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Abstract -- How can the mass properties of

ob jects  designed to operate in space best be

measured in an earth based lab?  Mass

properties measurem ents of lightw eight objects

designed to operate in the vacuum of outer

space have tradit ionally been made in a vacuum

cham ber, in order to e liminate  the erro rs due to

the mass of the air surround ing the ob ject.

Vacuum chambers are expens ive and

inconvenient to use.   The novel m ethod

described in this paper eliminates the effect of

the air mass without requiring a vacuum

chamber.  This method works for any shape

ob ject.

Summary of Boynton's helium method  

(Space Electronics is applying for a patent on

this m ethod.)

1.  M easure the object in an a ir environm ent.

2.  Measure the same object in a helium

environm ent.  Since  the  he lium  is at a tmospher ic

pressure, there is no need for a thick-walled

chamber.  Even  a th in p las tic enc losure w ill

work.

3.  The M OI of the  test object in a vacuum can

t h e n b e  c a lc u la t e d f rom  the se  tw o

measurem ents, us ing the follow ing form ula: 

IV = 1.2 IH - 0.2 IA

where;

IV = MO I (predicted) in a vacuum

IH = MO I measured in helium

IA = M OI measured in  air

Since the mass properties instruments have an

on-line digital computer, these calculations can

be done  automa tically.

4.  Buoyancy effects on CG unbalance mom ent

can be corrected using a similar procedure.

Introduction -- Measuring the mass properties

of ob jects  designed to operate  in the vacuum of

outer space poses problems not encountered

when pe rform ing  sim ilar measurements on

earth-based test objects.  There are five primary

sources of error introduced to the measurement

by the air atmosphere.  These are:

1. the effect of  a ir entrapped within the

test part, thereby add ing to the actual

mass o f the test part

2. the effect of the atmospheric gas

entrained on the outer surfaces of the

test part adding to the effective mass of

the  test part.

3. the effect of the damping term on the

equation of motion of  a torsion

pendu lum.

4. the deflections of the test item due to

the drag forces.

5. the buoyancy effect on CG m oment

For large lightweight objects such as decoys, the

magnitude of these errors can be considerable.

The degree to  which entrapped and en tra ined a ir

influence the test resu lts is a function of the

shape and structure o f the test par t.  A so lid

object will expe rience only  the effect of entrained

air, while  a hollow cylindrical object with interior

baffles will have an  erro r due m ostly to

en trapped air. The percentage measurement

error is a function of the relative mass of the

entrapped or entrained a ir vs the mass of the

so lid portion of the test pa rt.  Smooth-surfaced,

dense objects, such as solid cylinders, will  show

neglig ible  difference in MO I (or POI) when

measured in a ir or vacuum.  On the other hand,

large lightweight objects may show more than

15% difference in MO I when  measured in air vs

vacuum, and the buoyancy effect on sealed

l ightweight ob jects  can cause CG measurement

erro rs o f severa l inches. 

For the test ob jects  we considered, the error due

to dam ping and deflection were less than 0.1%,

and we w ill ignore these e ffects  in the remainder

of th is paper. 

Problems associated with measuring in a

vacuum -- You can  elim inate the effect of air by

measuring the mom ent of ine rtia  of an object in

a vacuum, but this leads to a number of

problems:

1.  The objects to  be tested wh ich are

most affected by air tend to be large.

This  requ ires large vacuum chambers

which are massive, expensive, and
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requ ire long setup and evacua tion tim e

for each test.  

2. Mos t high accuracy  MOI and POI

instruments are bu ilt with gas bearings.

That means that the gas discharged

from the bearing m ust be continually

p um ped ou t in o rder to m ain tain a

vacuum, making it  dif ficult to obtain a

good vacuum .  

3.  A vacuum chamber requires a  large

expensive vacuum pump.  Considerab le

electrical power is expended every time

the vacuum chamber is evacuated, and

addit ional energy is required to keep the

pumps runn ing so the  air flowing

through the gas bearing is removed.

