
DEVELOPMENT OF AN 

AUTOMATIC RECORDING ACCELEROMETER 

BY 

Albert London 

Technml Development Dnwon 

Techmcal Development Report No 48 

February 1945 

U S DEPARTMENT OF COMMERCE 

CIVIL AERONAUTICS ADhLINISTRATION 

WASHINGTON, D. C. 

13’2 



UNITED STATES DEPARTMENT OF COMMERCE 

HENRY A WALLACE, Secretary 

CIVIL AEROXAUTICS ADbIINISTRATION 

THEODORE P WRIGHT, Admrnrstrator 

coNTF.NTs 

Page 

3JMNAP.Y 
INTRODUCTION 
DESCRIYPIGN OF TPE AUTOM.TIC FlECORDING ACCELEROKETEX 
LA90RATORY TESTS 

Static Load Tests 
Centrifugal Force CalloratIon 
Frequency Fespcnse of Accele-meter Element. 
Frequency-Response Measurements of Recorder 
components . 
Laboratory Shock Tests 

FLIGHT TESTS 
CONCLUSIOhS 
F1GUP.E INDEX 

7 
8 
9 

LL 
15 

I Mamm and M~rnmum Static lhgggermg Loads 4 
II Centrifugal Force Catibratlon Data . . 

III Effect of Vibration on Centrifugal Force Cahbratlon : 
IV Detertinatlon of Calibration Constant from Static 

and Centrifugal Laadulg . . 6 
V Compaarxon betneen the Average Static g and Dyr~rmc g 7 

VI Comparison of Acceleration Magnltties Indicated by 
Autonaatlc Recording Accelerometer ntb the Values 
Indicated by Vibration Measuring System. 10 

VII Compxrlson of landing Accelerations of Airplane NC-11 
(Boeng 247-D) as Indicated by Automatic Recording 
Accelerometer and the Crystal Vibration Plc!ap 13 

INFORMATlON 
AND STATISTICS G- i, l3G6l73 

.437 

4% 2 - 



DE'VELOPYEHT OFANAUTOUTIC FSCGFiDIW ACOELEROKElWi 

This paper describea an automatic recording accelerm&ar which ~88 developed 
for the p-m of detedning accelerations experienced by alrcraft mbile in flight, 
or Hhlle landing, texiing, or taking-off The device oonsists of a bank of classify- 
ing accelermeter elements nhich are arranged to indicate the l%¶drmm acceleration 
reached. The recording element utilizes e1ectricalJ.y marked paper 80 that a permanent 
record is obtained Mately Further, the device IS constructed 80 8s to operate 
only lmen actual shmka are being experienced, thna provldlng for autastic operation 
Results of laboratory and flight tests which rere performed on the automatic recording 
accelerometer BIW given HI detail 

It is concluded that the automatic recording accelermetar ml1 lndlcate accu- 
rately accelerationa hating a duration 88 short 88 0 02 second8 Therefore, it could 
be used in the measurement of landing acceleratmm, since the flight tests indicated 
that the minimum duration of the latter ~88 of this order of mgmtude 

IWl!EODUCTION 

Aa a result of the mar emergency a large number of light planes have been used 
to train pilots for the Armed Forces In general, this mearm that these aircraft have 
been subjected daily to the rough and inexperienced handlFng of noslce pllotrr, md that 
all too frequently they have experienced mvere shocks whfiich might seriously affect the 
strength of the mrlous structural cmponents 

In order to obtain data on the magnitude and frequency of occurrence of the 
accelerations experienced by light planes, it ma8 considered desirable to develop a 
recording accelerometer having the folloring charscterilrtlca. 

1. The device should ba capable of autazatically recmllng the maximum 
acceleration expmienced during each shock 

2. Tbe record should be readable imediately, without the necessity 
for proceeaing the recording mdium 

3. The recorder ahdd be energlmd only ahen an actual shock ie taking 
place, thus allowlug B large mher of records to be obtained rith 
a m.i- of recording papsIr 

4. Ihe deal@ ah& be simple, aad the device mhould be light-leigbt, 
easy to maintain, and require no servicing after bang inst.nl.hd in 
the airplane. 

5 Bpeed of response of the device should be mxh that acoeleratlom 
of short duration, si&llar to those which 81.0 ~rlenced 6s a 
raault of lmdlng impecta or of gusty veather, should be recorded 

6. Acceleratlonrr reeulting frm engine vibrationa should not be 
recorded 

me prm reason for mdartaldng the developent of an titrment of this 
nature ~(LB to obtain statietical data relative to the number of timea 1u1 aircraft 
cmpment enperienced acceleratiane of vmiow predeterminsd laagrdtudea If, for Fix- 
ample, the accelerweter lBr.3 to be mounted on the lanmlg gEara of a number of train- 
i,ag planes of similar mke, d&a would be obtained rhich would give the designer a 
Imwledge of the freqnency of occ"rrenc~ df varloua leads Armed with this infomntion 
he could design lamiing gears in the light of the load factors lhich had been obtained 
mder ~emce conditFons rlth novice pilote In control. 

One further application of tbia type of device relates to its UB(L 88 a train- 
iKq inst-t. If the device mare to be msde ems11 enough, It could be wed to check 
the perfmce of a pilot on landing and t&o-off I?IIKI over B periad of time Thus 



e quantitative meaeure of hla normal piloting akill could be cbtalnedl. 

