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ABSTRACT

Some fundamental concepts of units, dimensions, and

physical measurements are discussed, and illustrations of

the misunderstandings that exist in the literature concerning
these concepts are given. The differences between measure
and physical equations are outlined, and a simple example is
considered. The choice of how many and which units to use

as basic is shown to be completely arbitrary, and the choice

is usually made to produce maximum accuracy and convenience.

Various mechanical, thermal, and electrical systems of
units in common use today are presented, and an engineering
(ft-lbf-amp-sec) system is developed to describe electromag-
netic problems. The history of some important physical units
is traced, and the latest definitions of these units are used to
obtain convenient conversion tables for various physical quanti-
ties,
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NOMENCLATURE

Area

Acceleration

Magnetic flux density
Capacitance

Velocity of light

Degrees Celsius (centigrade)
Diameter

Potential

Energy

Faraday's constant

Dimension of force

Degree Fahrenheit

Force

Newtonian gravitational constant
Local acceleration of gravity
Group of units from Newton's law of motion
Standard acceleration of gravity
Magnetic field intensity
Enthalpy

Planck's constant

Current

Surface current

Constant of proportionality
Degrees Kelvin

Inductance

Dimension of length

Length

Mass

Mass flow

vii
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(M1
me
N
P

T D Yty = F

Pstd

Dimension of mass
Electron rest mass
Avogadro's number
Power

Pressure

‘Charge

Electron charge

Gas constant per unit mass
Resistance

Degrees Rankine

Gas constant per mole
Temperature

Time

Volume

Volume flow or pumping speed
Velocity

Generalized quantities
Measure in system identified by subscript
Dimension

Unit in system identified by subscript
Angle

Permittivity

Temperature

Permeability

Viscosity

Electric field intensity
Resistivity

Density

Standard density
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r Time
") Magnetic flux.
SUBSCRIPTS
a, b Special cases, described in text
f Force |
m Mass
n Particular example
X Unspecified system of units
1 First, or first case
2 Second, or second case
CONSTANTS
c Velocity of light, 2.99793 x 1010 cm/sec, #x 108 ft/sec
hp Planck's constant, 6.62517 x 10"27 ergs sec,
4.886474 x 10734 ft 1b; sec
8std Standard acceleration of gravity, 980.665 cm/secz,
32. 1740 ft/sec?
de Electron charge, 1.60206 x 10”19 coulombs,
1.60206 x 10712 amp sec
m, Electron rest mass, 9.1083 x 10728 grams, 2.00803 x 107> 1by,
atmg;y Standard atmosphere, 1.013246 x 108 dynes/cmz,
2116. 22 1bg/ft2 (See Table /,125
o Stefan-Boltzmann constant, 5.6687 x 10™° ergs./cm2 °kK% sec
4.75502.x 10713 Btu/ft2(R)*
s = 3.14159265
e =2,7182818
F Faraday constant, 96516.5 + 2.1 coulombs/gm mole (physical

scale)

ix
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k Boltzmann's constant, 1.38044 x 10716 erg/°K,
94 ftlbp
5.65644 x 10 4
R
N Avogadro's number, 6.02486 x 1023(g mole)—l,
2. 73283 x 1026 (1b,, mole)~!
G Newtonian gravitational constant, (6.670+0.005)x 10~8 dyne cm2 g'z,

3.320792 x 10710 1be £t2/1p,, 2

Tgtq 273.15 °K, 491.67 °R

NUMERICAL PREFIXES

Prefixes Meaning
pico - 1x 10712
nano - 1x 1079
micro - | 1x 1078
milli - 1x 1073
centi - 1x 1072
deci - 1x 1071
unity - 1x 100
deka - 1x 10!
hecto - 1x 102
kilo - 1x 103
myra - 1x 104
mega - 1x 108
giga - 1x 109
tera - 1x 1012



ABBREVIATIONS

Term
absolute
acre
ampere

Angstrom unit
atmosphere

British thermal unit
calorie

centimeter

centimeter gram second
chemical

circular

cubic

degree

degree Celsius (centigrade)
degree Fahrenheit
degree Kelvin

degree Rankine

electric

farad

foot

foot pound second
gallon

gauss

gram

henry

horsepower

hour

international
international steam table

inch

Abbreviation
abs

spell out or A
amp

A

atm

Btu

cal

cm

cgs

chem

cir

cu

deg

°C

°F

°K

°R

elec

ft
fps
gal
gs
gm

hp
hr
int
I.T.

in,

Term
joule
kilo-~
kilocalorie
kilogram
liter
meter
meter-kilogram-second
micro-
micron
miles per hour
milli
minute
minute (angular)
molecular weight
oersted
ohm
ounce
pound force
pound mass
pounds per square inch
revolutions per minute
second (angle)
second (time)
specific gravity
square
standard
temperature
volt
watt
watthour

yard
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Abbreviation

3

k
keal
kg

1

m

mks

"

mph

min

mol. wt

oe

oz
1bg
1bp,
psi

rpm

sec
sp gr
8q
std

temp

whr

yd
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1.0 INTROGDUCTION

The first physical experiments were qualitative in that they were
simply observations of physical phenomena. However, as science
progressed, the need for quantitative investigations became apparent.
Systems of units were developed by early investigators to describe their
results conveniently; and, since most of these researchers worked inde-
pendently, many systems of measurement were developed.

Although recently there has been agreement, to a certain extent,
within each field of science as to preference in units and dimensions,
there is still the problem of converting from one system to another. The
problem has become more apparent in the last few years because of the
overlapping of the various fields of science. For example, the aerody-
namicist of today is not limited to problems that can be described by
purely mechanical units. Equations that were once totally mechanical
now have additional terms because air and other gases at high tempera-
ture can no longer be considered inert substances. Chemical reactions .
take place between the various constituents and the gas, because fﬁ%‘@g
ionized nature. is affected by electric and magnetic fields. Chemical
kinetic and magnetohydrodynamic terms must now be included to
describe the gas completely. '

The initial motivation for this report was the need for a convenient,
accurate, readily available handbook of definitions and conversion factors
for units of measurement. It soon became apparent that this could not be
provided without some consideration of more basic questions, such as

1. What are the requirements of an ideal unit?

2. What is the minimum number of units needed to define a com-
plete system?

3. What is the difference between a physical and measure equation?

4, What is meant by rationalization?