4.  There is no convection cooling in a

vacuum, so motors and elec tronic

circu its in standard mass properties

instruments will  tend to overheat and

fail.  Some components can be moved

outside the evacuated space, but others

have to be protected by intermittent, low

service factor operation, or special

cooling methods.  These  components

i n t r o d u c e  s o m e  m e a s u r e m e n t

uncertainty due to  temperature variation

during the operating cycle.

5.  The gas bearing in the instrument

works very differently in a vacuu m than

in air, so that a special bearing design is

required for use in a  vacuum . 

6.  The cost of a special mass properties

instrument for use in a vacuum is at

least 10% higher than a conventional

instrument.

How good a vacuum do you need? - - To

elim inate the effect of air,  you do not need to

create  the near perfect vacuum of outer space.

The relationship between air mass error and

atmospher ic pressure is linear.  For example,

reducing the atmospheric pressure from 14.7

ps ia to 2 psia will  reduce the effec t of the

entrained and enclosed air by a factor of 7.25.

By measuring the mom ent of inertia f irst at

atmospher ic pressure, and then at 2 psia, you

have two  data points from wh ich to  extrapolate

the measured  value in a vacuum. 

Using Helium to simulate low atmospheric

pressure  -- If a  2 psia  atmosphere can be used

to obtain one of the data points, then it  follows

that any other method yielding the equivalent of

2 psia can also be used.  This led us to believe

that testing in a helium atmosphere had the

potentia l to simulate testing in a reduced

pressu re a tmosphere  of about 2  psia, since the

density of helium is about one seventh that of

air.  There are two m ajor sources of

measure ment error in air (entrained and

entrapped air).  For the  he lium  method to be

successful, it  must reduce both by the same

percentage.  Our experiments show this to be

the case.  The percentage reduction in MO I was

the same whether we reduced the pressure  to 2

ps ia or replaced the atmosphere with helium.

W e repeated this experiment with a number of

test ob ject shapes.  

Advantages of helium atmosphere testing over

vacuum testing -- The primary advantages are

lower cost and grea ter convenience. 

1. The  massive, expensive vacuum

chamber and  the vacuum pump are

eliminated.  Helium testing can be done

in a sim ple, lightweight, sealed chamber.

For very large parts, the entire test area

can be sealed with plastic film and serve

as a space env ironment.

2. Less operator t ime is required to run

a test.  Evacuation tim e for a vacuum

chamber is far greater than helium

purge tim e.  Helium is introduced at the

top of the chamber and when it is

detected f lowing out of a vent at the

bottom, the chamber is ready for testing.

3. Test se tups in a vacuum chamber

cannot readily be changed without re-

introducing air and re-evacuating the

chamber.  A glove box can be  used  in

the helium chamber.  For large test

cham bers, techn icians  can w ork in

scuba gear or with Scott packs in a

helium environment.  Realistically,

technicians cannot work in a vacuum

chamber and the vacuum must be

released and the chamber re-evacuated

for any adjustment to the test . In a

helium fil led room, a simple air lock can
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be used, so the room need not be

purged and refi lled.

4. The MOI (or POI) instruments require

little redesign.  A proprietary Space

Electronics gas bearing design works

equ ally  well in air or helium and the

electrical components a re equa lly well

cooled in e ither  atm osphere .  

Results of low pressure simulation using a

helium atmosphere  -- I t was determined by

these tests  that measuring MOI in a helium

environment of 1 atmosphere pressure is

equivalent to ope rating in  air  at a pressure of

about 4 inches of Mercury (2 psia).  Even though

we had chosen test objects which had different

proportions of entra ined and entrapped air, the

results were the sam e fo r all tes ts. This  is

exac tly what one might suspect based on the

rela tive density o f air and helium .  

