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INTRODUCTION

when confronted with the dynamic design of machine mechanisms, it
is necessary to consider the inertial loads which act on the compon-
ents of these machine mechanisms.

The magnitude of the lnertlal forces 1s dependent on the individ-
ual components; therefore, calculation of the lnertial forces is
linked to determination or calculation of the accelerations of the
components of the mechanism. In thé majority of cases, however, the
magnitude and the change.in the accelerations, particularly during an
irregular pattern of machine movement where the accelerations &cquire
increased values and complex forms of change, can only be determined
experimentally. '

The characteristic nature of acceleration measurements consists
in the fact that‘accelerations are extremely varied and that acceler-

»ometers* have a comparatively small range of measurement magnitudes.
In addition, the most important characteristic of an aéceleratién is
4.not its magnitude, but its rise time. The longer the period of accel-
eration increase, tﬁe easler it 18 to develop an accelerometer for 1it.
It is extremely dirricult'to build an accelefométer for accelerations
< with small magnitudes and at the same.time for those with extremely
short periods of aéceleration increase, because the sensitivity of an
accelerometer 1s an inverse function of 1ts'naturg1.rrequency; Short-
; term accelerations, however, are rarely small and, generally, small .
: accelerations increase slowly. The 1imits of measurable accelerations
are extremely large: iturtinc with the smallest and ilowut. .fickomd in
: -l =
FTD-TT-652-860/142




ATt AT e 1 s

rractions of a g for a whole and for tenthes of a second and extendinc
to a thousand g's which 1ncrease over a perilod of from 250 to 500 mi-
croseconds., Thus, the mean linear acceleration of an automoblle which
is propeiled in 15 seconds from a velocity of O to 50 km/hour willvbe
approximately O.14 g. The acceleration of the cutting tool of a plan-
ing machine is 0.8 g in the forward direction and 0.83 g in the re-
verse direction.

When testing machines, accelerations measurablé in tens of g's
are encountered considerably more frequently and the upper 1limit of
nonimpact accelerations should be regarded as from 100 to 150 g.

The larger acceleratlons oceur on impact. Thus, the maximum ac-
celeration on impact of a steel rod falling face first onto an
anvil from a helght of 5 cm is approximately 1500 g. When impact veloc-
ities are large, accelerations may arise which have magnitudes meas-
ured in tens of thousands of g's.

In practice, one of two problems generally arises when measuring
accelerations: té measure the maximum value of an acceleraticn and to
measure the acceleration as a function of time. In the flrst éase, the
accelerations often have signifiéant magnitqdes and their determina-
tion 1s dependent on measurement of forces. In the latter case, the
accelerations are not extremely large and thelr determination is asso-
ciated with investigation of the movements of the components of the
mechanism.,

In conformity with this, accelerometers are divided into tno
groups. ‘The large number of maximum-range accelerometers belong to the
first group. Accelerometers for recording a process in time must be
included in the second group. . |

Dascriptions or'acceleroneter' based on the use of varioua ne-
thods 6: measurement may be (ound in the literature relating to meas-

-2 - '
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urement techniques. There are mechanical, optical, hydraullc, electri-
cal, and other accelerometers which measure accelerations over various
frequency and acceleration rangés. Among the electrical accelerometers
are slide-wire, inductive, semi.conductive, electrodynamic, and other
accelerometers. In operation, electrical 11nea: acceleration sensors
. with wire-wound strain-gage pickups and plezoceramic sensors made'of
barium titanate'are considered the most highly perfected and simplest
accelerometers with respect to design. Sections 1.6 to 8 were written
by N.P. Rayevskiy and sections sections 2 to 5 and 9 by M. 1. Subbotin;
What has been sald about sensors in regard to thelr design, de-
termination of their characteristics, and parameter selection pertains,

in large measure, to all accelerometers regardless of thelr operating

principle.




1. MEASUREMENT OF MAXIMUM VALUES OF THE ACCELERATION

There are many problems associated with measurement of maximum
values of the acceleration. For example, fhere is the determination 6r
accelerations and forces durlng forging, stamping, and bending, as
well as the determination of the accelerations on impact of the com-
ponents of the mechanisms, etc;

The necessity of bullding maximum accelercmeters was also gOoV~
erned by the fact that recentiy, in industry, we have begun to apply
methods of checking final products by shock with a certain accelera-
tion value which 1s difficult to determine, and the investigators are
often uncertain as to whether their tests correspond tp 1ndus§r1a1 re-
quirements.,

The most primitive method of determining acceleration is to ob-
serve the behavior of sand partiqles on a vibrating surface. If é par-
ticle of sand 1s driven from a surface by vibration, the acceleration
assoclated with the vibration exceeds one g.

The first maximum accelerometer was proposed by Academician.B.B.
Golitsyn.

A dlagram showing the principle of one of his accelerometers, .
vwhich 1s a parallelepiped  with sides b and h, is shown 1n‘Fig. 1.
Under a constant acceleration a, the point at which the paralleleﬁiped
begins to turn about edge o occurs under the condition |

Q.8 _.q2 amd
Fha Q3 or a=_g.

Thus, the magnitude of an acceleration measured by this instru-
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ment 1s dependent upon the ratio b/h.

Another instrument due to Academician B.B. Golitsyn consisted of
a welght R suspended by threads from point A (Fig. 2). With an accel-
eration magnitude a equal to g tan a, the electrical contact betweeﬁ
fhe weight and the bearing 1s broken and, in this way, the maximum
value of the acceleration in question is recorded. Varying the angle
b k a, we can measure the various limiting valuesr

e ) ]
]‘ of the acceleration. Many different maximum

accelerometers have been constructed on this

- ]

principle of contact breaking. A set of such
accelerometers adjusted to various limiting

0 .
MANARNRRRTNRRNNNST

P acceleration values and cohnected to a device

A
which records the number of electrical contact
Fig. 1. Maximum ac-

celerometer due to breaks, serves to characterize the process be-
Academiclan B.B.. :
Golitsyn, ing measured by registering the number of ac-

celerations of different magnitudes over a determined period of time
or for a given path segment (for example, the jolting of an automo-
bile traveling over various roads).

" Other designs for maximum accelerom-
eters have been based on various methods

of measuring the inertial force of a given

constant mass. Figure 3 shows diagrams of

these designs.

The inertial force may be measured by
Fig. 2. Maximum accel-~

erometer due to Aca- | breaking the thread or wire.
demician B.B. Golitsyn,

In certalin cases, this method has
proved to be unsuitable, since the thread which 1is attached bw one end

‘to a body cannot transmit the velocity of the body to the weigqp‘to

which the other end is attached; therefore, the loading conditions of
. ° .
-5 -




the thread will not agree with the test conditions. In these cases,

the thread is replaced with a rod of ebonite or other brittle material

with a notch, the dimensions of which determine the breaking forces.
The lnertlal force may-also be measured by the distortion of the

vertex of a wax cone or the change in the diameter of a red-copper

AR DORANRY AN a
/ 2
; /
] U=y / \\\A\ ¢
N \ \
/ 7 77 7/ 7
+ + }
| 4]
1 7 P4
%8N
L 7/

Fig. 3. Diagrams of maximum accelerometers.

sphere, which are compressed by a weight (crushing method), or by
measuring the 1mpressioﬁs lef't by a cone or sphere of a hard material
(diamond, stecel) on steel, copper, or lead strips having known mechan-
ical properties (scleroscope mgthod). Sométlmes, meth?ds involving
contact-making or recording the qunitude of spring compression under
the action of a welght by using a special catch, etc., are applied in
place of contact breaking. N

These methods are not characterized by high accuracy and aré ap-
proximate.

'In every case, the magnitude of an acceleration will be

‘amLg as6c? |

or a = P/Q in units of g if the measured force is edutl to P and the
constant mass of the weight m = Q/g. '

-6‘-
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Existing designs of maximum accelerometer~ have, more often than
other types, circuits with contact breakers. Figure U4 shows one of
these designs.

In the absence of acceleration (a = Q0), the depressing force of
the arm AK which is exerted -by the welght mg and by the compreséion of
the spring B willl be Qo on contact. Where there 1s a dynamic effect on

the apparatus, the forece changes by an amount

mal lat le
— G e TR
L pL u

and will be equal to

Q=Q—5

where I 1s the moment of inertla of the movable portion of the appa-
ratus relative to point A. '

The contact 1s broken when Q = O;

whence, Q, = Ia/Ll. Thus, contact breaking

occurs at an acceleration

. aaaQQ%}-cQ,..
Fig. 4. Maximum accel- '

erometer with breaking where ¢ = L1/I 18 a constant of the equip-
contact. ment which is dependent upon the position
of the weight, the length of the arm AK, and the moment of inertia I.

Oon var&ing the force of the spring compression and the position
of the weiqht, we may adjust the éensor to measure various values of
the acceleration. _ '

One of the latest designs ér a maximum acceleroﬁeter has been
described in the foreign technical literature. A total of 8 brgcket
arms with a,smail weight at the end are bent by screws driven into the
weight. Contact between these components can be broken at the mbmmnt

when the inertial force exerted on.the mass of the beam exceeds the

-7-




initlal tension on the beam. Each beam is connected electrically to a

neon lamp whose beam 1s reflected onto photopaper or film driven by a
timing mechanism. When cohtact is made, a straigﬁt line is recorded on
the paper and when contact 1s broken, thé line is discontinued; this
indicates an acceleration having a magnitude which corresponds to the
tension on the beam. The number of broken lines and their spacings de-
termine the nature and form of the acceleration being measured. A sep-
arately installed electric bulb which flashes a determined number of
times per second records the time.

There is also a description of a maximum accelerometer in which a
permanent magnet holds several steel spheres 1n its fleld of attrac-
tion. The attractive force on these qpheres varlies because they are
separated from the magnet by nonmagnetic insertion pieces of differént
thicknessés. Under the influence of an acceleration, the spheres which
are attracted by a smaller force break away from the magnet; this in-
dicates the limits between which the measured acceleration lies.,

The maximum accelerometers under consideration measure smali as
regards magnitude (10-15 g), and slowly increasing (hundredths of a
second) acceleratioﬁs more accufately. Impacts are measured with large
errors which reach 15 to 30’£

2. APPARATUS FOR MEASURING MAXIMUM ACCELERATIONS

A special apparatus for measuring maximum accelerations. is more
universal and enables us to obtain higher accuracy. It measures the
maximum acceleration for individual and periodic impacts, as well as
for Qibfations, by operéting in conjunction with a piezoaccelerometer
and is actually an impulse voltmeter. The indicator in it serves as a
needle-type microampmeter. Its reading 1s retained for a period of
10 seconds after meaa;remont.

