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FORE WORD 

The f i e l d  of m i s s i l e s  and rockets  dea l s  wi th  q u a n t i t i e s  
of  mat te r  a t  var ious  loca t ions  wi th  d i f f e r e n t  a c c e l e r a t i o n s  of 
g r a v i t y .  The weight of these  masses changes wi th  g r a v i t y  and 
the  measurements of l i f t o f f  weight,  f u e l  weight ,  e t c . ,  r e s u l t  
i n  d i f f e r e n t  va lues ,  depending on whether mass o r  weight u n i t s  
a r e  used. 

Pressure and t h r u s t  a r e  independent of the  a c c e l e r a t i o n  
of g r a v i t y ,  bu t  t he  instruments  f o r  measuring these  va lues  a r e  
c a l i b r a t e d  wi th  s tandard masses, producing d i f f e r e n t  weight- 
f o r c e s  and c a l i b r a t i o n  curves a t  d i f f e r e n t  l oca t ions .  

Most s e c t i o n s  of ABMA and o the r  agencies  o r  companies use 
pounds o r  kilograms a s  u n i t s  of mass, weight o r  f o r c e ,  and the  
in f luences  of d i f f e r e n t  a c c e l e r a t i o n s  of g r a v i t y  a r e  o f t e n  d i s -  
regarded o r  t r e a t e d  i n c o r r e c t l y .  These d iscrepancies  become 
i n c r e a s i n g l y  unacceptable wi th  l a r g e r  m i s s i l e s  and g r e a t e r  
dis . tances between opera t ion  s i t e s .  

Therefore,  t he  following Standard Procedure has been 
prepared t o  i n s u r e  c o n s i s t e n t  and uniform terms and u n i t s  of 
mass, weight ,  f o r c e ,  p ressure  and acce l e ra t ion .  A l l  s e c t i o n s  
and i n d i v i d u a l s  concerned a r e  urged t o  use these  u n i t s  and 
procedures.  

D i rec to r  
Development Operations Div is ion  
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SECTION I. INTRODUCTION. 

The acceleration of gravity varies up to .55% over the earth and 
the weight of the same body changes accordingly, while the mass remains 
the same. In most fields of engineering the difference of gravity is 
negligible and it is common practice to use terms and 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 measurements, but are converted 
into weight units in an effort to correct for a different acceleration 
of gravity. In all, there is widespread confusion and inconsistency in 
using terms and units of mass, weight, force, pressure, and acceleration. 
Therefore, a standard procedure for using these units is necessary. 

SECTION 11. SYSTEMS OF UNITS 

The absolute and the gravitational systems of units use 1 m/sec2 
or 1 ft/sec2 as unit of acceleration; the units of mass and force are 
such that 1 force unit = 1 mass unit x 1 acceleration unit. Therefore, 
the weight of a body is numerically about 9.8 or 32.2 times its mass. 
There are some mixed systems of units in use, employing the mass unit 
in kilograms or pounds mass from the absolute system and the force unit 
in kiloponds or pounds force from the gravitational system of units. In 
these systems the numerical values of mass and weight are equal at 
standard acceleration of gravity (8,). This is very desirable. However, 
the current mixed systems still use 1 m/sec2 or 1 ft/sec2 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 equation of quantities (Groessengleichung): 

This Standard Procedure is based on the following units: 

TABLE I 

. - 

Property Metric Units 

- -  

English Units 

Mass Kilogram kg Pound Mass lbm 

Force Kilo pond kp Pound Force lb f 

Acceleration Standard Gravity 
gsm 

Standard Gravity 
(9.80665 m/sec2) (32.17398 f t /sec2) gse 



These units are derived from the basic units of mass, length, and time. 
The kilogram (kg) is the International Standard of mass as represented 
by the platinum-iridium cylinder in Ssvres, France. The symbol kgm may 
be used in personal work to avoid confusion with the old habit of using 
kg as unit of weig6t or force. The kilopond (kp) is the new International 
Unit of force, defined as the weight of 1 kg mass at the standard accel- 
eration of gravity. 1 kp = 980665 dyne. The unit of acceleration is one 
standard acceleration of gravity, accepted by international agreement as 
gs = 9.80665 m/sec2. This gravity prevails at about 45" latitude and 
sea level. The English units in the above system of units are analogous. 
With these units, indicated in parenthqses, the Newton equation is: 

F (kp) = m (kg) - a (g ) or F (lbf) = m (lbm) a (gse)- 
sm 

When using these units, the same body has the same numerical values 
of mass and weight under the standard acceleration of gravity. The 
acceleration is already being expressed in g quite frequently, and the 
above units will be very practical in most cases. These units should be 
used in all measurements and field reports. For aeroballistic or some 
other calculations and reports, the acceleration unit of 1 m/sec2 or 
1 ft/sec2 and the mass unit of 1 kp m-l sec2 or 1 lbf ft'l sec2 are being 
used. The gravitational system with these units and the conversion 
factors between the different units are listed in Section VII. 