As our test data shows, the data points using

helium appear on each curve at a density which

is slightly greater than would be predicted from

the theore tical density of helium .  We  were

puzzled by  this  at f irst, but then it  occurred to us

that the helium  is probably mixed with a small

amount of air, increasing its density.  In any

event, the magnitude of error which results was

less than 0.08%  for the cone shaped objects.

NOTES

In the p rocess o f perform ing these tests , a

number of inte res ting e ffects  we re observed.  

Temperature effect -- Wh e n th e M OI

measurem ents were first performed, there

seemed to be considerable drif t.   We also

noticed when the cover of the test chamber was

removed, the escaping helium was quite cold.

W e questioned whether the  drift was due to

tempera ture variation.  Two m odifications were

made:

 

1. A thermom eter was mounted in the

side of the  cham ber to  mon itor

temperature.

2. The helium was passed through a

copper coil  in a room -tempera ture water

bath before entering the  test cham ber.

The effect of these changes was minimal but

gave us addit ional confidence in the test setup.

W e then w ere ab le to determ ine that the drift

was due to humidity (see next paragraph).

Hum idity effects -- The drif t was f inally traced to

a hum idity effect.  Ou r first test objects were

made of paper and cardboard.  These had

apparently achieved m oistu re equ ilibrium  with

the am bient a tmosphere .  The vacuum, with

zero hum idity, drew m oisture from the test

objects, reducing their  weight and M OI.  This

effect was m easurable. The tests were re-run

with non-adsorbent test objects and we

observed that the humidity effect was eliminated.

Sensing when the chamber was filled with

helium -- Our norm al procedure  was to

introduce helium into the evacuated chamber.

When  the pressure returned to 1 atmosphere,

the escape of gas from the vent was proof that

the cham ber was  filled  with he lium .  How ever, in

those tests where we did not evacuate the

cham ber, we filled it  with helium from  the top to

minimize the mixing of air and  he lium.  We used

3 methods to determine when the chamber was

fil led with helium.

1. We placed a deflated plastic bag

loosely over the vent.  When helium

started to f low from the  vent, it rose into

the bag, filled  it, and  even tually caused

the bag to rise in the air, much as a hot

air balloon is fil led and rises.

2. The second method was to place a

cand le in an  inve rted  jar at the vent.

When  helium rose into the jar and

disp laced the a ir, the candle went out.

3.  The two prev ious m ethods  work w ell

but do not lend themselves to

continuous use in a production

environm ent.  Comm ercial oxygen

sensors are  availab le.  W e have

installed two of these on our measuring

instrumen ts.  The first sensor is placed

in the chamber and 
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Figure 1 - MOI of Entrapped/Entrained Air
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Property Air Helium

Density

(lb/ft3)

at 20oC

.0754 .0104

Absolute V iscosity

at 20oC

Micropoise

181 194

Specif ic Heat

joule/gm oC

Constan t Pressu re

at 20oC

1.006 5.24

Therm al Conductivity

at 0 oC

joule/cm secoC

2.41 14.15

used to verify when the oxygen has been

displaced by helium.  The second sensor is

mounted outside the instrument and is used to

warn the  tes t operator  if the oxygen leve l is

reduced to 90%  of its normal level per OSHA

standards.

Purging air from sealed test objects  -- This is a

measurable  effect when air is entrapped inside

a lightweight, h igh volum e test ob ject.  If the

helium method is  to be fu lly e ffective, this  air

must be rep laced by helium .  If the tes t ob jec t is

not t ightly sealed, this can be accomplished by

sim ply  waiting unti l the air has dispersed into the

helium atmosphere .  If there are any  open ings in

the test object, they should be oriented down  so

the helium will rise through them and displace

the air inside.  It should be noted that if the test

object is tight ly sea led , air  may  be  intent ionally

trapped ins ide  when the veh icle  is in  space and

no attempt shou ld be  made to  purge  it.