In preliminary stucliee of the design of this device It wee decided to make it 
of the classify%& tp Accordingly, epeciflcetions xere dram up covering the de- 
veloper& of a device which would he in accordance lrith the requirements previously 
mentioned The ectuel design and fabrlcatlon rrae undertaken by the Electrical Beee.ercb 
Roducts Mvlsicn of Veeatern Electric Co. Tbe laboratory and flight teats deecribed 
in this report were cor.ducted by the Civil Aeronautics Adm4nlstration 

Further work ie non under lray on the develcpuent of en accelermeter based 
upon the results end ccncluaicna contained in this report The objective of the con- 
tinued devsloment IB to obtain an Instrument which mill be much lighter in weight end 
smaller in size, end that will be capable of meaeuring end recording ecceleratione 
having a duration of 0 02 second or longer with intervals 88 short es 0 1 sea& be- 
tween successive shocke Thla mill be described in e subsequent Technical Developent 
report 

DESCRIPTION OF THE AUTOMATIC FWOEDING ACCFXX%m 

The complete accelerometer unit containing a bank of 10 classifying ecceler- 
ometer elements ia shown in fig-ore 1 Figure 2 is e vlw of the recording unit of the 
device tiich 1s connected to the accelerometer unit by means of e multi-conductor cable 
lndiceteu in figure 1 Figure 3 showa a single eccelerometer element 

The opereticn of the accelerometer element is 88 follow 

Eken the ecceleraticn acting on the me 
to operate the push button of the Micro Snitch 9 

8 is equivalent to e force sufficient 
, closure of en electrical circuit in- 

cluding one of the recording stylii Is effected. This operation applies a voltage 
difference acrces the Teledeltoeb recording pan, end the reenlting current -ke 
the surface of the paper The marks are similartcthoee shown in figure 19 Ultb 
the ad of the ten&on adjusting screw it is possible to adjuet the amount of preloed- 
ing on the spring so that e number of these elaents can be arranged in a ClassifyLng 
order such that they mill trigger et e graded series of accelerations The cli-cuit 
tich accomplishes this la shown in flg-or.3 4. 

In the accelerometer element caee are mounted 10 accelerometer elements which 
have been adjueted to trigger at accelerations of 1 5 g, 2 0 g, 2 5 g, 3 0 g, 3 2 g, 
3.4 g, 3 6 g, 3.8 g, 4.0 g, end 5 0 g for vertical upward accelerations Each element 
actuatea one of the 10 evitches labeled 9, 9, QC The fxst element ml1 trigger 
ahen 1 5 g ia exceeded, closing ewitch 9 and introducing the 90-volt battery into the 
time-delay relay circuit FELl The function of the timedelay relay will be explamed 
beloW. Subsequently, the paper advance solenoid SOL1 le energleed and rema- ener- 
gized until srltch IQ opens, et mblch time the solenoid clew engages the paperAdvance 
ratchet, thereby preparing the paper for the next recording. Snitch 91 inserts the 
current limiting reeiator E$ in the circuit, vhen the solenoid ia in the energised 
poeltlon In order to reduce the tmttery drain 

' In thla connection, ccvnpare the effect of e rough technique on load 
factors given by &de=, E I , QoeU Factor8 Obtained on Citil Ai limes in 
Acrobatic Uneuvera,” J Aeroneutxal Sciences, 9, 195 (April 1942 Tp 

2 F B. Norton k E. P Uwner, nAcceleraneter Design,' N A C A 
TB#lOO 1920. 

1 This ewltch ia a en&-action type enitch manufactured by the Micro 
Switch Corporation, Freeport, Ill. 

4 Teledeltae is an electroeeneitive recording paper manufactured by 
the Weetern Union Telegrsph Co 
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Uhsn 4 is closed, the circuit through tme-deley relay circlut % ia also 
closed so that current flows through the recording paper, thus ma-king It et a posi- 
tlon ccrresponting to the first recording stylus. 

Operatlcn of the automatic retorting accelermeter for acceleratlona greeter 
then 1 5 g 1s explained best by en example Suppose that a" acceleratlcn of 3 0 g 1s 
experienced Smtchee 9, IQ, E3, and D4 till be in the closed circuit pasltlon eo 
that current flows through poFnt 6 and the paper Is marked et stylus 4 Thus, the ar- 
rangement of the clrclut 1s such that only the maarLmum acceleration ahch is exceeded 
mill be indxated , provided the rate of appllcatlon of the ecceleratlon 16 fast enough 
so that the timedelay relays for the other recortig styU1 do not have time to aper- 
ate If the force 1s applied at e sufficiently slow rate, all of the intermediate 
points also will be marked, hut these will appear along the same line on the recording, 
mdicatmg that these pcFnts are mtermdiate values for the same maximum acceleration 
After removal of the force the paper advance ratchet Is operated by the return of the 
solenoid clan end the paper 1s advanced slightly, reedy for the next measurement. 
There 1s no battery dran unless a" actual shock greater than 1.5 g 1s being measured 
and paper 1s advanced es requxed, malang for economy of opsratlcn 

The tuneAelay relays prcvlde e means for filtering out acceleretions arlsing 
from e-e vibrations Cucuits RELl to REL3 have a time delay of l/15 second, while 
FiEL4 to RELll have delay times of l/40 second, 1 e , l/15 second is required before 
the voltage applxd to the relay in RELl bmlds up to a value sufficient to operate 
the relay armature, and s-larly l/40 second is requned for the relay armature to 
close m REL4 Since engine frequencies are of the order of 10 c p s or higher, 
whereas pertinent lanting shocks were presumed to be much longer 111 duratlcn than l/15 
second, It was assumed that these time delays would filter out en~ne vibration The 
validity of this assumption vnll be discussed under the sectlo" devoted to flight test 
results 

