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FOREWCRD

The tield of missiles and rockets deals with quantities
of matter at various locations with different accelerations of
wravity., The weight of these masses changes with gravity and
the measurements of liftoff weight, fuel weight, ctc., result
in Jdifferent values, depending on whether mass or weight units
are used.

Pressure and thrust are independent of the cceleration
of gravity, but the instruments for measuring these values are
calibrated with standard masses, producing difterent weight-
torves and calibration curves at different lecations.

Most scctions of ABMA and other agencies ur companies use
pounds or kilograms as units of mass, weight or force, and the
influences ot ditf{erent accelerations of gravity are often dis-
regarded or treated incorrectly. These discrepancies become
increasingly unacceptable with larger missiles and greater
daistances between operation sites.

Therefore, the tollowing Standard Procedure has been
prepared to insure consistent and uniform terms and units of
mass, weight, force, pressure and acceleration. All sections
and individuals concerned are urged to use these units and
procedures.

Z@:éﬁ,‘ /bmg ’/fz'gjl,c

WERNHER VON BRAUN
Director
Development Operations Division
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SECTION T, LINTRODUCTION

The accveleration of gravity varies up to .55% over the earth and
the weight of the same body changes accordingly, while the mass -emains
the same.  In most fields of enginecring the difference of gravity is
negligible and it is common practice to use terms &nd quantities of mass
and weight interchangeably. The same is often the case in the field of
rocket propulsion, Masses are being called weight and sometimes the
mass data are obtained correctly from mcasurements, but are converted
into weight units in an effort to correct for a different acceleration
ot gravity. In all, there is widespread confusion and inconsistency in
using terms and units of mass, weight, force, pressure, and acceleration.
Therefore, a standari procedure for using these units is necessary.

SECTION 11, SYSTEMS OF UNITS

The absolute and the gravitational systems of units use 1 m/sec”
or | ft/sec” as unit of acceleration; the units of miss &nd force are
such that 1 [orce unit = 1 mags unit x | acceleration unit. Therefore,
the weight of a body is numerically about 9.8 ov 32.2 times {ts mass.
There are scmwe mixed systems of units {n use, employing the mass unit
in kilograms or pounds mass from the absoulute system and the force unit
in kiloponds or pounds force from the gravitational system of units. 1In
these systems the numerical values of mass and weight are cqual at
standard acceleration o1 gravity (gy). This is very desirable. However,
the current mixed systems still use 1 m/sec” or 1 ft/sec? as unit of
acceleration, resulting in various confusing or incorrect forms of
Newton's equation, When kilograms and kiloponds are used as units of
mass and weight, the proper unit of gravity is calculated by the follow-
ing vquation of quantities (Groessengleichung):

1 kp  9.80665 kg m/sez?

- 9.80665 m/sec” = 1 gg
1 kg 1 kg

This Standard Procedure is based on the following units:

TABLE 1
Property Metric Units Fnglish Units
Mass Kilogram kg Pound Mass ibm
Force Ki lepond Kp Pound Foirce ibf
Acceleration Standard Gravity g Standard Gravity Bg
e

™m

(9.80665 m/sec”) (32.17398 ft/sec®)




These uner s are devived trom the hasic umits ot mass, length, and time.
Ihe ®ilogram (kg) Ls the Inteinational Standard of mass as represented
beothe plativwe-ied o ovhonder e Sevees, France,  The symhol kgm may

b use b i personal Lork to avo.d confuiion with the old habit of using

Kp @b unil ot weight or toveo. The kilopend (kp) is the new Internationat
tuait e torce, detaiod g the weight ot 1 kg mass at the staadard accel-

eration ot gravity. 1 kp *a0ney Jdvae.  The umit of acceleration is one
standard acveloration o gravety, accepted by dinternational agreement as
- 9.30065 m/sec”.  This gravity prevails at about 5% latitude and

seat leveb, The Evglish units in the above system of units are analogous,
wWoth these units, Indieated in parentheses, the Newton equatinn bs:

Fo{up) m (kg) - (gsm) or F (1bt) = m (lbm) . a (g50)|

When uning these units, the same bodvy has the same numerical values
af omass oand weight muder the standard stecelevation ol gravity.  The
develetation is already being expressed in oy quite trequently, and the
Aot untt - Wwill be very practival in most gasces. These units should be
wsed 1o all measurcments and tield veperts, For sieroballistic or some
ather caleutation: and veports, the aceeleration unit of 1 m/sec” or
1 tt,secs and the tass unit ot 1 kp m™ oc” ov 1 LIhf ft™" sec’ are being
usels The gravitationa) svsten with these umits and the conversion
factors hetween the dviterent units are listed in Section VII,

Thes Standard Prescduve uses the tollowing svmbols for the ditterent
accelerations ot pravity:

re o ostandarl accelevartion ot gravity in metric or English
unnits,

Be Standard acceleration of gravity in metric units,
i1}

e, Standard acceleration ol gra.ity in English umits,
Hl ~ local aceeleration ot gravity

% © Acceleration of gravity at the location where the
o]

instrument was calibhriated with calibration masses,

SECTION I1I. MASS

Miss s the quantity ol matter or a moisure of the inertia of a
body.  The unit ot mass is kilogram (kg) or pound mass (lbm).

1 kg - 2.204 »n22 1bm.

Mass standards are available at the hational Bureau of Standards
in Washingtoa, D. C. (NBS). Secondary standards, or so-calied "dead
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weights™, are available at Redstone Arseral, Patrick Air Force Base,

and other agencies and companics concerned with missile activities.
These dead weights are calibrated at the NBS or scale companles by
compariseon with primary standards of mass. At different locations, the
dead weights have the same mass, but diffvrent weights. Therefore, the
term "dead weight” is misleading. They are actually dead masses. A
missite also has the same mass but Jifferent weights at different loca-
tion.. For example, there is a .11% ditference hetween Detroit and
Patrick. The same applies to fucl weight, tiftoff weight, and all other
data pertaining to the weighing of objects. They dre actually masses
and must be treated as such. They should atso be called "dead masses™
or "calibration masses", "mass of fuel”, etc,, as it is already done

for "mass flowrate”, "miss characteristics vl missiles", or '"mass monent
of inertia”. The NBS uses the word “weight' tor pieces of metal, repre-
senting standards of mass, but there the word "weight" is equivalent to
the name of a body used 1n the process of weighing., The force of habit
will uwphold for some time the word "weight' in that scvnse, especially
when the misses arce determined hy weighing. This should be avoided,

but is acceptable as long as the word "weight™ is used only as a name
for quantities. All numerical values must be expressed In units ot mass
and must he clearly specified as such.

Most weiphing systems are calibrated by calibration masses and the
vesults dare in units of mass, provided the calibration is made at the
same ltocation. Therefore, no correction shall be applied 10 these
results. When load cells or proving rings have been calihrated at
another location with the gravity g., the miss measurements with such
instruments, at the local gravity g, must be corrected by the tactor
Sc/gl‘ For example, the load cells or proving rings calibrated at NBS
are cimpared with standards of masses a: an acceleration of 9.3003
m/sec®. At Redstone Arsenal, the acceleration of gravity (s 9.7964
m/sec” and more mass {s required to produce the same weight-force ohtained
for a certaln mass in Washington. Therefore, the miss measurements with
an NBS calihrated proving ring wmust be corrected by 9.8004,9.7964 =
1.0004. Using the pervent deviations from Tahle II, the correction is
8o - S8 = -0.06% - (-0.10%) =+ .0.04%.

