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Abstract

This paper describes a new class of mass
properties  measuring  indruments  which
exhibit performance that is 10 to 100 times
better than a1y measwring machine of
conventiond  design. This  extreordinary
magnitude of improvement is the result of a
new technology: high speed closed-loop
moment_sengng.  The basic concept is smilar
to the old re-bdance CG ingruments which
contained a counterbdance weight and a
motor drive to repogtion this weight so that a
moment baance was achieved.  However,
unlike the old “soft” technology which was
vey dow and ungable, the new technology
achieves balance in less than one second, and
because of the high loop gan, is dso very
diff and dable  Unlike most technology
improvements, there is no tradeoff. The new
concept improves dl of the peformance
criteriac sengtivity, dynamic range, linearity,
diffness, and overload protection. Dynamic
range and sendtivity are increased by a factor
of 100. Actud transducer dynamic range is
200,000 to 1! Linearity is improved from
.05% to 0.001%. Stiffness is increased by a
factor of 5 And findly, the new dedgn has
an overload cepability a least 10 times as
great as the conventiona technology. This
sounds too good to be true, and at firsd we
were skeptical, but extensve tests on a
number of indruments of different Szes have
faled to show up any disadvantage to the new
method.

Summary

Prior to the discovery of high speed closed-
loop moment sendng, the dynamic range of a
moment measuring transducer in a CG
ingrument was limited to about 2000 to 1,
and linearity was limited to about 0.05%.
Attempts to improve ether dynamic range or
linearity were hampered by the basic trade-off
between diffness and sengtivity. If the

moment transducer was made softer to obtain
greater dynamic range, then the test object
would lean away from the messurement axis,
and the system would rock back and forth for
severd minutes before the reading became
Seady, resdlting in excessvdy  long
measurement time.  For tal test objects, this
soft transducer system became ungtable unless
a vertical counterbalance was used. If the
moment transducer was made differ to
diminade these problems, then thermd
expandon of the transducer and drift in the
electronics caused mgor erors.  About a
factor of two improvement could be made by
usng AC exctaion with a load cdl
transducer, snce the AC sgnd diminated DC
drift and placed the frequency of the sgnd in
the low noise region of the amplifiers.  Other
techniques involving mached pars of
transducers could reduce the effects of
thermal expangon by another factor of two.
However, the increased complexity of these
features made it quedionable whether the
gndl improvement in dynamic range was
worthwhile.

Figure 1 — Active Moment Transducer
Circuit measures current required to center moment
arm. Thiscurrent is proportional to CG offset.
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Figure 1A — This shows the three basic moment measuring concepts used in center of gravity instruments. The
passive transducer (load cell, moment cell, or torsion rod with LVDT) deflects when a torque is applied. Linearity
depends on the mechanical characteristics of a spring. The axis of the instrument tilts under the influence of the
offset moment. The manual rebalance transducer is linear and accurate because the unbalance is counteracted by an
equal and opposite moment, restoring the mechanism to its original position. However, this type of system is very
soft, requiring vertical counterbalance to prevent instability. Measurement time is quite long. The active rebalance
transducer uses electrical feedback to accomplish the same goal as the manual transducer. High loop gain resultsin a
stiff system whichisalso very fast.




Conventiona instruments use a load cdl or
other displacement type transducer to measure
the unbdance moment. All of these
techniques require that the transducer deflect
in order to produce an output. This type of
technology employs a passve sensor. The
new method disclosed in this paper uses an
ative transducer. Rather than dlowing the
sensor to deflect, an equal and opposite torque
is applied to the measuring system to hold the
measurement  axis exactly veticd even
though the overturning moment due to the test
object CG offset is trying to tilt the axis. If a
high loop gan is used, then the sysem is
dmog infinitdly rigid. The torque output to
return the sysem to its neutra podtion is
measured rather than measuring the deflection
of a metd soring (for example, a load cdl).
Since the voltage required to excite a torque
motor is in the order of 25 \olts (as contrasted
with the 25 millivolt output of a load cdl), the
dectricd noiseisinggnificant.

For practica reasons, it is necessary for the
traditiond deflection type transducer to be
gzed with a safely margin between the full
scde moment of the insrument and the point
where the transducer yields. This means that
the full dynamic range of the transducer
cannot be taken advantage of, snce some of
this range is used up by the safety factor. The
active transducer described in this paper does
not have this limitation. If this new
transducer is overloaded, the torque motor
gently deflects until the system contacts a
rugged stop. Since the transducer cannot be
overloaded, there is no need to throw away
pat of the dynamic range to provide a safety
factor againgt possible damage.