A diagram of the apparatus is shown in Fig. 5. The first stage —
-8 -




Fig. 5. Basic circuit of instrument used to measure max-
imum accelerations. 1) Input; 2) to electronic oscillo-~
graph plates; 3) breaker; 4) 6Zhlp; 5) 6NUP; 6) 6N1P; 7l
L; 8) 6Kn2p; 9) Lgys 10) Loy 11) PPg; 12) Pr; 13) G; 14)
Lgas 15) b; 16) "throw."

a pullout cathode follower — 18 generally used for circuits with plezo-

sensors. A signal from this stage is relayed to a threg-stage yoltago

divider having a separation coefficient of 1:5 for each stage. A two-

stage voltage amplifier follows, By varying the resistance Rn in the

cathod§ circult of one of the tubes, y& can vary the qmpliticttion by'
-9 e




approximately +10%; this is necessary to ad-
b WL , Just the range of the apparatus. A low- -
' pass filter following the amplifler cuts out

the high-frequency vibrations which arise in

2';:“ the accelerometer on impact and which distort
Fig. 6. Frequency
characteristic of
apparatus. 1)
Uyykn® Volts; 2) £,

keps,

the form of the signal being measured. The
transmission band of the filter is determined
by the conditlons of the measuremeqts and can
be limited by a freguency of 2/t0 (to is the
duration of the measurable impulse). In the apparatus under considera-
tion, the break begins at 5kcps (Fig. 6). Such a band permits trans-
mission of an almost undistorted sinusoidal impulse witq a period of
400 microseconds. Impulses of approximately this form and duration
- 3 arise during calibration of the ac-
celerometers on the ballistic pend-

ulum described below. Shorter im-

pulses are scarcely encountered in
measurement practice.

The necessity of a filter is
-—— —_— illustrated by Fig. 7. A phase in-

- ’ _— pesanmse Sl verter and a push-pull final stage
Flg. 7. Influence of transmis- follow the filter. A signal may be
sion band on recording. 1) :
12 keps band; 2) 6 kcps band. fed from the output of the last
stage to an electronic oscillograph for examination or recording of
the impulse being measured. The maximum undistorted voltage at the
output is 55 amplitude volts, ' .

The signal from the final stage of the amplifier is fed to a
voltmeter. The circuit of the voltmeter is similar. to that of an im-
pulse attenuator described in the literature [34]. The eircult oper-

- l0 -




ates in the following manner. A positlve voltage impulse, entering the

grid of the cathode follower LSa and proceeding through diode Lga»

charges condenser 012, which has a charging time constant of several

microseconds, to its peak value. At the same time, 013 begins to re-

celve a charge, but considerably more slowly, since its charge passes

through the large resistor R32. After the effect of the impulse has

Al

.'*y—_.—-_- ¢

Fig. 8. Time Curves
of voltages in cir-
cult of instrument.
Ul) Input pulse on

grid Lgys U,) on

capacitance 012;
U,) on capacltance

Cy3s Uy ) on capaci-

tance Clu, J) Current

through indicator.

ceaged, 012 discharges slowly through R3O in
such a manner that itz voltage drops below 1%
when C)5 1s fully charged. ¢

The voltage on 013 1s transmitted to the
grid of the succeeding cathode follower L5b’
which charges'the large capaclitance clh through
diode IB' As a result of the low front steep-
ness of the impulse act;ng on the L5b grid, the
tube 1s not overloaded and 013 is not dis-
charged by 1its grid current.

When the toggle switch Bk is open, the
discharge of C,, occurs as a result of leakage
and the gridcurrent of the tube L3b' Generally,
in this situation, an electrometric tube 1s em-

ployed, but this greatly complicates and in-

creases the cost of the circuit. In the apparatus, we used a double

6N4P triode having a smaller grid currerit than any of the tubes gener-

ally used.

TQe final stage of the instrument is a voltmeter across a bfidse

eircuit; its null point is balanced with the aid of Ry,. The time

curves of the véltages in the circuit are shown in Fig. 8.

A negative voltage ' 1s supplied to the cathodes of Ly and Ly,
to increase the dynamic range. A supporting voltage of qpproxinltoly

- 11 -




1J.me :

2%’

'Pig. 9. Calibra-

tion curve of ap-
paratus voltmeter.
1} J, microamps;
2 kah’ volts.

0.5 volts 1s supplied to C,,; this eliminates

the initial charge on °1u and the slipping of

the null point which this causes and which oc-

curs after the toggle switch Bk i1c opened
("throwing").

The anode voltage of the voltmeter is

stabllized

with a stabllitron. The fila-

ment of LG is supplied from a well-insulated

glowing winding. Afcer installation, the L3b

panel 1s treated with a solution of plexiglas

in dichloroethane to reduce surface leakage.

The apparatus has the following characteristics:
Acceleration ranges . . . . . 0-20, 0-100 and 0-500 g

Measurement error . . .

Sensitivity of
accelerometer . . .

Number of tubes « « « .

Feed . . . .
Infput . . . .
Dimensions .

"e 1@% * o L

Ll L L] [ 4 .

Calibration of the apparatus

electrical impulses of

accurately

ballistic pendulum in series with

e e o« o+« 3millivolts/g
I - |

e . ... o0ff a22 volt 1line

&« e o s s s o s « o 65mwatts
+.+.. 220X10X 180 m’

e e o s o s oo e e B5Kke

is performed twicg: rirgt with
measured amplitude, and then on a

the accelerometer. A calibration

curve of the voltmeter is shown in Pig. 9

Itiis necessary to regulate the accelerometer so that it pro-
duces a positive impulse on impect. -

The ranges of the apparatus may be easily varied in both direc-

tions. The basic purpose of the apparatus 1s to operate in impact and

-12-




vibration endurance tests.
3. FUNDAMENTALS OF THE THEORY OF ACCELEROMETERS
WITH INERTIAL ELEMENTS

In simplest form, an apparatus of the inertial type is An inert
mass suspended from a spring with a damper (Fig. 10), i.e., a vibrat-
ing system with one degree of freedom. This implies the following: 1)
the mass of the spring 1s negligibly small and the spring deforms on
vibration as a single body; 2) only the damper creates a resistance to
motion; 3) the motion of the inert mass is in onlonne direction.
Moreover, it 1is generally.assumed that when the
spring is deformed, Hooke's law 1s strictly ob-
served and the resistance is proportional to the
veloclity of th? inert mass.

In actual practice, in the general case, all

the above conditions are not satisfled; therefore,

the system under consideration is ideal. In many

cases, however, the system 1s a good approx -

tlon Lo realily and investigation of it leads

. easily to a final result; therefore, we shall
Fig. 10. Diagram

of accelerometer study precisely this aystem. More accurate re-
with inertial : .
element. sults will be elaborated as needed.

It should be noted that the presence of parasitic (unaccounted
for) degrées of freedom has little effect on‘the operation of an ace
éelerometer at low rrequencies; A much stronger influence 1s exerted
by the non-linearity of ;he elastic and iesintance forces: this non-
linearity must be kept to a minimum, as far as possible.

80met1me{, an inertial apparatus with several degrees of freedon
is designed deliberately for special purposes [4], or, in other words,
the system shown in Fig. 10 becoﬁeg more complicated.

-l1l3 -




Many studies of the applied theory of vibrations, for example,
{12, 16]) and ([30], have been devoted to apparatus of the inertial
type; here, therefore, we shall limit ourselves to a summary exposi-
tion of certain determinations and conclusions from this theory.
The equation describing the operation of the apparatus by the
system shown in Pig. 10 is '
Mi -F, :F, FP(’)-
where M is the magnitude of the inert mass, F, 18 the elastic force,
F, is the resistance, P(t) 1s the exterral force, and X 1s the dis-
placement of the inert mass from the equilibrium position.' |
If the conditions of linea;aty \
Fy=—tx; Fou —0x
(the minus sign indicates the diregtion of action of the forces) are

satisfied, the equation presented earlier may be written in the form

;+2ci+a=t-::a(t). . (1)
where
B-g wmg  a0-

The constants ¢ and ®o fully characterize the apparatus and therefore
bear the special designations: "damping constant" and "natural fre- |
quency," respectively. Frequentl&, another quantity — the damping co-
efficient D = e/wy — 18 considered in place of e. - ‘

The two quantities Wy and D are united under the designatién
"apparatus constants." Tﬁe natural rrequency W is expressed 1n
rad/sec and 13 greater than the quantitiea of the aame designation
measured in cycles per second by a factor of 2n. D 18 a dimensionless
quantity generally smnllor than unity. .

Where there are no external rorcel presént, the motion of thc :
inert nnsl obcy- th. 1lu of damped vibrations
m»mm(v__,?n- » - (2)

- 1& -
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This motion is termed "the natural vibrations of the apparatus."
The constanls A and V¥ are determined by the initial conditions.

Motion under the action of external forces is called "forced."
Under a constant external force Po, the displacement of the inert

mass will also have a constapt magnitudes

LN LN
Since a4 is the acceleration acting on the inert mass, Xo will

give the magnitude of this acceleration on the 1/wg scale (units of
length per unit of acceleration).

Therefore, the apparatus 1s also an accelerometer whose sensi-
tivity 1s determined by the coefficient llwg. The acceleration due to
gravity, g = 981 cm/seca, is very frequently taken as the unit of ac-
celeratlion.

If, however, at the time t = O, a harmonic force begins to act on

‘the apparatus so that a(t) = a, sin wt, then

0
x(t) = Ae=tsin(Vai—o® 1. ¢) + Uysin(wl + o), (4) -

vhere U and ¢ are functions of the vibrat;on frequency o

U( )-.:-' : . :
* Vel — o + 4e%? (5)

S

U 18 termed "the frequency" (more precisely speaking, the amplitude-
frequency) characteristic of the apparatus, while ¢ is fhe phase char-
acteristic. The significance of U and.v‘is explained by the fact that,
after damping of the natural vibrations, the motion of the inert mass
will also be harmonic with the amplitude Uao-and with the diablagement
with respect to phase 9. Curves of U(w) and o(w) for various values of
D are shown in Pigs. 11 and 12.

It is easy to see that at a sufficiently low vibration frequency

<15 -




w wg .

val =m
g o= (6)

i.e., the apparatus will record accglerations on the same 1/@3 scale.
In other words, 1t will act as accelerometer.

If, however, COnditiops.(6) are not satisfied, all the acting ac-
celerations can, nevertheless, be determined from Formula (5). But
this 1s possible only in the case of an external harmonic force. In
all other cases of variable force, the motion of the inert mass will
no£ reproduce the accelerations due to the frequenc? a1l phase distor-
tions induced by the apparatus.

A condition involving the absence of distortions can be formu-
lated in the following manner.. a{t) can almost always be represented
in the form of a Fourier series or integral [16]. As a rule, the am-
plitudes of the spectrﬁm components.decrease with frequency. If the
natural frequency ®o of an accelerometer 1s so high that conditions
(6) are satisfied for all spectrum components which hﬁve more or less
significant amplitudes, there will be no distortions. PFor the most
part, the condition ¢ = O may replace the less rig;d one, It 1s sim-:
ple to prove that where there 1s a phase displacement proportional to
the freqiency,” x(t) differs from a(t) only by a constant displacement
in time which, when required, may be accounted for without difficulty.

~

Therefore, the criterion for the absence of distsrtiona is
Uzconst, 92 fcomt)e. - (6a)
The frequenc& range in which these approximate equalities ire valid is
the operating range of the acceleroncter. ' '
A guarantee of the fulfillment of Conditions (6&) with a given
accuracy in a given freguency range 1is also 1 problom ;n uccelerometer

design.

.¢16'- ’ ."v
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Fig. 11. Amplitude-frequency

characteristic of accelerometer

for various values of D.

1p.e000

|

1204
Y,

&or

Fig. 12. Phase-frequency characteristic of
accelerometer for various values of D. 1)

@, degrees.

