6.0 MOI measurement

Every engineer knows he can measure moment of inertia by hanging an object from awire, twiging it to
dart it ostillating, and then timing the period of oscillation. However, anyone who has actudly tried this
finds that the object swings from side to sde and rocks up and down rather than rotating smoothly
about an axis, making it difficult to accurately time the period of oscillation. Furthermore, there are a
number of practica problemsinvolved in hanging most test articles from awire. How do you attach the
wire to the object? Where do you attach the upper end of the wire (particularly if the object weighs
more than 1000 kg)? How do you cdibrate the device, and what do you do to correct for the change
in calibration when the weight of the test object stretches the wire?

6.1 Inverted Torson Pendulum Modern moment of inertiaingruments consst of an inverted
torson pendulum which oscillatesin a rotationa sense and a means of measuring the exact
period of oscillation of the torson pendulum. Instead of hanging from atorsion rod or wire, the
test object rests on a precision rotary table attached to the top of the instrument. Low friction
bearings support the table and payload while constraining the motion of this torson member to
pure rotation. Air bearings provide the best performance. Unlike custom-made hanging wire,
trifilar, or compound pendulum systems, measurements are made about awell defined axis, a
minimum amount of fixturing is required, and eaborate computationa techniques are not

necessary.

The measurement of the moment of inertia of the test part is based on the change in the natura
frequency of oscillation of the torson pendulum resulting from the addition of the test part mass.
This change in natura frequency is compared with the change in natura frequency which occurs
when a cdlibration mass of known moment of inertiais placed on the instrument.

Step 1 Theobject is secured to the table with its CG digned with the axis of the bearing. The
part isrotated and released. It will then oscillate about the fixed axis of the instrument and the
total time for one complete oscillation can be displayed on adigita period counter. Thetotd
combined moment of inertia of the test object, its fixture, and the insdrument itsalf can be
caculated from the formula:

l,=CT2 TOTAL MOMENT OF INERTIA

where |, is equd to the tota moment of inertig, C isthe cdibration congtant of the insrument, (a
function of itstorsond giffness), and T, isthe period of oscillation in seconds.

Step 2 Thetest object is then removed from the instrument and the "tare" moment of inertia of
the ingrument and the fixture determined by measuring the oscillation time period without the
test object.

l, = CTS? TARE MOMENT OF INERTIA



Step 3 The moment of inertia of the test object is then the difference between the totd inertia
and tare inertia.

I =1c-1, NET MOMENT OF INERTIA OF OBJECT

in order to establish the vaue of the cdibration congtant, C, of the instrument, MOI calibration
standards are measured. MOl cdibration sandards are precision weights of Ssmple geometry,
known mass and known physica dimensons.
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The cdibration procedure is identical with the procedure for measuring the moment of inertia of
aobject of unknown MOI, except that in the computation, the inertiais aknown quantity and
the value of the cdlibration congtant is the unknown which must be solved for.

Because the weight of the object is supported by the air bearing, these insgruments are linear
over awide range of test part weight and moment of inertia. Only asingle cdibration
measurement is required to establish the value of the calibration constant used for dl
measurements.



6.2 Description of MOI Instrument

A greatly smplified cross section view of aMOI ingrument is shown in figure 25. The
insrument consists of three basic parts: an air bearing, atorson rod, and a photocell system for
timing the period of oscillation. The test part isfirst mounted in a test fixture (designed and
fabricated by the user) which locates the test part in proper orientation to the measurement axis
of the ingrument and couples the test part rigidly to the interface table of the instrument during
thetegting. The test fixture itsdf is digned with the interface table of the instrument through the
use of aprecison pilot in the interface table.

To measure the moment of inertia of the test part, gas pressure is gpplied to the storage cavities
in the gas bearing. The gas then flows through small diameter orifices to the gap between the
gas bearing and the interface table, floating the interface table on afilm of gas. The dampingin
the torson pendulum therefore conssts only of theinternal damping in the torson rod. The
interface table is temporarily twisted in a counterclockwise direction until it contacts a stop;
thenitissharply released, resulting in an oscillatory mation of the interface table due to the
diffness of the torsion rod (which isrigidly attached to the interface table and clamped to a
flexure at its lower end). Thetime period of oscillation is then measured by connecting adigital
period counter to the photod ectric timing sensor. Asthe interface table oscillates, atiming pulse
is emitted as the table reaches its mid-point of oscillation when traveling in a clockwise
direction. Thefirgt timing pulse starts the counter, a second timing pulse stops the counter
exactly one period later.