Instrument Description - When  measuring
explosve devices, or test pats which are
difficult to fixture, it is often dedrable to use
an ingrument which measures both  Moment

of Inertia (MOI) and Center of Gravity (CG)
without the need for re-fixturing the test part.
For such measurements, the test object center
of gravity will rardy be coincdent with the
measurement axis.  This means tha the
indrument used to messure the combined
moment of inetia and center of gravity mus
be capable of messuring moment of inetia
through an axis which is condderably
separated  from  the principle axis The
ingdruments described in this paper ae
cgpable of high accuracy over a wide range of
test object weight and moment of inertia, and
permit the measurement of moment of inertia
about an axis which does not pass through the
center of gravity of the test object. An
inverted torson pendulum provides time
period data which can be easily related to test
object moment of inertia, while center of
gravity is determined by messuring the offsst
moment and dividing by the weight of the test
object.

Combined mass properties measurements are
best made usng a system incorporaing ges
bearings to support the test part and define the
axis of rotation and ether a (sphericd) gas
bearing or crossed web flexures to define the
pivot axis for measuring offsst moments. It
has long been recognized tha the spherica
gas beaing offes the combination of
extremely low friction to both rotationa and
overturning moments, plus extremdy high
diffness to forces a right angles to the
rotationa axis. Crossed web flexures dso
aford high diffness and low friction in pivot
goplications that involve very smdl rotationd
displacement. Vey gmdl rotationd
displacements are assured by using moment
resoration transducers which  have an
effective diffness gpproaching infinity.  The
specific sdection of gas bearings and/or
flexures is largdy a function of gpplication
I.e. test part weight, MOI, probable CG offset,
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and required accuracy. When  properly
desgned, the pivot axis remans fixed,
independent of the weight of the test part or the
location of the test part center of gravity. Pivot
axis definition of better than +/- 0.0005" is
readily obtained.

The two basc mechanicd configurations used
in the instruments described in this paper are
illustrated in figure 2A and 2B.

In figure 2A the test object is supported by a
gphericd bearing (usng a tex fixture if
necessary). If  no  additiond  redtraint
mechanisms were used on this sphericd
bearing, then it would be free to turn about any
axis which passed through the center of the
sphere.  In order to convert this basc bearing
into a useful mass propeties indrument, a
restraining method must be employed which
keeps the test surface horizonta while
measuring moment of inetia and center of
gravity. In our indrument, this redrant is
provided by a hollow tube which extends from
the base of the sphericd bearing. The lower
end of this hollow tube is attached to a second
(cylindrica) gas bearing which is connected
through a moment restoration transducer string
to the rigid indrument base dructure, so that
the deflection of this lower bearing is
extremdy smdl, even when large overturning
moments are gpplied to the test surface of the
indrument. A torson rod extends from the
upper surface of the bearing (the test table) to a
clamping mechanism a the bottom of the rod.
When this damping mechanism is released, the
sphericd  bearing is free to turn about the
verticd axis

In figure 2B, a flat gas bearing supports the test
pat and a cylindricd gas bearing defines the
rotationd axis. The bearing and test table
assembly is mounted on crossed web flexures
which define the pivot axis A moment am
extends from the gas bearing body and is
connected through a connecting rod to the

moment redtoration transducer.  The torsion
rod is mounted dmilar to that in figure 2A.
The measuring principles described beow are
the same for both configurations. For
convenience, the following discusson  will
refer to the spherica bearing configuration (fig.
2A).

Center of Gravity Measurement

The center of gravity of the test object is
determined by messuring the overturning
moment at two or more rotationa angles of the
bearing. The mogt accurate measurements are
made uang the technique shown in figure 3.
By averaging the moments at rotationd angles
displaced by 180 degrees, certain errors are
diminated.

Figure3

Leveling and Zero Offset are eliminated by averaging
moments at 0 and 180 degrees.



In order to obtan maximum sengtivity from
the indrument, a dud range moment
transducer is used. This type of transducer
senes gndl displacements due to offsat
moments and agpplies a restoring torque to
repogtion the test table to its initid
unloaded postion. This type of transducer
permits a dynamic range of 200,000 to 1 or
better.

It should be pointed out that by virtue of the
rotetion of the bearing during measurement,
it is possble to diminae many of the
sources of eror which exig in daic CG
messuring  Systems. Unbadance in the
fixture can be diminaed by tumning the
bearing and adding counterweights or
otherwise adjuding the fixture until a
condant moment reading is obtaned for Al
angles of rotation. Zero shift of the force
measuring system does not result in an error
gnce moment messurement is redive i.e
measurements are made at @ and 180° and
the difference in moment is used to compute
the CG location of the test pat. Smilarly,
errors in the leveling of the test surface will
result in equa readings for angular locations
spaced 180° gpart. The true CG location can
be mahematicadly determined from the two
readings, or the insrument can be re-levded
and additiona data teken. This permits even
tal thin pats to be accurately measured.
Since both axes of CG measurement are
determined using the same transducer, only
a dgngle cdibraion point is needed to
determine the moment sengdtivity of the
ingrument.  Tuming the ingrument 180°
detects any hyseress changes in the
transducer system. A perfect sysem results
in identicd moment readings but opposte in
direction (sign) for a 180° shift.