As a source of power the autcmatlc recording accelerometer utllises tnc 45-volt 
storage batteries of the Burgess Y-30 typs The current drain and length of recording 
paper are such that apprcnmately 1,ooO records of landw shocks may be obtaIned The 
recorder has the approximate dimenslcns of 7" x 8" x 9" and weighs 14 lbs The ecceler- 
cmeter unit has the dimensions of 5" x 6" x 7" end weighs 5 5 lbs 

LABOFiATORP TESTS 

Static Load Tests 

In order to calibrate the accelerometer unit and adJust the elements to the 
desired tnggering acceleration, It 1s necessary to hang kncnn loads on the callbrat- 
ing hock of the accelerometer element and adjust the tension screw until closure of 
the smtch occurs The stop adJustment, whxh is cbtalned by rotating the forward 
screw on the element, 1s not crltlcal since Its only purpose 1s to prevent the mess 
from chattering The combined aeIght of the leaf spring and mase is 23 3 @EB The 
spring 1s e very rmnor part of this total weight Furthermore, ae a frrst epproxlma- 
tlon, It may be assumed that one-half the dlstrlbuted neight of the leaf spring 16 
effective 1" operating the smtch Hence, for calibration purposes the figure of 23 3 
gxs. per g acceleration is suffxlently accurate The validity of this figure also 
wee checked by utlllzlng the centrifugal-force method of calibratlcn descrlbed m e 
following sectIon 

During the course of the static load tests It was escertamed that there eldst- 
ed a range of crltlcal loading values for which the smtch could be In either a closed 
or open-clrcult contitIan In other words, es the nelght (which was hung on the 
accelerometer element) lras Increased gradually, B -mum load was found, for which it 
was possible to cbtaln closure of the smtch Hornever, by bsturblng the element with 
the finger or in any other suitable manner, the element rmtcred itself to its open- 
circuit position and remained in this pcsltlcn of equlllbrlum indefinitely For loads 
greeter than this minxxum value, It was pcsslble to have the accelerometer element in 
equilibrium UI either the open-cxcuit or closed-clrcult pcsitlcn FInally a load nes 



reached for nhich the element renaned I" a closed-circut position and could not be 
made to open This is the maxImom value referred to previously 

This unstable behavior of the element vae attributed to the fact that in the 
rsglon of crItIca loating the Exro Smtch, because of its snap action, has two posl- 
tlons of equlllbrlum One position results from the deformation or bending of the 
tension member5 of the switch, tile the other posItion 1s that corresponding to the 
undeformed condz.tion For actuating forces I" the crltlcal renon, it 1s possible for 
the tenslo" member to be either flexed oi- not flexed Endently tlus would appear to 
be an inherent property of all snap-act=o" type sntches 

I" table I are data obtained on a number of different elements mth various 
tension adjustments, for daterminvlg the spread between the marimum and rmnLmum static 
triggering loads The average spread wee 9.6 gm , corresponding to 0.41 .s 

TABBI 

MAXIMUM ANDMINIMLN STATIC TRIdGERING LOADS 

yh~llmum Load 
Grams 

15.4 
35 9 
47 3 
48 6 
I22 

18 6 296 
41 7 
46 9 
51 5 
2: 

22 

MaximumLoad 
GlT.UL3 

27 3 

42 i 
600 
224 

26 0 38 6 
49 5 
57 3 
E 
684 

74 98 7 7 

spread 
Cl-ants 

ll9 
10.8 

lx 
10.2 

;.; 
78 

10.4 
77 

12 76 6 

9.9 82 

"-^-"^ 0 L 

llhe" sdjustlng the elements to the correct triggering accelerations for putting 
the accelerometer sn operation, all of the elements were calibrated eo that average 
static load, whxh is tie" ae one-half of the sum of the marLmum and minimom loads, 
corresponded to the desired triggering acceleration That 19, If It was necessary to 
adJust a" element to 2.0 g, the element we8 calibrated 80 that it would trigger for 
a" average static load of 23.3 Que. added to the calibrating hook of the element Thus, 
the tenslo" screw was adjusted for a minimum load of (23 3 - 9 6/2) =18 5 gms 

Centrifugal Force Calibration 

In thu method of calibratlo", the accelerometer unit -nas mounted on the ro- 
titing turntable at the Aeronautic Instrumenta Section of the National Bureau of 
Standards and was subjected to centrifugal forces, the ma,qntude of which could be 
camputed from the speed of rotation and the distance from the axle of rotatlon This 
table me supplied nth slrrp rings which mere connected to the t.ermlnals of the saitch 
for the purpose of deterrmlllng lrhen the elements wire being actuated. The same ineta- 
bility observed in the static load calibrations also were observed here, that is, the 

5 See Hero Switch Aircraft Catalog No 70 for description of the 
construction of the ewltch 



mtch closed for acceleratmns larger than those for whch It opened The data ob- 
tained on the turntable (on previously unadJusted elements) are in table II 

