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'?§ AN INSTRUMENT FOR RECORDING ACCELERATIONS AND INCLINATIONS
-IN DETERMINATIONS OF THE FORCE OF GRAVITY AT SEA

) [This is a translation of an article written by V. V.
Sukhodol'skiy in Izvestiyas Ak Nauk SSSR, Seriys Geofi-
zicheskays (News of the Academy of Sciences USSR,

. Geophysics Series), No. 11,1959, pages 1570-1578.]

A deseription is given of the RNVU instrument, which regls-
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 glven.

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 measurenent, and their effect must be taken into
account. As wag already shown by Wening-Meines, Braun, and L. V.
Sorokin, in marine gravimeiric observations it is necessary to
regleter the inclinations and horizontal sccelerations 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 (RWVU), consisting of two inclination-measur-
ing longe-period pendulums and a vertical accelercmeter.

The two horizontal accelerameters were mounted directly on the
stand of the pendulum instrument in such a maymer; that they were
recordsed on photographic film simultaneocusly with the recordings of

* the readings of the real and fietitious pendulums,.

The experimental shop of the Special Conatruction Bureau
(SKB) for Geophysical Instrument Bullding of the Institute of Earth
Physics, Academy of Scilences USSR, has built in 1955 two NEVU
instruments and a set of horizontel accelerometers; these were used
by the expeditions of the Academy of Sciences USSR in 1955~1957.

The principal parameters of the accelerometers, namely the
~natural oscillation period and the damping constant of the pendulunms, B
i
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# were computed on the basis of the following considerations.
The motion of the base of the gravimetric instruments, in the
case of cbservations at sea, cen be considered to be slmost harmonic.
The displecement and the acceleration of the mounting can be
represented here in the form '

. 2(t) = Zm-sin e, - )
. Z(t) = — Ly 0?-8i0 W, ' (2)

Gl
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whera Xy == amplitude of oscillation of the base of the instrument;

. ¢
'

H 2
o= 7% -- the circular frequency of of oscillation; t - time.

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

y=—v,-Uy-200) | 3

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

U, =c.0t (4) |
Then | | |
Y= —pc- 0z (t) = v,c-;(t). . 5

The equation of the frequency characteristic of the pendulunm
[1] has the form
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where :;_qla.%!._; n; = .;1:. 3 Dy == the damping constant of the pendulim,

and Ty is the period of the natural oscillations of the pendulum,.
It is easy to see that
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and conseguently

———’;‘-n@"; t t v L] {io)
y= 3 ( )VT-FT% :
The recording will correspond to the actual accelerations,
if in BEq. (00) ymzi,r. e. x{i.
The error in the anplitude is A
NS VIUVUNEE V28 DS Bbestt e {4
a“"' /’x lﬁ[“g + ui | . ( )

Specifying an error of ome percent (@ = 0.01) and using a
damping constant D = 0.k as recommended for our case, we Jetermine
the period of natural oscillations Ty of the accelerometer pendulum

'
Ih<3R. (12)
» On the besis of data of marine grslﬁixetric expeditions]

T min = 4:sec, Consequently, T; = 0.48 sec, i.e., for accslerometer
calculations one can assume Ty = O.M5 sec. We then oblain from the

formuls Tyma2n ‘/:? a value L = 5 cm for the reduced
length, and by using the formula
| _ K 43
L=, ' )

we can readily determine the dimension of the pendulum elenents.

The moments of inertia about the axes passing through the cen-
tars of gravity of the pendulum elements are considerably smaller
+hen the moments of inertia of the masses of the pendulum elements
shout its cwn axis of rotation, Therefore, in the design of the
pendulum one can use the eguation

>Kp &MxR:z+M:R§3, (M}
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where Kg is the moment of inertiea of the pendulum, Mlvand M, are
the masSes of the pendulum elements, Ryy and Ry, are the distance

from the axis of rotation to the center of gravity of the pendulum
eleoments. From constructlonal considerations (Fig. 1), we specify
dimensions for the mogses Ml of the pendulum and My of the

damping plate, and also the distance Ry between their centers of

gravity.
Selving simultanecusly Egs..(13) and (li&) , and substituting
Rop = 301+‘?y,weobtainthevalmsor301 Rgpe
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Fig. 1. Diagram of horizontal accelserometer

