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$   AN INSTRUMENT FOB RECORDING ACCELERATIONS AID INCLINATIONS 
IN DETERMINATIONS OF THE FORCE OF GRAVITY AT SEA 

[Shis is a translation of an article written by V. V« 
Sukhodol'skiy in Izvestiya Ak Nauk SSSR, Seriya Geofi- 
zieheskaya (News of the Academy of Sciences USSR, 
Geophysics Series), No. 11,1959, pages 1570-1578.] 

A description is given of the RNVü instrument, which regis- 
ters inclinations and accelerations of the base of a gravimetric 
instrument when used to determine the force of gravity at sea; the 
principal data and characteristics of the instrument are given. 

Purpose of the RNVU Instrument and Principal 
Computational Data 

When the force of gravity at sea is determined by means of 
surface ships, the inclinations and accelerations influence greatly 
the results of the measurement, and their effect must be taken into 
account. As was already shown by Wening-Meines, Braun, and L. V. 
Sorokin, in marine gravimetric observations it is necessary to 
register the inclinations and horizontal accelerations in two mutual- 
ly-perpendicular directions, and also the vertical accelerations of 
the base of the instrument« 

For this purpose, the author of this article developed in 1955 
a registering instrument (BNVU), consisting of two inclination-measur- 
ing long-period pendulums and a vertical accelerometer. 

The two horizontal aceelerameters were mounted directly on the 
stand of the pendulum instrument in such a manner, that they were 
recorded on photographic film simultaneously with the recordings of 
the readings of the real and fictitious pendulums. 

The experimental shop of the Special Construction Bureau 
(3KB) for Geophysical Instrument Building of the Institute of Earth 
Physics, Academy of Sciences USSR, has built in 1955 two NEW 
instruments and a set of horizontal accelerametersj these were used  f 
by the expeditions of the Academy of Sciences USSR in 1955 -1957»     '%■ 

Ihe principal parameters of the accelerameters, namely the    | 
natural oscillation period and the damping constant of the pendulums, } 
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^"Vers computed on the basis of the following considerations. 
The motion of the base of the gravimetric instruments, in the 

case of observations at sea, can he considered to be almost harmonic. 
The displacement and the acceleration of the mounting can be 

represented here in the form 

Xity^X^-BWbii, (1) 

x(t) — ~xm-<»)t'tin<fii, (2) 

where a^ — amplitude of oscillation of the base of the instrument; 
2« W=ST« "" *ke circular frequency of of oscillation; t - time. 

The amplitude of oscillation of the accelerometer pendulum is 
determined on the recording from the equation 

y== — i?0./7i.«(/). (3) 

To reconcile the recording with the actual accelerations it is 
necessary that the frequency characteristic of the accelerometer 
have the following form 

Then 

y==—Vffi'i>i%x{t) — V& •«*(<)• (5) 

The equation of the frequency characteristic of the pendulum 
[1] has the form 

where », *= -Si. • n. = ~ > öi — the damping constant of the pendulum, 
~A  » '  *  Jfj   •"- 

and T^ is the period of the natural oscillations of the pendulum. 
It is easy to see that i 

V,+(^T) 
or 

17t-^..pi-. <8) 
it» Vl+x 

i 
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where 

and consequently 

The recording will correspond to the actual accelerations, 

if in Eq. (10) yX+^Äl,T'e* *<^:1* 

Tba  error in the amplitude is 

<*«Vtx = 7t 
2<2Df-i) f 1 ■ 2(2P| (11) 

Specifying an error of one percent (a = 0.01) and using a 
damping constant D = O.k as recommended for our case, we determine 
the period of natural oscillations T^ of the aceelerometer pendulum 

On the basis of data of marine gravimetric expeditions', 

^mia = 4 sec. Consequently, Tx * O.kQ  sec, i.e., for accelerometer 

calculations one can assume T± = 0.1*5 sec. We then obtain from the 

formula   fj *» 2»l/X      a value 1 ~ 5 cm for the reduced 

length, and "by using the formula 

/•-= 
K 

M'R\ 
L. W » 

we can readily determine the dimension of the pendulum elements. 
The moments of inertia about the axes passing through the cen- 

ters of gravity of the pendulum elements are considerably smaller 
than the moments of inertia of the masses of the pendulum elements 
about its own axis of rotation. Therefore, in the design of the 
pendulum one can use the equation 



«■ 

where IL> is the moment of inertia of the pendulum, Mj_ and Hg, are 
the masses of the pendulum elements, 1^ and ^ are the distance 
from the axis of rotation to the center of gravity of the pendulum 
elements« From construötional considerations (Fig. 1), we specify 
dimensions for' the masses Mj_ of the pendulum and 3^ of the 
damping plate, and also the distance IL "between their centers of 
gravity. 