Product of inertia  Spin balance m ach ines are

capable  of very high sensitivity, particularly if  the

test item is rotated at a relatively high speed,

since the force due to POI unbalance increases

as the square o f the speed.  How ever, a ir

turbulence has the effect of negating the

advantage of higher spin speed.  Air turbulence

increases the noise floor of the measureme nt, so

that the unbalance signal is obscured by the

forces introduced by the air flowing past the

outer surface o f the test object.  Placing the test

object in a vacuum eliminates this prob lem.

However, the same objections to a vacuum

chamber listed earlier apply for th is case.  A

helium environment has the effect of reducing

this noise floor by approximately a factor of 7.

Center of gravity  If center  of g ravity  is

measured by the spin process, then  the  same

advantages listed above  for  PO I apply  to this

process.  I f CG is measured by  de tecting s tatic

unbalance mom en ts, then the w eight of a ir

introduces an erro r due to  buoyancy.  This

buoyancy  effect only occurs for sealed objects.

The density of a ir is 0.075 lb/ft3.  I f one side of an

object disp laces 1 ft3 more than the other s ide,

and the center of buoyancy of that sid e is  at a

radius of 3 ft, then  a m om ent of 2.7 lb-inch is

created.  The signif icance of this mom ent

depends on  the  weight of the  tes t item .  If the

test item  we ighs 1000 pounds, then th is results

in an error in CG of 0.003 inch.  I f the test item

weighs 100 pounds, then the error is 0.027 inch.

If the test item is a thin lightweight space object

such as a decoy, then it  could weigh as li tt le as

1 pound.  The result ing error in CG would be

2.700 inch!  Measuring the CG in he lium  will

reduce the buoyancy error by a factor of 7.5.  As

in the case  of the  mom en t of ine rtia

measurem ent, the m easurement in air and

helium can be extrapo lated  to yield the CG in a

vacuum.

Effect of helium on the test operator  The

helium used in this test procedure wil l be
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exhaus ted to the  atmosphere  and will  be mixed

with the air that the opera tor b rea thes.  W ill this

present a hazard?  The answer is no, for the

following reasons:  H elium is not tox ic, and  in

fact is intentionally used by scuba divers to

reduce the incidence o f the "bends".  Helium

rises very quickly, since it is so much lighter than

air.  In a large industrial building, the 1  CFM of

helium used by the instrument wil l r ise to the

ceil ing and not change the composition of the air

the operator breathes.  In a small room, the

helium will  eventually displace the air, so that the

operator could  experience a lack of oxygen.

However, well before this happens, the operator

will note that he is starting to sound like D onald

Duck when he talks.  As a further safeguard, we

have insta lled an oxygen sensor on all  of our

instruments which use helium.  A warning tone

sounds when the oxygen level decreases to 90%

of its normal concentration.

Cost of Helium  In March, 1991, the cost of

helium was $84 for a  291 ft3 bottle.  About 1

CFM  is required for the ins trum ent.  In addit ion,

a vo lume of helium equal to the volume of the

test cham ber will be required. Typically, about

$15 worth of helium is required for one

measurem ent.  Th is is a tiny fraction of the cost

of buying a vacuum chamber and expending the

energy to pum p the a ir out. 

Description of test method

It was the intent of these tests to determine the

feasibility of measuring M OI of various test parts

designed for use in space in a helium

atm osphere  at 1  a tmosphere pressure

(nom ina lly 14.7 Psia) as a substitute for

measuring these parts in a partial vacuum.  The

objectives of this study were:

  1. T o  de term ine  the  leve l of  reduced

pressure air  (vacuum)  equivalent to the

helium environment for various tes t part

shapes.  The shapes measured were; 2

cones, 2 cylinders, 1 solid sphere, and 1

flat pane l.

  2. T o  de te rm ine  co rrec tion  factors  to

extrapolate test part MO I in vacuum

based on helium  atm osphere  results

  3. T o  de ve lo p  a  g a s  b ea rin g M O I

instrument suitable  for operation w ith

helium or air as the bearing gas, and to

a n t i c ipa te  a n y  o t h er  p ro b le m s

associated with the use of helium as the

gas bearing medium.