6.3 Keeping the Test Part CG Coincident with the Rotational Axis It isimportant thet
the center of gravity of the test part and fixture be positioned so that it is as close as possible to
the rotational axis of the torson pendulum. Otherwise measurement error will increase for a
number of reasons.

Mog sgnificant of these is the so-called "gravity pendulum” error which occurs because the
axis of rotation of the torsion pendulum can never be made exactly verticd. If apart isrotated
about an axis which does not fal on its center of gravity, then the force of gravity acting through
the center of gravity will tend to bring the center of gravity to itslow point (i.e. the direction in
which the axis of rotation of the torson pendulum istilted), resulting in a change in the effective
cdibration congant of the instrument. This effect can be minimized by leveling the table and re-
positioning the test part so thet its center of gravity lies close to the rotationa axis of the
ingrument.

A second source of error with offset center of gravity isthe classcal axistrandation error.
Mathematically, thisincrease is equa to the test part mass times the square of the offset
distance. Sincethisincrease can be exactly caculated, it can be subtracted from the measured
moment of inertia; therefore it does not condtitute an uncertainty.  For small offsets, (less than
.01 timesthe radius of gyration) this effect is negligible. For larger offsets, ingruments are
available which measure both CG and MOI.  The software then automaticaly reports the MOI
about the center of oscillation and about the CG. To utilize this feature, the test part must be
weighed.



If it is desired to measure atest part through a point other than its center of gravity, the most
accurate method of accomplishing thisisto first measure the moment of inertia of the part about
its center of gravity and then mathematicaly trand ate this measured vaue to the new axis by
adding the trandation factor R2 M where R is the distance between the CG axis and the desired
axis, and M isthe mass of thetest part. This procedure adso requires the weighing of the test
part.

6.4 Effect of air mass - For large lightweight objects, the measured mass properties are often
different from the calculated vaues. In particular, measured moment of inertia can be 10% to
20% larger than calculated. The reason for thisisthat air has Sgnificant mass and dtersthe
mass propertiesin two ways.

1. Air trapped insde the payload will increase its mass by an amount equad to the unoccupied
volumein the payload times the dengity of air (0.0754 pounds per cubic foot). For example,
the air tragpped in a4 foot diameter, 2 foot long satellite weighs approximately 4 |bs. We cal
thisthe entrapped air effect.

2. Air dragged or pushed dong by any protrusions on the outer surface of the payload can
dramaticaly increase moment of inertia. For example, the roll moment of inertiaof amissile
flying in ar ismuch larger then the roll MOI of the misslein avacuum. We cdl thisthe
entrained air effect.

How you handle this difference depends on whether the payload operates in the vacuum of
gpaceor inair. If the payload flies in a vacuum, then measured vaues must be decreased to
eliminate the effect of air mass. The best way of doing thisis to make a second measurement in
helium and then extrapolate the vaue in vacuum (see SAWE paper No. 2024 by Boynton and
Wiener). Cdculated values remain unchanged.

If the payload fliesin air, then measured vaues remain unchanged and represent the true mass
properties.

6.5 Minimum MOI which can be measured

Moment of inertiaingruments have an amazing dynamic range. A MOI indrument which is
designed to measure objects weighing up to 3000 pounds can often detect the change in MO
due to the addition of an object weighing 0.1 pound. However, accuracy is reduced when the
MOI of an object is smdler than the tare MOI of the instrument. The error is primarily due to
therma expansion and contraction of the instrument and fixture during the time between tare
and object MOI measurement. For example, if a payload hasaMOI of 10 Ib-in?, and the
instrument has atare MOI of 10,000 Ib-ir?, then a0.1% change in tare due to an ambient
temperature change will result in a 100% error in the measured MOI of the payload. Reducing
short-term temperature change can increase the usable range of an instrument. We have found
that improved accuracy can be achieved by smply shutting off the heating or air conditioning
system during the interva of time between tare and object measurement. Temperature control
systems that frequently cycle are not desirable.