True CG offsat of test pat will result in an
offsst moment which changes as a function
of tesx table ange  Maximum negative
moment and maximum podtive  moment
will be displaced by an angle of exactly

180°.  Zero moment readings will be
obtained 90° from these maximum vaues.

Isolating tilt angle error from CG offsat

Figure 4a illudrates the effect of the lean of
the inteface surface on the accuracy of
center of gravity measurement. Even with a
center of gravity instrument whose accuracy
is better than 0.001", if the interface surface
is not precisdly perpendicular to the
gravitationd axis, then the test part center of
gravity can be displaced by a consderable
amount. This offst CG due to the lean of
the table can be digtinguished from true CG
offsst by turning the test surface through an
angle of 180°. As the drawing indicates, an
goparent CG offset due to the tilt of the test
aurface will not change as the table is
turned, wheress true CG offset (figure 4b) of
the tet pat results in an offsst moment
which changes as a function of test table
rotation angle.

Figures4A and 4B



PERFORMANCE IMPROVEMENT DUE TO ACTIVE MOMENT TRANSDUCER

OLD PASSIVE TECHNOLOGY

(Model KGR2000)

NEW ACTIVE TECHNOLOGY

(Model KSR2000)

CG error:
1000 Ib part
100 Ib part
10 Ib part
51b part
Full Scde Moment
Sengtivity
Linesrity

Maximum moment
(before damage)

Deflection error

0.001 inch
0.010inch
0.100inch
0.5inch
2000 Ib-inch
11Ib-inch
0.1%

2500 Ib-inch

0.001" per 20" height

0.0005 inch
0.0012 inch
0.0075 inch
0.075 inch
2000 Ib-inch
0.07 Ib-inch
0.005%

20,000 Ib-inch

0.0002" per 20" height

INSTRUMENT SIZESAVAILABLE

Recommended Payload Full Scale MOI
MODEL Weight Range Moment Accuracy CG Accuracy
(Ib) (Ib-in) (Ib-in%) (Ib-in)

K SR330-6 0.25- 20 6 0.1% + 0.03 0.1% + 0.0005
KSR330-16 1-40 16 0.1% + 0.03 0.1% + 0.001
K SR330-60 3-120 60 0.1% + 0.03 0.1% + 0.003

KSR1320-150 50 - 800 150 0.1% + 0.2 0.1% + 0.01
KSR1320-300 50 - 800 300 0.1% + 0.2 0.1% + 0.02
K SR1320-600 100 - 1320 600 0.1% + 0.2 0.1% + 0.04
KSR1320-1500 100-1320 1500 0.1% + 0.2 0.1% + 0.06

K SR2200 100 - 2200 2500 0.1% + 0.7 0.1% + 0.1

K SR6000 200 - 6000 5000 0.1% + 2 0.1% + 0.3

K SR8000 200 - 8000 5000 0.1% + 2 0.1% + 0.3
KSR13200 500 - 13200 8000 0.1% + 4 0.1%+ 1.5
KSR17000 500 - 17000 16000 0.1+10 0.1%+8
K SR20000 1000 - 20000 36000 0.1+10 0.1%+8




Pivat Axis Error

The pivot axis on this indrument is a gas
bearing. The gap in this bearing is typicaly
less than 0.001"; the dynamic centering
action of the choked orifices of the bearing
result in a dability of pivot axis typicdly
less than plugminus 0.0002" over the full
range of weight of test parts.

Moment Error

The unbaance moment in the indrument is
measured usng a moment am and
transducer.  Linearity of the transducer is
better than 0.001%. The lengths of the
moment arm and transducer am determine
the moment amplification factor for the
machine. The effective length of these ams
remains congtant within 0.01% provided the
ambient temperature does not vary more
than plusminus 10° F. (Changes in ambient
temperature will dso change the dimensons
of the test object and fixture, resulting in a
shift in the center of gravity redive to the
measurement axis of the instrument). Since
the weight of the test object is supported by
the pivot axis, not the moment transducer,
the full scde range of the moment readout
may be chosen for any desired accuracy by
secting the appropriste transducer and
moment arm  length. However, higher
accuracy requires a smdler maximum over-
turning moment. The 180° rotation feature
of the indrument diminaes any eror tha
might be introduced by transducer zero shift.
Snce the resolution of the ingrument is o
high, useful readings can be obtaned for
moments as smdl as 0.01% of full scde,
even with a sngle range transducer. Using
proper cdibration techniques and a dud
range transducer, moment readings as smdl
as 0.001% of full scale may be obtained.

