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ABSTRACT:  The development, characteristics and calibration 
of a new inductance type i ^celerometer is '.-.scribe   The 
mechanical features o. this accelerometer are characterized 
by a mass unit suspended by a double cantilever b^arn soring 
system.  An excursion of this mass unit changes tne gaj. 
spacing of a mu metal pad relative co an E coil. The re- 
sulting change in reluctance of the rapr:<"ic circuit pro- 
duces an inductance change in an inductance coii which 
comprises the inductance element In the tank circuit of an 
KM oscillator. Thus an acceleration of the mass unit re- 
sults In a frequency modulation of the carrier frequency 
of the FM system.  Accelerometers were produced with the 
following characteristics: 

Range O.lg to 38g 
Damping        0.5 to 0.7 critical 
Frequency shift + 7.5%  at full range 
Accuracy       Fetter than 5^. 

Calibration techniques described include the usr> of a tilt 
table, spin table, and shake table. 
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This report 13 part of a classified re: ort Issued as re- 
port NOLR-1167. The numbering system used In this report 
la accounted for by the fact that it is part of a more ex- 
tensive report. The purpose of this report is to declassify 
and circulate on a wider basis certain parts of this more 
extensive report which deal with instrumentation develop- 
ment of general interest.  It may be stated that a consid- 
erable number of the accelerometers herein described were 
successfully used on large scale explosion tests. The fre- 
auency r.odulated recording system used in conjunction with 
the accelerometers described in this report is reported in 
unclassified NAVORD 2713.  This work was carried out by the 
Explosion Effects Division of the Explosives Research De- 
partment under Task NOL-I87. 

E. L. WOODYARD 
Captain, USN 
Commander 
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CHAPTER k 

ACCEjjaortSTER DEVELOPMENT, CALIBRATION AND INSTALLATION 

k.l    ACCELEROMETER DEVELOPMENT 

U.l.l Introductory Remarks 

In the early stages of planning for the test, it was 
established that accelerometer records were to be obtained by recording 
FM signals on magnetic tape. The gages were to be coupled to field 
oscillators located at the respective test stations and FM signals 
from the oscillators transmitted directly by cable to the recording 
units. 

In determining the type of the accelerometers to be used, 
it was considered advisable to require a unit operating on a variable 
inductance or variable capacitance principle. Other types of accelero- 
meters would have required a relatively complex oscillator design which 
had as yet been undeveloped. Time limitations were such as not to allow 
for such development work to be undertaken. A further consideration 
was the possibility that increased complexity of the oscillator circuit 
would result in reduced reliability. 

An extensive survey was made through various commercial and 
government agencies of the availability of an accelerometer with suitable 
electrical and mechanical properties. Units with the frequency and high 
sensitivity characteristics required for a large number of gage stations 
could not be located. Further, those commercial units which would have 
been satisfactory for some of the stations could not be obtained in the 
time required. 

An experimental and theoretical research program was there- 
fore established at the Naval Ordnance Laboratory (NOL) which resulted 
in the development of the accelerometers used on the test. The final 
design was completed in cooperation with Schaevltz Engineering cf 
Casden, 5.J., where all of the units required for the test were aanu- 
factured. The instrument is now available commercially as the 
Schaevitz Accelerometer, Type B. 

A comprehensive study of the general properties of the 
gage was conducted at NOL.  A summary of the research ar.d testing program 
is presented in the following section of this report.  Individual 
topics are generally unrelated; however, an attempt hns Deen made t^ 
offer some degree cf continuity in the order of presentation. 

-2i- ! 
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U.I.2    Design Specificatlona 

All efforts vere directed toward producing an accelerooster 
operating on a variable  Inductance principle and capable of measuring 
liaear acceleration*. 

The desired mechanical properties were: 

(a) Vibratory system to have  one degree of freedm 
with linear response characteristics 

(b) Full-scale sensitivities from t o.l g to * 38 g 
for both vertical and horizontal units 

(c) Resonant frequency afi high as possible 

(d) Damping between 0.5 and 0.7 of critical 

(e) Variation of sensitivity due to temperature 
changes  less that 2$ between 32°F and '(&? 