6.6 Damping

Air bearing MOI ingtruments themsdves have very smdl losses, and the effect of this damping
can generdly beignored. For payloads which introduce sgnificant damping though air
turbulence while oscillating, the actud period of oscillation is greater than the undamped natura
period by an amount determined by the damping ratio, z. If the torson pendulum is being used
as an instrument to measure moment of inertia, then the measured moment of inertiawill be
greater than the true vdue. Thiserror can be diminated if the following equation isused in
place of equation XX. The quantity Z isthe error.

|=CT2(1-2)

i 1 SAWES803
SAWESS803
%

< l
\j Tme —==

-~

T

Figure 26

In order to make use of this equation, the vaue of the damping ratio, z, must be determined.
Thisis accomplished by noting the rate a which the amplitude of oscillation decays. If we
define the logarithmic decrement as the natura logarithm of theratio of any two successive
amplitudes, then the log decrement, d, of the starting amplitude, g,, as compared to the peak
amplitude, g,, after n cycles have dapsed is given by the equation:

d=2Un(n &/a)

For smdl vaues of z, the logarithmic decrement, d, can be related to z by the following
relationship.

d=2Bz



If we now count the number of oscillations of our torsion pendulum, n, for a decay in peak
amplitude of 10/1, we may combine the above equations and solve for the error resulting from
damping.

% error due to damping : 100 2 o , = II0100 _ 1341
2xnY n’

A graphicd solution to this equation is given in figure 28. To correct the measured vaue of moment of
inertia, the amount shown on the graph should be subtracted from the measured vaue to yield the true
vaue. Note thet the error isinggnificant if more than 50 oscillations are required for the amplitude to
decay to one tenth of its origina vaue.
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6.7 Hanging wiretorson pendulum Although hanging wire pendulums are not accurate
enough for satdlite and missile measurements, they are useful for measuring the MOI of an
arcraft. Infact, no tordon pendulum instrument currently exists which is large enough for
arcraft measurement, so there is no choice. Fortunately, the MOI tolerance of an aircraft is not
critica and the resulting accuracy is acceptable.

This method consists of hanging an object from awire, twigting it to start it oscillating, and then
timing the period of oscillation. Although it sound like a smple device, the structure required to
support the upper end of the wire can be very expensive, and some accurate means is required
to time the period of oscillation. One problem with the hanging wire method is that the object
swings from side to Sde and rocks up and down rather than rotating smoothly about an axis,
meaking it difficult to acquire accurate time period data.

It is essentid that the center of gravity of the object be digned horizontaly with the center of the
torson rod. Otherwise, the moment the object is released, there will be a couple generated and
the motion of the pendulum will be Sdeways aswell astorsonad. Thereisaserious practica
problem when measuring heavy objects using this method: how do you attach the object and
adjust its position so the CG isin the center of the rod?

A single hanging (stedl) wire has atorsond diffness (k) which is proportiond to the fourth

power of the diameter:
g = LI/BOOOd” - Diradian where L = length and d = diameter (inches)
I=ct?2==2
The eguation of motion for this pendulum is: -2

However, the actud period of oscillation will not follow this formula because the wire stretches
under load, and there will be both a swinging pendulum effect and arocking pendulum. Typica
measurement uncertainty with this method is about 3%.

It is possible to hold the object level and diminate the rocking mode of oscillation by using three
wires rather than one. Thisis cdled atrifilar pendulum. It is the method most commonly used
for large heavy payloads such as aircraft. Unfortunately, using three wires introduces a
nonlinearity. Asthe pendulum twigts, the wires restrain each other, causing the object to lift
dightly. So the torson constant becomes afunction of test object weight as well astorsond
diffness. The oscillation period will increase as oscillation amplitude decreases. Therefore, it is
necessary to use atiming system that triggers a a specific amplitude.

When using asingle wire system, it is obvious when the object CG is misaligned, because the
object will hang a an angle. However, if you use atrifilar pendulum, the object will not tilt
gppreciably, so some independent means is necessary to dign the object CG such as
incorporating load cdlsinto the wiresto adjust for equa loading of dl three wires.



Shown hereisa Space Electronics POl series Spin Balance M achine with a 12,000 pound
capacity. An*“L” Fixture permits 3-axis measurement by rotating the test object about its
horizontal axis. The unique gas bearing design of the Space Electronics POl series Spin
Balance M achines allows measurement of dynamic unbalance, product of inertia (POI),
moment of inertia (MOI), and center of gravity (CG) with asingle setup. Itssow spin speed
(10 - 300 RPM) minimizes centrifugal forces on the payload during dynamic unbalance
measur ements.