Cdibration Weights - Center of Gravity

Severd cetified and tracesble cdibration
weights are supplied with these instruments.
These weights, when placed in precisy
located holes (certified and tracegble),
permit the cregtion of a precise overturning
moment, and dlow the computer to develop
accurate cdlibration congants which correct
the moment readout so that maximum
accurecy is obtaned for even amdl test
parts.

System Rigidity

The sphericd gas bearing combined with the
dabilizing shaft and lower bearing results in
an etrendy rigd measuring System.
Negligible eror is introduced by system
flexibility for tes objects whose CG height
is equd to or less than the maximum
goecified for each ingrument sze. Tdl thin
parts may result in a amdl shift in measured
CG due to the deflection of the test pat if
the test part CG is not centered, or if there is
condderable tilt to the indrument.  This
effect can eadly be compensated for by
amply centering the test part accurately and
re-leveing the ingrument after the test part
has been mounted in place if levding eror
persds.

Moment of Inertia Measurement

The insrument is converted to moment of
inertia measurement by clamping the lower
end of the torson rod to creste an inverted
torson pendulum. In this mode, the test
aurface of the indrument oscillates in a
rotational sense about a vertica axis through
the center of the test surface.  Tare moment
of inertia measurements are made by firg
measuring the time period (T,) of oscillation
with the test fixture mounted on the
ingrument (but without the test part). The
test part is then mounted in the fixture and a



second time period (Tx) messured. The
rotationd moment of inettia for each of
these two measurements may be computed
by using the formula

Pat & FixtureMOI I, = CT,2

Tare (fixture) MOl |, = CTo?
Net (Part) MOI lp = lilo
Therefore lp = C(T - To?)

where C is a cdibration congtant for the
ingrument, and is relaed to the torsona
diffness of the tordon rod. The moment of
inertia of the test part is then computed by
subtrecting the totd inetia from the tare
ingtia (the inetia without the test part
mounted on the insrument).

Usng this inveted torson  pendulum,
accuracies as high as 0.01% have been
achieved and measurement accuracies as
geat a 0003% ae possble usng
gecidized measurement  techniques  (such
as the averaging of ten readings and the use
of cdibration weghts which duplicate the
mass and moment of inetia of the text
object).

Unlike hanging wires or other traditiond
moment of inertia measuring methods, this
technique dosdy defines the axis of
measurement and permits measurements  to
be made through an axis which does not
coincide with the center of gravity of the test
object, without introducing aberrant motions
such as swaying or bouncing. Since the
indrument is capable of determining CG
location, moment of inertia measurements
may be corrected to give the vaue which
would be obtained if a measurement were
made through the center of gravity. This
correction  condsts of sguaring  the
disolacement (x) of the center of gravity
from the measurement axis and multiplying

it times the mass of the tes pat (M). This
axis of trandation moment of inertia vaue
(Mx2) is then subtracted from the measured
vaue to yidd the vadue of moment of inertia
through the test object center of gravity.

log = Ip - M
Alterndively, the MOI of the part about any
desred verticd axis can be caculated by
adding the product of part mass (M) and the

square of the displacement (R) between CG
and the desired axis.

Iy = leg + MR

Effect of Test Pat Weight

Since the weight of the test part is totdly
supported by the gas bearing and none of
this force is gpplied to the torsgon rod, the
indrument  is insendtive to tet object
weight and may be cdibrated usng a sngle
tex mass The moment of inertia indication
will then be liner over the full range of
weight and moment of inetia specified for
the insrument.

MOI Cdibration Method

Two identical cdibration weights are placed
on the center of the rotary table and a tare
measurement of oscillaion period (To) is
made. The two weights are then moved
equal but oppodte disgances (R) from the
center and a second oscillation period (Tx)
is measured. The change in MOI is equa to
the combined mass of the two weghts (M)
times the square of the distance (R). The
cdibration congant is

oo MR
(rz-12)

Usng this method, dl effects of ingrument
MOI, and MOI of the masses about their
own CG ae accounted for and the



cdibration congant is a function only of
certified and traceable mass and distance.
Effect of Oscillation Amplitude

These indruments exhibit negligible change
in osdllaion period for differences in
oscillation amplitude as great as 3 to 1. The
highet accuracy verdons of  these
ingruments employ a second photodectric
sendng mechanism which re-sats the digitd
counter until a presst amplitude of
oscillation is reeched. Using this technique,
the time period of osdllation is dways
measured a precisdly the same oscillation
amplitude, diminating this  vaiade
Averaging severd readings further improves
accurecy.