(f) Accuracy within 5£ ever the gage range 

(g) Accelerations normal to the gage axis to 
introduce negligible effects 

(h)    Over-all dimensions not to exceed 3 io-   *n 

any direction 

The necessary electrical properties ai> governed by the 
characteristics cf the recording system were: 

(a)     Initial   inductance approximately 130 mh at U kc 
to 10 kc 

(b) cf the coil greater than 10 at 1* kc to 1C kc 

(c) Inductance variations of about 15^ correspond- 
ing to full-scale accelerations 

(d) Double  stops to limit  frequency range tc a 
maximum of * 10$ of  the  center  frequency. 

- 22  - 
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U.1.3    Description of Gage j 

Based on ' :• foregoing requirements,   the accelercaoeter 
design evolved by NOL and Si.haevitz Engineering had the basic features 
outlined schematically in r i^.  k.l.    The  instrument consists cf a metal 
housing within which arc mounted an inductor and two cantilever beams. 
The beams are  located directly above one another witu a mass centrally 
supported between them at their free ends.    Fixed rigidly to one end 
of the mass  is a Mu-metal pad having a high permeability.    A sensitive 
magnetic c.^cuit is formed by locating the Mu-metal pad in clc• •• prox- 
imity to the inductor.    Alignment of the various elements of the 
instrument is such aa to afford a single axia of sensitivity. 

When subjected to an acceleration, the movable mass and 
Mu-metal pad undergo an excursion controlled by the bending of the 
cantilevers.    The motion of the Mu-metal pad changes the gap spacing In 
the magnetic circuit,  resulting in a change of magnetic reluctance. 
A measure of tha  reluctance  change  is the corresponding inductance 
variation of  inductor E-coil.    The gage is coupled to an inductance 
controlled oscillator whose frequency cf oscillation is a function of 
the displacement of the Mu-metal pad from equilibrium. 

_ 
To provide necessary damping, the instrument is filled with 

a non-corrosive damping oil.    A neoprene gasket separating the fluid 
from a vented recess in the cover plate permits expansion and con- 
traction of toe fluid. 

A double 6top is provided limiting the frequency range as 
required to + 10^ of the center frequency.    The purpose of the stop 
mechanism is essentially to prevent damage to mechanical partE due to 
excessive accelerations and to prevent the subcarrier frequency from 
going out of  its band and interfering with other channels. 

The final model weighs approximately 0.7 lb6, and has over- 
all dimensions of 2.1 x 1.5 x 2 inches. A photograph of the Instrument 
is shown in Fig.  '*.2. 

!*.1.U    Spring-Mass System 

Extensive  information can be found  In the literature-"4 on 

1 P.M. Morse,   "Vibration and Sound", McGraw-Hill Book Co. 
2 5. Tlmoshenko,   "Vibration problems in Engineering",  D.  Van Nostrand Co, 

R.  J.  Roark,   "Formulas for Stress and Strain". McGraw-Hill Book Co. 

Gross & Lehr,     :>ie Federn".   VPI  Berlin. 
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tUn deflect icsa and vibration properties of cantilever sprix-i*, generally 
classified as fiaced-freta beams.    Tib* response <tf a double cantilever 
system with simple isase load at Ca* free ends,  as used in the gage, 
closely r*emeft>ls* that erf a single cantilever with both axial and lateral 
loads.    Turn coupling of the tr*« asa&s 'h;y tj«* terminal masi restricts the 
freedom of rotation by istroduciag an axial force which is a fu&ction 
of the deflection of the springs aai tha relative spacing between than. 

A dbuble esstllever system was chesan because of its 
stability egalast torsions! end relational effects.    This feature was 
higMy stesiraMs 1B or&ar to minlmlsa potential extraneous signals when 
tha instrument is subjected to »ee#l»sticES i« random directions. 