For each  tes t ob jec t, M OI was  measured in  air at

atmospher ic pressure.  Ba rom etric pressure was

recorded.  Pressure was then reduced, and

measurements made at 15, 20, 25, and 28

inches Hg vacuum.  The test chamber was then

backfil led with he lium  to atmospheric pressure

and MO I was measured.  The data was plo tted

and extrapolated l inearly to perfect vacuum

cond itions.  

The change in MOI from the vacuum value for

each of the vacuum condit ions and helium was

then plotted as % MO I error due to entrained

and entrapped atmosphere vs absolute

atmospher ic pressu re.  The magnitude of the

error due to  air  varied from nearly 19 percent of

vacuum MO I for a very thin walled cylinder

rotated about its transverse ax is to near zero for

a so lid steel sphere.  Most test items were made

of 0.007 inch thick mylar, so that the effect of air

would be m ore drama tic.

The he liu m atmosphere value of MO I was then

plotted as a s traight horizontal line.  The

intersection wi th the MO I vs air pressure line

cons istent ly fell a t an  air  atm ospher ic equivalent

pressure of 4 to 5 inches Hg  absolute pressure.

This  agrees with the pred iction of 4.25 inches

based on the relative densities o f helium and  air.
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Figure 2 - Helium/Vacuum Test Setup
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Test Results

Open Cones-- Thin walled cones are comm on

shapes for  certa in types of space vehicles.  Two

cones were tested.  One cone was 4.675 inch

diameter by 16 inches long .  The other cone was

5.75 inch diameter by 13.75 inches long .  Both

were open on one end and had a wall thickness

of 0.007 inch.  They were oriented to measure 

MOI abou t an  ax is paralle l to the base at about

1/3  the height.  This was nominally through the

CG.  Bo th cones exhibited sl ightly less than 10%

error in air (this number could have been

decreased by making the cone m aterial thicker).

For the shorte r cone, the value of MO I in a

vacuum was  0.61504  lb- in2.   If  we calculate the

MOI in a vacuum using the MO I in air and the

M OI in helium, then  this  ca lcu lated  va lue is

within 0.12% of the true value in vacuum. For

the longer cone, the value o f MO I in a vacuum

was 0.72390 lb- in2.  If we calculate the MO I in a

vacuum us ing  the  MOI in a ir and  the  MOI in

helium, then this calculated value is within 0.08%

of the true value in vacuum .  As described

previously, the  measured values  in helium

indicated a density slightly higher than w ou ld be

predicted from the theoretical density of helium.

W e believe this is because  the  he lium  is

probab ly mixed w ith a small amount of air,

increasing its density.  The helium data should

fall on the curve at a pressure of 4.14 inches of

me rcury.  Instead, the longer cone was at 4.77

inches and the shorter cone was at 4.73 inches.

This  sma ll difference was not enough to cause a

sign ificant erro r in the  predicted value o f MOI.

Flat Plate-- The flat plate was a .120 inch thick

lucite  5½  by 16 inches.  MO I was measured

about the short axis.  The f lat plate was selected

as a test part because it had no en trapped air.

Note  that the relationship between the MOI

measured in helium and that at an  atm ospher ic

pressure of 4.14 inches o f mercury is the same

as other shapes, indicating that the same

form ula  can be used for any shape object (i .e.

the same relationship exists for both entrained

and entrapped air).  The value of M OI in a

vacuum was  9.71176  lb- in2.   If  we calculate the

M OI in a vacuum using the MO I in air and the

MOI in helium , then  this  ca lcu lated  va lue  is

within 0.05% of the true value in vacuum.

Open Cylinders-- These test pa rts were thin-

walled plastic  tubes open at both ends.  One had

a 5.25 inch diameter and 14 inch height; the

other had a 4.25 inch diameter and 17 inch

he ight.  Because of their shape, they had greater

entrained and entrapped air than the cones

(which we re o f the same th ickness m ylar).