5. What are the classic and modern viewpoints?

This report attempts to briefly answer these questions and others
frequently raised concerning systems of units. Also included are tables

to expedite the conversion of quantities measured in one system of units
into the units of another system.

Manuscript released by authors December 1961,



AEDC-TDR-62-6
2.0 GENERAL DISCUSSION

2.1 UNITS AND DIMENSIONS

A physical quantity, in the general sense, is any material concept
which can be described mathematically. The procedure involved in this
mathematical description will be considered in the next section., All
that need be said at this time is that a defined physical quantity of the
same kind is required. This defined quantity is called a unit.

Units are of two types, basic and derived. A basic or fundamental
unit is one that is defined by some arbitrary physical standard, whereas
a derived unit is one that is defined by some physical phenomenon in
terms of other units. An example of a basic unit is the meter, a unit of
length, whereas the dyne, a unit of force, is a derived unit; it is defined
in terms of the units of length, mass, and time together with Newton's
second law.

Physical quantities that can be expressed in terms of the same unit
are said to have the same dimensions. A dimension can be considered
merely a name to identify a physical quantity as to kind. For example,
length is the name given to that quantity that can be measured with a
yardstick. A dimension may describe several different units of the same
kind; e. g., the units of inch, centimeter, and mile all have the dimen-
sion of length.

Every kind of physical quantity, each of which has its own dimension,
can be expressed as a product of powers of a few basic dimensions
(Ref. 1). The dimensions of the basic units are usually chosen as these
basic dimensions. Thus, while area is a dimension characteristic of a
surface, the dimension of area can be conceived and expressed as the
dimension of length squared. The brackets are used to represent a dimen-
sion; the dimension of area is [A] and that of length [L.]. Therefore,

(Al = [LY

Any number of basic units could be chosen from the many kinds of
physical quantities. The choice of which units and how many units to use
as fundamental depends upon several requirements. An ideal basic unit
should fulfill the following requirements:

1. Easily definable

2. Capable of being compared directly with quantities of the same
kind
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3. Easily reproducible

4. The same order of magnitude as the quantities to be measured
(Different units would be required in atomic and astronomical
fields.)

Since no unit fully represents the ideal unit, a compromise between
the various requirements must be made. The choice of the basic units
is usually biased by tradition and custom. However, custom dictates
that only quantities that fulfill the second and fourth requirements be
used as basic units. On the other hand, these traditional units usually
fail to fulfill the first and third requirements.

The requirement of being easily reproducible would indicate that
the basic standard could by reproduced anywhere without the need for
arbitrarily defined material standards. This suggests that quantitites
occurring unchanging in nature be used as primary units. (For example,
if velocity were taken as a basic quantity, then the velocity of light

in vacuo would be the most obvious unit. The velocity of light, being

possibly the easiest definable and reproducible physical constant, is
several orders of magnitude larger than most velocities and cannot be
compared directly with them.) Although this approach is probably the
best from the theoretical point of view, most naturally occurring quan-
tities that are appropriate for units are not suited to accurate measure-
ments. Artificial material standards can usually be compared to other
like quantities far more accurately than can natural units. Exceptions
are length and time; these will be discussed later.

The number of basic units is completely arbitrary. A physical
standard could be chosen for each dimension, thereby eliminating all
derived units. There would be a standard for volume, velocity, vis-
cosity, power, etc. This approach would mean that every equation would
require an experimentally determined constant.

At the other extreme a system of measurement could be devised with
no standards at all (Ref. 2). This concept could be brought about by
assuming the constant of proportionality in select physical equations to
be unity. This proportionality constant differs from unity only if artificial
units are introduced. Inasmuch as physical phenomenon not amenable to
accurate measurements would be involved in the definition of this system,
the resulting inaccuracies in the measure of quantities would be far
greater than that presently obtainable.

~ Although these two systems of measurements have never been seri-
ously proposed, they serve to illustrate the extremes of systems of units
for an adequately defined measuring system.
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2.2 MEASUREMENTS

The measurement of any physical quantity involves the comparison
of the unknown quantity to some defined quantities of the same kind. This
defined quantity, as discussed in the previous section, is called a unit.
Since a unit is a defined example of a dimension, it is written symboli-
cally as a subscript on the dimensional symbol. Thus [L], is the unit of
length in the system defined by the subscript ""a''. If "a'" represents the
English system and ''b" the metric mks system, then

(L] 0 = foot

[L]b = meter

The dimensions of the foot and meter are the same, namely that of
length. '

Let Xn represent the physical quantity that is to be measured; it has
generalized dimensions of [X]. The subscript ''n"" is used to identify a
particular example of all quantities that have dimensions of [X]. [X] could
represent length, mass, time, or any other dimension. Suppose Xp is
to be measured in the system of units "'a''. The unit of dimension [X] is
therefore [Xlz. The measure of X, is defined as the ratio of the actual
physical quantity to that of the unit. This ratio is given the symbol

{Xnla. The measure of Xp in the system of units ''a' is therefore

Because {Xp} g is the ratio of two quantities of the same kind it is a pure
number. Similarly in the system of units defined by ''b'",
z Xa

Yl = i,

The number that is obtained for the measure of a physical quantity , of
course, depends upon the system of units used.