Tha various pay— tars of the spriag~mass system were deter- 
sd5*d empirically.    In general,  it was necessary to vary only the 
spring thickness for 4iffer«at gs§e rstJjags.    3*caat«? of its lov 
temperature coefficient, li 8paa-C was used for the spring material. 
To insure uniform electrical sensitivity for various gage ranges, the 
displacement of t&s mass umdmr pack rcted accelerations WBS dssigssd to 
ha tie same in aach case, within raaeoBebla tolerances.    All displacements 
of tha macs tastier operating conditions ware —iTi so that 
stress-etreln limits of tha springs vcra sot exceeded. 

vL5   aagmatlc Circuit 

Tha is&aetor of tha gaga ccmsiate af an I-coil aoustea in 
a aatal housing aa& csmasted la positica by a potting ccspgand.   The 
I-coii is ctmpueed of a aariaa saf K-sh££*£ Ku=mata! laminations bound 
together hy aa electrical coil woumd around tm canter 

To insure tha required alga peMDeshility of the Ma-artel pad, 
a -vwrofiaiag process vac necessary.    ?h» pada ware heated in a furnace 
hex to about 2,100°?.    walls tha temperature was steadily increaaing a 
stream of specially dried hydrogen was introduced.    Ttas units ware then 
kept at 2,100% for a period of 5 hours.    Following this i*o«king treat- 
sent, the parts were then cooled in a similar gtreesi erf hydrogen.    This 
entire process increased the permeability of the Ma-metal chiefly by 
reaching Ij^urities  (mostly carbon) fro* the alloy. 

The E-coil and Mu-metal pad of tha gage comprise a magnetic 
circy-It whose reluctance varies with gap spacing.    A corresponding 
variation results in the inductance cf the B~coi! .    Shown in Fig. k. 3 
is & typical example of the relation between inductance L and gap 
spacing d.    fig.  k,k shows how the Q of the gage coil varies with gap 
spacing, where Q is a aeaeure of the energy loss in the saajp»tic circuit 
per cycle of £C etmit throiagh the I-eoil. 

?-L  - 



Ac experimental »iw4y *&» BrifSs of t*» sesisitiyity of 
i«dssetaa«* to treasTerse and rotetioael actions cri* rjg» Ha>SMt$l 5*fl- 
H»e results of this s-twt/ are stjsmarised by tiae series of eoarfcotart la 
Figs.  *.5» *.6, flsM *.7.    On the 'basis of ttetse result* sad other 
auxiliary tests,  a m& specisg of 15 nil* =&* "i*os«n *a most Tpsraeticai 
for tie gage design, vita the pad etofleetiom to Ke 5 fell* at an acot»i- 
•ration equal t© tie g»g« raticg. 

For the gage oscillator, a shunt-feed Is•-•.lay circuit «u 
used to miflijedJ^ any ssigaetic attractions X**L.% voala result frcs S£ 
current p=ssiog through tie I-ceil.    Is the case of the 0.1 g gaga t3aa 
magnetic effect proved to b* serious wben a series-feed circuit vas 
first used. 

U.l.6   Calibration techniques 

Of tb* vnrious methods ereilsble far calibration of ascel- • 
erometer®5-7, three were applied la the yresessfc case.    A sfia tsii* aM 
tilt table permitted iadependaa?; static calibrations sad a stake table 
offered a asans for dynamic calibration. 

Pat to the oaavailabiiity cf £ ceaaarclai unit vitals tie 
required tim limit, a a#is tails was dsslgsed and built at SDL.    the 
unit vns highly stable, veil balanced and easily traasportaale for 
field use.    Incorporated la the design was tJas ug# cf a positire speM. 
control which mlalmlsed drift and hunt and aUcamd for quick a&Justmmmts 
to exact speeds.    A report^ acer in preperatiea Ascribes in detail t&s 
construction end operation of the spin table.    A photograph of the unit 
ia shown la Fig, *.8.    la principle,  sa aceeiercaavter is mounted on 
an arm which is pirated at its renter sad rotated in & heriso&tsl plage 
at a constant angular Telocity.    Ifea acceleration applied to the gage 

Armour Basearca Foundation^  "Study of ftetoode of Calibration of Aceel- 
ercawter, TeloeiJetterB aad^)lsplaces)sat Gag»en, Pro,}. 90-53*» Oct.  19*7- 

6 8.  Levy, A. E. mcFaarson ft I.  V. Sc&bs,  ''Calibration of AcoeleraBeters", 
BuStds Has. Paper 1930, Vol. el, lor. 19*8. 

n-  Siathaai ,li^ratorles7~^allbratioa aad Test «£ Acc«i»roneters% 
XnstnaasaT~l£>t*s Mo.  6,  Dsc.  19kB. 