It is obvious that the requirements of high

sensitivity and a

broad operating range are contradictory: the broader the range, the

" lower will be the sensitivity. Therefore, we must find & compromise

solution'and if there 18 no prgvilion for sensitivity, it 1s possible

Cear-




to select a smaller e For this purpose,

;} il we must know, at least approximately, the
o ‘\, frequency range of the accflération being
' h investigated. Therefore, occasionally we
’"E: \ have to select the natural frequencv of an
42;; accelerometer by the méthod of successive
L» ' approximation.‘lt 1s desirable that it be
v {24+ at least double the the hirhest frequency
P';juy N1 e Y2 ,,,,J in the spectrwun of the process.
s Subsequently, we must select an opti-
Fig. 13. Dependence of mum value of the damping coefficient D. It
time displacement in
accelerometer on fre- is apparent from the frequency character-
quency.

istics (Figs. 11 and 12) that when D = 0.67,
the effective range of the accelerometer will extend from O to 0.8 W
(the frequency characteristic in this range is almost constant; the

rise in the vicinity of 0.6 wg is extremely small). The phase charac-

rig. 14, Reproductign of linuaos.dal ‘Ampulse

by accelerometer.
D= 0073 ‘t) D= 1,0.

teristic in thil same range, howcvcr, dcvntu uzniricmtly from the

= 0; 2 00“3 3)

unear. Therefore, the orrocnvo nnco nn be mrro\m' ror the same
- :ﬁ - ‘
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value of D (up to O.4 wb)'

It .is possible to determine the effective range in such a way
that the time displacemehts of all the harmonic components, the fre-
quencies of which are within the range, are almost identical, Obvi-
ously, if the phase displacement is ¢ at a frequency w, the time dis-

placement is

4 =-l,
* (7)
It is convenlent to consider the relative displacement.
T = - =
2x/uy [ (73)

where T, is the period of free vibration of the accelerometer in the
absence of damblng. ' .

A curve taken from [38] i1llustrates what has been stated above
(Fig. 13). We may conclﬁde from Fig. 13 that when D = 0.77, T9 = 0.25
for 0 < w ¢ w~. Therefore, the form distortions due to phase dis-
placement will not be present. But here, the frequency distortions
will cause the effective range to contract by approximately 0.5 Wy

Thus, there are two possibilities:

1. If phase distortions do not play a major role in the nature of

the measurement (for example, when determining the range of the proé-
ess) we may take D = 0.67; in this case, the error in the amplitude
will be less than 1% for 0 < w € 0.5 g but the phase characteristic
will be linear within 4° 1n the same frequency range [21]. A

2. 1Ir, howevef, minimum phase distortions are significant, it is
necessary to assume the value O.77 for D. The deviation of the phase
characteristic from a straight line is 0.5° less in the same 0 < w <
< 0.5 wg range. The frequency characteristic will have a slope of uUf
for a frequency of 0.4 W and 7% for a frequency of 0.5 Weye

In the maJoriiy of cases, these data permit the accurate selec-
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tion of values for tﬁe accelerometer constants. In a few cases, ac-
celerometers must be selected otherwise to measure impact accelera-
tions. It is a question here of individual impulses or of pericdile im-
pulses with small fecurrence frequencies. Generally,'these last for a
short time — from a few milliseconds to tenth.s of a millisecqnd, and
there are sharp fronts and breaks in their form.
In this case, the natural frequency of the accelerometer must be
selected as high as possible for the fol-

lowing reasons. It 18 necessary to have an

accelerometer with a broad frequency range
for accurate reproduction of.sharp fronts.’
But in accelerometers with high natural

frequencies, we cannot succeed.in creating

maximum damping: too large resisting

forces .are required. Therefore, on impact,

— s natural vibrations arise which distort the
n yit, 32, , 7 :
recording. They wlll cease rapidly if the
Fig. 15. Selection of :

natural frequency for period of the natural vibrations is sig-
impulse measurements. )

1) Measured impulse; 2) nificantly smaller than the duration of

impulse range; 3) fre-

quency characteristic the impulse and the distortions will be

of accelerometer.
less noticeable (Pig. 14). Finally, when

the natural frequency 1s increased, the sensitivity will decrease, but
here a compromise 1is necessary

In selecting the natural rrequency, we must proceed from the an-
ticipated range of the impulse to be measured. An impulse of rectangu-
lar form 1is rarely encountered during measurement. The'form of the
impact pulse is more frequently nearly trainﬁular or sinu-
soidal. With such a form, the impulse range extends approximately to a
frequency equal to 2/t° (in cycles per second), yhere to 1s the dura-
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tion of the 1mpulse.'The higher-frequency components have extremeiy
small amplitudes, Therefore, the natural frequency W should be equal
to (8-10) 21r/to (FPig. 15).

When measuring the impulses of other forms, the requireménts for
the natural frequenéy of an accelerometer vary. More detaliled informa-
tion relating to this is given by Yu.I. Iorish [16].

It is impossible to regard all high-frequency accelerometers as
systems with one degree of freedom. The presence of many degrees of
freedom 1mp11es the existence of a large number of natural frequencies.
It 15, of course, most important to know thc lowest of these fre-
quencles which we will denote as ®ge

kL, DESIGN.OF ACCELEROMETERS

In this section are considered design problems for the simplest
type of low-frequency accelerometer with a given natural frequency,
the design of a damper (generally liquid) and the question of sensi-
tivity in accelerometers with strain-gage pickups.

Design of accelerometer with a given natural trequency wo. lilere we
shall consider an accelerometer of the simplest design as shown in
Fig. 16a in which the elastic element is a flat spring operating under

a deflection. Accelerometers with elastic elements of other forms do

not permit use of stfain-gage pickups and therefore will not be con-

sidered. .
In designing an accelerometer, it is expedient to considér it aé
a system with an infinite number of degrees of freedom, since the mass
of the elastic element is comparable to or greater than the inert
mass. The design or.complei set-ups is rather laborious [1], but nomo-
grams [26]‘have been compiled for the design of the simplest acceler-
ometers (Fig. 16). One of fhese nomograms which refers to the struc-
tural design shown in Pig. 16a is located at the end of the book (Fig.
-2l -




48).

The natural frequency (here and in what follows this will rerer'
to the natural frequency fo in cycles per second which 1s equal to

" » © wp/2n) of the bending vibrations of the

spring is computed by the formula

fo-otee ©

where h ié the thickness of the spring, 1
is its length, «¢= Yf/p is the propa-

RN\ N _ gation rate of the longitudinal waves in
ad bé = : '
: the spring material and Al is the least

Fig. 16. Accelerometers

with flat springs. a) root of the so-called frequency equation !
With one spring; b) .
with two springs. (1].

In the case cited above, the frequency equation has the form

1 4-coshchd - -:'L).(sinldn.—culshl). (9)

where M/m is the ratio of the inert mass and the mass of the spring.

The nomogram constructed from Equations (8) and (9) makes it
possible to design accelerometers with a frequency of 10-500 cps with
an elastic elément prepared from steel, Dural, brasg, bronze or Mi-
carta. The length‘and thickness of the spring are taken as initial
data 1n addition to the natural frequency and the material of the
spring. The spring width b and the size of the inert mass M are found
from the nomogram. Naturally, it is possiﬁle to produce a design from
any other combination of the four given initial dita. It 1s also boa-
‘sible to calculate £hé frequency of an instrument which has already
been constructed. ‘ . | '

The use of the noﬁogram may be explained by the simple design in
Fig. 49. Let it be required to design an accelerometer for the daia:
ro = 50 cps, spring“material‘- bronze, 1 =40 mm and h = 0.5 mm. Let '
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us construct a straight line through points 1 = 40 and 1l =5 on the
corresponding scales intersecting the left-hand scale B where we mark
the point of intersection. Let us construct a straight line through
this point of intersection and the point f = 50 to intersect the
left-hand verfical of the diagram. From the point of intersection, we
must now draw a horizontal straight line to cross the "brenze" curve,
andAthen along the vertical to the straight "bronze" line and again
horizontelly to the right-hand édge of the dlagram, where 1t is neces-
sary to ﬁark one point of intersection.

Then it is required to construct a straight line through points
1' =40 and h' = 0.5 on the 1' and h' scales. Let us connect the point
of intersection of this line with the right-hand scale A with the
point of intersection on the right-hand edge of the dlagram, this
gives a point of intersection on the C scale. Now, let us select any
given pair of values M and v lying on the straight line which passes
through the point obtained on the C sca;e. For example, we may take
M=5gramec and b = 2.5 mm. ‘

The accuracy of the design is highly
dependent upon the physical properties of
the materials employed. In general, the
discrepancy between calculated and experi-

mental results did not exceed 5-10%, 1n-_

creasing with an increase in fo to 200-

Fig. 17. Simplified 300 cps and greater.

diagram of accelerome- ‘
ter with liqnid damp - The elastic stresses in the spring,
1“0 :

‘ . for fhe most part, cannot be calculated,
since the deflection of the spring in the accelerometer is uaually
negligible, and the recording unit has provision for sensitivity.

Design of damper in accelerometer. Of all the moann of dlnpins in
-23 -
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an accelerometer the most used is fluid damping, since electromagnetic
or pneumatic damping does not make it pogsible to attain the large re-
sistance'rorces required for high natural frequencies.

Where there is damping by a viscous liquid, the casing of the ac-
celerometer 18 filled with the liquid. The interaction of the inert
mass and the spring with the liquid in the presence of vibration will
create a resisting force. In the general case, it is difficult to de-
termine this force, because 1t 1s impossible to calculate it from the
préportional velocity of the welght; this 1s sometimes simply assumed.

A viscous liquid is described by the Navier-Stokes eguations,
while the force which the liquld exerts on a body moving through it 1is
found by solution of these equations under the corresponding boundary
conditions. The ﬁroportionality of the resisfing force and the veloc-
ity 1s observed only where there is movement of a solid body through
an infinite liquid with a constant velocity, and then only under the
condition that the Reynolds number is small [19]. For the case of the
vibratory motion of a body in a viscous liquid, the effective force
consists of two cormponents, one of which is proportional to the veloc-
ity of the body while the other 1is proportional to its acceleiatlon.
The first éomponent is dependent on the viscosity and is the resisting
force "in pure form"; the second component, however, arises because
the moving body transmits a certaln impulse to the liqﬁid and some
ﬁart of 1t appears as a vibration. Thié effect may be interpreted as
an increase in the mass of the body to'the so-called "agaociated mass
of the liquid." Thiekerrect 1; independent of the viscoaiyy and of the
~ dimensions of the given surface of the body. In other words, it 1is ﬁot
connected with adhesion, but with the diaplgcemént of a certain por-
tion of the liquid. The coefficients in the formulas for both forces
are functions of the vibration froqn!ncy ‘
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If the volume of the 1liquid, howevér, is finite, the phenomenon
becomes considerably more complicated. The phenomenon can be described
mathematically by solving the nonlinear.pértial differential equa-
tions under variable boundary'conditions. This problem can hardly be
solved by the usual methods. But the equations can be solved for one
simplified model [27]. Let us reduce the solution to an abbreviated
form. A simulation of an accelerometer with liquid damping is shown in
Fig. 17. A flat plate with mass M and surface area S on both sides can
vibrate in its own plane between two walls parallel to it. The frdnt
face of the plate is obviously assumed to be infinitely small. The
walls and plate are connected by an elastic tle and the space between
the walls is filled with a viscous 1liquid.