Minimum Moment of Inertia Which Can be
Measured

The smdlet moment of inetia which can
be messured with a paticular gze
ingrument is primaily a function of the tare
moment of inetia of the indrument. If the
pat inertia is 100 times the tare inertia of
the ingrument, then a smdl change in tare
inertia will not appreciably affect accuracy.
If the pat inertia is 1/100th of tare inertia,
then a 20F change in ambient temperature
will introduce a 0.5% error in the reading of
the pat inetia due to the smdl change in
tare MOI which occurred after the tare
measurement was made.  This means tha
frequent re-caibration and tare
measurement  ae necessary  to get
meaningful results if the test pat moment of
ingtia is much smdler than 1/20th of the
tare moment of inertia of the instrumen.

Time period accuracy is another factor
which limits the minimum MOI which can
be neasured accurately. A typica standard
indrument has a time period accuracy of 1
pat in 50,000. This results in negligible
error for objects which are large relative to
the tare MOI of the machine. If we limit our
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measurement error to 0.25% of reading, then
this time period limitation requires tha the
test object MOI be no smdler than 1/125th
of the tare MOl.

Since the fixture adds to the tare inerttia of
the measuring sysem, its moment of inetia
should be made as smdl as possble when
measuring pats with sndl moment of
inetia. For a maximum error of 0.25%, the
totd MOI of insrument and fixture should
not exceed 35 times the MOI of the object
under test.

Torson Pendulum Theory

Congder the tordon pendulum of Figure 5a
consging of a disk of mass moment of
inatia T Ib-in-sec2, redtrained in rotation by
a wire of tordgond diffness K in-lb/radian.
If the disk is turned an initid angle O° and
shaply rdessed, it will osdllae with
damped harmonic motion a shown in
Figure 5B. The period of oscillaion will
reman ocondant and the amplitude of
oscillation will gradudly decay to zero.

Figures5A & 5B

For purely viscous damping proportiona to
angular velocity, the equation of motion will



g+ Bg+ Kgq =0

The solution to this differentid equetion is
given below:

q=qe™ sn(l- Zwt)
exponential oscillation at a
decay ° frequency ( 1-2%) w

For very gndl damping, the torson

pendulum oscillates a its naurd frequency
"w", and the moment of inetia can be
determined by the Smple relationship:

T=CT?

where C is a cdibratiion congtant which may
be determined experimentaly by measuring
the period of oscillation with a known
additiond moment of inetia, or may be
caculated from the relationship:

C = Kp?
4

For dgnificant damping, the actud period of
oscillation is greater than the undamped
naturd period by an amount determined by
the damping rato "Z'. If the torson
pendulum is being used as an indrument to
messure moment of inetia then the
measured moment of inertia will be grester
than the true vaue. This eror can be
diminaed if the following equaion is used
in place of the previous equation.

T=CT? (1D

In order to make use of this equation, the
vdue of the damping ratio, z, must be
determined. This is accomplished by noting
the rate a which the amplitude of oscillation
decays. If we define the logarithmic
decrement as the naturd logarithm of the
raio of any two successve amplitudes, then
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the log decrement, d, of the darting
amplitude, O° as compared to the peak
amplitude On, after "n" cycles have dapsed
isgiven by the equation:

1 ég,u
d ==Ing>
n" &,
For gsmdl vaues of z the logaithmic

decrement, d, can be related to z by the
fallowing rdationship:

d=2pz

If we now count the number of oscillations
of our torson pendulum, n, for a decay in
pesk amplitude of 10/1, we may combine
equations and solve for the error resulting
from viscous damping:

% error due to viscous damping: 100 Z

(In10)* 100 _ 13.41
(Zp )2 N 2 N 2

graphica solution to thisequation isgiven

in Figure 6. To correct the measured vaue
of moment of inertia, the amount shown on
the graph should be subtracted from the
measured vaue to yidd the true vadue. Note
that the error isinggnificant if more than 50
oscillations are required for the amplitude to
decay to one tenth of its origina vaue.

% error =

Effect of Entrapped Air

A commonly overlooked source of error is
due to the mass of entrapped air, especialy
in test objects which will operate in space,
vented to vacuum. For example, if a
satdlite dructura component has an internd
new volume of 3 ft, the mass of entrapped
ar nomnd sea levd conditions will be
goproximady .25 Ib. If this volume is
located a 100 inches from the rotationd




axis of the sadlite, an error of 2500 Ib-ir? is and forth and eventudly come to rest with
introduced. This may be dgnificant enough the tet pat CG a the low point of the
to dffect peformance, paticulaly if the beaing. The effective soring rate of this