Solving simultaneously Ek£S. (13) and (Ik), and substituting 
%2 " %L + *V* we °ktain ^^ values of 1^ and B^» 

Fig. 1, Magram of horizontal accelerometer 

In direct registration [1] the damping onstant of the pendulum 
is D^ - D1Q + Did, where I^0 is the fraction of damping due to absorp- 

tion of energy by purely mechanical means (air resistance, friction 
in the suspension, ete„)j B^. is the fraction of damping due to 
interaction of electric eddy currents, which are produced in the 
damping plate as it moves in the magnetic field of the magnet. 

Since the pendulum oscillates on a shaft of ver^r small diame- 
ter, supported by agate hearings, the friction in the pendulum sus- 
pension will he small, 2ae value of X^Q is many times smaller 
than the value of Didj one can therefore disregard the damping 
fraction D^Q and to use in the damper design the 'approximate 
equation 

^»^d - 

In the^ease of damping due to eddy currents [1] 

(35) 

^d   !=c- 
_    #fv t\ 

■i-ffp'Hp h (16) 
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MT where H is the intensity of the magnetic field in the araature 
gap (oersteds) *, %-  — the electric conductivity of the material of 
the plate {oWhrnP);  V — the volutoe of the damping plate, located 
ia the magnetic field (cxa2)j 1^ — the distance from the pendulum 
axis to the center of the damping plate (cm); K  »- the iao»ent of 

inertia of the pendulum about its own axis (g-cnr).$ n — angular 
P 

frequency of the pendulum's natural oscillations; S — a coef»   . 
ficieat which depends on the form of the dancing plate («srperi- 
mentally determined)»   Far a plate of rectengular fom% projecting 
outside the air gap of £h& aagaet at least half the width of the 
pole pieces^ 8 « k x 10"°.   Ia the desiga of the Eagnetlc syste» we 
will put D = Q»k,   When a damping plate of red copper is used to 
construct the daraper, X « 57 naa^/ohia [1]»    Inserting these values 
in Eg,*    (16) we determine the value of E, of the magnetic system of 
of damper 

From theoretical calculation of the influence of corrections 
on, the ineHaatlons and accelerations that act on a pendulum instru- 
ment in a Cardan »suspension, we obtain the following: a) when the 
period of the perturbing influences is greater than 2 — 3 sec, the 
horizontal accelerometers with natural oscillation periods of less 
than one second register the angle 6.a between the instantaneous 
vertical and the geosjetric axis of the instrument (lig. 2): 

b) inclination-measuring pendulums with natural oscilla- 
tion periods of 30~^0 sec. register the angle öC between the 
geometric axis of the instrument and the treue vertical when the 
period of the perturbing influences is less than 15 or 20 sec» 

To  record vertical accelerations^ one uses a pendulum which 
responds weakly to horizontal accelerations and inclinations. Ibis 
condition ia best satisfied if the center of gravity of the pendulum 
lies in the same horizontal plane as its axis of rotation. The 
pendulum is maintained in such a position with the aid of a spring* 

To  register vertical accelerations we use a pendulum with the 
dazsper, the design of which was given above, using a spiral spring 
to maintain the pendulum in a horizontal position (Fig«, 3). 

'IQ insure the specified period of natural oscillations in the 
pendulum, it is necessary to select a spiral spring which maintains 
the pendulum in a horizontal position» 

Sie stiffness of the spring C is determined from the follow- 

ing relations [1]: 

^P-™r~. (17) &' 



where K-. is the moment of inertia of -öxe pendulum, n_ the circular 
frequency of the pendulum, and a is the distance frei the place where 
the pendulum spring is attached to its axis of rotation. 

\ 

Pendulum of 
horiaontal 
accelarometer 

Jig, 2 
Placement of the instrument relative to the instantaneous 
and true verticals • l~true horizon, 2*—true vertical, 
^--geometric axis of the instrument, k~~instantaneous vertical. 

Jig. 3 
Diagram of vertical accelerometer. 