8 E. G.  Quick,   "Spiii Table for Calibrating Accejusrometera", 
BarOrd Ryt. 2301, 
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la a " rA>", vhere r  is the  distance of the  instrument from th<* 
cer.ter of the arm and u>  Is 2 TT times the frequency of rotation.     By 
means of a tachometer generator geared to the drive shaft  of the arm, 
an accurate measure  of the apeed of rotation of the ana was available. 
Balancing of the arm was accomplished by on adjustable counterweight. 
Accelerometers    '.uld be tr ,unted at a distance of eitlier 9  in.  or 11  in. 
from the cer.ter of the  arm.    The  speed limits vere 17 to U30 rpm,  ao 
that the  ever-all  acceleration range va6  about 0.06" g  to  5"> 6- 

The tilt table  used was a standard universal  dividing head 
with sensitive  leveling adjustment and a vernier 6cale for reading 
angle  of rotation.     AcvceiercMeters vere mounted on the flat plate of 
the head and rotated to an angle  such that a fractional cenponent of 
the earth's gravitational field acted along the •<—:-"<•--- axis of the 
gage.     (See Fig.  k.9).     Because of  Its range  iiaitations,  the  *.*_; 

table was used for gages with ratings of 1.0 g or lover,     hxceiient 
resolution was available for calibrating 0.1 g gagea. 

The auxiliary electronic equipment required for static 
calibration .ronsisted of the gare oscillator,  an oscilloscope,  and a 
variable reference oscillator.    The r.a^e oscillator vas  coupled to 
one set of plates of the c6cilio6Ccye and the reference oscillator to 
the other set.     By aeons of Lissa.loua patterns,  the frequency changes 
of the gage circuit vere easily determined.     A similar technique 
vas used to determine the speed of rotation of the spin table, where 
the output of the tachometer generator replaced that of the gage 
oscillator. 

The aeceierometers vere calibrated dynamically using an 
»€B Model C31  Shake Table  (see Fig.  fc.iC).    Rigidly fixed to the table 
heed,  the gage vas subjected  to a forced sinusoidal motion of various 
amplitudes and frequencies.    Automatic,  control of  this action vaa 
possible  such  thzt  the acceleration vns  constnnt over a continium of 
frequencies.     A measure of  the excitation of  the *a^c  was gained by 
mecr»e of a  velocity ceter which  forurcd an   <nte?rral part of  the vibratory 
system of  the  table.     The gage oscillator was  ccipled  to an PM discrimi- 
nator whose output  voltage signals vere  used  for analysis of  the gage 
characteristics. 

't-     m 
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In the early use  of the  shaKe  table,  a problem of correct 
Interpretation of  the output data developed because  of the non-linear 
transfer characteristics  of the gage.    Hove/er,  further  Investigation 
shoved that  the peak to peak output 6lgnal  of the gage wat linearly 
proportional to the  input acceleration within ? to yj, over an entire 
gage x'ange.    Thereafter,  a vacuum tube voltmeter reading peak to peak 
voltages was used for recording gage output signals.     All  frequency 
response studies were baaed on this peak to peak data. 

A typical normalized response curve 1P  shown in Pig.  U.ll 
for H 10 g gage subjected to a uniform 10 g input acceleration over a 
range of applied frequencies.    The same response curve was found for 
constant inputs of 5 g to Lb g.    For coarparison, a theoretical curve 
is shown in Fig.  !*.ll by the   solid   line,  corresponding to the response 
of a one-degree-of-freedom system with pure Ylacoua damping.    The 
theoretical curve wae  calculated to coincide with the experimental curve 
at   ly/o^m l.    The good agreement between the two curves indicates 
th/it the gage response to sinusoidal excitation mac/' be analyzed by 
simple linear theory. 