TABLE II 

CENTRIFUGAL FORCE CALIBFLATION DATA 

Element No 

2 21 
2 20 
2 40 
2.50 
3 08 

;z 
3 10 

To s-late the effect filch the -bratIon of an axplane might have on the 
unstable region between minlmm and manlmum g, a buzzer was fastened to the acceler- 
ometer unit As ~8s antxlpated, the vibration i-educed the range betaeen the -mum 
and muumwm values (see table III) The spread was reduced from 0 45 g to 0 23 g, so 
that the vibratory excitation of an au-plane would have the general effect of m- 
creasing the accuracy mth which the elements might be set from i 0 22 g to ? 0 12 g 
In addition. It should be noted that the average value as gliven =n tables II and III 
remaned unchanged, tithin the lvluts of observational precision 

Average g 

1 65 1 93 
1 65 1.93 
2 25 2 36 
2 22 2 36 
2 59 284 
2 58 2 85 
260 284 
260 2 85 1 

spread in g 

0 56 
0 50 
0 23 
0 28 
0 49 
0 54 
0 47 
0 50 

Average Spread 0 45 

TABLJZ III 

EFFECT OF VIBRllTION ON CENTFUWGAL FORCE CALIB~TION 

Element No -mg Minimm g Average g Spread I" g 

la 2 04 1 76 1% 0 28 
2s 242 2 29 2 35 0 13 
3 2 91 2 71 2 81 0 20 
4+- 2 2 85 3 25 0 79 
5* 3 7.0 3 36 0 33 

Average Spread 0 23 
L 

* Average of 2 measurements 
K In this measurement diffxulty was experienced I" 

deterrmmng the minuwm value, smce the vlbration 
tended to cause chattermg, and hence only partial 
closure mas indxated on the test meter which was 
used to check circnlt closure Thm value therefore 
has been excluded from the average spread figure 

A comparison of the results of static load tests irith those obtalned from 
centrifugal loading 1s shorn I" table IV Thus, the callbratlon constant as deter- 
mined from centrifugal force tests 1s in excellent agreement mth that obtained 
previously by consldermg the waght of the mass and sprmg as the equivalent of 1 g 
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TABLE IV 

DFPEBYINATION OF CALImTION CONSTANT FFGU STATIC AM] CEXTRIBWOAL LOADING 

Element No Av (l)Static Load (pm) Av Centrifugal Acceleration (g) Grams per g Element No Av (l)Static Load (pm) Av Centrifugal Acceleration (g) Grams per g 

1 
2 tt: 

tt: 1 90 1 90 23 6 
2 35 2 35 23 5 

646 646 2.81 2.81 23.0 
75 3 75 3 3 25 3 25 23 2 

5 77.6 77.6 3.36 3.36 23 1 

AV 23 3 
(1) The 23 3 gms might of element is mcluded in this figure 41) 

AV 23 3 

The 23 3 gms might of element is mcluded in this figure 

The tests described in this sectmn have been referred to in a rather ambigu- 
ous fashion as "centrifugal" force tests However, since the acceleration ectmg on 
the accelerometer base is directed radmlly mmrd toward the center of the turntable, 
I" reality the force is a centrlpetal one (figure 5) Under equilibrium conditions, 
when the base 1s movmg mth a constant rotatloml speed, there can be no relative 
motion between the accelerometer mass, m, and the base Therefore, m also has the 
acce1erat1on a, The force mat acting on the mass m can only arise from the action 
of the restorlng force of the accelerometer spri"g and, hence, the deflectlo" of m 
(as Indicated in flgure 5) must be radially outward, since deflection and spring- 
restorlng force are ln opposite directions With respect to a coordinate system fixed 
I" the smtch or base of the accelerometer element, the deflection of the mass 1s such 
as would occur from an external force acting downward (du-ected from mass to Switch) 
80 that the effective force on the mtch could be considered es e. centrFfuga1 force 
from this pant of y~ew 

Endently, this same situation also holds where the accelerometer element is 
used to measure acceleratuxns occurring in the vertical plane In t?us case, acceler- 
atlons applied to the base of the accelerometer III a vertically upward duection de- 
flect the mass on the spring dcnnwar d so that force is exerted on the mtch In this 
connection, It 1s to be noted that If the accelerometer case has an upward acceleratlo" 
of 1 g, the actual acceleration actlne on the unit caused by external farces (other 
than granty) 1s 2 g upward, since 1 g 1s required to overcome the effect of gravity 

F'reouency Response of Accelerometer Element 

A" important advantage in usmg a preloaded element arises from the fact that 
no dynamic motion of the mass occurs until the excltmg force reaches a magnitude 
lrhlch overcomes the prelcading of the element Therefore, it should be possible to 
measure shocks of very short duration without dynamic erroi-'5 arlslng because of the 
dwatlon of the shocks and the nature of the= way8 shape This ml1 be true ti any 
mctlon of the mass of the element which may be involved I" operating the switch ie kept 
to a mitium 

The resonant frequency of the mass leaf-spring system, when fastened at one 
end of the spring I" cantilever fashion but free 1" all other respects, was measured 
to be 14 c p s Nhen restraux?d in a manner slr~lar to that caused by the button on 
the switch, the resonant frequency was approximately 15 c p s Since very little 
dampIng exists I" the free element, a frequency response characterxtic of the element 
should shcw conslderable devLation from a flat response If dynarmc eri-ors are present 
AccordMgly, a frequency response characterxtlc x? the range of 12 to 22 c p s was 
deterrmned 