7.0 Measuring Product of Inertia
There are two methods which can be used to measure POI:

1. The object can be rotated in a spin balancing machine, and the reaction forces measured againg the
bearings. POI can then be determined by performing ca culations that involve the magnitude of the
bearing forces and their phase relaionship. For the measurement of rockets and satllites, the spin
gpeed isusudly about 100 RPM. This minimizesthe effect of air turbulence. A specid high sengtivity
spin balance machine is required, which differs greatly in congtruction from the type of high speed
baancing machine that is used to measure automobile crankshafts and jet engine rotors.

2. Objects such as control fins and satellites with extended solar pandl's cannot be measured using the
spin method, because of the large, non-repeatable errors which are introduced by the entrained and
entrapped air and turbulence. In these instances, product of inertia can be determined by making a
series of moment of inertia measurements with the object oriented in 6 different positions. Product of
inertia can then be caculated using formulas which involve the rotation angles of the different fixture
positions. Moment of inertiais measured by oscillating the object on atorson pendulum. Since the
object moves very dowly during this messurement, there are negligible centrifugal and windage forces
exerted on the object. Furthermore, the mass of the entrapped and entrained air can be compensated
for by making a second set of measurementsin helium, and extrgpolating the data to predict the mass
propertiesin a vacuum
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.SPIN BALANCE METHOD

Product of inertiais generdlly measured using a spin balance machine. In this type of machine, the
object isrotated at a fixed gpeed, and the reaction forces againgt the upper and lower spindle bearings
aremeasured.  Product of inertiais then calculated autometicaly by the maching's on line computer,
using formulas that involve the vertical spacing between the upper and lower bearings, and the height of
the CG object above the mounting surface of the machine. The CG loceation of the part may be
separated mathematicaly from the dynamic unbaance of the part.

yt)—==—F,— — T —UPPER PLANE

|
___ o _CG
Fot—— H,—H“Z_—EII " COWER PLANE
- Y _ ' Top OF TABLE
H
¥ UPPER
Fa TRANSDUCER
- N LOWER
4 TRANSDUCER

7.1 Balancing Machine Theory -- When the test object spins, there are two forces acting
through the CG of the object: gravity forces acting downward and centrifugd forces acting
horizontaly (the higher the spin speed, the less Sgnificant the gravity forceis). The magnitude
of the downward gravity forceis equa to the weight of the object in pounds (M1). The
meagnitude of the horizonta centrifugd forceis

Centrifugd force (Ibs) F, = M; x R x &
where M; = mass of unbaancein dugs

R; =radiusof CGin feet
S = gpeed in radians per second



Converting the mass into weight and the speed into RPM:

W; X R, x (RPM)?

(IS) Fy = —wommeemmeemmeemee

where

35207

W, =weight of unbalance massin lbs

R; =radius of CG of unbdancein inches
RPM = speed of rotation in RPM

35207 = congtant to transform units

The forces applied to the bearings of the balancing machine will depend on the geometry of the
ba ancing machine and the type of unbaance. If neither a CG offset or a product of inertia
unbalance is present in the rotating test object, then the forces on the bearings will be zero. A
product of inertia (with no CG offset) results in equa forces being applied 180 degrees out of
phase on the two bearings (the couple due to the product of inertiais offset by an equa couple
on the bearings of the balancing machineg). A CG offset will cause a different force to be
gpplied to each bearing. In order to evaluate the accuracy of abaancing machinein measuring
CG, it isnecessary to know the relative vaues of POl and CG offset. For aflywhed, POI is
usudly smal, and the balancing machine will be able to accurately measure CG offset. For a
tall rocket, the reverseistrue.

If the god of the measurement isto ballast the test object for minimum POl and CG offset
about a particular axis, then the measurement becomes much more accurate. As the unbaance
is reduced in successive iterations, the resdua unbaance can be measured on a more sendtive
scae and the magnitude of POI can be reduced so that some CG sengitivity results.

To caculate the CG offset from the measured bearing forces, we can make use of the fact that
the sum of the moments around each transducer must be zero (since the system is stable).
Independent calculations can be made at the X and Y axes, and the resultant of these two
cdculations determined to yield the magnitude and angle of the CG offst.