Considering the free vibration of this simulated model, we can
draw the conclusion that when certain determined conditions are ful-
fllied, the movement during a sufficiently small period of time will
obey the function

x{)= X;r"“";’—'" '3 ‘ (10)
Here and ¢ are constant magnitudes

. L andem 08
" (1+T';‘L'7" 234 1+ (11)

where ®g is the natural frequency of the simulated model empty of liq-~
uid, d is the clearance between the plate and walls, p is the density
of ‘the 1iquid, m, is the mass of the 1liquid in the space, and v is the
kinematic viscosity of the liquid. )

As 1is apparent, the natural frequency is decreased subsequent to
filling the apparatus with the 1iquid, but where there are small
clearances, thls decrease 1is insignificant: even 1if mllu - 0.3, the
natural frequency changes only 58. On the other hand, to obtain a
large damping coefficient e/mﬁ; the clearance d must be small, and it
is precisely this which decreases the change in the natural frequency.
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Thus, the simulated model under consideration describes an accel.
erometer with a constant ”6 and e.
The solutlon of the problem of forced vibrations of the model

shows that if the inequality
«f?
S <k (12)

1s satisfied, the characteristics of the model will be given by For-

mulas (5) with the substitution of for wl. If we assume d = 0.1 cm

®
0
and v-= 10 stokes (theée are far from being limiting values), it fol-
lows from (12) that

®.71000, 1,e., f= ;7<l50 cpa

In what follows is given a comparison of an accelerometer built
taking into account the conclusions stated. above with an accelerometer
of ordinaryldesign.

Electromagnetic damping is used only in vibrometers. It has in-
disputable advantages — a strictly linear relationship of the damping
force Lo Lhe veloclity, the feasibllity cf more gccurate regulation of‘
the damping coefficient, and a minor dependence on temperature. But
the available magnetic materials do not enable us to attéin large
damping forces, and the dimensions and weight of the accelerometer in-
crease.

In order to evaluate the feasibility of electromagnetic damping,
let us shovw a deslgn'for the simplest construction - a short circuited
ring in an axially symmetrical magnetic field (Fig. 18). Designs of
other types'or electromagnetic dampers are considerably more complex
and less acourate [3].

When the ring vibrates along its axis, the force

fmmm‘&;wm'_n3
c*‘—'-—m “———-——"'8—-:!'0"
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acts on the ring, where B 1s the induction in gausses, fo is the spe-
cific rgsistance of the ring material in ohms mm")/m, and v' 1s the Qol-
ﬁme of that portion of the ring in the magnetic field. Hence,

D"'-Z»{-.?""z@{%m'”f' (13)

(M = M, + Ha,' where M, 1s the mass of the ring). In order to increase
D where B, py and w, are constants, it 1s necessary to decrease M.
At the limit, the mass of the inertial element is equal to the

mass of the ring; this means that

» _ P I
Daw = e 107 = st 10 25 107, (13a)

where 6 is the density of the ring material, Vv 1s the volume of the
ring and a = v'/v < 1. As 1s apparent, it 1s desirable to make the
ring of a material with a high (pob)"1 value. For constantan this is
0.24; manganin, 0.31; silver, 6.0; copper, 6.5; aluminum, 13.5.

If it is necessary to take D = 0.7 when B = 5, 103, the ring 1is of
aluminum, and a = 0.35, then

fo<‘;: 2::. - 102 130cps.

Tpis maximum value of ro should be recognized as slightly on the high
side, since 1t is difficult to obfain an induction of 5000 gausses in
a clearance which is not extremely small. Thus, if the apparatus must
operate over a broad tempex‘ature réange, 1t is necessary to take mess-
ures to at'fabilize the apparatus constants. The témﬁerature coefficlents
of resistance for copper and aluminum are approximately 0.004; there-
fore, for a 'temperattire change of 50°c, ﬁe resistance ciungu by |

20%. If, hoiéver, constantan or manganin is used, will decrease

£0 max

by a factor of ten.

This calc‘uutiqn exph:lm why electromagnetic damping is practi-

cally never used in acceleromsters.
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Where 1iquid damping is employed, it

N is desirable to use highly viscous sili.

rr,:r X con-organic liquids with a reduced temp-
. \?\,\\\JC A

! ?Qf§§:*§ erature coefficient of viscosity. Sever-
T RN :

'Y _al of these 1iquids are described in the
A ' ‘ .

YA Hanpafaen, t t [2]
]{9:/22 - Konedan - literature .

yars . , 7 7/

s Iv4 N Sensitivity of accelerometers with
1 N strain-gage pickups. This problem, which
f3§§\:§§\ can be important in the design of acceler-

ometers, has been examined in detail in

Fig. 18. Diagram of mag- the literature [29].

netic damping. 1) Direc-

tion of vibrations. An accelerometer with strain-gage

pickups is shown schematically in Fig.
19. If we assume the nomenclature in Formula (8) with the additions
apparent from Fig. 19, we obtain the expression

:;:: (l—- . +'s ). (15)

for the sensitivity to accelerations, where ﬁo is a constant magni-

bk

tude.

It 1s appgrent from this expression that it is advantageous to-
éake a natural frequencyik)as low as measurement conditions will al-
low. However, in contrast to Formula (3), the relationship here is in- -
versely proportional, It is advantageous to make the elastic element
from a material with a low c¢. Values of the magnitude of c'1 for cer- '
tain materials in relative units are as follows:'steel and Dural.-

1.0, bronze ~ 1.4, and brass and Micarta — 1.5.

Of course, when selecting the material and dimensions of the
elastic element, it is necessary to take care that in opcrutidn the
deformation does not go beyond the proportionality limit, and to take
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into account the temperature relationship of the elastic properties.

The sensitivity 1s also dependent upon the magnitude MAE/m, which
1ﬁcreases with increasing M/m, as we have shown in the curve in Fig.
20. o

It follows from Eq. (15) that it is
"desirable to glue the strain-gage pickups
as near as possible to the end of the
spring that is fastened to the casing and
that the base of the sensor should be as

sma’l as possible.

If we have an accelerometer such as

1s shown in Fig. 16b, we can double the

£$§;ri3;t2ia§§:g gir:g;- sensitivity by gluing four sensors to the

gage pickups.

M /m
5 1 g
LOI ! of
)
Y & g’ .
s n Jp‘rp

Pig. 20. Curve used to calculate
sensitivity of accelerometer
with strain-gage pickups.

spring (symmetrically about middle of the spring) and connecting
them into a full bridge circuit.
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Fig. 21. Circuit for excitation
of natural vibrations.

I .

'Pig. 22. Natural vibrations of an
accelerometer,

5. EXPERIMENTAL DETERMINATION OF AOCBI&!Q&BTER CONSTANTS

Such a determination 1s carried out after an accelerometer has
been bullt, to check its design.

In certain cases the design is extremely 1naccurate or is simply
not feasible; then, the values of the constants can only be obtu.ned
by oxperimnt. . N .

As a rule, the constants of an apparatus are determined by an o8-
cilloérm of its natural vibrations which have been excited by any
given method. If the inertial element is made of steel, it is'conven-
ient to use the scheme ahom, Pig. 21, in which we may ut, by choice,
30 -
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either the initial displacement or the initial velocity.
The method generally adopted is described by Iorish and Rayevskly
{16] and [22]. It consists in determining wo and D from the equations

.

ALY (16)
N 8

Ay (162)
st ™ _

The designations T, x, and X, may be understood from Fig. 22.
Formulas (16) and. (16a) are valid only in that case where the resist-
ing force 1is proportional to the velocity. The criterion for this is
the constant relation between any two successive maximﬁm deviations in
one direction. Curves of Formulas (16) and (16a) are shown in PFig. 23
and 28. ' .

However, this method in which the'amplitude relatlonships'come
into play wili give sufficient accuracy only when D is small. D = 0.7,
x2/x1 will be approximately 1/20 and may hardly be measured with suf-
ficlent accuracy. Therefore, sometimes we procced as follows: decreas-
ing the damping (for example, by'nbt filling the accelerometer caélng
with a liquid), the vibration "period"” T' is determined from the os-
cillogram. If the damping coefficient 1s of the order of 0.1, then

et (17)

with a greater accuracy.
Subsequently, the nominal damping is established and the‘vibraé
tion "period"” T 1is found. But ‘ '

e

D'an" : ' (17a)
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Fig. 23. Curve for deter-
mination of D. ,

‘7
4
13
12
I

%:usammnmuua&s

Fig. 24. Curve for deter-
mination of fo.

We may use the curve of Pig. 25 which is
plotted on the basis of th;s formula., It
18 only necessary to note that, in the
case of liquid dampinq, this method may
produce a significant error, since the
reduction in the natural frequency. due
to the "associated mass of the liquid"
is not taken into consideration. Let us
illustrate this with an example: for one
of the accelerometers, it was found from
Formulas (16) and (16a) that

Wy = 21 43 cps; D =0.1,
and since T' = 0,020 sec and T" =
= 0,023 sec

® = 2750 cps} D=0.5
on the basis of Formulas (17) and (17a).

Zakharov [13] proposed that in determination of D the apparatus

be filled with some low-viscosity liquid. This helps to reduce the er-

1414 e ror 1f the densities of this liquid and the

o damping liquid are close to each other.

“ The determination of the.constants 1s

# facilitated where the method based on thev

N measurement of time relationships during nat-
“ ural vibrations is employed [28]. This method

LR U

reduires‘a considerably stepped-up recording

Pig. 25. Dependence rate. It is expedient to pxcite vibrations

of TO/T on D.

curacy of the reading.
Using the relationships

with short impulses; this 1ncreisos the ac-
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we find
. =8
% ; s B (18)

When computing with these formulas, it is important to construct
the null line properly and to take into account the thickness of the

line on the oscillogram.

Fig. 26. Oscillogram of naturel vibra-
tions for vu-iaus values of D.

Figure 26 shows the oscillograms of the mtuul vibrations of an
accelerometer with a gradual 1ncrmo in tho dmin; cocrﬂcunte ‘
It is possible to propose still another means of dotomininj the
<33 - '




constants under conditions of harmonic vibration. To carry this out,
it 1s necessary to have a "vlbrostand" wnich produces vibrations of
good form and suffliclent amplitude over a range of frequencies close
to the calculated natural frequency of the accelerometer, the fre-‘

quency meter, and the phase meter., Let us first determirie the natural
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Fig. 27. Accel- Fig. 28. "Flat"accelerometer. 1) Elastic
erometer with element; 2) lnert mass; 3) base; 4) cas-
spherical weight. ing; 5) cover nut.

.frequency fo: this is that frequency at which the phage displacement
between the vibrations of the étand and of the inert mass of the ap-
paratus is n/2. For greater accuracy, we must note the two frequencies
at which the phase displacement is /2 — B and 7/2 + B, respectively
(B 1s a small angle) and take their geometric mean. Then D is formed
from the phase displacement for any given frequency f that 1s not too

4‘.3 m

In the absence of a phase meter, the phase displacement may be
determined from an oscillogram of the forced vibrations, but this is
less satisfactory. | ' |

The -coincidenco of the values ) and D calculated by the method
described‘above serves as a guarintee of the good quality of the ac-
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celerometer.