In the design of the accelerometer,  it was necessary that 
the dumping factor 8 be limited to values of between 0.5 and 0.7 of 
critical.    On the basis of the foregoing agreement between theor/ a':i 
experiment,  the $ for any particular gage could be evaluated by 
determining the ratio between the gage output signals at &/(£>   • *• 
and Ld/ct^, <^ 1-    According to theory,  this ratio is equal to //fl$. 
In general,  good results were obtained by this method.      Ilowever,  setae 
problems were encountered at low frequencies because of distortion in 
the  vibration of the  shake table. 

A phase comparison for determining § was devised which 
r.ave c YM! agreement with the foregoing method.     After the natural 
frequency was found,  this technique permitted all measurements to be 
made *\t e single excitation frequency ches? r. in a range outside of any 
singular difficulties at^oiated with the shake table.     A repcrt9 on 

S.   J.   Culling,   "A I-haue Comparison Technique for Detemlrinc Damping 
Coefficients of  Accelerometers" ,  Wawrd Rpt.   23U;?. 
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this method is  now in preparation.    The method ir> eosenco may be 
deecribed as follows.    Conaideriug peak to peak output, the accelero- 
aeter responds like a system of one degree of freedom vith pure 
viscous damping.    An electrical equivalent of the accelerometer by means 
of a passive L. C, R circuit can easily he devised.    It has been «hown in 
the literature^ that for minimum-phase networks, one of which is the 
equivalent accelerometer circuit, there is only one possible phase vs 
frequency function for a specific amplitude v3 frequency dependence. 
This leads to the possibility of ccnparing the accelerometer phase with 
the phase of an equivalent electrical simulating circuit.    In this 
respect,  the non-linear transfer characteristics of the gage do not 
influence its phase response and therefore a direct comparison may be 
made between the gage and simulating circuit.    Common reference for 
the comparison was the signal from the velocity meter of the shake table. 
k nul technique by means of LissaJouH patterns was applied to find the 
required simulating circuit having the same phase relation to the 
velocity signal as the gage output.    A simple relation between the L, 
C, R parameters of the equivalent circuit determined the desired 
damping factor of the gage. 

U.1.7    Damping 

Early models of the accelerometer showed evidence of non- 
linear damping properties.    It appeared that the damping factor § was 
a function of both the  initial gap spacing in the magnetic circuit and 
the amplitude of displacement of the pad under tot.ion.    A study cf the 
problem indicated that this effect could be eliminated by having the 
pole faces of the E-coil extend 50 mils above the level of the potting 
compound.    Records for a series of free-fall drop tests taken with an 
early and final model of the gage are  shown in Fig.  U.12,   indicating 
the results of thi6 change  in the design of the E-coil.    The patterns 
yielded by the final model are independent of the gap spacing.    It 
might be noted that there  is an excessive curvature  in the respective 
signals.    This was due to a characteristic angular motion of the 
recording pen over its range of motion. 

The  vkuEpiiifc, fluid used  in all  of the   studies  and final 
design was Dow Corning DC-200 Silicone Oil.    Extensive measurementB were 

±0 
H. W. Bode. "Network Analyeis and Feedback Amplifier Design", 
Bell Telephone Laboratories. 
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made to determine the proper viscosity required for each individual 
gage range. A group of simiar gages, with the same viscosity fluid, 
was found tc have a variati ^. in V? of about 20'/b. These differences 
are possibly due to tolerances in the clearance between the mass and 
its channel of travel. 

The variation of (3 vith temperature was investigated to 
obtain information for expected field test conditions. For pure VIBCOUS 
damping. (3 is linearly proportional to the viscosity of the damping 
fluid. Therefore the temperature variation of viscosity for DC-200 
fluids given in commercial literature also determines the corresponding 
variation of (3 . A study of viscosities from 20 to 1000 ceatlstokes 
indicated that a single normalized curve ^l/ty, vs T could represent the 
entire group over a temperature range of about T°C to 50°C, with a 
maximum error of only >$. The normalization factor *\0 is the rated 
viscosity at 25°C. A plot of this curve, designated as (?/(?. VB T 
because of the linear relation, is shown in Fig. U.13. With the aid 
of this plot, estimates of $ expected under operating conditions 
are easily found from values of (^ measured accurately at convenient 
laboratory temperatures. 