A" accelerometer element was mounted on the vlbratlng plate of a vlbratlon- 
pickup calibrator The latter is a mechanical devLcs tilch produces a" essentially 
sInusoida nbratlcn having both adjustable amplitude and frequency The tension on 
the accelerometer spring was adjusted so that different static loads lrauld be requued 
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to close the smtch The frequency of vibration at tich closure of the smtch occu- 
red was observed on a cathode ray osclllograph. This was accomplished by placing the 
osclllograph in ser1e6 with the switch so that the current surge which occurred when 
the smtch fm-st closed could be obsemed readily The acceleration amplitude lrhlch 
actuated the accelerometer was computed from the frequency and amplitude of dmplace- 
ment of the vlbratlon. In table V a comparison betneen the average static g and ths 
dynnarmc g 1s made 

TABLE V 

COMPARISON BEl-KEB, THE AVHUL(fE STATIC g AND DPNAMIC g 

Frequency(c p s ) Average Static g l2ynarmc g Dynamic g - Average Static g 

U6 193 1 70 -0 20 
128 1 a2 1.83 +o 01 
13 8 1 97 1 98 +o 01 
15 1 2 30 2.16 -0 l4 
16 9 2.54 2 47 -0 07 
16 9 2 33 2.48 +o 15 
18 1 277 2 67 -0 10 
19 3 3 13 290 -0 23 
21 4 3 53 3 35 -0 18 

Average Difference -0 083 
I 

The average tifference indxates that on the average the dymmc g agrees mth 
the average static g to mthm 0 1 g Furthermore, over the range of frequencies meas- 
ured, there 1s no demonstrable frequency en-or, so that the accelerometer element ml1 
respond falthfully under both static and dynarmc condltlons Since a 20 c p s vibra- 
tlon corresponds to an acceleration which goes from zero to a m-um back to zero III 
l/40 second, and su~ce the dynamic tests show that during the greater part of the vibi-a- 
tlan cycle the accelerometer element behaves m a static manner (mamuch as the mass 
does not ~OYB until Its static trlggermg acceleration 1s reached) one can state that 
the accelerometer element will follow smusoidal single pulses hanng a duratlan vhxh 

may be as short as, or possibly shorter than 2 : 21 4(=' 023) seconds Actual tests 
m wfilch the element and recorder were subJected to transxmt shocks till be described 
In a following sect1on 

It is of Lnterest to note that =n the dynamic tests it was observed that the 
mtch is closed and oFned at the same magnitude of the nbratory acceleration mpli- 
tude lrrespectlve of whether thu amplitude 1s increasmg or decreasmg Evidently 
the dymmc effect 1s such as to overcone the mstablllty of the Mz~cro Smtch Since 
the average static g agrses wellmth the dynamc g, and since actual shocks m-e dy- 
-c I,, nature, it follms that the adJustment of the elements so that theu- average 
static g agrees with the desired trlggerlng accelerations 1s an accurate and convenient 
procedure 

Frequency-Response Measurements of Recorder Components 

There are several components in the recordmg mnt of the automatic recording 
accelerometer lrhlch lmt the frequencies at which the dence ml1 respond One such 
element is the tune delay cu-cut mcluded mth the relays In order to detemne the 
actual tme delay uwolved, the follting experimental means msre used 

An accelerometer element was mounted on the plate of the vlbratlon piclolp 
callbratar, as Indicated m flyre 6, and the smtch was arranged mth respect to the 
recorder cx-cult so that only one relay would be energu.ed when the switch was closed 
As t'le calibrator plate vibrated, the stop attached to the frame of the calibrator 
closed the stitch The fraction of a period during which the smtch remaned closed 
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was controllable by adJustmat of the calibrator anx,lltude The length of time the 
smtch vae closed was adjusted by varying the frequency As long as the frequency 1s 
such that the time interval during which the smtch is closed 1s longer than the delay 
time, the Teiedeltos paper ~~11 be marked Tke highest frequency at which marking 
occurred was noted, and from the frequency and the fraction of one complete -bration 
for which the smtch ras closed, It vas possible to compute the delay time The frac- 
tlon of a period uwolved was deterrmned bg turning over the flywheel of the callbra- 
tor slmrly by hand and noting the fraction of a revolution for which the smtcb was 
closed 

Delay tunes deterrmned in thu fashion were 

Relay clrcut No 1 0 092 (l/11) seconds 
Relay " No 2 0 092 (l/11) " 
Relay II No 3 
Relay (1 No 6 

0 075 (l/15 4) 1 
0 022 (l/45) 

As relay cu-cults 4 to 11 are normnally Identlca.1, Insofar as cucult constants 
are concerned, the measurement on circuit 6 served to ldentlfy the approxuwte magn- 
tude of the others Thus, transient shocks having B magnitude of 1 5 to 2 0 g must 
have a duration of the order of 0 1 seconds or longer, in order to 38 recorded by tile 
automatic recording accelerometer This should filter out engu~ vlbratlons'effecm 
tlvely since any perx&c acceleration in the range of 1 5 to 2 0 g hanng a frequency 
greater than about 5 c p s could not ener&ze the relays For higher accelerations, 
shorter time delays are perrmsslble, su,ce engine vlbratlons would not be expected to 
have amplitudes ln the higher range of acceleration 