It is shown in Ref. 3 that the symbols representing physical quantities
and units can be subjected to mathematical manipulation. Any physical
quantity can therefore be written as follows:

Xa = (Xa}, [X1, = {Xa}, [X],

In other words, a physical quantity can be expressed as the product of a
number and a unit. As an example, suppose Xy represents a length of

1/2 foot, then
Xn = dn =1 4o}, [L], = 0.5 foot

{ Ao}, = 0.5
[L]El = foot
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in system 'b" if

[L]h = meter
then
Jn = 01524 meter
Since by definition —doot  _ 03048
meter
therefore

It

t £n}, = 0.1524

It has been shown that any physical quantity can be measured by com-
paring it to a defined quantity of the same kind or dimension called a unit.
Although this review may at first seem elementary, there is extensive
misunderstanding concerning measurement concepts in the literature. In
most textbooks, specific gravity is defined as being the dimensionless
ratio of the density of an object or substance to the density of water under
specified conditions. This definition is the same as that for the measure-
ment of a quantity; in this case, density is the quantity being measured,
and the density of water at 4°C is the defined example used as the unit of
density. If it is correct to say that specific gravity is dimensionless,
then it would be correct to say that length measured in feet is dimension-
less since we have taken the ratio of the length to be measured to that of
the foot. While it is true that the measure of any quantity is a dimension-
less ratio, this fact does not allow for any more generality than a numeric
and a dimension. In other words, a measure is not dimensionless in the
same general sense as dimensionless variables such as Reynolds number
and Mach number. Since length and other basic variables are represented
as a product of a pure number and a unit, then for the sake of consistency,
quantities such as density when compared to density of water should not
be considered dimensionless.

Frequently data are plotted with variables, such as density and pres-
sure, represented as P/Pstd and p/pgtd, respectively. This tends to be
misleading (it appears that dimensionless ratios are plotted) when all
that is meant is that the density is in amagats and the pressure in atmos-
pheres. One could just as well plot mass as m/mstd where mgtq is defined
as the standard kilogram.
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2.3 EQUATIONS

A physical law, in order to be applicable to all systems of units, is
usually stated as a proportionality. For example, Newton's second law,
under normal conditions, is usually stated as: ''The acceleration of a
body is proportional to the net force acting on the body and inversely pro-
portional to the mass of the body." To use any physical law for a mathe-
matical calculation, the law must be written as an equation.

There are two different views as to how to write a physical law as
an equation. The first viewpoint is that by including a constant of pro-
portionality the law may be written as a measure equation. A measure
equation, as the name implies, is an equation whose terms are pure
numbers representing the measure of the physical quantities involved. It
is easily seen that the value of the constant of proportionality will depend
upon the system of units used to measure the variables. This viewpoint
is called the classic approach.

Contrasted to the classic view is the modern approach wherein a
physical law, since it concerns actual quantities, can be written as a
quantity equation. A quantity equation is an equation whose terms repre-
sent the actual physical quantities, and it is therefore independent of the
units used to measure the quantities involved. The only constants that
will appear are those caused by geometry or by mathematical operations.

These two differing concepts will be discussed briefly in the following
sections. It will be shown that if one considers equations to be relations
between measures, he will be unable to appreciate the argument of the
modern school.

2.3.1 Classic View

There are two ways to determine the constant of proportionality in
a measure equation. First, it may be given any arbitrary value, usually
unity. This method permits previously defined units to measure all but
one of the physical variables involved. The measure of the remaining
quantity is given by the equation with our choice of the constant of pro-
portionality included. This gives us the measure of a physical quantity
without defining a unit. The fact that the quantity and its measure are
known determines the unit; this is how a derived unit is defined.

An example of this procedure can be taken from Newton's law of
motion, This law can be written in system "a'' as a measure equation
thus,

til, = ka tm}_ {a}

a a a
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It is now assumed that k; = 1 and that the subscript a refers to the
centimeter, gram, second system of units. When m = 1 gram and
a = 1 centimeter per second?, then imjcgg = 1 and {alegg = 1. Therefore,
{flcgs = 1. Because the measure of the force is unity, the example cited
defines the unit of force. This unit of force is called the dyne; it is that
force that will give an acceleration of 1 centimeter per second? to a
mass of 1 gram. Notice that this unit of acceleration is itself a derived
unit; it does not have a separate name but retains the basic units from
which it was obtained.

If all the units in a measure equation have previously been defined,
then the constant of proportionality can be determined from experiment.
Newton's law of gravitation furnishes an example of a constant determined
in this manner. This law is stated as follows: ''The gravitational force
between two bodies is directly proportional to the product of their masses
and inversely proportional to the square of the distance separating them."
Still in the cgs system this law is written as a measure equation in the
following manner:

{ml}cgs {mz}cgs

{4} e

(), = kegs

cgs

From experiment it is found that

kegs = 6.7 x 107

Most books that follow the classic view usually omit the braces, { },
from the symbols that represent a measure of a quantity. A measure
equation can usually be recognized by the inclusion of a dimensionless
experimental constant in the equation with the units to be used given sepa-
rate from the equation.

2.3.2 Modern View

For theoretical work the quantity equation is ideal because no units
or systems of units need be specified. Newton's second law is written as
a quantity equation thus

{f = ma

However, to apply a quantity equation to a physical situation the quantities
involved must be measured. Since it has been shown that a physical
quantity can be represented by the product of a measure and a unit, New-
ton's second law can be written as

tt1, [F1, = {m}_ [M]_ fa}, [al

or :
ff} = Ma_{m} fal
a [F]a a a
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Notice that this equation is identical with the measure equation given
[m] . Lal a
[rFl,
sionless constant of proportionality. This group of units, from the law

of motion, is given the symbol gg.

previously if the group of units, , is equal to the dimen-

If the group of units from any physical equation is equal to unity,
then the system of units is said to be coherent. In other words, in a
coherent system of units, the measure equation and the physical equation
will have exactly the same form.

A group of units from a physical equation is dimensionless only
when applied to the physical phenomena from which it was derived unless,
by definition, we assign it the attribute of being universally dimensionless.
This last choice eliminates at least one unit from the group as being fun-
damental. Regardless of how we evaluate a units group, by definition or
experiment, it can be considered dimensionless in the equation from
which it was derived. To illustrate, still using Newton's law of motion,
we find that when

and
m =1 lbpy
that
a = 32.2 ft:/sec2
Therefore,
[M]a = lby {fm}, =1
[F1 = Ib; (£}, =1
[al, = ft/sec® fal 5 =322
and hence
f _ 1b; sec2 -1

ma  32.2 b, ft

We can now miltiply the physical equation f = ma by unity, i. e.

