the landing



TABLE VI

COMPARISON OF ACCELFRATION MAGNITUDES INDICATED BY AUTOMATIC RECORDING ACCELERCMETER

WITH THE VALUES INDICATED BY VIBRATION MEASURING SYSTEM

Record Arplifier Auto. Rec. Accelerometer Vibration Measuring System
Ne. Setting Max, Acceleratlon Marks at Acceleration | Time TDuration Ramatks
116 No Nomne (1.5 g) 1.4C g 0 028 sec Correct operation
Integration
4 - None (1 5 g) 155 ¢ 0 10 sec Wethin error tclerance of T Q
1 g allowed for Autc Rec Acc
115 Agcelera-
tion output {1 5 g (failnt) l.42 g 1/15 sec Correct operation
18 2.5 g (faint) 1.78 g 0 020 sec Incorrect Auto. Rec Acc
indicated too lngh
126 2.5 g 338 g 0 025 sec Incorrect Auto Rec Ace
inddcated too low
147 2.5 g 2.75 g 0 025 aec Correct Operation
2 3.0 g (faint) 3.45 g 0 025 sec Auto Rec Acc 1ndicated low
waith a possible significant
error of about 0 2 g
140 None (1.5 g) ls52¢g 0.058 sec Correct Duration toc short
One
11 None (1.5 g) 22 g 0.032 sec Correct Turation too short
Integration
144 - 2.5 g (faint) 283 ¢ 0.025 sec Correct Operation
146 Velocity 2.5 g 278 g 0 034 aec Correct Operation
3.20 g peak | 0.026 smec Duration on the verge of
Cutput being too short
120 2.5 g 2.64 g 0 035 sec Correct cperation
19 25 g 293 g 0 028 sec Correct operation
122 25 g 230 ¢ 0 026 sec ¥o sigmificant error
142 40¢g 42 ¢g 0 028 sec Correct Operaticn
145 5.0 g (faint) 5.2 g 0 020 sec Correct Operation

nT
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accelerations should be considerably longer than the 1/40 second time delay used in
the relay circuilts  If this conditlon 1s net met, the accelerometer wlll not indicate
the peak accelerations farthfully To check the validity of this assumption and to
determine the performance of the device under actual flight cond:ticna, a number of
landing shock measurements were made on the Divasion's Beoeing 247-D airplane (NC-11)

The experimental set-up in tre Boeing was exactly lake that used 1n making the
laboratory shock tests, with the exception that 1t was considered of interest to meas-
ure not cnly tre vertical compcnent of acceleration but also the lateral and lengitud-
inal horizontal compeonents  Accordirgly, three crystal vibraticn pickups, together
with the accelercmeter unit, were mourted cn the front spar of NC-11, which 1s located
near the center of gravity of the airplane Figure 12 shows this installatien  Fig-
ure 13 shows the complete installation in the Boeing of the vibraticn measuring system
indicaled i1n figure 7 and previously discussed in the text

In takaing meaaurements of the landing shecks experienced by NC-11, 1t was dis-
covered soor that 1t 1s not feasille to recerd acceleraticns directly because engine
vibrations cbscured tre record Hence, most of the measurements were taken with the
amplifier in the single-integration positicn, since the integrating circmit discrimi-
nated against the rFigh frequencies caused oy engine vibration

The first velocity record tzken is reproduced in figure 14a  The velocities
given in this figure are the dynamic components only and therefcre the actual sinking
gpeed bLefore contact with the ground 1s neot indicated in the record The directions
of the velocity components are indicated by the signs and are in accord with the stand
ard NACA notation Tigure l4b 1naicates the equivalent acceleration record obltained
from l4a by measuring the slope cf the velocity curve The positive directions for
the lateral ana leongitudinal azccelerations are taken i1n the same directions as for the
velocities  However, the normal ecceleration 1s taken cpposite in sign from that of
the normal velocity, or the assumption that the ncrmal component of the acceleration
does not differ to ary considersble extent from the vertical compenent during the
landing, hence, according to custom, 1t must be assumed that the positive directicn
19 vertically upward It 1s assumed further that the weight of the aircraft i1s en-
tirely aircorne® just prior to contact with the ground, necessitating the addition of
1 0 g to the measured dynamic vertical comporent