Oil leakage from a gage may at times be serious, depending 
on where resulting air hubbies become trapped- An experiment wJth one 
unit indicated there was little effect even when 25% of the damping 
fluid was lacking.  (The total volume of fluid contained in a gage 
is 15 cc) . This t*st consisted of determining a frequency response 
curve and a characteristic damping coefficient as compared to the data 
acquired when the unit was full.  In general, even though possible 
effects may be small, extreme precautions vere taken in the oil filling 
technique to eliminate any air bubbles, and the body of the gage was 
coated externally with a clear lacquer to minimize potential oil leakage. 

k.1.8 Resonant Frequency 

A prime requirement for an accelerometer Is that its 
resonant frequency be several times greater than the component 
frequencies of the acceleration tc be measured. Therefore careful j 
consideration of thi6 property was necessary iu establishing the i 
design criteria. 

Harmonic motion cf a simple vibratory system is governed 
by the relation a • UTT f d, where a 16 the peak acceleration, f the 
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frequency of vibration, and d th~ peak displacement of tM mass of the ] 
eystem. Por free undamped motion f represents the naturao. frequency of j 
the system. As mentioned earlier, the parameter d for the accelero- 
ineters vaa specified to be 5 mils at an acceleration equal to the sage 
rating. Therefore the spring-mass system in itself has uhe property that 

i"2.^ 2000 a, vhere f is in cycles per Becond and a is in gravity units. 

It was evident that this relation would not hold true for 
the accelerometer because of the presence of the damping fluid. The 
Instrument was designed with all of the internal parts completely 
immersed in the fluid. Two effects were to be expected, namely buoyancy 
and loss of energy due to motion of the fluid. This latter effect would 
appear as if a virtual mass had been added to the mass of the vibrating 
system. The resonant *requencle6 of various gages measured experiment- 
ally were found to cloisly follow the relation f2S£ 1000 a. A plot of the 
data is given in Pig. U.lU. Since f2 is proportional to l/m. it is 
seen that the virtual mass added by the presence of the fluid was equal 
to the original mass of the system. 

The resonant frequency of the accelerometers was determined 
by means of the shake table, and was defined as that frequency at which , 
a gage output signal was in phase with the velocity signal of the table 
head. According to linear tneory this frequency corresponds to the 
natural undamped frequency of the system. Therefore, for the case vhere 
the mass is immersed in a fluid, it may be classified as the "virtual 
undamped" resonant frequency. Taking into account the effect of viscous 
damping, the resonant frequency is decreased according to the relation 
f " fo fl - 0   for free oscillations and f " fc f1-2 ^ ' for steady 
state excitation, f0 being the "virtual undamped" frequency and ^ the 
damping factor. 

U.1.9 Transfer Characteristic 

The iccelernmeter is an electromechanical transducer. Its 
transfer characteristic is the relation between the aechanica] effects 
being meaavred and the electrical signals produced. 

Prom electrical theory. the frequency of the gage oscillator 
varies p.s ^-  , where L 16 the inductance of the E-coil for any particular 

fi« 
position of the Mu-metol pad.  Denoting the initial values by f0 and 
l^, it is seen that as the inductance varies due tc the motion of the 
pad, the frequency will vary according, to the relation £_ -)£T7 .  Since 

*£ f-T" i 
the mechanical properties of the spring-miss system are linear, the pad j 

I 
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dlaplacamaat is dlraclly proportionad to tha appli** aceaiaratlon in tha ) 
cut of static calibrations.    Using tba L rs d plot In Fig. »»3» • 
corraapondlng    f'fo    r» a cunra m awtamload, whara aa> la tha accal- 

o il 
aration rating of UM gaga corr*ipcndlag to a 7.50 dacraaaa in fra^oamcy. 
This curva, ahown in Fig. ^.15, la tha tranafar eharmctaristlc of tha 
wit, ana it la aaaantially noa-iinaar. For     •  s +1 ant -1, it la aaaa 
that     I 2    ~   - 7-51» sad * 5 5*< rwapactiraly.    Tbarafora, whan analysing 

*o 
gaga racord* whara tha sjc/Litudas art proportional to tha fraquancy 
changss, it la naoaaaary to usa a calibration curva of tha typa ahown 
in Fig. %.1J for conraralon to aqulvalant accalarationa. 