When the mass of lox or fuel filling {s determined with ditferential
pressure gages, the result is in units of mass, provided the “p gage is
calibrated at the same location by liquld columns or by pressure balances
using callbration masses, 1t is important that these data must not be
multiplied by 31/35 to obtain correct pressure units as prescrihed lor
pressure mewsurements in Section V of this procedure or In the 1nstructions
of some calibration standards. The Ap values tor tilling control or
density measurements are not in units of force per unit arca = pressure,
hut they are measurcs of mass. The units must be called psi (m), in Kg
(m), etc, to differentiate them from staundard pressure units.

When the mass of lox, fuel or other liqulds is determin.d by weighing,
a correction must he made for huoyancy of air. The buoyancy effect on a




body "K' cguals the mass (m,) times the specltlic gravity ot air

('a = 0.0012) divided by the specilic gravity of the body (?x). The
werghing systems are calibrated with masses, having a specific gravity
between 6.8 Lo 3.4, and the buoyancy effect is about

0.9012 . 0.00015 + my - 0.015%.

q

The tesults trowm the weighing systems have a buoyancy error of

(00012 _ 9.031%) oo

¥

AN X
This is about
0.114 for water
0.147% for hydrocarbon fuels
0.10% 1or lox

These averige figures tor buoyancy corrections are accurate enough for
ditferent densities of the respective liquids ahove. Liquid hydrogen
has a larger variation in density, and its buoyancy etffect may vary

from 1.5% to 4%. Therctore, the buoyancy must be calculated for each
particular specific gravity of LH.. The same requirements pertain to
the buoydncy correction when weighing complote missiles; e.g., the empty
JUIMTER mi sile has a specilic gravity of about 4.0 and its buoyancy
eftert is only 0.015%,. When the missile {s fueled and the pressurized
compartments are closed, the specific gravity of the JUPITER is about
0.4 and the hvoyancy effect {8 0,134, This correction must he applied
when the [{itotf mass in determined by weighing., In turn, the buoyant
force of 158 pounds must he added to the thrust at lhittoff, and decreas-
ing buoyant forces must be added with decreasing alr densitics during
tlight 4s outlined in DSLE Memo No. 176,

Derdved from mass units are;
4. Masy [lowraten in kg/sec or lbm/sec

b. Density in kg’dm™, kg/ltr, g/cc, lhm/(e®, lhm/in" and
'bm/gal,

Callbration masses are used to meapure these values or to calibrate
tlowneters and denaitometery; therefore, no corrections must be made.

The apecific gravity iu the ratio ot the density of a medium to
the denslty of water at 4”C  Thia dimensionless {igure {s to be pre-
ferred to density values, eupecially the Engllsh values. In the metrlc
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system, the Jensity 1+ numerically the same a< the specitic gravaty
values, referring to water at 4°C.  The specific gravity of tuet .=
often reforred to witer at 60°F (APl gravity).

This causes contusion
and must be discontinued,

SECTION 1V, WEIGHT AND FORCE

ot 4
pulls
®ilopond
under

The force i3 the cause of Jeformations or change in motion
body and the weight o1t a body is the torce with which the earth
that body toward its venter. The umit of weight and foree is 1
(kp) or 1 pound force (1bf). This is thc weight vf a unit mass
the staundard acceleration vi gravity.

At other accelerations of gravity g @ mass m has the weight of
m o glfgﬁ. There sare, the calibration masses must be multiplied by
gllgh or corrected by Sk when calibrating load cells, proving rings,
or other {orce measuring devices. Thrust is one of our most important
force values and the above correction is essential, although the gravity
error at Redstone is only =-0.1%, while the inaccuracy of the thrust
medsurement 15 about ‘0.5, The ervor of the thrust measurement is
composed of sceveral small errors and at the present statc of accuracy,
a systematic error of 0,17 is not negligible. The calibration curves
must prescnt the corrected vailues and details das to how they were ohtsined.

Presentiy, the NBS calibrations of load cells or proving rings give
the number of pounds mass and the output caused by the weight of these
masses at local acceleration of gravity., Thercfore, the NBS data must
be corrected by 9.8008/9.80665 = 0.994 or -0.06% when NBS calibrated
instruments are usced for ferce measurements or as standards tor calibra-
tion of force measuring devices. Aftcr this correction, the load cells
or proving rings measure true force at any location.