Figures l4a and 14b show that the maximum positive acceleration during the
first impact was 1 41 g and lasted O 1 second, while during the second impact 1t was
1 97 g for 0 04 second The automatic recording accelerometer aid not indicate for
eitrer impact, since i1n the first case the magnitude was tce low and in the second case
the time duration was too short  Accordingly, 1t was decided to eliminate the time
delay and relay circuits from the recorder, because the actual landing shecks were of
shiorter duration than the time delay It was felt that engine vibraticns would not
affect the recoraer performance, since the engine vibration amplitude was approximately
0 2 g at the place where the accelerometer was mounted, and since the pzper-advance
mechanism would not operate at frequencies as Figh 23 engine frequencies Operaticn
of the recorder in airplane NC-11 diring the flight tests with the relay circuits ae-
leted, and also under conditions when the engine was Tun up to 1ts maxamum speed of
1850 r p m , bore out this contention, as no marking occurred as a result of engine
excitation alone

In table VII there are summarized the results of the flight tests on the
automatic recording accelerometer with the time-delay and relay caircuits missing
from the reccrder TFigures l5a to 17a are some actual velccity records cbtained

6 Heotman and Jones in NACA TN 863, "Results of landing Tests of Various Air—
planes," have indicated that the aerodynamic support at the instant of ground contact
may vary from O 6 to 1 0 times the airplane weight, so that the indicated accelera-
ti1ons may be too large by about O 4 g with a possible average error of about 0 2 g
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aering landings, and figures 15b tc 17b are the corresponding acceleration records

All of the records are partially vibratory in character beceuse of the bounclng of the
airplane, caused by the elastic nature of tre sheck abscorber  All accelerations meas-—
ured at the rear spar were considerably highter than these at the front spar This no
doubt resulted fror the adaltional rotational veloecity which the airplane experienced
about 1ts center of gravity as a result of 1ts impact with the ground HRecord 1163
(figures 17a and 17b) 18 an extreme case of such an impact and shows that the accelera-
tion was quite vibratory in character In tris landing one wheel landed off the run-
way and considerable shock was experienced in all three directions, vaz , vertical,
lateral, and longitudinal The acceleration record obtailned in figure 17b 1s similar
to those obtained by other observers" when us1ng accelerometers having a relatively
high natural frequency However some landing accelerations maae by Hootman and Janes®
using accelercmeters? havang a natural frequency of 20 ¢ p s or less did not show these
high frequency variations

A study of table VII inaicates that, Iin general, the avtomatic recording ac-
celerometer performed satisfactoraly under lmpact ccnditions existing during actual
landings Accelerations having & time duration of C 02 second or greater were measured
accurately, although high frequency vibratory components such as appeared in record
1163 could not be resolved because of the slow respense of the paper-advance mechan—
1sm The latter mechanism did not cperate always because the duraticn of the accel-
eraticns was considerably less than that required for reliable operation of the device

1t may be concluded that 1f 1t is necessary to determine the maximum positive
acceleratior expsrienced curing any one impact or contact with the ground, thes paper
advance must be designed so as to respond to shocks of O 02 second or greater If,
in addition, 1t 1s necessary that successive positive accelerations occurring during
the same i1mpact be measured, the paper advance should be capable of responding to ac-
celerations spaced at time intervals as short as O 1 second This would record all
accelerations other than high-frequency vibratory compenents, which cne could not ex-
pect to measure with this type of deviace

4 number of landing shock measurements alsc were made cn the Technlecal Devel-
opment Division's Waco, Model AVN-8, airplane NC-17 to determine the performance of
the automatic recording accelsrcmeter i1n a laight plane Since 1t was not possible to
install the vibration measuring system 1in the Waco, because of space and welght limita—
tions, only the antomatic recording accelerometer was installed (figure 18) As before,
the time-delay and relay circults were not included i1n the recorder