The frequency response of the lnterrmttent paper-advance mechanum WEE next 
determined It was ascertained that lt followed pulses faithfully for frequencies up 
to three per second, the pulses lasting more ttan 0 1 second as required by the time 
delay clrcult Tnnls characterlstlc of the paper advance effectively llrmts the response 
of the entue Instrument, because successive shocks occurrIng at tine Intervals less 
than l/3 second apart ml1 not be resolved correctly Further, unreliable paper-advance 
operation ml1 occur If the pulse IS much shorter than l/3 second 

laboratory Shock Tests 

In order to deterrmne the rellablllty of operation of the automatic recording 
accelerometer under shock excltatlon condltlons, It 1s necessary to subJect the acceler- 
ometer to !aovn transient accelerations A very simple method of producing shock ex- 
cltatlon La to hold the accelerometer box =n onela hands and then give It a sharp Jerk 
vertxally upward or dowward If a calibrated vibration pxkup (accelerometer) ia 
mounted on the accelerometer box so that its axis of i-esponee 1s in the vertxal du-ec- 
tlon and If sultable recordIn& means are used to record the resultant transient shock, 
It 1s possible to cornsare the acceleration indicated by the automatic recording acceler- 
ometer mth that obtalned from the nbratlon p~kup 

LQure 7 1e a schematIc alagram sbolmng the experuaental set-up nhlch was used 
to conduct these tests The vlbratlon pxkup was a puzoelectrx accelerometer utll- 
IzIng B rochelle salt crystal es the acceleration responsive element Rth an appro- 
prlate exterqal mpedance the acceleration response 1s practically flat from very low 
frequencies up to 500 c D s FIgwe 8 shows the computed change I" output voltage LI? 
decibels ae a functron of frequency for various external res~?tances R A 20-megohm 
reelstar -as used for R in ti-1s caee so that the response 1s flat doan to a frequency 
of approximately 5 c p s 

The 0 5-mf condenser and 1-megohm attenuator are standard cuxult components 
of the ampllfler used ln these experiments and could not be changed readily This 
necessitated use of the series resistance R and a consequent loss III output Figure 
9 shows a front panel view of B special four-channel ampllfler built to the TechnIcal 
Development Mtis~on's speclflcatlons by Electrical Research Products, Inc The per- 
formance of this amplifier ml1 be described III a subsequent report It will suffice 
here to say that two integrating cu-cults are provided 90 that an acceleration Input 



my be integrated once to obtain velocity rem-do, oi- it my be integrat-sd twice to 
obtain displncment reoorda 

The recording oscillograph is a multi-channel device having I2 D'Areonval 
~oomLcoi1 galvanmeterrr, the deflections of whxh are recorded directly on photo- 
graphic paper by means of light beam reflected from mix-i-ore mounted on the galvan- 
cedtwrs . 

B'igula 108 is 8 typical acceleration corm recorded by the oscillograph, while 
figure 10b Is a typical velccity curve which is obtained rhen the output fran the BC- 
celerometsr la integFat.ed once In f1.qm-w 10a the pickup me jerked dommard so that 
it had an initial d onnward acceleration At the end of ita path the pickop me stopped 
sbm%rply so that it had a large deceleration or upward acceleration Figure lob tells 
a similar story except that the motion or velocity was uprard. Accelerations are corn- 
put& from the velocity records by determining the alope of the velocity curve Tjming 
llnwa appear at 0 01-second intervale along the edge of the paper. 

The indicated accelerations on the figure0 represent dynamic components only, 
to rhich +l g rrmst be added to obtain the effective acceleration since the vibration 
pickup and rsmeinder of the vibration meastig eystem till not indicate static, or 
very 3lowly PeJ+ng accelerat.ionB The cry3talpiekupras calibrated bymeans of B 
vibration pickup calibrator ticb aupplled known frequenclee and amplitudes over a 
range of test frequencies from 10 to 70 o.p s the response is eewntlally flat with 
an average scatter of about ? 10 percent in the teat points, although B- point.8 
scattered more than thfa. For the velocity calibration it we88 poasslble to take me.aaure- 
ments down to 3 c.p.s since the effect of the Integrating cirooit is to cause consider- 
able attenuation in clrcnlt noise and in 60-cyole hum picked up in the high iqmdmce 
input to the amplifier. The mtlocity calibration indicates that the overall respense 
of the system 1~ esaentislly flat doAl to 5 c p.e A typical overall callbratlon curve 
of the vibration msasu+,,~ system is given in figure ll 

Table VI mmma-i.ws the results obtained by canparing the reeponses of the 
autometic recording accelerometer and the cryti accelerometer to tranelent accelers- 
Mona. A study of 'cable VI lndicetes that, In general, the autcezatlc recording acceler- 
ometer reapsnds to traneient shock8 having a duration a8 short as the tlrss delay of 
the relayg, i e ,1/15 second for 1.5 g and 2.0 g, and l/&O second for 2.5 g to 5 0 g 
Record U6 indicntes that the 3.0 g accelerometer element requirea a smneehat longer 
the than 0.025 swconds before it vill respond or close the seltch This same b&avicr 
of the 3 0 g elex,ent eppeare in record 2, In nhich it till be noted that an accelera- 
tion of 3.0 g HaB exceeded for 0 055 second. SMlarly, the error in record 126 my 
be explained on this besia. This etidently is an error in the dynamic responee of 
the 3.0 g element lteelf and not in the relay cirouit If the reley circuit required 
an excitation time greater than 0.025 second, no -king would reeult for dnratlone 
lesa than this, even for elements triggering at lorer accelerationa, nnlerrs the rate 
of change of acceleration ~ILB such that interaediate acceleretiona lasted more than 
0 025 second (or l/l5 second for 15 g and 2 0 g). In the recorda considered here 
the rate of change of acceleration exceeded the letter rate 