2 2
. . b : o .
__by sec ' which gives f = . 2f S°° .. This equation is still a
32.2 Ib,, ft 32.2 1b, ft

physical equation, but now evaluation is simpler because one need not re-
sort to experimentation or definition,

Suppose now we wish to use this equation in the metric cgs system.
We have a mass of 1 gram and a force of 2 dynes. What is the acceleration,
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measured in cm/sec2?

Given that

f = 2 dynes
m = 1 gram
a = ta}___ [al
gs cgs
where
[a] = cm/secz

cgs

Substituting these values in the equation

o Mbpseet
32.2 1b, ft
gives
2
- ft
{a} - 2 dyne b, 39.9 sec2
oes 1b¢ 1 gram cm  sec

All that is now required is to use the conversion tables to evaluate the
ratio of like quantities.

{a}

cgs

(2) (2.248 x 10 °) (453.6) (32.2) (30.48)

If

= 2,00

While this result could have been obtained more easily from the defini-
tions of the dyne, it serves to illustrate the method.

One problem in the modern school of thought that becomes immedi-
ately apparent is--to which physical phenomenon is the simplest form of
a physical equation applied? To illustrate this question, the simplest
equation relating area and length is: A = 22, This equation is usually
applied to the relation between the side of a square and its area. How-
ever, one might argue that the circle is the simplest geometric figure
and, therefore, its area should be given by A = dz. Let us assume a
hypothetical case where these two views both persist. Subscript '"'a"
represents the system where the square is considered basic. Subscript
"b'" represents the circle point of view. The units of length and area
are the foot and the square foot, respectively, in both cases. Undoubtedly
advocates of the circle system put up much resistance to the use of the
"square' foot as a unit of area.

The defining physical equation and the resulting relations between
units and measures in each of these assumed systems is demonstrated
on the following page.
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System a System b

Defining equations:

Asquare = b Acircle = &
{Asql, [A), =141, [LI] tAcir}, (Al = td}, (L1,
Units:
[Al, = sq ft [Al, = sq ft
(L], = f ' (L1, = ft
When,
i, =1 td}, =1
then,
Al =1 (A}, = Z_
therefore, \ (.12
(Al = [L], [Al, =4 —=b—
or,
sq ft = ftz ) sq ft = _;47_ ftz
hence, the measure equation is:
(A}, = {41, {A}b=%{d}b

System a is a coherent system of units whereas system b is not.

To the classicist who views an equation as a relation between
measures, the defining equations would immediately indicate that dif-
ferent units would be required. He considers the equation for the area
of a circle in system b to mean that the unit of area should be circular
feet. We can see that if one does not differentiate between a measure
equation and a physical equation, general confusion results. This hypo-
thetical problem is analogous to what has happened in the field of electro-
magnetism. These two possible approaches, when applied to electromag-
netic equations, are called rationalized and unrationalized units.

One can find in a ""'modern'' text the statement, 1 oersted=1000 ampere-
turn per meter, while the oersted in a '"classic' work is equated to

1000/47 ampere-turn per meter. The units in both cases are identical.
These definitions are parallel to those derived for the square foot in our
assumed example. For a more thorough discussion on this subject, see
Refs. 4 and 5.

10
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3.0 SYSTEM OF UNITS

Physical measurements are, as a general rule, divided into three
classifications; mechanical, thermal, and electrical. Because mechan-
ical units were the first to be developed, they persist throughout the
other divisions. In the following sections, important quantities under
these classifications will be discussed.

3.1 MECHANICAL

Mechanical problems involve the motion of material bodies within a
time-space coordinate system. Therefore, time and length are univer-
sally accepted as basic dimensions. Other quantities frequently appear-
ing in physical situations are mass and force. One or both of these is
usually chosen as an additional basic dimension. In fields where force
plays the major role, such as in structures, the additional basic dimen-
sion used is force. Those that are more frequently concerned with mass
assume it to be basic. In some fields of engineering such as thermody-
namics, both mass and force are considered fundamental. The following
table gives the units of various mechanical quantities in several different
systems. Also given are the values of g, the units group from Newton's
law of motion. When g, is defined as dimensionless and unity in a
system of units, it is in the same general sense as sq ft/ft:2 and can there-
fore be used to eliminate the units of mass% force from physical equations.

SYSTEMS OF MECHANICAL UNITS

Quantity mks cgs ft-lbm-sec ft-lbg-sec ft-1bm-1bf-sec cm-gmm-gmf-sec
Length meter cm foot foot foot cm
Mass kilogram gram lbom slug lbm, gmf
Time sec sec sec sec sec sec
Force Newton dyne poundal lbf bt gmf
Density kg/m3 gm/cm3 Tbm/ft3 slug/t3 by /£t3 gmm
Pressure Newton/m?2 dyne/cm?2 | poundal/ft2 1bg/ft2 1bg/ft2 gmg/cm?
Work (Energy) | Joule erg ft poundal ft by ft Ibf gmf cm
Power watt erg/sec ft poundal/sec | ft lbg/sec | ft lbf/sec gmf cm/sec
ge unity = unity = unity = unity = 1bm ft gmm cm
32. 1741bf sec? 980. 665————————2
kg m gm cm lbm ft slug ft gmf  sec
Newton sec? | dyne sec2 | poundal sec? 1br sec2
lgel = [m] L]
[F] [T]?

11
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Many authors introduce a force-mass-length-time system and then
proceed to eliminate force or mass by using a dimensionless g, from
some other system. The result is that the four dimensional system has
been replaced by a three dimensional system. In the same way the
universal gravitational constant, G, could be assumed unity; thus, both
mass and force would be eliminated. While this latter possibility is
not used, it serves to illustrate the possibilities if one is intent on elim-
inating basic units.

Some of the more important mechanical dimensions will be discussed
in the following sections.

3.1.1 Length

The basic unit of length before October 1960, was the meter bar
located at the International Bureau of Weights and Measures at Sevres,
France. In 1795 the original meter bar was constructed of platinum.
Its length at 0°C was supposedly one ten-millionth of the earth's
meridian quadrant at sea level. In 1875 a new meter bar was con-
structed of a platinum-iridium alloy. This meter bar was taken as
the basic unit of length, and any reference to the earth was omitted.
This meter bar was the standard of length until it was redefined at
the 11th General Conference on Weights and Measures in Paris on
October 14, 1960. The meter is now defined as 1, 650, 763. 73 wave-
lengths of the orange-red line of the spectrum in vacuum of krypton
86 corresponding to the unperturbed transition between the 2Pg and
5dg levels.