Data relating to the reduction of Wg where one of the accelero-
meters 1s'dampen¢d by a liquid has been cited above. This was an ac-
celerometer of the type shown in Fig. 27. Its démping coefficient was
selected by varying the viscosity of the 1liquid by purely empirical
means. In contrast to this, a "flat" accelerometer (Fig. 28) was de-
signed in advance. Its design data: ro = 50 cps and D = 0.7. It was
established from the natural vibrations that ro = 47 cps 1in air, fo =
= 46 cps in the casing filled witk silicone, and D = 0.6. The deter-
mination of D from the phase characteristic gave a value of 0.6-0,65.
Several accelerometers were bullt on the basis of this principle. Us;

ing 1iquids with viscositles of from 10 to 20 stokes, it is easy to

obtain the required value for D, as low a3 1, even where the natural

‘frequency 1s 500 cps; and perhaps at even higher frequencles.

In the most favorable cases, the determination of the constants,
in particular D, was carried out with an accuracy to 5%. Therefore,
when designing, there is no point in proceeding from the values ot the
constants calculated with an accuracy to three decimal places as 1s
sometimes done. A

As for high-frequency accelerometers, howevef, only the lowest
natural frequency ro is usually determined. The natural vibrations are
excited by a sudden impaqt on the casing. In this case, for piezoac-
celerometers with elastic elements operating under a compressive or .
shearing stress, the lowest natural frequency determined by the

elastic element and the inert mass generally exceeds tens of kilocycles

per second. It is not this frequency, but the lowest natural rrqqnpn-

cies of the casing that are observed on the oscillogrpnu Thererore,nit

is not necessary to compute the natural frequency of the piegoacéeler-

ometer. In measuring, it is necessary to pay particular attention to
-35 -
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the attachment of the aécelerometer to the obJect of niea.*:'uremnt.
6 SENSORS FOR LINEAR ACCELERATIONS WITH INERTIAL ELEMENTS |
A basically simple design of sensor used to measure linear accel-
erations consists of a vertically positioned elastic cantilever beam
embedded in a base and wifh a welght fastened to the free upper end,
When the bé.se of the sensor is set in motion with the acceleration to
be measured, the inertial force of the mass of the weight will bend
the cantilever beam. Under determined conditions, this bending will be
proportional to tl.e acceleration applied to
’ the base. The bending of the beam can be

1 4adda d measured with the use of wire strain-gage

pickups which are placed on the two sides of
the beam. This beam 1s placed in a éasing

filled with a damping fluid of a determined
viscosity. From the strain-gage plckups there
are leads which are connected to the termi-

nals situated on the casing of the sensor. In

Fig. 29. Electric the electric circult, these strain-.gage pick-
circuit of linear o
afceleration sensor. ups comprise two arms of the measuring
1) D,.
1l

bridge (Fig. 29) which is connected to the
input of an amplifier. | 1

Being at the same temperature, the _éensors attached to the beam
are heat compensators which eliminate the influence of tanperéture vé.-
riations. '

For a stralght cantilever beam, the greatest bending moment a.nd'»
the greatest deformations are at the base of the beam and the strain-
gage pickups to be glued on the beam should be situated at the fast-
ened end. For beams with small dimensions, strain-gage plckups with
small bases are required for attacmm; .
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In order that the relative deforma-
tion be ‘the same along_ the length of the
beam, 1t must have the form of a beam of
equai resistance. For such a beam, the
moment of resistance along the beam must

decrease proportionally with a change in

ture of such a beam 1s

Fig. 30. Influence of in- )
correct setting of accel- ) r=—
erometer,

1.e., the beam will bend in the form of
an arc of a circle, and its deflection will be one and one-half times

greater than that of a straight beam. The relative deformation

.
ey

L
[
vwhere W 1s the moment of resistance at the base.

The deforination will be the same over the entire length of the
beam and of the straln-gage pickups; therefore, the pickups may .be ar-
ranged along the entire length gr the beam. ' ‘

A liﬂear aéceleratlon sensor may have a different sensitivity as

a function of the natural frequency. The lower the natural frequency,

the gi'eater the sensitivity. The sensitivity of a sensor to accelera-

tion may be expressed by different values: by the voltage at the
bridge output (millivolts/g), by the relative ché.nge in resistance
(AR/R)/g, and by the relative deformation (41/1)/g referred to unit
of acceleration. . ,

Since measured accelerations are usually recorded on an oscillo-
gram, it 1is convenient'to dotemix}c the aenaitivlty of a sensor in
mn/g - millimeters of the onciliogr’m'l ordinate corresponding to
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one g, or inn g/mm - the humber of g's per millimeter of the orde
inate.

The sensitivity of a linear acceleration sensor, together with
the frequency of the natural vibrations, 1s the fundamental character-
istic of. the sensor.

When the sensor 1s rotated 90° from the vertical, its reading
will correspond to 1 g. The rotation should be accomplished with suf-
ficient accuracy, since sensors with low natural frequencies already
begin to respond to rotations of from 1 t> 2%; this may be noted on
the oscillpgram. Obviously, an inaccurate setting of the sensor at the
time of calibration or measurement may lead to errors.

Let us assume that we are to measure linear accelerations with an
in'accurately mounted sensor having a aevlation_in the direction of the
acceleration to be measured (Fig. 30). The spring of the sensor will
bend under the férce ma cos a, the inertial fdrce component of which
is to be measured.

In addition to this, the component of the force of gravity
mg sin.a will also bend the spring. Consequently, the spring wi;l bend
under the influence of the force ,

'P-macoaa+ngsind.

If the acceleration to be measured is small and is approximately

equal to g, then | |

~ P = mg(sin a + cos a).
For smﬁll angles, sin a is close to zero and cos a is clbaé to unity;
therefore, their sum is also close to unity but somewhat greater.

In cases where the motion is in the opposite dlracf.ip’n, the. sum
will be somewhat smaller than unity. - |

. P = mg(cos a - sin a) | ‘
On recording a harmonic vibntion,v this produces a diapl&ceﬁnt of .the
- 38 -
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.1nc11ned to both sides at one and the same angle, the mill line will

null line from its mean value, although the sum of the amplitudes w11l
be recorded without the error arising from the deviation.

It follows from this that in calibration and measurement, the am-
plitudes of the vibrations should be determined from the sum of the
upward and downward devliations; this can eliminate the error due to

inaccurate setting cf the sensor.

When the values of the acceleration to be measured are large, i.e.,

when a >> ¢,
" £ :
P ma(cou-l-.. siaa).
and the error due to the inaccurate setting will be
e - I
A 1 (unu-}"ﬁnc)f
It 1s apparent that the error will decrease with an increase in the

acceleration to 5e measured. Values of errors for various accelera-

tions and deviation angles are presented below:

s e laems
e s =93
g ] 2 ]»2d
10g 4 oHn
g 2 .8

' Sensors used to measure small accelerations should be placed
with the greatest feasible accuracy and should operate in a horizontal
direction. . '

If, in the measuring process, the linear acceleration sensors are

not shift, but the greater the amplitude error, the greater will be
the angle of deviation of the sensor. Ir, hounver, the angles of devi-
ation are different in both directions, a shift will be oﬁtorved in
both the null line and the amplitude error. o
The incorrect setting of an accelerometer in the plane of the ac-
-39 -




celeration to be measured may also give rise to errors.

' When the sensor is incorrectly set up, the result 18 that errors
will arise in the amplitude when the direction of the deviation of the
mass oﬁ the spring does not coinclide with the direction of the motioﬁ
of the body of the sensor. In this case, the amplitude of the recorded
acceleration increases 1in proportibn to cos B where B 1s the angle be-
tween the directions of the deviation and the motion.

An important characteristic of an accelerometer is its ability
not to react to accelerations directed a: angles to the acceleration to
be measured.

This ability depends on the accuracy with ﬁhich tﬁe sensor 1is
built, since it 1s difficult to exclude slight deviations of the cen-
ter of gravity of the body of the sensor from its geometrical axes of
symmetry. Lateral accelerations create torsion and bending moments
which, in their turn, produce bending of the spring of the sensor and
can influence the reading of the instrument. |

There are many designs of linear acceleration sensors with flat
sprinzs of bronze or steel and with small masses in the form of a
steel sphere or cylinder.

Sensors can be designed most readily for slow fluctuatiéna, even
if for large accelerations. On the other hand, the more rapidly the |
small-magnitude accelerations change, the more complex will be the de-
signs and the less sensitive the senaors.

The natural vibration frequency of sensors with a single canti-
levered beam may be up to 200 - 250 cps. ngher-rrequency sensors man-
ifest low sensitivities.

The upper limit or'an‘acceleration to be measured is determined
by the bending possible in the sensor spring. Since this value is usue
ally large, the upper limit of accelerations which can be nnnsurqd
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wil) also be high.
For example, a sensor with a natural frequency of 59 cps at an

acceleration of 1 g produced an osclllocraph-beam def'lection of 24 mm.

" To this acceleration corresponded a spring deflection of 0.1 mm. The )

largest spring deflection at which the greatest stress did not, by
far, reach the proportion 1limit was 2 mm. Therefore, the sensor can
measure an acceleration of the order of 420 g. fn this case, the mag-
nitﬁde of the acceleration td be measured is now limited not by the
sensor, but by the loop of the oncillograph. Since, at an acceleration
of 1 g, the current at the output of the amplifier is 1.25 milliamps,
we may measure an acceleration not greater than 4 g with the loop sé-
lected (class V with a maximum current of 5 milliamps), and the lim-
its of the sensor measurements will be from 0.25 to 4 g. Taking a loop
with different sensitivity (class VI with a ﬁaximum current of 25 mil-
liamps), we may, with the use of this same sensor, measure accelera-
tions in the range of +20 g with a sensitivity of 5 mm/g.

A natural frequency of a sensor of 200 cps which permits measure-
ment of the harmonic fluctuatlions of an acceleration with'a frequency
higher thén 70 cps has in many cases proved to be insufficient. To
build higher-frequency sensors, it 1s necessary to search for means of
increasing their sensitivity; this may be achieved by several methods.
The first method consists in the use oflstrain-gage pickups made of
materials with large deformation effects: Chromel (y = 2;8); Elinvar
(y = 3.6), and a five percent platinum-iridium wire (y - 5.1). The
second method consists in design improvements and‘an.increaso in the

number of operating strain-gage pickupc; the third consists 1nndsln¢

" unglued wire-wound resistors.