Bacsuaa of tba llmltad tlma arailahla for tha davalcwaaHt 
of tba accalaronatar, no affart could ba mada to aliminats this non- 
linaarlty.    ft) do to would hava raqulrad daalgnlng a aagxwtls eiremit 
such that tha inductanca rarlad aa   1     orar tha raglon of oparatlon. 

Couplad with tha proparty that f rarlas aa -i. , tha nst ratult would 
hava haaa a linaar tranafar eharactarlatic. 

Zt la oftan dasirahla to intagrata aeoalaration racorda to 
find valocitlaa and dlaplacamasta aaaociatad *lth tha phancaana haing 
atudlad.    Bowavar, bacauaa of tha asymmatrlc form of tba tranafar 
eharactarlatic about tha aquillbrlvm petition, tha Integration wrron 
tram posittra and mgativ* phaaas would ba cumulative.    Whara a gaga 
racord consists of a sarias of poaltiva and nagatlTa signals, it is ad- 
Tlaabla to linaarlta tha racord by althar alactrlcal or machanical maana 
bafors lntagrating. 

Aa aantlonad aarllsr,    a proparty of tha accalarometar was 
that pass, to paak signals wara linaarly proportional to accalaratlon. 
Fig- *.l6 ahowa a plot of   U" *- Y.   «   ,   corraaponding to tha data of 

*o •» 
Fig. V.15-    It waa wasuaad that sinucJldal aecalaratlona of rarlous 
sngnltudas wara appliad to tha gaga, and tha raaultant maximum oscillator 
fraqosnclas t* and f- wara dataralnad by tha tranafar chaxactaristlc. 
tha dlTarganoa froa abaolut* linaarity is s—z la FI3. 4.l6 to ba vary 
alight and dafinltaly within practical limits for studying staady 
stata raaponaa propartla*. 
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a.1.10   Selectivity Factor j 

The ability of an accelerometer to resolve only components 
of acceleration directed along its sensitive axis may be aalled its 
selectivity factor.    Tests werw conducted using the shake table to 
vibrate gagas successively in three mutually parjandicular directions. 
Results indicated that the instruments recorded on an average about 3* of 
the accelerations «hsn transverse to the sensitive axes, the SMUtl— for 
the group tested being 60.    The selectivity factor is completely in- 
dependent of the errors introduced by Improper augment of an accel- 
erometer In a test position.    Potential errors of this type are related 
to the angle of nlsallgmant by simple sins and cosine functions. 

Anothsr Measure of the selectivity factor was found when 
calibrating the 0.1 g vertical gagas with the tilt table.    For meximxu 
gaga rating of 0.1 g it wee neoessary to rotate the unit through an 
angle of 26°.    At this angle,  the component of acceleration normal to 
the gaga axes was sin 26° or 0.** g.    The contribution of this trans- 
verse effect was 30, or 0.13 (&> thsrafora resulting in an error of 130 
in the gag* reading.    A simple awthod for compsnsstlng for this affect 
was found by rotating the gaga clocJariaa and ooestterclockwiee and 
averaging the calibration data.    For these opposite directions of 
rotation, the transverse component acting on the spring mass system is 

| reversed,  in one came being additive and in the other subtractive, 
thus essentially cancelling when averaged. 

s.1.11    Tamparature Depsada 

As mentioned earlier in this report, there Is an increase 
in damping coefficient with decreasing temperature.    A question arose 
as to whether any other calibration factors wars in some way temperature 
dependent. 