The new definition of the meter gives scientists in any laboratory the
capabilities of their own fundamental length unit. There is now no need
to periodically return meter bars to France to be compared with the
original,

The basic unit of length in the United States, the foot, is still defined
in terms of the meter. The U. S. Coast and Geodetic Survey defines the
foot as exactly 1200/3937 (0. 3048006 - ) meters, whereas the National
Bureau of Standards defines the foot as exactly 0. 3048 meters. The latter
definition for the foot is used throughout this report.

3.1.2 Volume and Mass

When the metric system was first conceived, the unit of length, the
meter, was to be the only material standard. The unit of mass, the gram,
was originally defined as the mass of one cubic centimeter of pure water
at its maximum density under a pressure of one standard atmosphere.
This definition was ambiguous because the isotopic constituents of the

12
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water were unspecified. Since it was difficult to accurately reproduce
this mass of water for the measurement of mass (evaporation would also
present a problem), it was decided to reproduce this mass a thousand
fold as a cylinder of platinum-iridium called the kilogram.

As more accurate measuring techniques were developed, it was
found that this mass differed from the original definition. However,
this cylinder had become accepted as the standard of mass. Instead of
changing this standard, it was decided to change the volume of water in
the original definition. This volume was designated a milliliter; the
volume of one liter of water under the specified conditions would there-
fore contain a mass of one kilogram. It has been found from experiment
that

1 liter = (1000.028 +0.004) cm’

Other units of volume are defined in terms of the liter or the cube of
length.

The unit of mass in this country, the pound mass, .is defined as being
0.45359237 kilogram. The slug is that mass which will be accelerated
at a rate of one foot per second when acted upon by a force of one pound.

3.1.3 Time

The fundamental unit of time, the second, is unique in that it is the
only universally recognized basic unit. The second was redefined by
the International Committee on Weights and Measures in 1956 as
1/31, 556, 925, 9747 of the tropical year 1900. The tropical year, which
is the interval between two consecutive returns of the sun to the vernal
equinox, was selected because accurate tables were already available
based on the year 1900. However, if time is based on any astronomical
observation the unit can only be determined over a long period of time
and then only in retrospect.

One reason for defining the second in terms of the year instead of
the day is that the rotation of the earth about its axis is known to fluctuate
about one part in 108, These variations are measured by molecular
oscillators. The frequency of these oscillators is known to within a few
parts in 1010, The fact that the second was defined in terms of the epoch
1900 implies that the members of the International Conference were aware
of variations even in the length of the year.

At present these molecular oscillators or ''atomic clocks' are used

to maintain time between astronomical observations. These clocks are
adjusted to keep pace with nonuniform astronomical time. The standard
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time of the U. S. is broadcast by the National Bureau of Standards over
their short wave stations. The alining process used by the National
Bureau of Standards between the molecular oscillators and mean solar
time is discussed below by McNish.

"The frequencies broadcast by the Bureau's stations WWV and
WWVH are now monitored and kept as constant as possible by reference
to the cesium resonance. The intervals between the seconds pulses are
maintained in the same way. Therefore, the seconds pulses gradually
get out of step with mean solar time. When the difference becomes
great enough the pulses are shifted by exactly 20 milliseconds to bring
them back in. Thus we are already using two kinds of time, atomic
time--that's for the scientists--and mean solar time--that's for the
birds...." (Ref. 2, p. 642)

It has been proposed that time be redefined in terms of these

accurate molecular oscillators (similar to the redefinition of the meter).

In addition to being a stable and accurate means of defining time, these
oscillators would provide a continuous and immediate standard.

3.1.4 Volume Flow Rate or Pumping Speed

The performance of various vacuum pumps is usually given by a
volume flow per unit time as a function of pressure. This volume flow
rate or pumping speed is at the pressure of the gas being pumped. The
equation for pumping speed is therefore:

V = aV/a
3.1.5 Thruput

The mass of gas flowing or being pumped per unit time is given by:
m = (volume flow rate) (density of gas)
=Vp
The perfect gas relation is,

- P
P = R

therefore, v
P
RT

The product Vp is sometimes used by pump manufacturers to indi-
cate the performance of vacuum pumping equipment. This product is

14
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usually called thruput. The mass flow capacity of a pump is therefore
given by:

thruput
RT

m =

where:
R = gas constant of gas being pumped

T = absolute temperature of gas being pumped
3.1.6 Leak Rate

The leakage into a vacuum chamber through a fitting or connector is
measured or specified by a pressure rise per unit time multiplied by the
system volume. Thus the leak rate through an electrical connector in-
stalled on a vacuum chamber may be given as 1 ¢ of Hg - tt3/hr. This
means that if installed on a system of one cubic foot, the pressure would
rise at the rate of one ¢ of Hg per hour. The units and conversions for
leak rate are the same as those of thruput. The mass flow through a
leak is of the same form as that for the mass flow handled by a pump.
The equation for leak mass flow is:

leak rate

RT

rfl:

3.2 THERMAL

Temperature is introduced as a physical quantity early in the study
of thermodynamics and kinetic theory. Temperature is defined in ther-
modynamics as that property that causes the transfer of energy by either
conduction or radiation. The kinetic-theory concept is that absolute
temperature is proportional to the average translational kinetic energy of
the molecules of a substance under equilibrium conditions. Both these
definitions can be reduced to the same approach when we note that an
energy transfer would be a function of an energy differential.

Although temperature could be defined in terms of energy, i.e.,
mechanical units, it has always been defined independently. Therefore,
dimensional constants will appear in equations involving temperature.