While "revving up" the Waco pricr to take-off, 1ntermittent or chattering op-
eraticn of the paper-adiance and Intermittent marking at 1 5 g occurred, indicating
that an acceleration of 1 5 g was possible at this location on the airplane because
cf engine excitation The maximrum acceleraticn experienced during the landings was
2 5 g, though a considerable number of the landings indicated at the 2 0 g level No
intermittent marking occurred at zccelerations greater than 1 5 g, indicating that
engine vicrations did not interfere in the recording process Tor accelerations great-
er than 1 5 g Figure 19 15 & photograph of a portion of the record obtained i1n the
Waco tegts

While engine excitation did not interfere with the recording process for accel-
erations greater than 1 5 g, the actual indicated accelerations may have resulted from
a guperposition, or addition of the acceleration, caused by both the landing shock and
the engine excitation  Thas 15 not considered undesirable bscauss the insiantanecus
load factor acting on the structural component in question actually results from these

7 NACA TR Mo 99, "hcceleratzons in Flight," by F. H HNorton and E T Allen

8 See reference 6 on page 11

9 NACA Miscellaneous paper No 47, "A Method for the Dynamic Calibration of
Accelerometers," by James & Hootman



TABLE VII

COMPARISON OF LANDING ACCELERATIONS OF AIRPLANE NC-11 (BOEING 247-D) AS INDICATED

BY AUTCMATIC RECCRDING ACCELERCMETER AND THE CRYSTAL VIBRATION PICKUP

Record Amplafier Auto, Rec. Acc. Crystal Vibration Pick-up Pick-up Remarks
No Setting Marks at Acceleralion|Time Duration Location
154 Velocity
Output None l4g Front. Spar
1155 Velocity
(figs ) | Output 1.5 g 159 g 0 053 sec Front One 1mpact-0 25 sec
{15a,15b) 1s52¢ 0 030 sec Spar interval between 1 52 g
and 1.59 ¢ Only one
15 g mark on Auto Ree
Acc
1156 #Acceleration l4g 0 012 sec Front First impact} Time be-
Output None 1l4g Spar Second 1mpact/tween i1m-—
wAccelerataon pacts =
157 Qutput None 1l.45 g Front Spar 1 0 sec.
1161 #pcceleration
Output 15¢g 15¢g 0 02 sec Rear Spar
1162 Telocity 20¢g 2.03 g 0 04 sec One Impact-0 & gec iIn-
{(fags )| Output 15¢g 143 g 0 06 sec Rear Spar terval between 2 03 g
(16a, 16b) and 1.43 g Paper ad-
vance mechanasm did
not operate
1163 Veloclity 15¢ 200 g C 013 sec Rear Bard lLanding—one wheel
(figs Qutput 20 g 153 g 0 10 sec Spar landed of f rmway
(17a2,17b) 30 g ete D C1 sec Paper advance mechanism
operated once only and
1.5 g and 2 C g marks
were not displaced on
the record
1164 #Aacceleratlon 15¢g 16¢g 0 02 sec Rear Paper advance mechanism
Output Spar Operated

# Results from acceleration records are approximate only since

measurements difficult.

engine hash present In record makes accurate
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The impertant consideration 1s that engine vibration should not paralyze

operation of the recorder or render difficult the interpretation of the recoerd

CONCLUSIONS

The followlng conglusions relative to the performance of the automatic record-
ing accelerometer may be deduced from the results of the laboratery and flight tests

1

The automatic recording accelercmeter may be adjusted tc Indilcate
accurately the acceleration interval i1n which the maxlmum acceler-
ation happens to fall, for shocks having a duratien longer than

0 02 second

The lower and upper acceleration limit defiming the acceleration
interval between any two consecutive accelerometer elements may
be adjusted to an accuracy of approximately + 0 15 g

Use of the time delay circuits 15 not desirable because landing
shocks may have a duration comparable to or less than time delays
used in the present instrument

Dperation of tha paper-advance mechanism 15 not reliable because
of the short time interval involved.
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Figure 1.