Specifying the value of a from design considerations, we 
determine the stiffness of the spiral spring C„ from (IT), 

y 
From the value of the stiffness, by specifying a mean 

winding radius R for the spring and a wire diameter d, we 
determine the number of turns N of the spring by means of the J 



# fosaula 
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(«8) 

Iher© G is the shear modulus (8 x 103"1 g/sm-sec, for steel)* 
from the aagnitude of the force P stitching the spring 

we deteraaine the elongation of the spring 

V Spr 
-JJg   MWM<   # 

3te length of the spring, with allowance for its elongation 
under the influence of the force Pp - Px + P2, is determined from 
•äse equation 

U Spr .v.rf-f y; spr 

In order for an incUnation-raeastariag pendulum to laaintain 
a horizontal position with sufficient re3JLabilitywbile the inclina- 
tions of the instrument vary with a period T « k — 12 sec, its '^ 
natural oscillation period should be on the order of 30 — kO see« 

r&e construction of the vertical pendulum with the center of 
gravity located near its axis of rotation insures, at relative^ 
small dissensions, the required period of natural oscillations. 

It was proposed earlier (Wening-Msiaas, L. V* Sorokin) to use 
for this purpose a construction of a long-period pendulum oscillating 
on an agate knife edge. 

In such a long-period pendulum the friction "between the knife 
and the agate bearing is very sxaall, and when the center of gravity 
of the pendulum shifts relative to the knife edge by a very small 
quantity it is possible to obtain a restoring torque, sufficient 
to Gverccaaa the resistance forces. 

$ $? 

Hg. k 
Diagram of inclination-measuring pendulum 



'<*     From Eq.» (13 ) it Is seen that to obtain a pendulum with a 
large reduced leagfeh it is necessary to construct stach a pendulum, 
which would have a considerable moment of inertia ■with relatively 
ss&ll mass« 

:      In addition,, the construction of the pendulum should provide 
I    for the possibility of shifting the center of gravity of the pendu- 
^ lisa relative to the knife edge, by means of a ratcrotaeter-JBOUttted 
s additional weight, so that the value of E can be set on the order1 

■ \:  of 20—30  « Fran these considerations, we determine the required 
"'fi  dimensions of the princi;pal elements of the pendulum (Fig* ^5» 
(      Knowing the dimensions of the pendulum elements, the sise of 

the nasses, and the position of the center of gravity* we deter- 
mine the moment of inertia of the pendulum KL about its axis of 
oscillation. 

Baa natural period of oscillations of a long-period pendulum, 
with a moment of inertia KL » ^1120 g-crn^, could he reduced to 36 
sec, using air damping with the aid of a dash pot to damp out the 
oscillations of the pendulum» 

Aceeierceaeters and Inclination-Measuring Pendulum 

Tbs  horizontal accelerometer is a pendulum, whose axis rotates 
in a housing with agate hearings (Fig» 5), 

Shanks to the small diameter of the shaft, the friction in the 
;' ■' agate hearing is very small. Secured to the rod of the pendulum 

•■■■ is a mirror, which reflects light from an illuminator unto a photo- 
graphic film of the registering portion of the marine pendulum 
instrument« 

When the pendulum oscillates, the damping plate, made of red 
copper, moves in the gap of a magnetic system, consisting of two pole 

. pieces made of Armeo steel and a magnet made of Magoico aHoy, 
placed between them. 

By rotating a special knob the pendulum can he locked and 
unlocked« 

Hie construction of the vertical accelerometer is analogous 
to the construction of the horizontal aecelerometar, differing only 
in the presence of the spring, which maintains the pendulum in a 
horizontal position, and a device to regulate the tension of the 
spring (Jig. 6)* 

A long-period pendulum with air damping consists of a rocker 
arm with a built in agate knife and screw rod* on -which an adjusting 
mass is located (Fig. 7)* 

The rocker arm with the details mounted on it rocks freely on 
an agate knife, the edge of which rests on agate "bearings* On the» 
"base, in addition to the agate hearings, are sectored the dashpot 
cylinder and the locking device. 

Fastened on the pendulum are pistons, which enter with a 
gap of 1.2 mm, and the cylinders of the dashpot* 
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r As the pendulum rooks, air damping is produced by the dis- 
placement of the pistons in the cylinders. To increase the degree 
of damping, grooves are cut on the inner surface of the cylinders, 
which produce turbulent air motion as the piston moves. 