3.2.1 Temperature

The International Temperature Scale of 1948 is determined by six
defined, reproducible points. Two of these points are designated as fun-
damental. These are the ice point (0°C) and the steam point (100°C) of
water. Other points are the boiling points of oxygen and sulfur at
-182.970°C and 444.600°C, respectively, and the freezing points of silver
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and gold at 960. 8°C and 1063. 0°C, respectively.  These defining points
have the same values as those used prior to 1948 with the exception of
the silver point. The silver point was changed from 960. 5°C to

960. 8°C by the International Committee of Weights and Measures meeting
in 1948.

The thermodynamic temperature scale of 1954 is an absolute tem-
perature scale; therefore, only one point need be specified. The triple
point of water was chosen for this defining point. The temperature
agreed upon for the triple point was 273. 16°K. A reason for using the
triple point instead of the ice point is that it is easier to reproduce in the
laboratory because no ambient condition need be specified.

As improved temperature measurement techniques become available,
the discrepancies between the international and thermodynamic scales
will become more apparent. It will then become necessary to redefine
the fixed points on the international scale, as was done with the silver
point in 1948, or allow a difference in the size of the Kelvin degree and
the Celsius degree (formerly centigrade). The best information to date
indicates that

[0Jor = (0.999964 +0.000036) 610y

Elsewhere in this report it is assumed that the size of the Celsius degree
is identical to the Kelvin degree.

The International Temperature Scale is still used for practical meas-
urements. This scale was revised at the 11th General Conference on
Weights and Measures in Paris, October 1960. The only change was the
ice point which has been replaced by the triple point of water (0. 01°C).
The name of the scale was changed to the International Practical Tem-
‘perature Scale.

Other commonly used temperature scales are the Fahrenheit and the
Rankine scales. The Rankine scale, like the Kelvin, is an absolute
scale. The size of the Rankine degree is defined as 5/9 that of the Kelvin
degree. Therefore, the triple point of water is 491. 688°R. The Fahren-
heit scale is defined in terms of the ice point and the boiling point of water,
32°F and 212°F, respectively. While the zero on the Fahenheit scale has
no physical significance, it was chosen by Gabriel Daniel Fahenheit (1686-
1736) possibly in an attempt to represent most temperatures known to him
as positive numbers. He chose the coldest day in Danzig in the year 1709,
needless to say, a rather difficult point to reproduce.
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3.2.2 Gas Constant and Molecular Weight

One of the most important constants relating temperature and energy
is the gas constant. Because energy is an extensive property, that is,
proportional to the mass of the system, and temperature is an intensive
property (independent of mass), the gas constant for a given gas will be
proportional to the mass involved. Working on a molecular scale we use
the gas constant per molecule. This molecular gas constant, called
Boltzmann's constant, k, when multiplied by one-half the absolute tem-
perature gives the energy that is contained in each energy mode or de-
gree of freedom of a gas molecule.

The gas constant per unit mass, R, is that constant that is included
in the perfect gas equation relating pressure, density, and temperature.
Because this equation is more applicable to dilute gases, the equation
for the gas constant can be written as,

- )

This constant for a specific gas can be related to the universal gas con-
stant, Ry, by the equation

lim p~0

R e _ Ro

mol. wt

Although molecular weight is not a thermal quantity, it is discussed
in this section because of its relation with the gas constant. Molecular
weight (molecular mass is a more descriptive term) is a measure of the
mass of a molecule using an atomic unit as the unit of mass. In the past,
two slightly different atomic mass units have been used. The ''chemical
scale' used 1/16 the mass of the average oxygen atom of natural oxygen,
consisting of a mixture of three isotopes, as this atomic unit of mass.
The 'physical scale'' used 1/16 the mass of the oxygen 16 isotope, the
most abundant oxygen isotope, as the unit of mass. However, the Inter-
national Union of Pure and Applied Physics and the International Union of
Pure and Applied Chemistry have agreed upon a new unit of mass for
atomic and molecular weights. This new unit of mass is 1/12 the mass
of the carbon 12 atom. The average molecular weight of oxygen is now
31.9988 instead of the previous 32. 0000 on the chemical scale.

A mole of substance is an amount such that the measure of its mass
is the same as the measure of its molecular weight.

1 mole = {mol, wt}, [Unit Mass]

Because the mole is a function of the unit mass it is usually preceeded
by the unit used, e. g., gm mole, lb,, mole. One lbm mole of 02 would
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therefore be a mass of 32 lby, of oxygen. Because the measure of mass

of the mole is the same as that of molecular weight, the number of mole-
cules per mole, N, is a constant. The number of molecules per mole is

called Avogadro's number.

The ratio of the mole to the unit mass is identical to the ratio of
universal gas constant to the gas constant per unit mass. Hence,

mole - _R
unit mass R,

= mol. wt

Therefore, the universal gas constant is the gas constant per mole.

Because the number of molecules per mole is constant, the relation
between the gas constant per molecule and the universal gas constant is
given by

Ro = Nk

3.3 ELECTRICAL

At least ten different systems of electrical and magnetic units are
in use at the present time. These different systems can be subdivided
into three different approaches--electromagnetic units (emu), electro-
static units (esu), and Gaussian or mixed units. These major headings
are broken down further by rationalization and by the choice of mechani-
cal units to be used.

The electrostatic units start with Coulomb's law of force between
charges, and using permittivity as a basic dimension, a system of units
is derived. Contrasting this approach is the electromagnetic system of
units which have as a basis the fictitious equation between unit poles or
the physical equation of force between current carrying elements. Per-
meability of vacuous space is used as a fundamental unit in the electro-
magnetic units system.

When problems are encountered to which magnetic and electrostatic
equations apply, both the electrostatic and electromagnetic systems
suffer from certain inconveniences. In an attempt to overcome these in-
conveniences the Gaussian or mixed system has increased in popularity.
In this system, both the permittivity and permeability of empty space are
assumed to be unity. The velocity of electromagnetic-wave propagation, c,
now appears in certain equations. The Gaussian system is ideally suited
to the theoretician. However, the esu, the emu, and the Gaussian systems
all use electromagnetic units that are of magnitudes not suited to physical
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measurement. All three of these systems use centimeter-gram-second
mechanical units.