In direct reglstration [1] the damping onstant of the pendulum
is Dl = I)l0 + D:Ld:’ vhere D:LO is the frection of damplng due to absorp-

tion of energy by purely mechanical means {air resistance, friction
in the suspsnsion, etc.); Dld: is the fraction of damping dus to

interaction of elactric eddy currents, which are produced in the
damping plate as 1t moves in the magnetic field of the magnet, :
Since the pendulum oscillates on & shaft of very small dlamew
%er, supporied by agate bearings, the friction in the pendnlum sus-
pengion will be swall, The value of Dyg is many times smaller

than the value of Dy4; one can therefore disregexd the damping
fraction Dy snd to use in the damper design the ‘approximate
equation

Dy =Dyy - (15)
In the.case of damping due to eddy currents 1]
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where H 1s the intensity of the magnetic field in the armature

gep (oersteds); A »~ the electric conductivity of the material of
the plate {ows™tmue); V ~= the volume of the damping plate, located
in the magnetic field (em?); Ly =~ the distance from the pendulum
axis o the center of the damping plate (em); Kp «~ the moment of

inertia of the pendulum about i%s owa axdis (g-cre)s By == angular

frequency of the pendulum's natural osecillations; € ~- a coef-
fieient which depends on the form of the damping plate (experi-
mentally determined), For a plate of rectangular form, projecting
cutside the alx gap of t%? magnet at least half the widith of the
pole pleces, & = hox 10 In the design of the magnetic sysiem we
will put D = O.%, When a damping vlate of red copper is used to

coastruct the damper, A = 57 mS/chm [L]. Inserting these values

in Bge (158 we determine the velue of Hy of the megnetic systen of

of damper S
P Z: Koo s

Froam theoretical calculation of the influence of correcitlons
on the inclinations and accelerations that act oo 8 pendulun instrie
mont in o Cardan suspension, we obtain the following: a) when the
veriod of the perburbing influences ls greater than 2 «- 3 sec, the
horizontal accelercameters with naturel cecillabion pericds of 1e““
than ose sscond register the angle 8, beltween the instantaneous

- yartical and the geometric axis of the instrument (Fig. 2):

B) incllvation-measuring pendulums with natural oscilla-
tion periods of 30~4C sec. reglster the angle K. beiween the
guometric axis of the instrument and the true vertical when the
period of the perturbing infiuvences is less than 15 or 20 gec.

To record vertical accelerations, one uses a pendulum which
sasponds weakly to horizontal accelerations and inclinations, This
condition is best satisfied if the center of grevity of the penduivm
11&? in the same horizontal plane as ite axis of rotation. The

pendulun is maintained in such a position with the aild of a springe.

"o regleter vertical sccelerations we use z pendulum with the

darpexs the design of which was given sbove, using a spiral spring
to meintein the pendulum in a hordzontal position (Flge 3)e

To insure the specified period of nabural oseillations in the
pendulm, 1t is necessary to select & spiral spring which maintains
the pendiulum in a horlzontal position.

The stiffness of the spring C | is debsrmined from the follow-

P
ing relations [1]:

&

&
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ni K
R (17)
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where K is the moment of inertia of the pendulum, n_ the circular
frequenty of the pendulum, and a 1s the dlstence the place vwhere
‘the pendulum spring is a'b'bachea to its sxils of rotation.

"\, Pendulum of
\ horizontal
\ accelarcueter

Fig. 2
Placement of the instrument relative 'be the instantaneous
and true verticals. l--true horizon, 2--true vertical, o
3-~geometric axls of the instrument, lLe-instantaneous vertical.
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Flg. 3
Diagram of verbical accalerane‘ber‘

Specifying the value of a from design considerations; we

determine the stiffness of the spirel spring C, from an. %
From the value of the stiffness, by specifying a mean &
winding radius R for the spring and & wire diameter 4, we j??‘

. determine the number of turns N of the spring by means of the _f




¥ formila ' G-t '
. Cp . i

= WNR -9

Vhere G is the shear moduwlus (8 x 10+ g/cm=sec, for steel),

From the megnitude of the force ¥ stretching the spring
we determine the elongation of the spring