Hg. 5 - 
Overall view of a horizontal aeceleroraeter with cover removed. 

Fig. 6 
Overall view of vertical accelercaseter. 
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Fig* 7 

Overall. view of inelinatioa-a^asiiriag accslercaaetere 

On, tls& rocker of the i^a&uiyia is a.mirror# vMch reflects 
the rays of Hgb* mto thfe photographic flls of the registering 
portion of the instrtsmeiit« 

Bhe pendulum is locked "by ssea&s of a special taöhj, which 
rotates the rising aeeantele of the clasping device»    Sb© locking 
device has a self»stcyppiag device, which guards against spoalmaeons 
unlocikisg of the peaduliaa* 

Before tha start of the obsexTratlcsas^ In oräar "to carsy out 
recordings of the period of natural oscillations of the p@&&iü.»% it 
is aeceßssxy to deflect it "by a certain angle^ and for iMs pisrposs' 
a starting deyiee is provided la the Incllaiatl<3a«»saeas«rißg peadolym* 

2b« penduluss is started "by loading the »ate arsi with s, 
sdniatur© wire ring weighing, a few adlUgmas,    ffi&s disisarbe the 
equilibrium of the pendtsltsa, which deflects by a certain angle« 

Hecordsr of Inclinations and Aceeleratioas (HSYO) 

!Bie recorder of iadMimtioris a&& aecslfimtloas (HWd} Is 
njöunted teiBg 'the time of observations on the hcrasing of the 
v@nd.vXvx iasterument.   la the homing of the iastOTseat are mounted 
the two Inclination peiidtü^js aad one vertical .aceeleraaater*    f*ro 
horizontal, acaaleroiseters are placed directly in the pendwiM 
instmraent, aad the -recording is produced at the same ttae-wltfa the 
recording of' tha actual arid fictitious psndulum on a single photo- 
graphic film** 

*Srt£bs8 cases when the accelaroraeters are located near iavar 
pejäduLuffis or quarts pendulums vith Invar heads,    it ms reccsa» 
mended that 'the pendulusas of the aceelerometei's he damped hy a 
liquid ösarpiag aaethod instead of ffiagastie« 
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Moving in the vertical guides of the housing is a film 
cassette, which holds 10 m of film of 60 WL width, When the 
casette moves into the housing of the instrument, the Xigjht-type 
blind which covers the slit In the cassette opens autataatieally« 

Mounted in täte RHVU instrument is a slit tarne Barker of the 
relay type, which is operated by a eontact-aaking chronometer or 
seme  other" contact iaalslng mechanism and which produces time markers 
over the entire width of'the photographic flDa in -a» form of same 
transverse lines. 

She KNVÜ Instrument permits registration at three film 
speeds? v1 » 0.75, vg = 1.5, and v? » 3*0 m/sac* 

Fig» 8 shows the optical diagram of the HMVU instrument, 
Ii$xi from the straight-»filament lamp 1^ passes through prism ?£ 

and condenser C and falls on the group of mirrors M^ — Mg, which 

then deflect the- light rays unto mirrors Mn and %>, of the inclina- 
tion-measuring pendulums and on mirror MA. of the vertical aceele- 
roraeter pendulum» . 

After passing through objectives 0X (spherical lenses},, located 

in front of the mirror of each pendulum, and being reflected from 
the latter, the light rajs again pass through the objectives 0X and 

are reflected by the mirrors Mj--W^ on a photographic film, which 

is wound by the driv'e shift PS of the casette* She cylindrical lens 
CL, located in front of the photographic filw, gathers the images 
of' the vertical filament of the lamp into 'bright spots of light* 

Fig. 9 shows the kinematic diagram of the instrument. Hie 
electric motor I joined through a worm gear reduction WG with a 
gear-change box, drives the winding mechanism of the cassette* 
'Ihe taketip for the cassette TJ rotates uniformly, and therefore the 
kineaaticlink "between it and the idler spool contains a friction 
device, insuring the slipping of the latter as it becomes filled tip 
with film. !Ihe speed is" changed by shifting the inter changeable 
gears 2Up, Z,,, and ZM.. 