component itsdf has little mass. gravity pendulum will depend on:
ERROR OLIE O VISCAUS DAMPING (& The amount of tilt of the gas bearing.
% ERROR: %
. 1.0% (b) The weight of the test part.
PN y
E (c) The CG offset of the part (horizontal
\ b distance between CG and rotationa axis).
N P
N E
. \\‘ O1Z% E
5 LY 14
. ‘\ 2
\ E
3 3
, \ i
\\ :
. \ ool
. L I
, )
\
1
\ b .
\ oot Figure 7
10 10C
Numbar of caclliotions for paak amplitude An error in the level condition of the torsion
ta decoy ta ane tent.h of initiol volue dulum causes a aravit endulum error
Figure 6 pendu 9 yPp )
Leveling Error _ )
As derived previoudy, the basic equation for This gravity pendulum error can add to or
atorsion pendulum is Subtract fror_n the spring rate of the torsion
rod, depending on the angular location of
K test part CG reative to the low point of the
[ = cooeee (Ti2-To?) table. If thelow point is 90° from the CG,
4p? then the tilt angle will apply a datic torque

to thetorson rod. Thisdisplacesthe

In this equation, the torson congtant, K , is midpoint of oscillation, resuiting in asmél
the spring rate of torson rod. In a red error due to amplitude decay. A largetilt

torson pendulum measuring a test part with under these conditions could twist the
an offst CG there is a second “spring” torson pendulum to the point thet the timing

force, namey the gravitationd penduum ~ SNSornolonger functioned. Forasmal
due to dight errors in the leved condition of angle of oscillation, asmple "grandfether

gas bearing. If the torsion spring is removed clock” pendulum hes atorsiond siiffness.
from the system, this effect can eeslly be _ _
observed: the test part will oscillate back k= Md in-1b/rad
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where M is the weight of the test part and d
isthe CG offset.

For the torson pendulum, the torsond
diffness due to an angle eror in the leve
condition, X, is

ke = Md sinX in-1b/rad
The equation for the tordon pendulum with

the worst case orientation of tilt now
becomes:;

(K¢ + Md sinX)
(T2* - To)

To numericdly evduate the effect of this
error term, consider this example:

Test Part Radius of Gyration = 10.000
inches

Test Part Weight = 100Ibs.
Cg Offset, d, = 3.000 inches

Torson Rod Stiffness, Kt , = 150 Ib-
infradian

Leveling error, X = 0.0005 radian
Then

Moment of Inertia Accuracy

Md sinX (100)3 (.0005)
Error = =

Kt 150

Error = 0.1 %

Effect of Internd Damping in the Torson
Pendulum
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There are two common sources of damping
in a torson pendulum used to messure
moment of inetia fird, the windage of the
tex pat contributes some  damping
(depending on the diameter and the shape of
the part); second, the centering bearing and
the internd losses in the wire damp the
oxillations.  An important observation can
be made with regard to interna damping.
Snce the effect of a given amount of
damping, B, is inversdy proportiond to the
moment of inetia of the osallaing
assembly, increesing the amount of moment
of inertia will decrease the effect of a given
amount of damping. This observation
assures us that if the basc damping of the
torson pendulum when measuring the tare
moment of inetia is samdl enough so that its
resulting change in time peiod can be
neglected, then the damping of the basic
torson pendulum can dso be neglected
when measuring a test part. Or, stated very
gmply, if more than 100 oscillations are
required for the pesk amplitude of the
torson pendulum to decay to 1/10 of its
origind value, when no object is mounted
on the torson pendulum, then the effect of
internd  damping in the tordon pendulum
can be neglected. This, in fact, is the case
for dl gas bearing torson pendulums which
have been constructed by Space Electronics.

A second observation can also be made with
regard to the effect of damping. Since the
change in the goparent moment of inettia is
a function of the ratio of the viscous
damping to the criticd damping for the
gydem, and snce the criticd damping is
proportional to the sguare root of the torson
goring condant, then increesng the torsond
goring congant will reduce the effect of
viscous damping, whether it be internd in
the ingrument or due to windage of the test
pat. This means that a differ torgon
pendulum will exhibit less eror due to
damping. This observation does not hold
true when the veocity of the oscillating



pendulum reaches the point where the air
becomes turbulent.

The effect of windage damping may be
eiminated by operating the ingrument in a
vacuum.  Operding the indrument in a
vacuum will increese the pressure drop in
the gas bearing and result in dtered lifting
capability of the bearing. If such use is
contemplated, then it should be specified
when the indrument is origindly purchased,
50 that the bearing may be designed for this
environment.

Factors Affecting Torsdon Spring Stiffness

Most sources of error are minimized hy
meking the torson gqxing as diff as
possble.  The error due to viscous damping
decreases in direct proportion to the torsion
spring constant.  So does the error due to the
gravity force with an offsst CG (when the
axis is not exactly verticd), drafts, sesmic
perturbations, and nonviscous friction.  The
diffness of the torson soring is limited by
thefallowing factors

1. The tae time peiod must be long
enough to permit the required accuracy (i.e.
a limit exigs on the response time of the
sengng mechanism and on the minimum
resolution of the period counter).