Accelerometer Unit Containing Ten Classifying Elements.
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Figure 3. Accelerometer Element



18

S0L,

a0V
i A i
= 2 O j BATTERY =
O H MULTI CONDUCTOR CONNECTOR
- 1 1 /
' 1
: :CON’FROL Dy -1
SWITCH 15 e A
] g : : o REL,
Dy =
20g0 19] CH
8 3 3 Cr RELz _
= 15
D3 — &
25,0 o———0 O
£ 4 a CR REL3
2 20
—q, D4 - g
3030 O
5 5 g REL 4
' = 25
—C\DS = R g
o0———0 + %
deg 6 5 g RELg
== 3o
Dg = Rz E
34 LO Rn1
7 7 g RELg
az
D? = R3 E
3 G [} LO - 1
8 8 g REL7
L 3
DB - R" 45
Jag Ca
9 9 g -1REL3
R 36y
Dg - 5
40 To)
g 10 10 g &RELQ
LY]
D1o = e &
50gf 10O
1 11 g REL1o
= R; 40g
To) rw
12 12 g REL[;
-
—_ L = Rg a SOE
DESIGNATION APPARATUS VALUE
BATTERY | z BURGESS M 30 BATTERIES 45y
Cr COMDENSERS FURNISHED WITH RELAYS 40MF—350V
Ci& Cp CORNELL-DUBILIER BR 2015 (BLUE BEAVER) CONDENSER 20MF — |50V
Ca CORNELL DUBILIER BR 815 (BLUE BEAVER) CONDENSER BMF —150V.
D1 TO D1y | MICRO-SWITCH BZ R8 SPECIAL WITH BRASS BUSHING
h&t; AMPHENOL PC12F CHASSIS CONNECTOR
13 AMPHENOL SP MCZM CHASSIS UNIT
PG1 AMPHENOL MC 2F CABLE CONNECTOR
FG2&PG3 | AMPHENOL 012M CABLE CONNECTOR (NOT SHOWN ON SCHEMATIC)
Ry RESISTOR FURNISHED WITH RELAYS | WATT 3800 9
R1TORa IRC TYPE BT | RESISTOR 5000 0
Rg IRC TYPE BT 1 RESISTOR 3500 2
Ria IRC TYPE BT 1| RESISTOR 500Q
R11 IRC TYPE BT | RESISTOR 10002
REL; POTTER AND BRUMFIELD MFG CO SPDT 25V 2500 @ COIL RELAY
REL1] MODIFIED BY PHOTOBELL CORP
500, GUARDIAN ELECTRIC TYPE 2 90V 2900 COIL PLUNGER TYPE SOLENQID
PAPER WESTERN LUNION TELEDELTOS GRADE L | ¥8" WIDE X12—0" LONG

Figure 4

Circwit Diagram for Automatic Recording Accelerometer




BASE AND SUPPORT OF
ACCELEROMETER ELEMENT
RIGIDLY FASTENED TO

ACCELEROMETER MASS m/t TURW
7R
y
4

/ a. (CENTRIPETAL ACCELERATION)

AXIS COF ROTATION

Figure 5  Action of Rotatng Turntable on Accelerometer Element (Schematic)

VIBRATING PLATE
ACCELEROMETER
ELEMENT. !

//‘_-7_7;_@7_://__;//31‘:: ",'_..l._::::_—::_—

el L
B

.‘ | CLAMP
| /

it \|| I il | S

I||II |‘|||7\ '|I|||‘||’ IR

Figure 6  Arrangement Used in Determining Time Delay of Relay Circuits




+

OUTPUT VOLTAGE IN DECIBELS

ACCELERATION

AN

VIBRATION
PICK UP

ACCELER
OMETER

~

SHOCK EXCITATION

=10

-20

-30

Figure 7

]
|
-
|
|
|
|
|
|
|
5
!