The first method is the simplest, but requires a special wire
which is not always on hand. ‘
-l -




The second method is also not compli-
cated and may be used by changing the de.

sign of the acceleration sensor. In this

sensoi', there are two similar cantllever
beams, one end of each of which i1s fast-
ened to a single support. The welghts .rast;
ened at the free ends also have ~§qua1

masses. Wire-wound resistors are fastened

on the two beans and are connected to one
N\ _

e bridge in such a manner that when the -

beams bend to 6ne slde, the bridge acquires

Fig. 31. Sensor with
increased sensitivity. a maximum imbalance (Fig. 31). The damping

lff;"'” . . .
,m‘“k 8 gy "

q‘!:: vy, :.‘
“%Mm-ﬁnm
Mﬂ...—hm

e T o
: ‘”.u:f""w . j
i‘ on : o

Fig. 32. Damping vibrations of sensor
with two beans,.

vibrations of this sensor which are 'excited, for example, t;y an impact
on the casing, will have pulsations (Fig. 32) which are caused by the
different natural frequency of the beams. Damping the sensor win'rree
it of the natural frequency vibrations but in measuring, the pulsa- _
tions may introduce amplitude errors;’ théref‘ore, these must be el;in- -
inated byprolonging the beat-frequency ﬁeriod. This effect can be )
achleved by selecting the lengths and muul of the weights so that
their vibration ﬂe.;ueﬁciu coincide or become very close.

To increase the unut:.vity, we Mmay uu duim in ﬂd.ch tho de-
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formation of the strain-gage piékups is increased. In these designs
(Pig. 33), the wire-wound strain-gage pickups are glued not on the
spring bearing the weight, but on thin strips‘or brass or bronze foil
connecting the weight with the base of the sensor and forming a rigid
closed triangle. The inertial force of the mass of the welght wili
elongate one strip and compress the other. In order that the strips
cannot be unloaded on compression, they should be pretensioned; this

is guaranteed by a corresponding device in the sensor design. The same"
device 1s used to eliminate the pulsations.

One similar design had a natural frequency of 1450 cps and a sen-
sitivity approximating that of a seﬁsor with a natural frequency of
about 50 cps.

An even greater &egree of sensitivity may be
oytained in the design described above which con-

sists of installing unglued wire-wound resistors
‘ DAY in place of the foll strips. In this case, the wire

eraa IR

R Q
s}\\\\\i\\\\\\\\~ :
of the strain-gage pickup is wound directly on a

gig; 2%.h£é;: manifold on the weight and the base. In this de-.

frequency sen-

sor. sign, the sensitivity is increased at the expense

' of greater wire deformation. In addition, a
heavier-gage wire (with a diameter from 0.05 to 0.06 mm) may be used
for the uinding} this permlts'ﬁn increase in the feed voltage to the !
measuring bridge. . | , : .

A disadvantage of the unglued wire-wound resistors is fheir'high
sensitivity to the slightest vibrations of the air, which cause unsta-
ble readings on the recording instrument and mnks‘it difficult to
balance the bridge. This makes the sensor useful on;y in cases where
the entire system 1s placed in a damping 11quid. In this case, the
readings of the instrument are completely stabllized. A further dis-
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advantage of these sensors is their low strength and the possibility
of breaking the wire on dropping, shock, etec.
This drawback is avoided by introducing into the design an ar-

resting deviée which baciis up the elastic system of the sensor.

Fig. 34. Calibration of linear sccel-
eration sensors. ' '

It is best to calibrate the sensor befofe each measurement for
the measurement of small linear accelerations. To.calibrate in the
2 g range, there must be made a metallic‘gube whose surfaces are
rigidly perpehdicﬁlar to each othoy.' '

Placing this cube level so that the upper face is horizontal, a
sensor is placed on it and its null reading is noted. Tprningiéhe cube -

_about the face perpendicular to the vibration pPlane of the sensor in

both directions, we odbtain 90° inclinations of the sensor and a read-
ing that corresponds to 1 g (Fig. 3ha). '
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Thus, we may calibrate sensors with high sensitivity which are
intended for the measurement of small accelerations., For high-fre-
quency sensors with low senslitivities, the deviation of the light in-
dicator of the oscillograph, which corresponds to 1 g, will be small,
and when employlng'the indicator, significant.errors may be present.

It is better to calibrate the high-frequency sensors on special
installations. This equipment may be, for example, a rotating hori-
zontal disk or bar at the end of which 1s placed a sensor connected to
the measuring instrument by conta:t rings. Knowing the distance r from
the center of rotation to the center of gravity weight of the sensor,
and measuring simultaneously the anéular velocity of the rotating
disk, by sensor readings, we can determine the acceleration from the
rormulﬁ

a = ar.

The value of such a callbration 1s the possibility of attaining
extremely large accelerations. The disadvantage, however, is the ne-
cessity of having a current plckup, as well as the consliderable dimen-
sions of the pickup itself. It is also necessary to provide a smooth
and even rotation of the apparatus. This method may be used to cali-
brate sensors that permit the use of static calibration.

. The calibration of linear acceleration sensors may also be accom-
plished by the use of a mechgnism of which one linkage has a recipro-
cating motion. Such a mechanism ie, for‘example, a crankgear.

Figure 3&b shbwa a curve for the dependence of the acceleration
or'a central crankgear slidebar with a ratio of r[l = 0.3 on the de-
flection angle of the crank. On the portion corresponding to the de-
flection angle of the crank from 1&0 to 220°, the acceleration of the
slidebar 1s constant and 1is 0;7 w?r. This rectilinear portion of the
acceleration curve may be used to calibrate sensors. The acceleration
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of the slidebar is 1.3 w?r at the point which corresponds to the zero
position of the crank. - '

This point may also be utilized for iow-sfeed calibration. For
high-speed caliﬁration, the ordinate of the peak is read with less ac-
curac&; consequently, 1t 1s considerably more convenient to use the
reétilinear portion of the curve in the case in question. Thus, the
slidebar of the crankgear with a rgtio of the crank radius to the con-
necting rod of r[; = 0.3 may be employed to calibrate sensors used to
measure linear accelerations. Knowing r and determining T from the os-

cillogram, we find the magnitude of the acceleration

48
ay = 0'1' ";;' r

and the maximum acceleration

4=?
ay =13 5%,
a=1 e

this acceleration corresponds to the zero position of the crank.
Dividing the accelcration thus obtained by the ordinate(in mi1li-

meters), we cbtain the mcasurcment scale

‘Figure 35 shows an oscillogram of the displacement, velocity and ac-

celeration of a crankgear slidebar with a ratio r[l = 0,3, from which
it is apparent that the rectlilinear portion of the acceleration curve
may be readily measured. , .

For calibration, the "sine” mechanism may be used (Fig. 34c); in
this case ' |

L
lﬂr.f.

Where the dimensions of the mechanism are large and the velocli-
ties high, we may obtain large accelerations but, in this case, diffi-
culties are created due to the friction of the slidebar and the clear-

ancés at the joints. The choice of clearances produces peaks on the
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Fig. 35. Osclllogram of crankgear slide-

bar parameters. 1) Displacement; 2) ve-

locity; 3) acceleration. '
acccleration curve, while the friction gives rise tp unstable, non-
periodic vibrations which decrease the accuracy of the reading. By de-
creasing the friction of the slidebar, we may improve the conditions
and the accuracy of the sensor calibrations considerably. Calibrations
of instruments with crankgears or sine mechanisms are convenlient be-
cause the‘ampliﬁudes of the vibrations in them have constant magni-
tudes. The values of the acceleration and the senuor scale are rea& dai-
rectly from the oscillogram. The disadvantages mentioned, however,
1imit the épplication of these mechanisms to accelerations of not more
than 15 to 20 g at frequencies in the neighborhood of 50 cpe.

. Vibrating tables may also be.uaed for calibration. The presence
of gears, Joinﬁs, and sliding couples in their designs, however, su-
perimposes on the basic acceleration curve unstsble vibrations that
make ‘analysis of the oscillogram d4ifficult. We can obtain a highér
frequency on vibrotables thap on mechanical equipment, but they still
generally require measurement of the vibration amplitudes; this some-
times causes difficulty when ;ha amplitudes are small. Onlﬁ vibrators
with elastic components produce smooth acceleration curves.
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In installations in which the sensor apparatus was on a canti-
lever beam in which natural vibrations were excited, the acceleration
oscillogram of these vibrations had a smooth form. Since, in this
case, backlashes and friction ﬁere absent, the acceleratione obtalned
were without distortions. The cantilever beam may be used to cali- ‘
Srate linear acceleration. sensors.

If a wire-wound strain-gage pickup which measures the beam de-
flection or vibration amplitudes is glued to a beam, we may determine
the magnitude of the maximum acceleration of the vibrations of the
beam. For this purpose, 1t is necessary to record the deflection of
the beam and the vibration accelerations simultaneously and to deter-
mine the amplitude corresponding to the selected vibration. Since the
beam performs harmonic vibrations, the maximum ordinate of the accel-
eration curve on the oscillogram, which corresponds to the given vi-
bration, will express the linear acceleration

8ax = home,
where w is the angular frequency of the vibrations of the beam and ho
is the beam deflection that corresponds to the given amplitude of the
acceleration. '

The vidbration pefiod T 1s determined on the same oscillogram
from the time marker. '

It 1s better to excite vibrations in the cantilever beam not with

an electric motor with imbalances, but with a small pneumatic turbine
with an unhalanced load, since the sparking on the commutafor of'an‘

electric motor situatéd,ﬁear the sensor greatly alters the reading. A"3
-bneumatic turbine will not create such disturbances. The avallable
cantilever beams with pneumatic excitation made it possible to obtain

a vibration frequency up to 100 cps at a ﬁaximum acccleration.rronAas

to 30 g. '
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Electromagnetic vibratihg tables are widely used to calibrate and
to record the characteristics of vibrometers and accelerometers. There

are very many designs for these tables [7]. Their characteristic prop-

erty is the possibility of obtaining harmonic vibrations over a wide

frequency range and in an accurate form. There are tables which enable
us to obtain vibrations with frequencies up to 10 keps. The table vi-
brations are excited by a sound generatop which feeds the windings of
a qoil which vibrates in the field of a stationary magnet. The f{re-
quency of the vibrations is beadily determined from the generator dial
or from the oscillographic reading. Vibration amplltudeé of the order
of 0.1 mm can be measured successfully from blurring of the image of
a glued, fine (0.03 mm), bare wire with the aid of a gaging micré-
scope. At higher frequencies, the amplitudes of the table vibrations .
become negligibly small and can be measured by means of an 1nterrepom-
eter. The technique of such heasurements is complex and cannot always
be used in laboratory practice. Using the amplitude measurements from
the first method, we can obtain accelerations of the order ér from 200
to 300 g at a frequency from 2 to 3 kecps on similar tables.
7. MEASUREMENT OF IMPACT ACCELERATIONS

Impact accelerations are specific. The curves of the impact pa-
rameters have unique and well-defined forms of fluétuations which oc-
cur in ten and one-hundred thousandths of a second. The measurement
and‘recordlng of such proceﬁsas require special sensors, amplifiers,
and recording instruménts.
| The sensors should have a high natural rrequenéy, the ampliriers
a wide transmission band, and the recording apparatus should be with-
out inertia and‘adapted to record curves of the type indicated above.

A sensor ﬁhich measures 1npcct'accelerationa is ah essonti&l part
of the apparatus and the greatest attention must be paid to 1t because
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it differs essentially from the sensors described earlier.

With 1tz apparent simplicity, the impact process turns out to bve
complex. On impact, vibrations arise %n the colliding components; re-
peated impacts with smaller accelerations occur. All these vibrations
and impacts excite vibrations in the connected components which are
transmitted to the measuring instrument and excite resonant vibrations
of varlous harmoniqs.in it. As a result, an oscillogram is obtained
with complex vibrations of different frequencles between which it is
difficult to distinguish. '

Figure 36 shows the impact of a rod falling vertically onto a
steel plate, which is recorded by the contact method with a cathode-ray |
oscillograph. On contact o the rod with the plate, an electric circuit
is closed and the beam 1is deflected toward the vertical.