A certain amount of mechanical malfunctioning -8 possible in the acceler- 
ometer element This vonld occur tien the atop ndjustment of the element ‘1118 tm'ned 
down too far, so that the srltch rcauined open, but was on the verge of Closure. 
Under the influence of the appropriate acceleration the ewitch closed However, it 
r-in& closed after the shock w8 over due to the instability characterlatic of the 
rrrltch previouely discusrr%d, eince the restraint offered by the stop we8 now suffi- 
cient to keep the enitch closed It irr believed that the erroneoue indication in 
record ll8 may ham, m-lawn frm such B qeuee, for if the 2.5 g elemsnt bad been clotred 
and the acceleration had reached 2.0 g, 8 reading of 2 5 g would have been obtained 

A basic snpeitlon in the application of the automatic recording acceler- 
ometer to the meaeoremmnt of landing ehocks in that the duration of the landing 
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accelerations should be considerably longer than the l/40 second time delay used in 
the relav clrcuts If this condition 1s not met. the accelerometer will not lndlcate 
the peak"acceleratlons falthfully To check the &lldlty of thu assumption and to 
deterrmne the performance of the dence under actual flight cond-tlons, a number of 
landmg shock measurements were made on the Dlvlslon's Boeing 247-D au-plane (NC-U) 

The expermental set-up 1" We Boeing was exactly like that used I" maku% the 
laboratory shock tests, mth the ehceptlon that It was consIdered of Interest to meae- 
ure not or,ly We vertical component of acceleration but also the lateral and longltud- 
lnal horizontal components Accordlrgly, three crystal vlbratlo" pickups, together 
mth the accelerometer unit, vei-e mourted on the front spr of NC-11, ahlch 1s located 
near the center of gravity of the ax-plane Figure 12 show thu u,stallatlon Fig- 
we 13 show the cornplebe ustallatlon I" the Boemg of the vlbratlon rceasur1"g system 
mdlcated I" figure 7 and previously dxcussed in the text 

In tating measurevents of the landing shocks experxnced by NC-U, It was dls- 
covered soon that It 1s not feasllle to record accelerations dxectly because e"@"e 
llbratlons obscured t>e record &nce, most of the measurements were taken mth the 
ampllfxer I" the sx,gle-x,tegratlon posItlo", since the lntegratlng cu-cult dlscrlrm- 
"ated against the klgh frequencies caused oy engine vlbratlon 

The fust velocity record take" IS reproduced in figure 14a The velocltles 
given in this flgure are the dynamic components only and therefore the actual slnklng 
speed tefore contact w;th the ground 1s not IndIated I" the record The du-ectlans 
of the velocity components are lndlcated by the signs and are I" accord mth the stand- 
ard WACA notation Fxgue 14b lnalcates the equivalent acceleratlo" record obtained 
from U+a by measuring the slope of the velocity cube The posltlve duectlons for 
the lateral ana 1onGtudlnal accelerations are taken IT, the same dIrectIons as for the 
velocltles However, the normal acceleration 1s take" opposite I" sign frorr that of 
the normal velocity, or the assumptu," that the "crmal component of the acceleration 
does not differ to ary consIderable extent from the lertlcal component during the 
landing, hence, according to custom, it must be assumed that the posltlve dlrectlon 
1s vertically u vard 

E" 
It 1s assumed further that the weight of the arcraft 1s en- 

tarely alroorne gust prior to contact mth the ground, necessltatlng the addltlon of 
10 g to the measured dy?armc vertical comporent 

Flgwes Ib and lqb shoa that the ~axur,um posltlve acceleration dwlng the 
fx-st Impact was 141 g and lasted 0 1 secoqd, while during the second Impact It lras 
197 g for 0 04 second The automatic recording acceleroneter aId not lndxate for 
eltker Impact, since IF, the fu-st case the rcagnltude was too 1ora and in the second case 
the flme duratlo" was too short kccordlngly, It was decided to elmmate the time 
delay and relay cu-cuts from the recorder, because the actual landing shocks were of 
shorter durztlo" than the tax delay It was felt that engine vlbratlons would not 
affect the Tecar‘aer performance, since the engine vlbratlon amplitude was appraxunately 
0 2 g at the place where the accelerometer ,ws rrounted, and since the psper-advance 
mechanum would not operate at frequencies as k-lgh as e"@"e frequencies Operatlo" 
of the recorder I" alr@a"e NC-11 dLring the flight tests >nth the relay clrcults ae- 
leted, and also under condltlons when the engine was run up to Its maxur"m speed of 
1850 r p m , bore out this contentlon, as "o markIng occu-red as a result of engine 
excitation alone 

In table VII there are summarized the results of the flight tests on the 
autamatlc recordxig accelerometer with the tlmedlelay and relay clrcults rmsslng 
from the reccrder Fwxes 15a to 17a are some actual velocity records obtaned 