This Standard Procedure uses the following symbols for the different 
accelerations of gravity: 

gs = Standard acceleration of gravity in metric or English 
units. 

~m 
= Standard acceleration of gravity in metric units. 

= Standard acceleration of gravity in'English units. gse 

1 
= Local acceleration of gravity 

g c = Acceleration of gravity at the location where the 
instrument was calibrated with calibration masses. 

SECTION 111. MASS 

Mass is the quantity of matter or a measure of the inertia of a 
body. The unit of mass is kilogram (kg) or pound mass (lbm) . 

1 kg = 2.204 622 lbm. 

Mass standards are available at the National Bureau of Standards 
in Washington, D. C. (NBS). .Secondary standards, or so-called "dead 



weights",  a r e  a v a i l a b l e  a t  Redstone Arsenal ,  Pa t r i ck  A i r  Force Base, 
and o the r  agencies  and companies concerned wi th  m i s s i l e  a c t i v i t i e s .  
These dead weights a r e  c a l i b r a t e d  a t  the NBS o r  s c a l e  companies by 
comparison wi th  primary s tandards of mass. A t  d i f f e r e n t  l oca t ions ,  the  
dead weights  have the  same mass, bu t  d i f f e r e n t  weights.  Therefore,  t he  
term "dead weight" i s  misleading. They a r e  a c t u a l l y  dead masses. A 
m i s s i l e  a l s o  has  t he  same mass but  d i f f e r e n t  weights a t  d i f f e r e n t  loca- 
t i o n s .  For example, t he re  i s  a .11% di f f e rence  between D e t r o i t  and 
P a t r i c k .  The same a p p l i e s  t o  f u e l  weight,  l i f t o f f  weight,  and a l l  o t h e r  
d a t a  pe r t a in ing  t o  t he  weighing of ob jec t s .  They a r e  a c t u a l l y  masses 
and must be t r e a t e d  a s  such. They should a l s o  be c a l l e d  "dead masses" 
o r  " c a l i b r a t i o n  masses", "mass of fue l " ,  e t c . ,  a s  i t  i s  a l r eady  done 
f o r  "mass f lowrate" ,  "mass c h a r a c t e r i s t i c s  of mi s s i l e s " ,  o r  "mass moment 
of  i n e r t i a " .  The NBS uses the  word "weight" f o r  p ieces  of meta l ,  repre-  
s en t ing  s tandards  of mass, but  t he re  t he  word "weight" i s  equiva len t  t o  
t h e  name of a body used i n  t he  process of weighing. The fo rce  of h a b i t  
w i l l  uphold f o r  some time the  word "weight" i n  t h a t  sense,  e s p e c i a l l y  
when the  masses a r e  determined by weighing. This should be avoided, 
bu t  i s  accep tab le  a s  long a s  t he  word "weight" i s  used only a s  a name 
f o r  q u a n t i t i e s .  /All numerical va lues  must be expressed i n  u n i t s  of mass 
and must be c l e a r l y  spec i f i ed  a s  such. 

Most weighing systems a r e  c a l i b r a t e d  by c a l i b r a t i o n  masses and the  
r e s u l t s  a r e  i n  u n i t s  of mass, provided the  c a l i b r a t i o n  i s  made a t  t h e  
same loca t ion .  Therefore,  no co r r ec t ion  s h a l l  be app l i ed  t o  t hese  
r e s u l t s .  When load c e l l s  o r  proving r i n g s  have been c a l i b r a t e d  a t  
another  l o c a t i o n  wi th  the  g r a v i t y  gc, t he  mass measurements wi th  such 
ins t ruments ,  a t  the  l o c a l  g r a v i t y  g l ,  must be cor rec ted  by the  f a c t o r  