¥ ‘ Yo .= i
S YT

. The length of the spring, with allowance for iis elongation
under the influence of the force Pp =Py + Py, is determined from
the eguetion : e

g

P R
q%r =k i ygsw

In ordsr for an inclination-measuring pendulum to maintain
s horizontal position with sufficient reliability-while the inclina-
tions of the instrument vary with a period T = It =~ 12 sec, its
naturel oscillation period should be on the order of 30 ‘== kO sec.

| 4he coustruction of the vertical pendulwm with the center of
gravity located near its axls of rotation insures, at relatively
smell dimensions, the required period of ngtural oscillations.

1% was proposed earlier (Wening-Meimes, L. V. Sorckin) to use
for this purpose & construction of a long-period penduium ogseillating
on an agate knife edgs.

In such s long-period pendulum the friction between the knife
and the agate baaring is very smell, and when the center of graviiy
of the pendulum shifts relative to the knife edge by a very small
quentity 1% is possible %o obiain a restoring torqus, sufficient
4o overcoms the resistance forces.
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Dlagram of inclination-measuring pen&.\ﬂ.mn‘
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From Bqe. (13) 1%t is secen that %o obtain & pendulim with a
large reduced length it is necegsary to construet such a penduium,
which would have g considersble moment of inertia with relatively
small mass.

In addition, the construction of the pendulum should provide
For the posgibility of shifting the center of gravity of the pendi-
lwen pelative to the knife edge, by means of o micrometer-mounted
additional welght, so that the value of Rg can be get on the order
of 20--3C o From these conslderations, we determine the required
dimensions of the principal elements of the pendulum (Fig. %).

Enowing the dimensions of the pendulum elements, the size of
e masses, and the position of the center of gravily, we deter-
ming the moment of inertia of the pendulunm KP about its axis of
oscillation. : '

Toe natural period of escillations of a long-pariod pendulum,
wvith a moment of imertia K, = 41120 g-cw®, could be reduced to 36

sec, ugsing air demping with the aid of a dash pot to damp out the
oscillations of the pendulum.

Aecelevometers and Inclinablon«Measuring Pendulum

The horizontal accelerometer is & pendulum, vhose axis rotates
in a housing with sgate bearings (Fige 5).

Tharks to the swall dlameter of the shaft, the friction in the
agate bheaying is very sanll. Secured to the rod of the pendulum
is a mirror, which reflects light from an illuminsotor umto a photo-
graphle f1lm of the registering portion of the marine pendulun
instrument.

When the pendulum escillates, the damping plate, made of red
zr, moves in the gap of a magnetlic system, conslisting of two pole

made of Armco stecl and & magoet made of Megnico alloy,
hetween them.

By rotating a special knob the pendulum csx be locked and
unlocked,.

The constiuction of the vertical asccelsrometer is analogous
to the comstruction of the horizontal accelerometer, differing only
in the presence of the spring, which mainbains the pendulum in s
horizontal position, and a deviece to regulate the tension of the
spring (Fige 6)e
A longeperiod pendullum with alr damping consists of a rocker
arm with & budlt in agate Jnife and screw rod, on which an adjusbing
ass is located (Fige 7).

The rocker zim with the details mounted on it rocks freely on
an agate knife, the edge of which rests on agate besrings. On the
base, in addition to the agate bearings, are secured the dashpot
cylinder and the locking device.

Fosbened on the penduwlum are pistons, which enter with a
gap of  Le2 mm, and the cylinders of the dashpot.

by



a As the pendulum rocks, air damping is produced by the dis-
placement of the plstons in the cylinders. v increase the degree
of daaming, grooves are cut on the inner surface of the cylinders,
which produce turbulent air motion as the piston moves.

Overall view of a horizontal acceleromeiter with cover removed.

Fig. 6 :
Overall view of vertical accelercmeter.
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Overall view of inclinstion-messuring accelercmeter.

On the rocker of the pendulum is a mirror, vhich yeflects
the reys of light unlo the phobtographle film of ‘mﬁ reglsbaring
portion of the instrwment.