1

UNIT

RECORDER
UNIT

L - —
AUTOMATIC
RECORDING

_ L

|
|
l
I
|
|
|
|
I
|
I
|
I
|
4

<J

CAA AMPLIFIER

RECORDING
OSCILLOGRAPH

ACCELEROMETER

Schematic Diagram Showing Arrangement for Determimng Response
of Automatic Recording Accelerometer to Transient Accelerations

/”’
LT
Pt 1
P T T R=10 MEGOHMS
= [ ]
V/"’ R=25 MEGOHMS
1 5 10 50 100

CRYSTAL PICK-UP —>

Figure 8

FREQUENCY-CYCLES PER SECOND

R

NN
Huf

-&—I
005 uf

NPUT TO GRID OF TUBE

1 MEGOHM ATTENUATOR

Effect of External Resistance R on Output Voltage of Crystal Pick Up
with Constant Acceleration Amplitude Appled




21

L VERNIER
« Gain E

AT

-~ BALANCE )

MOTULATOR ~ AMPLIFIER

_y N TYPE RA~333 SERIAL MO 8
C} -canmiER -~ : C e Eokd Reswsh Frodmes b

R {@, ) 2 PHASE — @

® N ' .
Y ' - R

Figure 9. Front Panel of C. A. A. Amplifier

+3 5
P ]
o 5 +2 4
z ]
o ]
= +1
<
P
] ]
- -
o 0 ——
s )
<
&) -1 4
= ]
< .~ ]
£5 1
o (@] -2 4

a8 ]
B S Y S B e S G G S S S OV TR R N S HY B
0 0.1 0.2 0.3 0.4 0.5
TIME (SECONDS)

—_ —2 7 . . o
2 i Figure 10a. Acceleration Record for Shock Excitation.
O ~ 1
SF
w5 —1 A
x A 4
e
w _
— 1 ‘—______//"’__—_
] 0
s ]
s J
5= ] 220 gUp—> —~—2.72 g DOWN
8 =2 +1 A . g . g
o ) 1.78 g UP—=

+2<:- L S S U S S S S S S A N S U S VO N S S S PRI U S S R S N R

0 0.1 0.2 0.3 0.4

TIME (SECONDS)

Figure 10b. Velocity Record for Shock Excitation.



22

e
SE
(&)
&9
Z W
o) >
=2 AVERAGE CALIBRATION
5o CONSTANT=.19 IN./
DE 50 FOOT PER SECOND
< AMPLIFIER
a4 ATTENUATOR AT 50%
w25 .
Qu!—_ ~ oot al 0 aal, b
g T
w
TE o L
Qa 1 5 10 50 100
=z
(@]
3k
o
=
Z
=0 AVERAGE CALIBRATION
TP CONSTANT=.19 IN./g
< w 50
30 (AMPLIFIER
o ATTENUATOR AT 10%
na .25 o o 2 P
[¥] o o
TO I oo
g
z
=S 0
& 1 5 10 50 100

FREQUENCY-CYCLES PER SECOND PICK-UP NO. B3401

OSCILLOGRAPH ELEMENT NO. H-102

Figure 11. Calibration of Vibration Measuring System.

Figure 12. Location of Vibration Pick-Ups and Accelerometer Unit in Boeing 247-D



&

UNIT RECORDER

OSCILLOGRAPH

oo
e el

ACCELEROMETER UNIT

Figure 13. Installation of Vibration Measuring System Inside of Boeing 247-D

44



LONGITUDINAL
(FT PER SECOND)

LATERAL
(FT PER SECOND)

NORMAL
(FT PER SECOND)

NORMAL
(FT PER SECOND}

|
o ©

+10

+05

—05

-15
-10
—05

+05
+10
+15

—-15
—10
—05

+05
+10
+15

FANTAaN
—“V e T g
o A, i -
Vil -
7N
‘\\\
—\q_r-u-/—‘w
0 01 02 03 04 05 06 Q7 08 09 10 11
—«— 15T CONTACT WITH GROUND
TIME (SECONDS)
Tt //
.‘L"“'\u-.
12 13 14 15 16 17 18 19 20 21 22 23 24

l-‘——ZND CONTACT WITH GROUND

Figure 14a. Dynamuc Velocity Record of Boemng (NC 11) Landing (Record No 1151}

TIME (SECONDS)



ACCELERATION (g}

LONGITUDINAL

-1
1IC
Q L — T
+1
LATERAL
+1
§
Tl ~
0 S
I
i
-1
NORMAL OR VERTICAL
+20
f—} 7
+o P T }
v \
-
00
0 01 92 03 04 05 06 Q7 0B 09 10 11 12 13 14 15 16 17 18 195 20 2|1 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 11
TIME (SECONDS)
TAXIING (VERTICAL}
+20
P 1 —
| A" J
+10 > —— ~ — ! - .
a]1]
0 01 02 03 04 05 06 07 0A 09 1C 11 12 13 |4 |5 |6 17 I8 19 20 21 22 23 24 25 26 27 28 29 30 3|l 32 33 34 35 36 37 38 39 40 41