gCIgl. For example, t h e  load c e l l s  o r  proving r i n g s  c a l i b r a t e d  a t  NBS 
a r e  compared wi th  s tandards  of masses a t  a n  a c c e l e r a t i o n  of 9.8008 
m/sec2. A t  Redstone Arsenal ,  the  a c c e l e r a t i o n  of g r a v i t y  i s  9.7964 
m/sec2 and more mass i s  requi red  t o  produce the  same weight-force obta ined  
f o r  a c e r t a i n  mass i n  Washington. Therefore,  t h e  mass measurements w i th  
an  NBS c a l i b r a t e d  proving r i n g  must be cor rec ted  by 9.8008l9.7964 = 
1.0004. Using the  percent  dev ia t ions  from Table 11, t he  c o r r e c t i o n  i s  
&, - bl = -0.06% - (-0.10%) = +O. 04%. 

When t h e  mass of lox  o r  f u e l  f i l l i n g  i s  determined wi th  d i f f e r e n t i a l  
p re s su re  gages,  t h e  r e s u l t  i s  i n  u n i t s  of mass, provided the  Ap gage i s  
c a l i b r a t e d  a t  the  same loca t ion  by l i q u i d  columns o r  by pressure  balances 
us ing  c a l i b r a t i o n  masses. '  It i s  important t h a t  these  da t a  must no t  be 
m u l t i p l i e d  by gl/gs t o  ob ta in  c o r r e c t  pressure  u n i t s  a s  prescr ibed  f o r  
p re s su re  measurements i n  Sec t ion  V of t h i s  procedure o r  i n  t he  i n s t r u c t i o n s  
of  some c a l i b r a t i o n  s tandards.  The Ap va lues  f o r  f i l l i n g  c o n t r o l  o r  
d e n s i t y  measurements a r e  no t  i n  u n i t s  of fo rce  per  u n i t  a r e a  = pres su re ,  
bu t  they a r e  measures of  mass. The u n i t s  must be c a l l e d  p s i  (m), i n  Hg 
(m), e t c .  t o  d i f f e r e n t i a t e  them from standard pressure  u n i t s .  

When t h e  mass of lox,  f u e l  o r  o the r  l i q u i d s  i s  determined by weighing, 
a c o r r e c t i o n  must be made f o r  buoyancy of a i r .  The buoyancy e f f e c t  on a 



body "X" equals  the  mass (%) t imes the  s p e c i f i c  g r a v i t y  of a i r  
(ya x 0.0012) divided by the  s p e c i f i c  g r a v i t y  of the  body (yx) . The 
weighing &stems a r e  c a l i b r a t e d  wi th  masses, having a  s p e c i f i c  g r a v i t y  
between 6 . 8  t o  8 . 4 ,  and the  buoyancy e f f e c t  i s  about 

The r e s u l t s  from the  weighing systems have a  buoyancy e r r o r  of 

This  i s  about : 

0.11% f o r  water 

0.14% f o r  hydrocarbon f u e l s  

0.10% f o r  lox  

These average f i g u r e s  f o r  buoyancy co r rec t ions  a r e  accu ra t e  enough f o r  
d i f f e r e n t  d e n s i t i e s  of t he  r e spec t ive  l i q u i d s  above. Liquid hydrogen 
has  a l a r g e r  v a r i a t i o n  i n  d e n s i t y ,  and i t s  buoyancy e f f e c t  may vary  
from 1.5% t o  4%. Therefore,  t he  buoyancy must be ca l cu la t ed  f o r  each 
p a r t i c u l a r  s p e c i f i c  g r a v i t y  of LH2. The same requirements p e r t a i n  t o  
t h e  buoyancy c o r r e c t i o n  when weighing complete m i s s i l e s ;  e . g . ,  t he  empty 
JUPITER m i s s i l e  has  a s p e c i f i c  g r a v i t y  of about 4 .0  and i t s  buoyancy 
e f f e c t  i s  on ly  0.015%. When the  m i s s i l e  i s  fue led  and the  pressur ized  
compartments a r e  c lo sed ,  t he  s p e c i f i c  g r a v i t y  of the  JUPITER i s  about 
0 .8  and t h e  buoyancy e f f e c t  i s  0.13%. This c o r r e c t i o n  must be app l i ed  
when t h e  l i f t o f f  mass i s  determined by weighing. I n  t u r n ,  t h e  buoyant 
f o r c e  of 158 pounds must be added t o  the  t h r u s t  a t  l i f t o f f ,  and decreas-  
i ng  buoyant f o r c e s  must be added wi th  decreasing a i r  d e n s i t i e s  during 
f l i g h t  a s  o u t l i n e d  i n  DSLB Memo No. 176. 