The pendulum is locked h}r means of & apeamw. knob, which
sohates the rising eccenbric of the clamping device, The locking
device has s self-sbopping device, which gards egplost spontenecus
uniecking of the pan '“:s},}ww

Befors tha clort of the observailons, in oxder to caxyy oub
recorddngs of the period of matuwral oseillations of the pendcd 3
is veecesssyy B0 deflect it by o cevxtain angle, apd for ‘Lms m,m» 3%
a starting device ig provided in The imlixmmcrmm«%mimg pendaive

The pendulum is storted by losding the rockeyr arm with s
miniature wire ring welghing a few milligrams. This disturbs the
equilibrius of the pendulum, which deflechs by a cerialn angle.

sugx

o

Recorder of Inciinaticns ssd Accelerations (FRVU)

e recorder of inclinsticus and c*c:ma rations (REVE) le
movayhed during the 'bimfz 5P chgervabions on the housing of the
panduliwe ingbrument. In the housing of ufii"’ ingtrusent are mourded
the dwe inslinetion *gzeué:fz:h 35 and one vertlcal asccelsrometar, Two
horizontal ascelerometers arye placed directly in the pendulum

instrument, and the recording is produced ob the swme tlme with the
reccrding, ef the aotusl acd Fictitious pendulum on a single phobos
&r e,ud."&.,&ﬁ filn.*®

¥in those cases when the ascceleromsters are located nesr lovar
pendulums or guartz pendulwumes with luvar heads, 1t was reodme
manded that the pendulums of the asceleromebers be damped by &
liguld damping method insitead of megnetic.

-
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Moving in the veriical guides of the housing is & £ilm
cassette, which holds 10 m of film of 60 mm width, When the
casetts moves into the housing of the instrument, s light-type
blind which covexs The slit in the cassetite opens auvbomstically.

Mounted in the RWU instrument is o slit time merker of the

sloy Gype, vhich s opsrated by a contact-malcing chronometer or
. other contact malking mechanism and which produces time markers
over the embire width of the photogrephic £ilm in the form of some
transverse lines.

The RNVU instrument permits reglstration at three film
speeds: vy = 075, v, = 1.5, and Vg = 3.0 nm/sece.

ety

¥ig. O shows the optical diagrem of the RIVU instrument.
Tight from the streight-filament lamp Iy passes through prise Py
ond eondsnser ¢ and falls on the group of mirvors I-i; - Mgs which
flect the light rays unto nirrors M., and Mo, of the incling-
scasuring penduiums and on mirror MA of the vertical acoelom
After passing through objectlives Oy (spherical l,ense.s}} Incated

in front of the mirror of each pendulum, and being reflected from
toe latter, the light rays agein pass through +the cobjectives O; and
ane reflected by the nirrors Mlm-mé on a photographie film, which
atad in front of the photogrepbic film, gothers the ilmegss
the vertiesl fllement of the lamp inko bright spots of light.
Fige © showe the kinematic dlagram of the instrusent. The

e wound by the drive shlft DS of the casette. The eylindrical lens

{7:'?

clechric mobor B joined through e worm gear reduction WG with o
gear-change box, drives the winding mechanism ol the cassebtie.

takeup for the cassetle TU rotetes uniformly, and therefore ‘the
stic link between 1% and the idler spool conteins & friction
o, insuring the slipping of the lattexr es it becomes filled vp
e he soced iy changsd by shifting the inter chsngeahls
Zons Zzzs and Zy)e

&

Fig. 1078hawe the ‘electrie diagram of the RVU instrument.
comnected o the terminmals PT is 12 v de, The switch CS connects
the current to the elechkric supply of the iumstrument. Simultaneously
1% corpects the signal lamm SL and the lamp STs-79 (2.5 v and 2.8
amp) of the penduluw illuwsinstor PI. The switch M5 connects the
clectric motor B, which has terminals RMT for remobe control. When
the mobor Ls twrned on e rewinding of the film heglns.