Therefore, the effec t of  air  was greater (19%  vs

10% for  the  cones).  Even w ith this  large error in

air, we were sti ll  able to predict the MO I in a

vacuum with high accuracy.  For the shorter

cylinder, the value of MO I in a vacuum was

1.68265 lb- in2.  I f we calculate the MO I in a

vacuum using the M OI in a ir and  the  MOI in

helium, then this  calculated value is within 0.14%

of the true  value in vacuum .  For the longer

cylinder, the value of MO I in a vacuum was

2.12335 lb- in2.  If we calcula te the MOI in a

vacuum using the MO I in air and  the  MOI in

helium, then this calculated value is within 0.22%

of the true value in vacuum.

Solid Sphere-- The precision-lapped stainless

steel sphere had a diameter of 4.0078 inches

and was  round w ithin 5  microinches.  As w ou ld

be expected, the effect of air was negligible (less

than 0.01%).  This data was not plotted.

Conclusions  We have developed a new

method of testing which simulates the vacuum of

outer space without requir ing a large expensive

vacuum chamber.  This method involves first

measuring the object in air, then  measuring it

again  in a helium environment, and extrapolating

the va lues to  yie ld the m ass prope rties in  a true

vacuum.  Experimental data on a number of

shapes indicates tha t this method w orks ve ry

well.   Space Electronics has developed

instruments which use helium to lubricate the

gas bearing in the instrum ent, so they are

co mpatible  with this method.  This discovery

shou ld make it possible to measure very large

ob jects  (such as assem blies used in a space

station) without requ iring a  vacuum  chamber.
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Figure 3 - MOI vs. Chamber Pressure - Open Cylinders about Cross Axis
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Figure 4 - MOI vs. Chamber Pressure - Open Cones about Cross Axis



13

Figure 5 - MO I vs Chamber Pressure - Thin Rectangular Plate
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Test Data

Short Cylinder

Vac Abs. Pressure MOI Calculated ** Deviation

0 30.14 1.92892

15 15.14 1.81009

20 10.14 1.77191

25 5.14 1.72454

28.5 1.64 1.68811

30.14 0 1.68265 * 1.68033 -.14%

HE 30.14 1.72176

Long Cylinder

Vac Abs. Pressure MOI Calculated ** Deviation

0 30.14 2.51772

15 15.14 2.33161

20 10.14 2.25853

25 5.14 2.18978

28 2.14 2.14811

30.14 0 2.12335 * 2.11864 -.22%

HE 30.14 2.18515

 *  Extrapolated Data Point

**  Ca lculated from  Air and HE data a t Atm. Pressu re
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Short Cone

Vac Abs. Pressure MOI Calculated ** Deviation

0 30.14 .674765

15 15.14 .646299

20 10.14 .635092

25 5.14 .626813

27 3.14 .620793

30.14 0 .615040 * .614329 -.12%

HE 30.14 .624402

Long Cone

Vac Abs. Pressure MOI Calculated ** Deviation

0 30.14 .792282

15 15.14 .757376

20 10.14 .746159

25 5.14 .736432

27 3.14 .730344

30.14 0 .723900 * .723320 -.08%

HE 30.14 .734811

 *  Extrapolated Data Point

**  Ca lculated from  Air and HE data a t Atm. Pressu re
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Flat Plate

Vac Abs. Pressure MOI Calculated ** Deviation

0 29.56 9.97983

7 22.56 9.91993

10 19.56 9.89673

15 14.56 9.84724

20 9.56 9.80396

25 4.56 9.75381

27.25 2.31 9.73270

29.56 0 9.71176 * 9.70694 -.05%

HE 29.56 9.75242

 *  Extrapolated Data Point

**  Ca lculated from  Air and HE data a t Atm. Pressu re
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