I 
A croup of *2 gagaa consisting of 3 horltoetal and 3 

vertical units of each of seven acceleration ranges ware checked for a 
possible variation in sensitivity with temperature.    The test consisted 
of determining *£ and <P R at room temperature (about 27°C) and at 2°C. J 
The symbol ag refers again to the gage acceleration rating and c?R 
ccrrasponds to the percent frequency change that occurs when am accel- 
eration equal to -eg is applied to the g*ge<    The test data showed random 
differences in variation of    A*g   ua n$n      , where the reference values 

were those taken at room temperature.    The mean deviations for the ^2 
gages were 2.V60 and 3-0*0 for a^ amd fy respactlraly, and the stands** 
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deviation* wire 3-33^ and h.\6?.    These raiidaa affecta in la all 
probability due tc an irregular combination of the vexious coefflclente 
of voluae expinsion. 

A dafinite temperature effect vaa noted by a shift of the 
center frequency vlth BO appliad acceleration*,    la %1 ease* of the group 
teetad, tba center frequency of 3-9 *c vaa increased, by an average of 
• 0-*><..    In an attespt to locate the source of this shift, a group of 
five individual B-colls vaa checked ow the sstst teaqperature range. 
The incraaae in eaotar fraquancy of 3.9 kc wit 13, lk , lk, 15 and 15 
cyclua,  vfcich vaa an average of about * 0.36)1.    Io experiments have baan 
eondrcted to establish the cauaa for thla characteristic In the B-coll. 
In gana.-^l, tba affacta of thla property vere not signlfleant in tha 
accuracy of an accelerometer, providad the center fraquancy vaa accurately 
datarmined for each particular teat. 

V.1.12   Accuracy 

A   nuabar of potential aourca* of eiror nave been deecribjd 
In tha various eectione of thla report.    It la balievad that In ganaral 
tha Instrument can ba uaad to yield accuracies of 5$ anal better,    thla 
accuracy la naturally subject to tha uaa of tha lnatruaamt in tha 
fraquancy ranges considered, aatlafaetory for accaleron»tara. 

Over a parlod of eevaral Months, a aaarch vaa aade for 
possible aging affects in tha gaga.    Ho arldanca of auch affacta 
found.    Small random dlffarencaa in scaaa of tha calibration factors 
vera noted, but thase vere vlthln tba limits of tha accuracy of measure- 
ment.    Pending tests over a longer parlod of time, an assumption that 
tha shelf life of tha erceierometer Is lndaflnlta appaars reasonable., 
in viav of ita general design features. 

S.1.13    Rcccssaendatlons For Further Development 

Because of a critical tine elaaeot    a masher of features 
vera  inc ~ y~i »w«u lii th* design of tha Instrawut without being fully 
explored.    In tha event further research la possible,  several directions 
for    improvement worth consider log are as follovs: 

(a)    Modification of the damping system aucb that tha 
of the vibratory syttem Is not  Immersed In tha 
damping fluid,     (eliminating the virtual mass effect 
would tend to increase tha resonant frequency by 
poaalbly UO*.) 

_   7 \ 



(b)    Design of a magnetic circuit such t&et the i&dustanea 
of tfee K-coil Tarias inversely as tb^ sqtiaxe of the 
gap spacing over the region of operation.    (This 
property would insure a linear transfer s&arscteristie.) 

(e)    Exploring tb* possibilities of decreasing the pee& 
&iispla.c«es3t of tba lfe=aetal pad corresponding to 
tbii gs^w acceleration rating.     (A decrease fro» 
5 mils to 3 mils wuld result- In a reaonant 
frequency greater by about ¥>%.) 

(&}    Determination of the optiMK weight and gecastry of 
the mass of the syst«a to sinlslse the virtual a&ss 
affaet of the fluid.    (Sigfesr rasoattnt frequencies 
would be available for values of mg less teas unity* 

as found in the presest design.) *o 

(a)    Isivestigation of the affects of greater be« thick- 
ness for the casiilever epriags in order to minimise 
the selectivity factor. 

The foregoing fields of study are reccsassdad aa poselai* 
aethoda vhereby the design of the aecelarometer nay ba improved.    The 
instrvm* r.c in its existing form was found to ba quite satisfactory for 
tfe* purpose intended sjid should prove to be likewise for any similar 
test program requiring a variable inductance acceierometar. 
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