The switch T closes the cilreuwlt of the relay time marker R,
wsich is operated by the chronometer through a polarized relsy.
Conneched in the civeuit of the STs~T8 lamp (7 v and 0.5 amp) of
the time marker Illuminator is & supplementary resistance SR,

vhich reduces the bube filament volbage to 7 volts. The necessary
£ilament ourrent in the illuminator lamp, depending on the speed of
mobion of the photographic film and its sensitivity, is get by ‘

e 1L e
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Fig. 8 -
Opticsl dlagram of the RNVU instrument, Ll == lanmp of pene
dulun 1lluninetor, L, ~- lamp of time mexker illuminator,

Py =~ prism, C -~ condenser lens, Ml - M6 == yeflecting
nirrors, Pn ~- time marker prism, B -~ blind of slit time

mexrker of relay tyve, Mi ﬁ -- mirrors of inclination-
measuring pendulums, -~ mivror of vertical accelercmeler,
0y - obJectives, CL =~ cylindrical Jens, DS == drive shaflt,

IS == idler spool, TU -~ takeup spool.

b [ e 3 '
Casette L\o e \“E“F;‘“
4 : 2?, z” Z.” GE Z&!.I!# ‘Z” Wzﬁ ﬂ'!

interchangeﬂb!a gears :

Kinematic diagrem of the RNVU instrument. E -~ electric
motor, WG -~ worm gear, DS ~- driving shaft, IS -~ ldler &
spool, TJ -- takeup spool, GB -- gear box, Z -~ gears. |

-!~’12.--
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Pig. 10

Electrie dlagram of the RUVU instrument. B =~ glectrie
wotor, PT -- power termiinsls of the instramsnb, €5 ~-
common switahs SL == signal lamp, PI -~ lamp of pendulon
iltwiinator, V «- yolimeter; B -- theosbatl, M5 -~ motor
switck, HMT -~ remobe control terminsls for wolor, Y ==
reloy time marker, IM -« lsgmp of tlme marker 1lluminator,
IR == guppliemerdery resistence, ™ ~- time merker swibeh,
PR« polarized relay.

means of rheostat R

The tobal power convumed by the instoument is 18 watts at
1@?‘@ ' . . ’

The tests mede on the ANVU instrupent in horizoatal aceslerc-
meters have shown that the pendulume of the serceleromebers and inelis
uation maters have the following data.

1. Pendulum of vertical accelevometer. Nabturael oscillations
paricd ¥ = 0,25 sac, sensitivity abt an opfleal arm of 350 mu -~
aceelerstion of L gal rovresents 0.3% mn on the recording.

2o Pendulum of horizontel accelercmeters. Perdcd of natuwral
oselilliations T = 045 sec, sensibtivity at an optical awm of 1000
wn oee 2,05 mo correspond do an accelerstion of 1 gals -

%, Inclinatiocn-messuring pendulums. Feriod of satural oscll-
lations Ty = 39 sec, Iy = 36 seey sensitivity ot an optiesl awp of

v g

BEG mmn -w 19.2 mm on the recording corresponds to an angle of
inelicatlon 1%, : '
He Senslbivity of the pendulimss of the borizontal acselero-
4ers to inclinations, at an optical arm of 1000 mp == 34,9 mm
vhe recording corresponds to sn angle of inclinmetlon of 19,

Se The RNVU instrument mekes it possible o register




e

¥ nelinstions vp to I 20 and vertical accelerations wp to T 85 gal.

4

The period of maturel oscillations of the pendulum of the
vertical accelerocueter is less than the caleulated velus, since
in the menufacture of the verbical accelerameter a spring was
inserted in the instrument, which maintains the perdulum in e
norizontal position with greater stiffpess than assuwed in the
caleulations. _

e dimensions of the ERVU instrument with the cassette
are 540 % 390 x 260 mm. The instrument with two czssettes welghts
21 kg,

Tn 1957 the RNVU instruments vwere modernized; so as to doulle
the range of registretion of inclinations and verdicel accelerabions,

Tn the modernized instrument & new cassebbe ls used, which
holds 12 m of £ilwm 120 mn wide. The dimensions and welght of the
instreent remain unchange .

At the present time the modernized RNVU-M instruments are
pead in marine expeditiocns of the Acedemy of Sclences, USSRe

cademy of Sclences USSR, ' Received T February 1959
nobitute of Barth Selences

‘.
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