The practical units have evolved from attempts to use units for phy-
sical measurements that are the same order of magnitude as the quanti-
ties being measured. By a lucky coincidence, if the meter-kilogram-
second mechanical units are substituted for the cgs and the ampere is
used as the unit of current, then most other electromagnetic units will
coincide with the practical system. The volt, ohm, henry, and farad
are thus units in the mksa system. This resulting system is usually
called simply the mks system, although it is more rigorously called the
practical rationalized mksa or the Giorgi system.

Each of the systems so far discussed can be subdivided into a rationa-
lized or unrationalized system, differing by a factor of 47 in the equation
or units. Rationalization gives simpler formulas when dealing with prob-
lems in rectangular coordinates, whereas phenomena of spherical
symmetry are more aptly expressed by unrationalized units.

Although the Giorgi system is widely used in the field of engineering,
it fails to meet the requirements of engineers who use the ft-lbf systems.
The electrical conversion tables in this report permit the conversion of
commonly used electromagnetic quantities into a ft-lbf-sec-amp* engi-
neering system.

A brief comparison of some basic electromagnetic units used in these
various systems is outlined in the table on the following page. Also in-
cluded are values of permeability and permittivity of empty space in each
system.

*The absolute ampere. It is defined as that current which, when
contained in two straight parallel conductors of infinite length and of neg-
ligible cross-section, at a distance of one meter apart in vacuo, would
produce between the conductors a force of 2 x 10~ 7 newtons per meter of
length.
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UNITS IN VARIOUS ELECTROMAGNETIC SYSTEMS

Quantity Defining esu emu Gaussian mksa Engineering
Equation (unrationalized) (unrationalized (unrationalized) (rationalized) (unrationalized)
Current Basic statampere abampere statampere ampere amp
Charge Q-=1It statcoulomb abcoulomb statcoulomb coulomb amp sec
Potential E = P/I statvolt abvolt statvolt volt ft 1bg/amp sec
Capacitance C=Q/E statfarad abfarad statfarad farad amp?2 sec2/ft 1bg
Inductance E = -L dI/at stathenry abhenry abhenry henry ft 1bg/ amp?
Resistance R = P/12 statohm abohm statohm ohm ft 1bs/ amp?2 sec
Resistivity p = RA/Z statohm cm abohm cm statohm cm  ohm meter ft2 1bs/ amp?/ sec
Surface Current j =I/A statamp/cm?2 abamp/cm?2 statamp/cm? ampere/meter2 amp/ft2
Power P = —fti erg/sec erg/sec erg/sec watts ft 1bg/sec
Permeability,  pgtq 1.112646 x 1021 unity unity 1.25664%10°6 2 24809x10-8
sec2/cm? henry/meter 1bs / amp?
Permittivity, ¢std unity 1.112646x 10721 ynity 8.85419x 1012 4 59805x 10711

sec2/em?2

farad/meter

amp2 sec?

ft” Ibf

9-79-dQ1-2403V
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3.3.1 International and Absolute Electrical Units

In 1893 the International Electrical Congress met at Chicago to de-
fine concrete units of current and resistance in an attempt to achieve
unification of electrical standards. These concrete units were suppos-
edly the redefined practical ampere and ohm. These international units
were defined as:

1. The international ohm is the resistance offered to an unvarying
electric current by a column of mercury at the temperature of
melting ice, 14,4521 grams in mass, of a constant cross-
sectional area and of a length of 106. 3 centimeters.

2. The international ampere is the unvarying electric current which,
when passed through a solution of nitrate of silver in water,
under specified conditions, deposits silver at the rate of
0.00111800 of a gram per second.

As more accurate electrical measuring instruments were developed,
discrepancies between these International units and the practical abso-
lute units were discovered. The absolute system replaced the Inter-
national system by international agreement in 1948. The relation be-
tween the international and the absolute electrical units is given in the
following table:

3.3.2 Relationship between International and Absolute Units

. 999835 absolute amp

. 999835 absolute coulomb
. 999505 absolute farad

. 000495 absolute henry

. 000165 absolute joules

. 000495 absolute ohms

. 000330 absolute volt

. 000165 absolute watt

International amp =
International coulomb =
International farad =
International henry =
International joules =
International ohms =

International volt =

e e e = T = T

International watt =
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APPENDIX: CONVERSION TABLES

EXPLANATORY NOTES

AEDC-TDR-62-6

The reader may convert from the measure of quantities
in the units listed on the left to those across the top of the

page by multiplying by the given factor.

The small number

to the upper right of each factor is the power of ten by which
the factor is to be multiplied. For example, 8.68977-2 is
equivalent to 0, 0868977, Underscores indicate exact values.

Slight numerical differences will be noticed between the
values herein and those in most currently existing texts be-

cause of the redefinition of the foot in 1960.
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TABLE 1
Length (2, d)