7.1.1 Two transducersarerequired to separate POI from CG offset In order to separate
the unbalance due to POI from the unbaance due to CG offst, it is necessary to use aforce
transducer on each of the spindle bearings in the balancing machine. Then both CG offset and
product of inertia are obtained in a single measurement. If two measurements are made, then it
istheoreticaly possible to use a single transducer to measure both CG and product of inertia.
Static measurements are first made to determine CG offset. Since the gravity component of
CG offset does not change with speed, it could be concluded that this component can be
separated from POI.  In the redl world, however, it doesn't work. The reason isthat the large
forces resulting from the CG offset must be subtracted from the smaller forces due to POI.
Since the CG offset is measured under static conditions where forces are smal, thereisan
error. Thissmdl static force error becomes avery large error when spinning a 100 RPM.

7.1.2 Errorsdueto air turbulence The force on the transducers of the balancing machine
increases as the square of spin speed. In some POI machine designs, the transducers chosen



are velocity pickups whose sengtivity aso increases with speed. The net effect in thiscaseis
that the sengtivity of these balancing machines increases as the cube of the speed. At firdt it
might seem that there would no limit to the sengtivity which could be obtained with this method.
However, there are anumber of factors which limit the speed of the machine.

The machine must be rigid enough not to go into resonance at high spin speeds. Thetest item
must be strong enough to withstand the centrifugdl forces. The outer surface of the test item
must be smooth and round, so that the test item will not fan the air and create turbulence. Solid
metal shafts, such as turbine rotors, are smooth and round and may be spun at a high speed
when balancing them. Aerospace hardware, however, usually cannot be spun above 200 RPM
without damage occurring, and windage forces on the irregular outer surface of the vehicle
increase as the square of the spin speed, so that the random vibration produced by air
turbulence provides another limitation.  Thisvibration limits the red sengtivity of the badancing
machine.
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Figure 31 Typical Shroud Ingtallation

The error due to air mass can be minimized by surrounding the spin balance machine with a
ghroud. Typica shrouds are cylindrical in overdl shape and adjustable in height and radius so
that they can be made to enclose the spinning object as closely as possible. Additiona
improvement can be obtained by placing a circular cap on the shroud to close the overhead

opening.



The objective is to enclose the smdlest possible volume of air, while alowing the test object to spin
with adequate clearance. Thewalls of the shroud must gpproximate a smooth cylinder as much as
possble. Thiswill dlow al of the air within the shroud to turn at the same rate as the test object and
minimize the resulting forces on the transducer. Note: the need for ashroud is not a specid requirement
of aparticular baancing machine. Any baancing machine manufactured by any company will have the
same limitation.

SUMMARY OF BENEFITSAND SHORTCOMINGS

Benefits

1. By sdecting spin speed, machine can be ether low senstivity/high offset range or high sengitivity/low
offset range.

2. Sengtivity can be very high at high spin speeds. However, in many cases maximum spin speed is
limited by structurd limits or the windage of the test object.

3. Measures CG and well as product of inertia.

Shortcomings

1. Air turbulence during spin produces uncertainty in measurement;

2. Some objects cannot be spun because solar panels or other protrusions would break off due to
windage forces, or they cannot tolerate centrifugal or vibratory force that occurs at the spin speed.
3. Spin baance machines are expensve.

7.2 Moment of Inertia Method of Measuring POI

This method uses atorsion pendulum to determine POI by making use of the relationship
between POI and MOI of an object. Specid fixtures must be constructed to move the object
to anumber of positions while keeping both the object and the fixture CG near the center of
oscillation. The moment of inertia of the object is measured in each orientation. The tare MOI
of the fixtures must then be measured and subtracted from the measurement with the object.
The net MOI of the object in the different orientations is then used to determine the POI of the
object The cdculations are quite complex, so an on-line computer is used.

To better understand the concept, refer to Mohr’s Circle on the following page. The axes of
minimum and maximum moment of inertia correspond to the axes where the product of inertiaiis
zero. These are cdled the principa axes. The product of inertiais amaximum a an angle of
45° from these principa axes.

If the test part were fixtured so that it could be rotated through an angle C about a horizonta
axis (i.e. the Z axis) and MOI measured about numerous axes in the X-Y plane, including the X
and Y axes, the MOI would be found to vary snusoiddly. If the angle C ranges over 180
degrees, the maximum and minimum vaues of MOI can be seen in aplot of MOI vs C.