2. If the guing is too d4iff, then the
oscillation period of the torson pendulum
may approach the first resonant frequency of
the test part. This would cause the test part
to de-couple so that the instrument measured
only pat of the moment of inetia (Or it
could result in faigue or falure of the test

part).

3. A high resonant frequency of the torson
pendulum places grester demands on the
rigidity of the tet fixture, and on the
repegtability of fasening the part into the
test fixture.
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4. To prevent fatigue aging of the torson
soring, it must be deflected wel beow its
eadic limit. For a differ soring, this
generdly means tha the amplitude of
oscillaion of the torson pendulum must be
made increesngly smdler to day within this
limit. This in tun dfects the timing
accurecy indirectly, snce the displacement
eror of the senang mechanism represents a
greater proportion of the period of
osdllation.

5. As the torson spring is made more diff,
a gven initid displacement of the torson
pendulum will result in grester veocity a
the midpoint of oscillaion. When testing
pats of large diameter and irregular surface
area, it is possble that the windage friction
will not any longer be viscous due to
turbulence.  This paameter is the most
difficult to evauate snce the diffness of this
soring may be minimizing the eror due to
windage drag a a fadter rate than the
turbulence is introducing  nontlinearities
Except for extremey unusud pats such as
gmdl sadlites with extended solar pands, it
is probably true that the increase in windage
damping is outweighed by the benefits of
the dtiffer torson rod.

6. The ratio of verica rocking resonant
frequency to torsond resonance must be a
leest 10/1 to prevent any excitation of this
mode.

The ided tordon diffness results in a time
period of oscillation of 0.3 seconds for the
tare, 1 second for the minimum moment of
inetia, and 30 seconds for the maximum
moment of inetia It should be pointed out
that it is a reatively easy mater to change
the diameter of the torson rod without
affecting any of the other pats of the
insrument (except the indde diameter of the
wire cdamp) o tha this torson dgiffness
could eadly be changed if experimenta data



indicated a need.

Mogs people intuitivdy fed that the time
period could be longer than what is
indicated by the mathematicd andyss. We
think thet this intutive feding comes from
the early days when torson pendulums were
timed by a dop wach and the timing
accuracy was the largest source of eror.
Experimental data taken on over one
hundred pendulums has dways confirmed
our theory that the differ torson rod yidds
the most accurate results.

Centering Bearing

A diff centering bearing is essentid to the
accurate operation of the torson pendulum.

1. It diminaes the horizontad motion of the
pendulum which would dter the rdationship
between the moment of inetia and time
period of oscillation.

2. It gredtly reduces the senstivity of the
pendulum to saismic motions due to externd
vibrations.

3. It diminaes the mogt dgnificant source
of timing eror--the indblity of any sensng
device to discriminate between rotationa
motion and motion in a purdy horizontd
sense.

4. It accurately defines the axis of rotation
of the pendulum permitting definition of the
measurement axis.

5. When the pat has a center of gravity
which is not located directly on the
rotationa axis, it prevents the pat from
rotating about the center of gravity and it
dso prevents a bending moment being
applied to the torson rod due to the torque
produced by the offset CG.

6. Most important, the bearing keeps the
rotationd axis veticd minimizing gravity
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errors with offset CG.

The ided bearing should have no runout,
minimum  viscous damping, and no diding
fricion, and infinite rigidity to both
horizontd and bending forces. A gas
bearing has both the smdlest runout and the
gndles amount of friction of any known
type of bearing. If the bearing is composed
of ample shapes, then the axis of rotation
can be more closdy defined than with any
other bearing system.  In actud practice, the
diffness of the bearing is limited by two
factors. the tare of the inner race of the
bearing which increases with both length
and diameter, and the forces introduced by
the flow of gas in the bearing. These forces
can be dther of a motoring type in which the
gas flows in a circle and produces a constant
torque in one direction, or of a sdf-centering
type in which there is a null postion, or the
forces can be oscillaory in a horizontd
mode due to pneumatic hammer indability.
These bearing forces can be minimized by
keeping the gas pressure to a minimum (i.e.
employing a conservaive desgn) and by
usng a cetan desgn technique which
minimizes the chance of indability and
makes it possble to control the flow
characterigtics of the bearing very carefully.

Summary of Moment of Inertia Error
Sources

Theided torson pendulum has three
characteridics

1. Itsmotion is purely rotational about a
well defined axis.

2. The only forces acting on the torson
pendulum are the rotationd dgiffness of the
torson spring and the inertia of the rotating
assembly plus a rdativdy smdl amount of
pure viscous damping.