Derived from mass u n i t s  a r e :  

a .  Mass f  lowrates i n  kg / sec .o r  lbm/sec. 

b.  Densi ty  i n  kg/dm3, k g / l t r ,  g / cc ,  lbm/ft3, lbm/in3 and 
lbm/gal . 

C a l i b r a t i o n  masses a r e  used t o  measure these  va lues  o r  t o  c a l i b r a t e  
flowmeters and densi tometers;  t he re fo re ,  no co r r ec t ions  must be made. 

The s p e c i f i c  g r a v i t y  i s  t he  r a t i o  of t h e  dens i ty  of a medium t o  
t h e  d e n s i t y  of  water a t  4°C. This  dimensionless f i g u r e  i s  t o  be pre- 
f e r r e d  t o  d e n s i t y  va lues ,  e s p e c i a l l y  t h e  English va lues .  I n  t h e  me t r i c  



system, the  dens i ty  i s  numerical ly  the  same a s  t he  s p e c i f i c  g r a v i t y  
va lues ,  r e f e r r i n g  t o  water a t  4'C. The s p e c i f i c  g r a v i t y  of f u e l  i s  
o f t e n  r e f e r r e d  t o  water a t  60°F (API g r a v i t y ) .  This  causes confusion 
and must be discont inued.  

SECTION I V .  WEIGHT AND FORCE 

The fo rce  i s  the  cause of deformations o r  change i n  motion of a 
body and the  weight of a body i s  the  force  with which the  e a r t h  p u l l s  
t h a t  body toward i t s  cen te r .  The u n i t  of weight and force  i s  1 kilopond 
(kp) o r  1 pound fo rce  ( l b f ) .  This  i s  the weight of a u n i t  mass under 
t he  s tandard a c c e l e r a t i o n  of g r a v i t y .  

A t  o t h e r  a c c e l e r a t i o n s  of g r a v i t y  gl, a mass m has t he  weight of 

m . gl/gs. Therefore,  the  c a l i b r a t i o n  masses must be mul t ip l i ed  by 
gl/gs o r  co r r ec t ed  by &% when c a l i b r a t i n g  load c e l l s ,  proving r i n g s ,  
o r  o t h e r  fo rce  measuring devices .  Thrust  i s  one of our most important 
f o r c e  va lues  and the  above co r rec t ion  i s  e s s e n t i a l ,  a l though the  g r a v i t y  
e r r o r  a t  Redstone i s  only -0.1%, while  t he  inaccuracy of t he  t h r u s t  
measurement i s  about +0.5%. The e r r o r  of t he  t h r u s t  measurement i s  
composed of s eve ra l  small  e r r o r s  and a t  the  present  s t a t e  of accuracy,  
a systematic  e r r o r  of 0.1% i s  not  n e g l i g i b l e .  The c a l i b r a t i o n  curves 
must present  t he  cor rec ted  va lues  and d e t a i l s  a s  t o  how they were obta ined .  

P re sen t ly ,  t he  NBS c a l i b r a t i o n s  of load c e l l s  o r  proving r i n g s  g ive  
t h e  number of pounds mass and the  output  caused by the  weight of these  
masses a t  l o c a l  a c c e l e r a t i o n  of g rav i ty .  Therefore,  t he  NBS da ta  must 
be co r r ec t ed  by 9.8008/9.80665 = 0.994 o r  -0.06% when NBS c a l i b r a t e d  
instruments  a r e  used f o r  fo rce  measurements o r  a s  s tandards f o r  c a l i b r a -  
t i o n  of fo rce  measuring devices .  Af t e r  t h i s  co r r ec t ion ,  t h e  10,ad c e l l s  
o r  proving r i n g s  measure t r u e  fo rce  a t  any loca t ion .  

SECTION V.  PRESSURE 

Pressure i s  the  force  per  u n i t  a r ea .  The b a s i c  u n i t  of pressure  
i s  1 kp/cm2 ( a t )  o r  1 l b f / s q  i n  ( p s i ) .  There a r e  many o the r  der ived  
u n i t s  which a r e  we l l  known and covered by r e spec t ive  t a b l e s .  