The axes about which the maximum and minimum MOIs are measured are the Principa
Axes. For dl other axes the moment of inertial ,,, about an axis (A) inthe X-Y plane
a an angle C from the +X axis, and the product of inertia P, are related through the
equation:

- H 2 2 :
I =l,,sin"C+1] _cos"C- P sin2C

AXy

Solving this equation for P, forms the basis for the MOI method of POI determingtion.

P - a”anﬁc' + I soc?C - )
» en2C

7.2.1NUMBER OF MOl MEASUREMENTS For the generd case, the total number of
MOI measurements needed for POI calculaionsis nine: threein each of three mutualy
perpendicular planes. If the intersections of these planes are sdlected to be the coordinate

axes, then the MOI about each of these axes will be common to two planes, thus reducing the
total number of measurementsto six: three about the X, Y, and Z axes, and three about axes at
45 degrees between the X-Y, Y-Z, and Z-X axes. If vacuum datais required, the same six
MOI measurements must also be repeated in a hdium atmosphere.
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7.2.2 Mohr's Circlefor Momentsof Inertia

Given:

(1) Themoment of inertiavauesl,. |, for an object about its
center of gravity, where the center of gravity liesat the origin of a
set of mutudly perpendicular axes X-Y.

(2) The corresponding value for the product of inertia, Py

Mohr's circle is then congtructed using the layout geometry
shown below. The following information may then be obtained.

(1) Thelocation of the principa axes about which the moments
of inertia are maximum and minimum and the products of inertia
are zero.

(2 The corresponding maximum and minimum vaues of
moments of inertia

origin and CG

Figure 33

(3) The moments and products of inertiafor any
other sat of mutualy perpendicular axes A-B
whose origin lies a the center of gravity of the

9 s e anqle baiveen the principal 4r® and the X axhi,

given object and rotated C degrees from the — T
origind axes X-Y. Reference, the figure to the
right.

(4) The maximum vaues for the products of

Ia

inertia about axes located 45° from the

principa axes.

Layout Geometry
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Monents of Tnerto

Theradius of the Circleis:

Figure 34




SUMMARY OF BENEFITSAND SHORTCOMINGS

Benefits

1. The cost of amoment of inertiaingtrument is much less than the cogt of a pin balance machine. If
you dready have amoment of inertiainstrument, it can be configured to measure POI a areatively
minor cost. (However, the cost of fixturing and labor is considerably greater than for spin baancing
machine measurements).

2. Thismethod puts a minimum gtress on the object being measured and isided for fragile satellites
which cannot be soun on a balancing machine.

3. Theeffect of ar mass and turbulence is minimized.

Shortcomings

1. Accuracy is poorer than with a spin balance machine.

2. Each measurement requires the test object to be positioned in up to nine different postions, so that
elaborate and expensive fixturing is required.

3. Thetest isvery tediousto run and labor cost is high. Measuring the POI of asingle object can
require as much as 10 hours including set up.

4. Theinstrument does not give adirect readout of POI, so that corrections cannot be made to the
object and the resulting POI shift observed.

5. Error increases dramdicdly if the machine is even dightly out of leve.

8.0 Consderationsin Choosing a Mass Properties Instrument Therearea
wide variety of mass properties measuring instruments available today. The choice of which oneto use
in part depends on what properties you want to measure, the accuracy required, the degree of
automation required, and budgetary redtrictions. If you are measuring CG, you need to determine
whether you need to measure dong asingle axis, or dong more than one axis (some CG ingruments
are only cgpable a Single axis measurement). I1n addition, you need to choose the size of the instrument.
Thisis usudly governed by the weight of the largest object you need to measure.

Since CG sengtivity decreases as the Sze of the instrument gets larger, the selection of an ingrument
may involve atradeoff. Freguently, management attempts to purchase an instrument which will serve
present and anticipated needs. This may result in the selection of too large an ingtrument, resulting in
limited accuracy for the present requirements.