3. The method of timing the period of



osillation exhibits a high degree of
repeatability and linearity.

Unwanted motions of the torson pendulum
include horizontal motion due to an
unbalance crested during the initid darting
of the oscillation, an extend source of
vibrétion, the natural unbalance force which
is created when an object is rotated about an
axis other than its principd axis verticd
motion due to unbdance in dating and/or
externd vibrations, and rocking motion due
to darting unbalance, externd vibrations, or
dynamic unbdance in the rotaing sysem
which includes the torson pendulum and the
tet part. Externad forces which ae
undesrable  indude  gravity  pendulum
forces which result when the part center of
gravity is not on the rotationad axis and the
rotationd axis is not exactly verticd; the
increase in measured MOI due to entrapped
ar within the objects under test (sgnificant
for object which fly in the void of space);
viscous damping due to windage (which will
vay as a function of the externd dimensons
of the test part); drafts, seismic forces which
occur when the center of gravity is offsst
from the rotationd axis and the structure of
the torson pendulum is subject to externd
vibration; and nonviscous friction in the
bearing of the torson pendulum. Absolute
cdibration of timing accurecy, linearity of
timing accuracy, and long term dSability are
of ggnificance.  The very close tolerance
required of the instrument, however, places
extreme demands on the repeatability and
short term dability of the method used for
timing of the period of osllaion. The
linearity of the tordon soring has not been
listed as asource of error, since it is possible
to time the period of oscillation a a certan
pre-established  amplitude. In  actud
practice, however, the torson spring is
gengdly quite liner because of the
symmetry  of the torson  pendulum
configuration and the fact that the spring
must be operated well below its dadtic limit

16

to prevent changes in spring congtant with
use.

Errors can be minimized by usng a very
diff low friction bearing and by making the
torson suing as diff as possble  The
diffness of the bearing is limited by the tare
moment of inertia of the bearing and by the
motor forces of the bearing. The center of
gravity of the test part should be located as
cdosdy as possble to the rotationa axis of
the torsgon pendulum.

Fixturing Error

Although this source of error is not a factor
in the mechine itsdf, the totd measurement
aror is serioudy dfected by the ability of
the test operator to position the object under
test accuratdy rdative to the measurement
axis of the machine. The desgn of fixtures
is discussed in the SAWE paper entitled
Soin and Satic Balance Fixtures by Richard
Boynton and L.G. Hollenbeck (Paper
number 1667, published May 1985).

Fixturing accuracy is of minima importance
when measuring the moment of inatia of
tes objects (unless the object is tal and
thin). The reason for this is that the error is
proportiona to the ratio of the square of the
fixturing error relatlve to the square of the
radius of gyration of the object. Since the
radius of gyraion of the object is usudly
large relative to the fixturing error, squaring
these two numbers results in a very smdl
ratio. For example, if the fixturing error is
0.010 inch and the radius of gyration is 10
inches then the moment of inetia
measurement error is only 0.0001%!

Centter of gravity accuracy is equd to
fixturing accuracy. If the fixturing eror is
0.010 inch, then the resulting CG error is
adso 0.010 inch. When measurements are
made on a machine with a 0.001 inch
maximum error for the weight of the object



being measured, then the fixturing eror is
the predominate source of error.

I nstrument Foundation

Users of spin baance machines have grown
to expect that the mass properties machine
will require a heavy concrete block for
optimum performance. This is true of a sin
baance machine, dnce this type of machine
requires an "infinité' mass to reect agangt
horizontaly so that centrifugd forces are
goplied to the transducers while the unit
under test is spinning.  This same heavy
block is not required for the mass properties
mechines described in this paper. All that is
needed is a concrete floor on ground leve
which is suffident rigid so that it will not
deflect under the weight of machine and test
object. Generdly an ordinary 6-inch thick
concrete floor is sufficient. It is dedrable to
locate the machine in an area tha is free
from vibration and drafts.

Computer Control

This indrument is supplied with an on-line
microcomputer that controls the operation of
the insrument and aso provides a hard copy
print out of the test data. Custom programs
can create specific report formats or ingruct
the machine operator where to add
correction weights (bdlast) to adjust the
center of gravity so that it is coincident with
the flight (geometric) axis.

Conclusons

A dramatic discovery by the engineers at
Space Electronics has resulted in a new class
of mass propeties measuring machines
whose center of gravity accurecy is 10 to
100 times better than the previous versons
of these indruments  This has reduced
measurement eror to a point where
fixturing eror is the limiting factor. One
machine can now measure a range of test
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object dzes previoudy requiring two
different dze machines  The new more
accurate machines have the additiond

advantege that they are much more resgtant
to accidenta overload than the older less
accurate machines.
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