Jig, lCrfflMWs the electric diagram of the BKVU instrument. 
Connected to the terminals FT is 12 v Oc, Bie switch CS connects 
the current to tine electric supply of the Instrument. SiinuLtaneausJy 
it connects the signal lamp SL and the'lamp STs-79 (2.5 v and 2.8 
euro) of the pendulum illuroinator PI« Ihe switch MS connects the 
electric motor E, which has terminals MT for remote control» When 
the motor is turned on the rewinding of the film begins, 

Sie switch IK closes the circuit of the relay time marker EM, 
which is operated by the chronometer through a polarised relay» 
Connected in the circuit of the STs-?8 lamp (7 v and G«5 amp) of 
the time starker illuminator is a supplementary resistance SR, 
which reduces the tube filament voltage to 7 volts.. The necessary 
filament current in the ULundnator lamp, depending on the speed of 
motion of the photographic film and its sensitivity, is set by     * 
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rtt M,Qf*h"Li   Px 

Fig. 8 
Optical diagram of the ENW Instrument« I* — lamp of pen- 
dultsm illuminator., Ig — lamp of time.marker illtmsinator, 

?! — prism, C — condenser leas, MU -- % ~~ reflecting 

mirrors, Pg — time marker prism, B — "blind of slit time 

marker of relay type, M^j %o — mirrors of incMnation- 
me&stsring pendulums, MA — mirror of vertical aecelerometar, 
0, — objectives, CL — cylindrical lens, DS — drive abaft, 

IS — idler spool, TO — takeup spool« 

en- 

Casette 

WG 

!( rpm 

Interchangeable gears 

Pig.   9 
Kinematic diagram of the BNVCT instrument. E — electric 
motor, WG --■ worm gear, DS — driving shaft, IS — idler 
spool, TJ -» takeup spool, GB — gear "box, Z — gears. 
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Hg, 10 
Electric- diagram of the BMW instalment« S — electric 
motorj, ?ü? «-- power -tssrslsals of tfoe iastrisaeat, GS ~« 
common switch* SL — signal lajap, PI «- lasnp of pendulisa 
ilXtssia&tor, ? — voltmeter, R — rheostat^ MS •»- usotor 
switch^ ES «- remote control teHuinals for »tor# B>! — 
relay tings Marker, IM •»» iseap of time Barter illtaairsator, 

PR «» polarised relay. 
SB -«■ siipplÄmentary rösiatance* IM «- time starker svfltcb. 

jseaas of rheostat R« 
She total power consumed hj the instrument is 18 •watts at 

2fa© tests jK0.ds on tbe HRVU instrument in horizontal aecslero- 
meters have shown that the pendulums of the acceleroaaeters and ia.cH- 
nation rasters haye the following data« 

X* PeaäiüASB of vertical aecelsroaaeter« Natural oscillations 
pariod 2 « 0,25 sec^ sensitivity at an optical aasn of 550 ma — 
acceleration of 1 gal represents Q*3& asm on the racorcttug» 

2« Pendulum of horizontal accelercsaetes Period of natural 
oscillations T = 0.^5 sec, sensitivity at an optical arm of 1000 
xsm — 2a05 Km correspond to an acceleration of 1 gal* 

3« Iaclination-jaeastzring pendulum»». Period of natural oscil- 
lations fi^ « 59 sec., 0^ = Jo secj seasitiritg»- at an optical ar® of 

550 BEI — 19*2 asa oa tha recording corresponds to an angle of 
indication 1°. 

k»  Sensitivity of the pandultsns of the horizontal acselero« 
sisters to inclinations, at an optical arm of 1300 mm — 3^«9 ^ 
on the recording corresponds to an angle of inclination of 1°. 

5. ühe BNVU instrument makes it possible to register 
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inclinations up to t 2° and vertical accelerations up to t &?  gal« 
She period of natural oscillations of the pendulum of the 

vertical aceelerosaeter is less than the calculated value, since 
iß the jftanufacture of the vertical acceleroraeter a spring TOE 
inserted in the instrument, which maintains the pendulum in a 
horizontal position with ©-eater stiffness than assumed in the 
calculations« 

lbs dimensions of the HWU instrument with the cassette 
are 5k0 x 390 x 2Ö0 am, Sie instrument -with two cassettes weights 

In X95T the BNVU Instruments were ajodernissd, so as to ooufale 
the range of registration of inclinations and vertical accelerations» 

la the modernized instrument a new cassette is used, which 
holds 12 m of film 120 nsn wide. 2te dbnaxuslans and. weight of the 
instrument remain unehange * 

At the present time the modernized HNVU-M instruments are 
used in marine expeditions of the Acadeagr of Sciences, USSR« 
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