6 Hootman and Jones I" NACA TK 863 , "Results of IandIng Tests of Varlaus Air- 
planes," have rndlcated that the aerodynamx support at the Instant of ground contact 
may vary from 0 6 to 10 times the au-plane weight, eo that the lndlcated accelera- 
tlons may be too large by about 0 4 g mth a possible average ei-roi- of about 0 2 g 
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aurmg landmgs, and flgums 15b to 17b are the correspondmg acceleration records 
All of the records are partially vibratory In character because of the bouncing of the 
airplane, caused by the elastic nature of the shock absorber All accelerations meas- 
ured at the rear spar were considerably hlgker than those at the front spar Thu no 
doubt resulted frorr the adaitlonal rotational velocity wfmch the au-plane experienced 
about Its center of gravity as a result of Its m?act lnth the ground Record 1163 
(figures l'la and 17b) 15 an extreme case of such an moact and shows that t\e accelera- 
tlon was qmte vibratory m character In trls landmg one wheel landed off the run- 
way and considerable shock was experienced in all three dmectlons, YIB , vertical, 
lateral, and longltudmal The acceleration record obtained m flgure 17b 1s scalar 
to those obtamed by other observers 7 when asmg acceleromtsrs halxng a relatively 
high natural frequency However some landlni: accelerations maae by Hootma? and Jones8 
using accelerometers9 having a natural frequency of 20 c p s or less d-Ld not show these 
high frequency varlatlons 

A study of table VII lnalcates that, in Feneral, the automatic recording ac- 
celerometer perforrced satlsfactorlly under impact condltlons exlstlng durug actual 
landxgs Accelerations having a tune duration of 0 02 second or greater were measured 
accurately, although blgh frequency vibrator>. components such as appeared Fn record 
1163 could not be resolved because of the slow response of the paper-advance nechan- 
1sm The latter mechanxm did not operate always because the duration of the accel- 
eratlons was consIderably less than that requued for reliable OperatlOn of the device 

It may be concluded that If It is necessary to deterrmne the maxl~lum posltlve 
acceleratlor experienced aurlng any one impact or contact vxth the ground, the paper 
advance must be desIgned so as to respond to shocks of 0 02 second or greater If, 
I" addltlon, It 1s necessary that successlYe posltlve accelerations occurring during 
the same impact be measured, the paper advance should be capable of responding to ac- 
celeratlons spaced at tax Intervals as short as 0 1 second This would record all 
accelerations other than high-frequency vibratory components, which one could not ex- 
pect to measure mtb thus type of device 

A number of IandIng shock measurements also ?Tere made on the Technical Devel- 
opent Dl%xlon's Waco, Model AVN-8, axplane NC-17 to determux the performance of 
the automatic recording accelerometer In a light plane Smce It was not possible to 
uwtall the vlbratlon neasvring system In the Waco, because of space and weight llrmta- 
tlons, only the autonatlc recording accelerometer nas uistalled (flgnre 16) As before, 
the tlme-delap and relay cxcults were not Included m the recorder 

Xhlle "rewlng up" the Waco prior to take-off, IntermIttent or chattering op- 
eratlon of the paper-adlance and interrmttent marklng at 1 5 g occurred, lndlcatlng 
that an acceleration of 15 g Rae pasable at this location on the axplane because 
of enene excitation The maxuwm acceleration experienced dwlng the landings was 
2 5 g, though a conslderable number of the landugs lndlcated at t?e 2 0 g level NO 

lnterrmttent marting occurred at accelerations greater than 1 5 g, lndxatlng that 
engme vIaratIons did not mterfere m the rscordlng process for accelerations great- 
er than15 g Flgui-e 19 1s a photograph of a portlon of ttie record obtalned m the 
Waco tests 

Wile engine excltatlon did not interfere vlth the recordlog process for accel- 
eratlons greater than 1 5 g, the actual Indicated accelerations may have resulted from 
a supa-poeltlon, or addltlon of the acceleration, oaused by both the landing shock and 
the engine excltatlon Thx 1s not consIdered undesirable because the instantaneous 
load factor acting on the structural component in questlo" actually results from these 

7 NACA TR No 99, QAcceleratlons in Flight," by F. H Norton and E T Allen 
8 See reference 6 on page 11 
9 NACA Mucellaneous paper No 41, "A Meth& for the &n&c Callbratlon of 

Accelerometers," by James A Hootman 





two causes The important consideration 1s that engine vibration should not paralyze 
operation of the recorder or render difficult the interpretation of the record 

CONCLUSIONS 

The follorlng conclusions relative to the performance of the automatic record- 
~ng accelerometer may be deduced from the results of the laboratory and flight tests 

1 The automatic recording accelerometer may be adjusted to Indicate 
accurately the acceleration Interval in nhlch the maximum acceler- 
atlon happens to fall, for shocks having a duration longer than 
0 02 second 

2 The lower and upper acceleration lmt defuug the acceleration 
interval between any two consecutive accelerometer elements may 
be adJusted to an accuracy of approximately + 0 15 g 

3 lJse of the time delay crrcults 1s not desirable because landing 
shocks may have a dwatlon comparable to or less than tFme delays 
used in the present lnsti-ument 

4 Operation of the paper-advance mecbausm 1s not Tellable because 
of the short time interval uwolved. 
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Figure 2. Recorder Unit 

Figure 3. Accelerometer Element 
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Figure 4 Clrclt Dmgmm for Automahc Recordmg Accelerometer 
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Figure 9. Front Panel of C. A. A. Amplifier 
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Figure 10a. Acceleration Record for Shock Excitation. 
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Figure 11. Calibration of Vibration Measuring System. 

Figure 12. Location of Vibration Pick-Ups and Accelerometer Unit in Boeing 247-D 
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Figure 18. Installation of Automatic Recording Accelerometer in Waco (NC-17) Airplane. 

Figure 19. Record of AcceIerations Experienced During 
Landings of Waco Airplane. 