TIME (SECONDS)

Figure 14b Accelerahon Record (Computed from Figure 14a)

¥4



LONGITUDINAL
{FEET PER SECOND)

LATERAL
(FEET PER SECOND)

NORMAL
{FEET PER SECOND)

—10

+10

9g

—15

—10

—05 /A -
ow_%__A:ﬂxVL e

//'

+10

+15
0 01 02 03 c4 05 06 07 08 08

TIME (SECONDS!

Figure 15a. Dynamic Veloaty Record of Boeing (NC-11) Landing (Record No 1155)



ACCELERATION (g's) ACCELERATION (g s)

ACCELERATION (E'S)

+1

+1

+20

+10

co

LONGITUDINAL

l] \f o
0 ot 02 03 04 05 06 07 08 09 10
TIME (SECONDS)
LATERAL
AR /
0 01 02 03 04 05 06 07 08 09 10
- TIME (SECONDS)
NORMAL (VERTICAL)
Vi
Ji
| . |
VIr [ |
0 01 02 03 04 05 06 07 08 09 10

TIME (SECONDS)

Figure 15b Acceleretion Record (Computed from Figure 15a)



o o o
| +

(ANOJ3S ¥ad 1334)
TYNIGNLIONOT

> o L

o o

+ {

(ANOD3S ¥3d 1334)
IvH3LY]

L8

L

|
d
C
—
[Tq] (] [T} (@] N o
— — =) ] —_
b o+
An_zoumm ddd ._rm_m_u._v
IYWHON

12

06 07 08 09 10

05
TIME (SECONDS)

Figure 16a Dynamic Veloaity Record of Boeng (NC-11) Landing (Record No 1162)

02 03 04

o1



ACCELERATION (g's)

ACCELERATION (g's)

ACCELERATION (g 's)

+1

+1

+20

+10

00

29

LONGITUDINAL

\
SN W R4
J 3
B
o ©0f 02 03 04 05 06 07 08B 09 10
TIME (SECONDS)
LATERAL
\
/N L \\‘
T 7
| \
0 01 02 03 04 05 06 07 08 09 10
TIME (SECONDS)
NORMAL {VERTICAL)
~ A
iy \ mn 1. \
] J 1 S N
J
0 01 02 03 04 05 06 07 08 09 10

TIME (SECONDS)

Figure 16b Acceleration Record {Computed from Figure 16a)



LONGITUDINAL
FEET PER SECOND

LATERAL
FEET PER SECOND

NORMAL
FEET PER SECOND

+05

—05

-25
—20
—-15
-~10

-05

+o05
+10
+15

et A Al A
pmsmer™ L T W S—— —
Y W a _— . 4 - e
N hd < —

TN~

o1

02

03 04 05 06 07 08 09 10 11
TIME (FEET PER SECOND)

Figure 17a Dynamic Velocity Record of Boemg (NC-11) Landing (Record No 1163)

ot



ACCELERATION (g's)

+2

+1

o

+

+2

+3

+4

+3

+2

+1

31

TIME (SECONDS)
Figure 17b Acceleraton Record (Computed from Figure 17a)

T f T
+235/ :ﬂh_d.zag
““+" 23g
i
' LONGITUDINAL
A T
I v X — o
A/
J
o1 02 03 05 06 07 08 09 10 11 12
TIME (SECONDS)
|
H -23
—22g—y g
1l
H‘““'—h—Slg
LATERAL
Fa I
1T LN = et
N7~ 7 Y W
‘I "
J
01 02 03 04 05 06 07 08 09 10 11 12
TIME (SECONDS)
NORMAL OR VERTICAL
fl
|
11 —
T | al —
I~ ] 1 — ] A
I | S—
U o—
1
\
Y
!
[
0 ot 02 03 04 05 06 07 08 09 10 11 12



32

G
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