8.1 What properties you want to measur e -- There are instruments available which measure
only one mass property; Center of Gravity Location (CG), Moment of Inertia (MOI), Product
of Inertia (POI), Weight or Mass. Many instruments can measure 2 or more of these
properties due to inherent characteristics or by adding relatively low cost options. Using a
combined function insrument often diminates the effort, cost, and risk involved in moving the
test item to another instrument and/or fixture.  Some of the most common dedicated and
combined insruments measure:



Dedicated
CG (measured daticaly) only*
MOI only
POI and CG (measured dynamicaly)
Weght only

Combined

CG and Weight

MOI and CG (measured geticaly)

POI, and CG (measured both
daticdly and dynamicaly)

MOI, POI, and CG (measured
dynamicdly)

MOI, POI, and CG (measured both
daticdly and dynamicaly)

* Static measurement of CG depends on measuring a moment balance condition where forces are generated only by
gravity. Dynamic measurement of CG involves moments generated by gravity and by centrifugal forces generated
as the test article rotates.

Need to measure both CG and MOI _ -- In order to measure MO, you will need an instrument with a
gas bearing rotary table. Instruments such as the Space Electronics KSR series have this combined

capatility.

Need to measure both CG and weight -- Multiple point weighing type insruments have this capability.
These ingtruments are available with three load cell technology or with the more accurate force cell

technology (Space Electronics WCG series).

Need to measure both CG and POI  -- If you have arequirement to measure dynamic baance as well
as CG, then a spin baance machine would be a good solution, particularly if your goa wasto ballast
the test object for minimum POI and CG offset about a particular axis. Space Electronics POI series
ingrument are available with a separate satic CG feature. Thisimproves CG measurement accuracy
over what would normally be available with a spin balance machine.

Need maximum CG accuracy --Instruments with a gas bearing rotary table and force restoration
moment measuring technology are the most accurate. Space Electronics KSR series ingruments are of

thistype.

Need an explosion proof design -- All types are available with this option. Since repositioning CG
indruments are purdy mechanicd, they areintringcadly safe in explosive environments.

Need to measure CG of objects weighing more than 25,000 pounds -- Three-point reaction force
machines have been made to measure objects as heavy as the space shuttle. Gas bearing rotary table
machines are limited to about 25,000 pounds because of practica problemsin building gas bearings
larger than this.



9.0 Weight M easurement

9.1 Types of scales Purely mechanicd scaes have largely gone the way of the dinosaur.
Nearly dl scaes currently in use have dectronic digitd digplays and computer interface
cgpability. The most common scales il use strain gage load cdlls with typica accuracy of one
part in 2000. These scaleslend themselves to computer interfacing at relatively low cost.
Pulsed DC power supplies and linearization circuits have alowed accuracies to one part in
5000 at dightly higher cog.

The next leve of price with improved rangesbility comes with new ceramic cagpacitive srain
gages (for purposes of this paper, we will define rangesbility as the ratio between load capacity
and accuracy). These scales can be made with accuracies up to one part in 50,000.
Transducer giffnessis comparable with strain gage beam cells. These transducers have one
drawback: they can be damaged if a hard object is dropped on the scale, since the ceramic
spring is brittle and cannot withstand shock. Some newer scales using this technology
incorporate spring shock dampers to diminate this problem.

The biggest innovation has been the application of force restoration technology to weight
measurement. This technology has been in use since the late 1950'sin both eectronic and
pneumatic process control transducers. The newest generation of eectronic force rebaance
transducers can achieve accuracies on the order of one part in 10 million in [aboratory

balances. In the more common bench scale ranges up to 25 Ib, the accuracy can approach one
part in 1 million. In the larger Szes, 75 to 13,000 Ib, accuracies are typicaly one part in 25,000
to one part in 50,000. At thistime, the maximum load ratings available are on the order of
13,000 Ib.

These scaes are highly programmable to accommodate many weighing conditions: stability (i.e.
anima weighing), parts counting on weight basis, selectable units of measurement, etc. They are
fully competible with computer interfacing. The mgor disadvantages are price, and dow
response time. The dow response time is due to the fact that a closed loop rebadance circuit is
used.

9.2 Force Restoration Principle When aload is applied, the transducer deflects. A current
driven restoring force is gpplied through a closed loop control system until the unloaded
geometry isrestored. The applied current is then related to the applied force. Since the loaded
geometry after the restoring force is gpplied is the same as the unloaded geometry, the
transducer isinherently linear like the time honored balance beam scde. Thisisunlike the strain
gage load cdl which relies on the deformation of the sengitive spring eement to generate an
output. High accuracy mass properties measuring instruments for static CG and moment
measurement use this force restoration technology.