Basic  s tandards f o r  c a l i b r a t i o n  of pressure  gages a r e :  dead weight 
pressure  balance,  dead weight t e s t e r  and manometers wi th  l i q u i d  columns. 
A l l  t he se  instruments  use c e r t a i n  q u a n t i t i e s  of mass t o  provide fo rces  
per  u n i t  a r e a  o r  pressure.  Therefore,  the  c a l i b r a t i o n  va lues  have t o  
be co r r ec t ed  by gl/gs o r  &% a s  descr ibed f o r  force  i n  Sec t ion  111. 
The c a l i b r a t i o n  curves must present  cor rec ted  va lues  and d e t a i l s  a s  t o  
how they were obtained.  

The NBS a p p l i e s  t h i s  c o r r e c t i o n  when it c a l i b r a t e s  pressure  gages,  
y e t  i t  does not  c o r r e c t  t o  t r u e  fo rce  va lues  when c a l i b r a t i n g  load c e l l s  
o r  proving r i n g s  a s  ou t l i ned  i n  Sect ion I V .  



SECTION V I .  ACCELERATION OF GRAVITY 

The following t a b l e  l i s t s  the  acce l e ra t ions  of g r a v i t y  f o r  d i f f e r e n t  
l oca t ions  connected wi th  m i s s i l e  work a n d , t h e  devia t ions  of these  va lues  
from the  I n t e r n a t i o n a l  Standard. 

TABLE I1 

Locat ion  m/sec2 f  t /sec2 &% 

I n t e r n a t i o n a l  Stqndard 
about  45" l a t i t u d e ,  sea l e v e l  

Chrysler  P l a n t ,  D e t r o i t  

Bureau of Standards,  Washington 

Redstone Arsenal 

Rocketdyne, Santa Susana 

P a t r i c k  A i r  Force Base 

Equator 

Pole 

The I n t e r n a t i o n a l  Standard a c c e l e r a t i o n  i s  a  value adopted by agree- 
ment. The o t h e r  va lues  a r e  measured o r  ca l cu la t ed  and the  same has t o  
be done f o r  o t h e r  l oca t ions  not  l i s t e d .  The numerous t a b l e s  of g r a v i t y  
va lues ,  based on t h e  Potsdam System o r  o the r  measurements, do no t  cover 
a l l  l o c a t i o n s  of p l a n t s ,  l a b o r a t o r i e s ,  t e s t  s tands ,  and launching s i t e s  
cqnnected wi th  m i s s i l e  a c t i v i t i e s .  There a r e  s eve ra l  e  ua t ions  f o r  g l  2 r e s u l t i n g  i n  va lues  which d i f f e r  up t o  1.6 . m/sec . A l l  formulas 
use the  geographical  l a t i t u d e  8 and a l t i t u d e  a ,  bu t  d i f f e r e n t  consider-  
a t i o n s  a r e  made f o r  i n t e r n a l  dens i ty  l aye r s  of the  e a r t h ,  e l l i p t i c i t y ,  
e t c .  Quite  common i s  t he  equat ion by Helmert: 

g1 (m/sec2) = 9.80616 -0.025928 cos 28 -0.000069 cos2 28 -0.0003086 a.  

8 i s  t he  geographic l a t i t u d e ,  a  i s  the  e l eva t ion  i n  meters ,  and the  
r e s u l t  i s  i n  m/sec2.. I n  English u n i t s ,  t he  g r a v i t y  i s :  



The result is rounded off to the nearest 10'~ decimal because of the 
above uncertainties and the needlessness for more decimals. 

At different locations within the same area, the change of gl is 
negligible since the maximum change is 0.0005% at Patrick Air Force 
Base, 0.002% at Redstone, and 0.003% at Santa Susana. At different 
altitudes on tall missiles, the change is less than 0.003% for 100 m 
or 328 ft, which is also negligible in most cases. 

SECTION VII. GRAVITATIONAL SYSTEM OF UNITS 

The gravitational or technical system uses the following units: 

Property Metric Units English Units 

Force Kilopond (kp) Pound Force (lbf) 

Mass kp m'l sec2 Ibf ft" sec2 

Acceleration m/sec2 f t/sec2 

The systems of units in Section I1 and Section VII use the same 
units of force. The units of acceleration differ by the standard 
acceleration of gravity gs = 9.80665 m/sec2 = 32.17398 ft/sec2. The 
conversion factors between the different units of mass are listed in 
Table IV. 

TABLE IV 

kg kp m"-sec2 Ibm Ibf ft-'sec2 
(slug) 
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