After one fall of the rod, several
collisions result which are recorded as
stralght lines, the time between which

becomes shorter with each collision as

g 36. Inpact recorded the time of the collision increases.

by contact method. If we record the movements of this .
rod (Fig. 37) during its fall and the impact accelerations, an oscil-
logram is obtained on which the rebounds and decreasing magnitude of
acceleration are clearly visible. |

The impact accelerometers intended for meesurement of very short-
time accelerationﬁ are instruments with inertial element;..

The mechanical characteristics of an impact accelerntion sensor
should correspond to-the impact chartcteriatice; thia reters primar-
11y to the natural frequency of the sensor.

In order to'solva the problem relating to the required ratural
frequency of the sensor, we must consider and dcterning'thc parsmeters

- 50 -
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of the impact itself and, in particular, the duration of the colli-
sion. | ‘

The problem of collision duration has been examined in literature
many times. One of the later étudie; in this fleld has been the work
of B.M. Malyshev which was printed in the Herald of the Moscow Unlver-
sity, No. 5 (1952). In connec :ion with the problem under considera-
tion, of verifying the correctness of calculations made by the hypo-
theses of Saint Venant, Hertz, and-others, an apparatus was con-
structed which was capable of councing one one-hundred thousandths of

a second, with the aid of a generator and an electronlc counter..

A

Fig. 37. Displacement and accelera-
tion of falling rod on impact. 1)
Displacement of rod; 2) recording

of acceleration sensor. A) 0.36 sec-
ond. .

Pig. 38. Oscillogram of collision Gu-
ration, 1) 0.00055 second; 2) -
0. 000645 second. . '
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FPig. 39. Deformation (1) and acceleration (2)
curves on impact.

The collision time was determined for steel rods and spheres.
The durations of the rod collisions were determined 1n the range from
600 to 780 microseconds as a function of the rod }engths. The sphere
impacts were considerably shorter with respect to time and were in
the range from 20 to 160 microseconds at collision velocities of from
60 to 0.9 m/sec. .

To convert the values for collision durations to accelerometer
frequencies, 1t was also necessary to determine the form of the accel-
eration change on 1mp§ct.

To solve these problems, several experimental 1nsta11&$10na were
bullt. The first was a rod with an accelerometer located on it. The
rod was ralsed by a cam to a helght of 5 cm and fell freely onto a
doubly-supported removable beam of varying riéidity. |

The problem of collision time was solved by the contact method
mentioned above. To meésure the time of the first contact, 1t was n;-
cessary to 1ncrease'the velocity of the paper on which the impact was
recorded to 30 m/séc with a simultaneous recording of the tinp. The
oscillogram obtalned in this case had the form shown in Pig. 38,

The duration of certain types of collision is given below in sec--

onds,
- .ﬂ. -
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Twosteelspherea........;......0.00022
Rod and steel plate . . . . « ¢« ¢ ¢« & &+ « « « « 0.00037
Rod and most rigid beam . . . « « « « « « « « « 0.,00046
Rod and least rigid beam . . . + &+ o« & +» + o « 0.00079
Rod and nén-rlgid Deam . « « « o« ¢ oo o « o » 0.,00147
The collision time, as 18 known, 18 the sum of the time of defor-
mation increase on impact and the time of the deformation deérea&er

Generally speaking, the time of increase and the time of decrease are

unequal, and the time of increase s usually somewhat shorter than the

time of decrease, although this 1s dependent to a considerable degree
upon the conditiéns of the experiment and the rigidity of the collid-
ing bodies., To resolve the question of the requlfed frequency of the
sensor to measure accelerations, it may be assﬁmed that the time of
Increase 1s equal to one-half the contact time and that the increase
and decrease curve can be represented by a portion of a sine curve.

Fig. 39 describes the beam deformation and acceleration curves ob-

tained on impact which confirm this characteristic of the curves. Much
'1nf9rmation may be gotten from these curves. On this basis, we can as-

sume that the contact time on impact is determined.tq ﬁe one-half the
period of the sinusoidal procesé. The period of the natural vibrations
of a sensor used to measure accelerations, keeping in“mind the daifrfi..
culty of dampiﬁg a sensor, should be shorter by at least a factor of
ten. On the basis of the measuraments and assuﬁptions made, it is poé-
sible to confirm that to measure the shortest 1mpact acceleration, it
is necessary to have a sensor with a rrequency not lower than 25 kcps.

Thua, for the measurement cases cited above, it 1s necessary to

haye acceleration sensors with the following natural frequencies:
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The data on collision duration

A '"'W.:,,",".,‘.‘,"“" 2 G can be used to determine an accel-

e (e el . .

0.00020 15000 eration under the condition that the

X %0000

::m 2000 - magnitude of the velocity at the mo-

*0,00078 4000

0,00425 200 ment of collision is kmown.
1) Contact duration, sec; 2) ’ If we assume that the velocity ’
natural frequency of sensor, :
cps (not lower). of a colliding body goes from a max-

imum value to zero over a period of

one-half the collision time,

In our case, the height of the fall of the rod was 5 cm. The ve-
locity at the end of this path v = ﬁg-; 1s ~1 m/sec. Therefore, the
acceleration of an impact on a beam, which has a duration t, =
= 0.0008 sec, is ~250 g.

Of course, this method is 1lnaccurate, since an error of only
0. 0001 second 1in the measurement of the collision time will gmducg
a difference of 20 g in the acceleration, i.e., 8%

8. SENSORS FOR MEASUREMENT OF IMPACT ACCELERATION o

If the impact characteristics and requirements of the impact ac-
celeration sensqrb are known, the problem of fabricating these sensors
reduces to a search for designs which have sufficient elasticity, high
natural frequency, and simple form, and which would guarantee the ab-
senée of the vibrations which accompany ‘the fundamentsal vlpmt:lom.

Figure 40 shows several impact aéceleration sensors which yﬁre.
built and tested. They all use wire-wound strain-gage pickups as the
sensitive elements. Although the designs in schemes 1 and 2 were suf- '
ficlently sensitive, on impact, the vibrations of the stands, casings,
and bases of the sensors introduced many additional vibrations which

asu'-
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greatly contaminated the fundamental vibrations; these designs were

rejected for this reason. The sensors in schemes 3 and 4 are designs

Fig. 40. Impact acceleration sensors with
wire-wound resistors.

| Fig. 41, Diagrams of piezoceramic sensors.
in which the sensitive elastic member is pretensioned (3) df pfecom;
pressed (4). | ' A
The sensor with the pretensioned system has a natural rrequehcy
of 17,000 cps and is sufficiently sensitive. The sensor under initial
compression is more simple to udJuit, but is gwkward to use.
«55 - .
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Where the natural frequencies are of the same order, the sensi-
tivity of the brecompressed sensor 1is h;gher than that of the preten-
sioned sensor,

The two last sénsors are the most highiy perfected. The first (5)
"is a steel or brénze oval with a weight in the center portion which 1is
attached to the componént bj means of a screw. The entire sensor 1s
made of one.piece of metal. Wire-wound strain-gage plckups which meas-
ure deformations on impact are glued 6n the internal and external lat-
eral surfaces. The naturgl frequency of the sensor can vary as a func-
tion of the dimensions of the oval and the weight. For sensors made
from s£ee1 in the machine dynamics laboratory, the natural frequency
was 3150 cps. By lncreasing the dimensions of the oval, the natural
frequency may be increased from 4 to 5 keps. Sensors of larger dimen-
sions with higher natural frequencies have low sensitivities.

The last (6) is a higher-frequency sensor; it 1s also made of one
piede of steel or bronze and has a barrel-shaped form. The lateral
surface is divided into an equal number of sections by side-to-side
nofches. Stfain-gage pickhps are glued on the inside and outside of
all or half of these sectlions, forming one-half of the measuring
bridge. A sensor was attached to the member with a screw. A variable
weight was screwed into the top section of the barrel-shaped.body.

~ For the bronze sensor with an outside diameter of 45 ﬁm and a
height of 40 mm with a 150 g weight, the natural frequency.was ap-
prokimately 10 keps. The moresevereimmagts are measured with this
sensor.- - , .

In order to obtain impact acceleratiqn sehsors ﬁith higher nat-
ural frequencies, plezoceramics made of barium titanate mst be used
instead of wire-wound strain.gage pieknpl as thg sensitive elements in .
the sensors, 81nbe they have a'high sensitivity, piezoceramics are now ...
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widely used in measuring techniqdel.

Ceramics made of polycrystal barium titanate [23)] are produced by
pressing, firing, and polarization in a high-voltage field. Like other
plezoelectric materials, the magnitude of the charge ai'ising on the
surface of the piezoceramic 1is proportional to the applied pressure.
Ceramic 1s rigid and can be loaded to 800 kg/c:m2 witn the deformation
of 0.0001%. Due to the brittleness of ceramic, the accuracy require-

‘ments of the surfaces which bear on the ceramic surfaces are strict,

because the appearance of local pressures may lead to breaking of the

plezoelement. The piezoelectric constant of barium titanate ceramic

. (equal to 2.5-10'6) i1s less than that of Rochelle salt, but is consid-’

erably greater than that of quartz.
The sensitivity of ceramic changes'with changing temperature by
approximately O.15# for each degree, and at temperatures of -50°C' and

,+1oo°c, the polarization disappears. The humidity also strongly influ-

ences the sensitivity.

Plezoceramic sensors are used mainly where short-time pressures
and accelerations are to be measured. .

Figure 41 s.ows several designs of sensors used fo mea#n#e maxi.
mam impact accelerations.' | _ | |

The rirst sensor employs two ceramic disks each with a dianetér‘
of 10 mm and a thickness of 4 'mm.” A confact plate made of thin brasl->
foil with a well insulated ocutput 1is placed between the tuo diski;
Sometimes this plate is interchanged with a metal d;ak or lpprexl >
mately the same dimqnuonu u the ceramic disks. In these cuu, eho.
plate plays the role of tho mortnl elmnt. The woi;ht is mro frc- .
quently suporimpoud as in the case showmn on the diagrem. A Memu'y
element 1n this dnign 1- al muuc element in the form of & wuax
membrane or other mternl, which coupmau the ccru&c and the -
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welght. The depressing force of the spring must be greater than the
inertial force of the weight on impact. If this is not true, at the
moment of impact, the welght may separate from the ceramic and alter
the reading.

" The connectlon of the sensor to a component must be rigid and
shou.lld not permit any change on impact.

A sensor made on the basis of thlis scheme had a high natural fre-
quency (more than 20 kcps) and a high sensitivity (approximately
20 millivolts/g), but the presence of the casing, spring and other
components introduced many additional vibrations into the recording
and complicated the recording on the oscillogram. ‘

In scheme 2, the ceramic element was made in the form of a collar
with a diameter of 25 mm, a thickness of 2.5 mm, apd a center opening
of 5 mm. A weight attached by an insulated screw was located on the
collar. In this case, the absence of a caéing produced a smoother re-
cording on the oscillogram.