9.3 Comparison of scale types The table below compares scaes with the three transducer
types described above.. Rdative cost is acomparison of the cost of agiven scaleto anofrills
grain gage scde of the same load capacity.
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Summary Table of Weight Scale Characteristics

Transducer Load Typical Relative Comments
Type Range Rangeablility Cost
Strain Gage up to millions of 1/2,000 to 1to2 - Least rugged
Load Cell Ibs 1/5,000 - Insufficient sensitivity for
laboratory scales
- Nearly unlimited capacities
and configurations available.
Capacitive Fractional to 1/10,000 to 1.3t025 - Sensitive to shock
Load Cell 501b 1/50,000 - limited capacities available
- high rangeability
Force Rebalance Micro gram to 1/20,000,000 to 15t05.0 - Wide range of capacities
Load Cell 13,000 Ib 1/20,000 available
- highest rangeability
- not suitable for dynamic
measurements
- Most optional features

9.4 Corner Loading Error When a scade manufacturer quotes the accuracy of his scale,
usudly heisreferring to the accuracy when an object is placed on the platform so thet its CG is
in the center of the scdle. If you place the object off center, then a moment will be created
which tendstto tip the platform of the scale. On many scaesthiswill introduce an error.
Depending on the internal mechanism in the scale, this error can be aslarge as 0.5%. High
qudity scaes use pardld beam flexures and other compensating mechanisms, o that this effect
can be as smdl as 0.001%. You can test the scae you are using by firgt placing atest weight in
the center of the scale and measuring itsweight. Then you move the weight to each of the
corners of the scale and remeasure the weight. Y ou may be surprised a how large the change
is.

9.5 Weight vs M ass The mass of an object isfixed and is the same whether the object ison
the earth or in outer space. Weight, on the other hand, is aforce which depends on severa
factorswhich are related to the location of the scale. With the advent of force restoration
technology, scales such as the Space Electronics Y ST Series have uncertainties in the order of
0.003% of full scae. With these scales, it is possible to measure an object at different locations
of the earth and observe sgnificantly different values for weight.

The force amass exerts on a scale is affected by four factors:

1. The gravitationd mass atraction to the earth a the particular location, which isin
part related to the dtitude

2. The gravitational mass attraction to the sun and moon &t the particular location, which
may reach 0.003% of the acceleration of earth gravity at certain dates during the year
when the sun and moon dign



3. The centrifugd force due to the rotation of the earth, which varies from zero at the
north pole to a maximum vaue at the equator

4. The buoyancy of the object asit floatsin asea of air. This can be compensated for
by determining the enclosed volume, and cdculating the weight of the displaced air
(whaose dengity can vary due to the wegther).

These factors combine to result in a change in the weight of an object of amost 1% over the
surface of the earth, and about 0.2% over the contiguous USA! We put the exclamation point
at the end of the sentence, because we frequently see specifications for weight accuracy of
0.02%, and none of these specifications mention the location on earth where this measurement
isto teakeplace. If amassweighs 100 pounds at one location isthe USA, it could weigh 99.8
Ibs somewhere dsein the USA.

To get around this problem, and contrary to popular beliefs, the world, including the USA, uses
Mass rather than Weight to standardize and cdlibrate scales. To calibrate ascde, a standard
cdibration massis placed on the scdle. The scdeisthen adjusted until it reads the gppropriate
standard weight. The standard weight is the weight the mass would have a standard gravity
(32.174 ft/sec?).

Note: the traditional “Scales of Justice” balance beam compares one mass against another mass, and
therefore the measurement does not vary with changes in gravitational field strength.

A problem occurs when a scae is cdlibrated a one location and then moved to another
location to weigh an object. For large scale capacities, it is often not possibleto bring a
cdibration weight to the new site, either because thisweight is not available, or because of the
problems of shipping a cdibration mass weighing many thousands of pounds. Therefore, it is
necessary to correct for the change in the acceleration of gravity between the Ste where the
scale was cdibrated, and the Site where the object is being measured. The National Geodetic
Information Center in Rockville, Md has data on the weight correction required for many
locations on earth. If thisdatais not available, then another method isto determine the
correction isto calibrate asmal scae at the firgt Site, and ship this scale to the new site,
together with its calibration weight. The smd| cdibration weight is then remeasured. If the
measured vaue of this smdl weight is 0.05% high, then the acceleration of gravity is 0.05%
higher at this new location, and the measurement of the large object must be divided by 1.0005
to correct for this change in the accdertion of gravity.
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