SECTION V. PRESSURE

Pressure is the force per unit area. The hasic unit of pressore
is 1 kxp/em” (at) or | lbf/sq in {psi). There are many other derived
units which are well known and covered by respective tables.

Basic standards for calibration of pressure gages are: dead weight
pressure balance, dead weight tester and manometers with liquid columns,
All these ifnstruments use certain quantities of mass to provide forces
per unit arca or pressurce. Therefore, the calibration values have to
be corrected by g8 OT sgh as described for force in Section I1II.

The calibrati . curves must present corrected values and details as to
lhow they were chtained.

The NES applics this corrcerion when it calibrates pressure gages,
yet 1t does not correct to truc force values when calibrating load cells
or proving rings as outlined in Section IV.



She T1oN Vi ACCFLERATION OF CRAVITY

The tollowing tabie irsts the accelerations of gravity tor difierent
Looations connectyad with missile work and the deviadtions of these values
it o the International standard.

TABIE 11
Locatlon m/sec ftsee &k

1. Internativnal Standard 9.80065 32.17343

about 457 latitude, sva lewvel
2. Chrysler Plant, Detroit 9.8031 12,1623 -0.04
b, Burvau ot Standards, Washington 9. 8003 32,1548 -0.06
«. Redstone Arsenal 9.7964 32, 1404 -0.10
5. Rockoetdyne, Santa Sriana 7.7949 32.127 -0.11
b. Patrivk Aivr Force Rase 9.7924 32. 1266 =014

Equator 9.7303 32.0875 -0.27
4. Pole 4.4322 32.2578 +0. 26

The International Standard acceleration is a value adopted by agree-

aent.  The other values are measured or calculated and the same has to

be done {or other locations not listed. The numerou: tables of gravity
values, based on the Potsdam System or other measurements, do not cover
all locations ot plants, laboratories, test stands, and launching situes
connected with missile activities., There are several equations tor gy
resulting in values which differ up to 1.6 - 1I07% m/sec” . All formulas
use the geographical latitude ¢ and altitude a, but ditterent consider-
ations are made tur internal density layers ot the carth, ellipticity,
vte. Quite common is the cquation by Helmert:

By (m/sec”)  9.30616 -0.023923 cos 2¢ -0.000069 cos' 20 -0.0003086 a,

¢ is the peopraphic latitude, a is the elevation in mwters, and the
result is wn mfsee” . In English units, the gravity is:

Loy (it/see”) = g, (m/sec® - 3.25083).



-

The result is rounded off to the nearest 10°% decimal because ot the
above uncertaintices and the needlessness for more decimals.

At difterent locations within the same arva, the change of #hy is
neglipgiblie since the maximum change is 0.0005% at Patrick Air Force
Base, 0.0027 at Redstone, and 0.003% at Santa Susana. At different
altitudes on tall missiles, the change is less than 0.0034 for 100 m
or 323 ft, which is also negligible in most cases.

SECTION VIT. GRAVITATIONAL SYSTEM OF UNITS

The gravitational or technical system uses the following units:

TABLE 111
Property Metric Units English Units
Force Kilopond (kp) Pound Force (1bE)
Mass kp m™ ! sec” Ibf tt~! sec
Acceleration m/sect ft/sect

The systems ol units in Section I and Scction VII use the same
units of force. The units of acceleration difter by the standard
accelevation of gravity ge - 9.80665 m/sec™ = 32.17393 ft/sec’ .  The
conversion factors between the different units of mass are listed in
Table 1V.

TABLE 1V
kg kp m™igec” 1bm Ibf ft='sec”
Cilug)
1 0.1019716 2.204622 0.0685219
9.80665 1 21.61990 0.671970
0.453592 0.0462536 1 0.03108102
14.59384 1.488162 32.173%4 i