The sensor of scheme 3 1s distinguished from the preceding sen-
sors by the fact that here, the welght and the ceramic are glued to
fche base. Such bracing simplifies the design and decreases the demands
for machining of the base and weight surfaces that come in conté.ct
with the ceramlic. Since the strength of the glue may bev found inade-
quate under large accelerations, the dimensions of the ceramic and the
weight of glued sensors are made as small as possible. |

One of the principal drawbacks of cerunic sensors 1s their lat-
eral sensitivity to action 1n the plane perpendicular to the direction
of meuurenent, this can. amount to 20-254 ’

In the foreign uterature and 1in the studies of uvcru of our
institutes and laboratories (for example, TsNITTMASh [cenml Scien-

tific and Research Institute of Technology and Machine COnltruction]),
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sensor designs may be found in which the lateral sensitivity is elim-
inated by the fact that the take-off of the charges arising on the
ceramic when it is under pressure is not accomplished from the front
surfaces, as is usually done, but from the side surfaces. ’In making
these sensors, the ceramic is polarized ln the usual manher, but it is
not the front surfaces, but the sides from which.the charges are taken
off vwhich are coated with silver.'Sensors ﬁade on the basis of this
scheme (4 and 5 in Fig. 41) were tested simultaneously'uith ofher
types of sensors, and their lafe?al sensitivity was measured. The
tests were conducted on a cantilever beam, the vibrations of which
were excited by a vibrator (a small direct-current motor with unbal-
anced disks). The tests were conducted at one frequency, equal to

100 cps. A sensor was arrgnged on a rotating device which ensbled us
to turn the sensor through an angle to the direction of the vibration
of the beam. The vibration amplitude was measured on the screen of a
loop oscillograph after each 30o rotation. The'results of the measure-
ments for the sensors in scheme 2 shown in Fig. 41 are arranged in the
form of a polar diagram (Pig. 42). | '

For sensors on which the charge 1§ takep off from the lateral
surface, the lateral sensitivity is decreased almost half, and occa-
sionally even more. The sensitivity of these sensors in a atraight
l1ine is not less than that of ordinary sensors. .

The accelerations on 1npact exceed those of the noniupact proc- '
esses by tens of times, | ’

It is extremely complicated to obtain an accurate value for a
iarge acceleration under laboratory conditions. Thus, for an acceler-
ation of 1ooo'g, it is neceasary to cause a calibrated table to vi-
brate with a frequency of 160 cps and an amplitude of 10 mm. At first
glance, realization of such conditions seems uncomplicated; however, -
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in order to carry ﬁhis out, we are required to use a great deal of
power; this involves use of a'power plant, building a substantial
roﬁndatlon,.rigid braclig, etc.

| Under ordinary laboratory conditlions, considerable accelerations
were obtained on several installations. The first of these was a can-
tilever beam with a length of approximately 300 mm, a width of 60 mm,-
and a thickness of 6 mm. Wire-wound strain-gage,pickups were glued on
the beam around the rigidly secured end in order to measure the de-
flection of the beam. Calibration of the deflection was carried out
staticaily by a screw and.a time indicator.

A calibrated sensor was placed at
the free end of the beam. The beam was
deflected to the extent of approximately
10 mm by.a special lever, after which the
beam was separated from the lever and

free damped vibrations were excited in

it. The amplitudes and accelerations of

these vibrations were recorded on an 0s-
Fig. 42. Sensitivity of

plezoceramic sensor to cillogram. Knowing the initial deflection
acceleration directed at . .
an angle. of the beam, it 1s possible to determine

the amplitude for each vibration and calculate the frequencies of the
vibrations. The maximum acceleration value which refers to the corres-
ponding ampiitude of an acceleration is determined from these values.

The acceleration scale will be

-

where r is the amplitude (deflection) of the beam, meters, T 1s the
period of one vidbration, sec; Als the ordinate of the maximum accel-
eration, mm. We can obtain accelerations with ﬁngnitudoo of 150 g on
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this apparatus.

The second apparatus is analogous to the first, but with not one
but two beams connected to;ethgr and having a resemblance to a tuning
fork being employed. Beams with dimensions of 480 X 100 X 12 mm took
the form of a beam of equal resistance. Such a design permits dissi-
pation of the vibration energy within the apparatusland does not per-
mit transmission 6f it to the support; this was observed in the
former design and gave rise to vibrations of the floor. The form of a
beam of equal resistance was selected to decrease the wedge-displace-
ment force which transmits vibratlons to the beams and to increase the
natural frequency. A calibrated sensor was placed on the end of one
beam and a weight equal to the weight or_the sensor was set on the
other‘end. In this case, a curve of the damping vibrations was ob-
tained without pulsations. On tﬁis apparatus, 1t was possible to ob-
tain accelerations up to 500 g. On it, the calibrations of the plezo-
ceramic acceleration sensors were carried out at a frequency of ap~'
proximately 150 cps. Ih'tracing on an electronic oscillogrgph; it 1s
impossible to make a static caiibration of a beam deflection even
though we are restricted only by the value of the deflection obtalned
vwhen the wedge 1s pulled out. »

These disadQéntages limit the application of the apparatus to the
calibration of sensors used to measure comparatively slowly-increasing

accelerations which may be recorded on a loop oscillograph. To call- -

-brate the sensors used to measure sudden impact accelerations, it is

necessary to use another type of apparatus, for example, one with a
vallistic pendulum. | | '
' 9. CALIBRATION OF IMPACT AGCBIEROHETERS
The calibration of acceleronctert used to measure impact accel.
erations may be carried out, like the calibration of “"ordinary® accel-
-6l -
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erometers, under conditions of forced harmonic vibratiohs, on a vibro-
stand. The vibrostand must create vibrations of the proper form and of
sufficiently large amplitude at frequencies of at least 4 to 6 keps,
to make it possible to attaln acceleratlon of several hundred g and
more. As yet, theré are but a few simlilar stands; therefore, as a
substitute (although not quite the equivalent), we propose calibra-
tion by the use of a ballistic pendulum,

The ballistic pendulum has been described in the literature [20)
and [41]. Its working principle is evideat from Fig. 43.

2 A The frame on which the pendu-
lum is erected is made of steel
angle brackets in the form of a
‘truncated tetrahedral pyramid with
2 height of approximately 1 m. The
weights are metalllic cylinders with

3 a diameter of 70 mm and a length of

250 mm, each of which is suspended

TR, by eight threads so that their

Fig. 43. Simplified diagram movement takes place as far as pos-
of ballistic pendulum. 1)

Frame; 2) threads; 3) welghts; sible in one plane. The masses of

4) electromagnet. the weights are equal. The collid-

ing surfaces are made of tempered steel. In the rear portion of the
colliding weight is a steel insert b& vhich the weight may be re-
 strained by an electromagnet. The electromagnet may be shifted, thus
varying the velocity of the colliding weight. In calibration, it is .
nece;sary to knoﬁ the veloqity of the colliding weight Yo and to re-
cord the acceleration curve as a function of time. Obviously, it 1;
necessary'tirst to determine the natural frequency of th§ accelerome-~
ter and to evaluate the collision time in order to be solidly con-
. -6 - :




o g

ARG e

vinced of the accuracy of the accelerometer
readings. '

The determination of the acceleration
scale and maghifude of acceleration 1is illus-.
trated in Fig. 44 which represents a portion
of an oscilioéx:am obtained.

If we place the acales of the time meas-

Fig. 44. Determina-

tion of accelera- urement kt and the acceleration measurement
tion scale on im-
pulse osclllogram. ka on the oscillogram so that

then obviously

Fig. 45. Detailed diagram of accelerometer
calibration by the use of ballistic pendu-
lum. 1) Contact plates for veloclty meas- -
urement; 2) stand made of insulating ma-
terial; 3) leads to circuit of oscillograph
synchronizer; 4) accelerometer being cali-
brated 6 5) plates made of insulating mate-

rial; 6) sliding contact. EO) Olcinoguph'
E%ates;- 2G) standard frequency gmm or;

) cathode follower; Y) amplifier; F) fil-
ter which suppresses standard frequency.

t-ktli"k"g‘ |
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I'm L)
v, = ! a-dt - kky Iy-ds = Rkt Foy

Fig. U46. Example of calibrated oscillo-
gram. 1) Impulse acceleration; 2) record
of velocities and collision times; 3)
calibration voltage for determination of
accelerometer sensitivity.

therefore,
Ry = D

D
and the acceleration in impact is kayn‘

When defemining ka.’ it is most difficult to calculate I'o. It is
better, of course, to make a graphic integration. If the curve y(s) 1is
closely similar to a semisimusoid, then Fo - 2smym 7. If, however, it
suggests the curve e""a'2 » then Fo - J;r-/ac. The principal error of
the calibration arises precisely at this stage, ' -

The time scale k, is determined by the ususl method from the
standard frequency. The velocity v, 1s generallyv calculated from the
angle of deviation and the lengths of the threads. But this is not a

very accurate and convenient method. "Bm ballistic pendulum of the ma-
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If‘ig. 47. Nomocgram for determination of acceleration of hare
monile vibratory motion. 1) Amplitude of vibrations, mm; 2)
acceleration, g; 3) frequency, cps; 4) angular frequency o,
radians/sec.
chine dynamics laboratory was provided with a simple arrangement for
Arecording the time and the velocity Vos 28 well as the velocity of the
second weight on the screen of a double-beam oscillograph. This are .
rangemeht is depicted schematically in Pig. 45, and the oscillogram
obtained is shown in.Pig. 46 (for convenience of description, the time
scale is condensed at the individual points).
"~ In the arrangement for velocity determination, thé éb'ntact
plates each consist of two parts so that varlations in the dlnenqlona
of a movable contact do not show in the results. In reading, the time
is taken from the first to the second circutt closings (t, and t;) or
from the first and aecond openings (t' and t'z) The. componding
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Fig..l&& Nomogram for design of accelerometers. 1) f, cps; 2)
steel, Dural; 3) bronze; 4) brass, Micarta; 5) brass, bronze;
6) steel; 7) Dural; 8) Micarta.

Fig. 49. Diagram of use of nomogram shown
in Fig. 48. 1) Given; 2) bronze; 3) an-
swer.

intervals on the plates are also measured on the basis of the circuit

closings by a movable contact which is shifted with a micrometer

screw. A standard frequency generator creates noticeable settings on'
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the two channels; therefore, a filter in the form of a d&uble T~
shaped bridge, which 1s tuned to this frequency, 1s connected between
the amplifier to the accelerometer and the oscillograph. A small set-
ting on the channel of the velocity and time of impact recordings,
however, only aids when the oscillogram is processed. A calibrated

voltage of lower frequency, which 1s supplied'to the amplifier to de-
termine the voltage sensitivity of the accelerometer (ﬁillivolt/g),

is also apparent on the oscillogram. .

Manu-

seript [ Footnote )
Page . 4

No.

1l The most general designation for an instrument used to meas-
ure accelerations. .

Manu-

script [List of Transliterated Symbols]
Page

M.

10 BHX = vykh = vykhod = output

1k ¥ = u = uprugly = elastic

1k ¢ = g = gila = force

3% I = D = Datchik = Sensor

5k ¥ = u = udaryayushchiy = colliding
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