° miles ‘ miles

A em £t in. I n " mils (Us) mm (Nautical) rods ya
Angstrom Units |1.00000 | 1.00000C | 3.2808471°| 3.9370172 | 1.000003 | 1.0000072° | 1.000007* | 3.93701°6 | 6:213717* | 1.00000°7 | 5.39957° 2% | 1.98839-11 | 1.0936171°
Centimeters 1.000008 1.00000 3.2808&'2 3.93701'l 1.00000™7 | 1.0000072 1.00000’1L 3.937012 6.21371'6 1.00000" 5.39957'6 1.98839'3 1.09361‘2
Feet 3.0&8009 3.ou800l 1.00000 1.20000% 3.04800‘)‘L 3.01»800'l 3.01:,8005 1.zoooo4 1.89394'J+ 3.0&8002 1.6&579‘” 6.0606172 3.33333'l
Tnches 2.540000 | 2.54000 | 8.33333°2 | 1.00000 | 2.5400077 | 2.5k00072 | 2.5%000% | 1.000003 |1.5782875 | 2.5h000% | 1.37497% | 5.0505073 | 2.7777872
Kilometers 1.0000073| 1.00000° | 3.280843 3.93701“L 1.00000 1.00000° 1.00000° 3.937017 | 6.203m17t 1.000006 5.39957'1 1.988392 1.093613
Meters 1.00000%°| 1.00000% | 3.28084 3.93701F | 1.0000073 | 1.00000 1.ooooo6 3.937014 6.21371'h 1.000003 5.39957‘LL 1.9883971 | 1.09361
Microns 1.00000" | 1.000007* 3.2808&'6 3.93701™7 | 2.0000077 1.00000°° | 1.00000 39370172 | 6.213727° | 1.0000073 | 5.3995771°| 1.98835"7 1.09361'6
Mils 2.540007 2.5uooqf3 8.333337 | 1.0000073 | 2.54000° | 2540007 | 2.5h000% | 1.00000 | 1.578287° | 2.5000072| 1.371497C | 5.050507° | 2.7777870
Miles (US) 1.6093453| 1.60934° | 5.280003 | 6.33600% | 1.6093% 1.609343 | 1.609347 6.-336007 1.00000 1.6003t° | 8.680777L | 3.20000% | 1.76000°
Hllimeters | 1.000007 | 1.000007% | 3.2808473 | 3.9370072 | 1.00000°® | 1.0000073 | 1.000003 | 3.93702% |6.2037277 | 1.00000 | 5.30957°7 | 1.988397F | 1.0936173
Miles(Nautical) 1.8520013 1.852005 6.076123 7.29131+lL 1.85200 1.852003 1.852009 7.2913&7 1.15078 1.852006 1.00000 3.682502 2.025373
Rods 5.02920%°| 5.02920% | 1.65000% | 1.98000° |[5.0292073 | 5.02920 5.029206 1.98000° | 3.125007° | 5.029205 | 2.7155573 1.00000 5.50000
ards 9.1&4009 9.14:00° | 3,00000 3.,60000" 9.1414004L 9.1&&00'1 9.14400° 3.60000lL 5.68182‘1F 9.144002 4.93737'u 1.8181870 | 1.00000

9-79-d4dLl-2Q3yv
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TABLE 2

Area (A)
Acre in. Mil cn® 2 in.2 2 m Rod® Yard®
(Circular) (Ccircular)

pere 1.00000 7.98657° | 7.986572 | n.on6867 | k.35600% | 6.27264° | k.0ue863 .04686° | 1.60000° | 4.84000°
Circular inch 1.25211'7 1.00000 1.ooooo6 5.06707 | 5.45&15'3 7.85398'l 5.06707'“ .06707% | 2.00336"° 6.06017'lL
Circular mil 1.25211'13 1.ooooo'6 1.00000 5.06707'6 5454152 | 7.8539877 5.06707'10 .06707'lF 2.00336'll 6.06017"Y
Centimeter? | 2.47105°° | 1.973537% | 1.97353° | L.o0000 | 1.0763973 | 1.550007% | 1.000007* .00000° | 3.953687° | 1.195087"
Feet? .29568~° | 1.83347° | 1.83387° | 9.20030% | 1.00000 | 1.h000® | 9.2903072 .29030" | 3.6731073 | 1211117t
Tnoh® 1.59&23'7 1.27324 1.2732&6 6.45160 6.9&&#&'3 1.00000 6.&5160'lL .451602» 2.55076'5 7.71605‘h
Meter® 21057 | 1.973533 | 1.97353% | 1.00000% | 1.07639% | 1.550003 | 1.00000 .00000° | 3.9536872 | 1.19598
Millimeters | 2.47105"10 1.97353'3 1.973533 1.00000™2 1.07639‘5 1.5500073 1.ooooo'6 .00000 3.95368'8 1.19598'6
R od” 6.25000°3 | h.99161* | 4.99161%° | 2.50008° | 2722502 | 3.920u0* | 2.50928% 529287 | 1.00000 3.02500"
vara” 2.06601F | 1.650123 | 1.65012° | 8.361273 | 9.00000 1.29600° | 8.361277% .36127° | 3.30578™2 | 1.00000

2. AREA

9-29-d01-5a3ayv
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TABLE 3

Volume (V)
Centimeters  Feetd Gallon Tnchd Liter Meterd Yard
Centimeters 1.00000 3.531467° 2.6&171'LL 6.102367° 9.99972'LL 1.00000°° 1.30794'6
Feet> 2,83168LF 1.00000 7.48052 1.728003 2.831611 2.83168'2 3,70370'2
Gallon (U.8.) 3.785433 1.33680“1 1.00000 2.310002 3.78533 3.785&3‘3 u.95113‘3
Tnch> 1.63871l 5.78704'LL 4.32900'3 1.00000 1.63866'2 1.63871"5 2.14335‘5
Liter 1.000033 3.53156 72 | 2.641787 | 6.10253" 1.00000 1.000037> | 1.3079873
etero 1.00000° | 3.53146% | 2.601722 | 6.10236" | 9.99972% | 1.00000 | 1.3079k
YardS (U.S.) 7.6455%° | 2.70000" | 2.0197°% | L.g6s60% | 7.64538° | 7.6455u"% | 1.00000
3. VOLUME

9-79-dALl-2Q3v
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TABLE 4

Mass {m)
Grain Gram Kilogram ~ Ounce (avap) Pound Slug Ton (short)
. -2 -5 -3 =L -6 -8
Grain 1.00000 6.47988 6.47988 2.28571 1.42857 L. hhoi2 7.14285
1 -3 -2 -3 -5 -6
Gram 1.54323 1.00000 1.00000 3.52739 2.20462 6.85216 1.10231
. bt 3 1 -2 -3
Kllogrammass 1.54323 1.00000 1.00000 3.52739 2.20462 6.85216 1.10231
2 1 -2 -2 -3 -5
Ounce (avdp) | &.37500 2.83495 2.83495 1.00000 6.25000 1.94256 3.12500
Pound 7.00000° | %.53592° | u.5350271 | 1.60000% 1.00000 3.10809°2 | 5.000007"
Slug 2.252185 1.45939LL 1.45939l 5.147852 3.217401 1.00000 1.60870'2
7 5 2 4 3 1
Ton (short) 1.40000 9.0718k4 9.07184 3.20000 2.00000 6.21618 1.00000
4. MASS

9-29-d4aLl-2Q3y
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TABLE 5

Time (¢, 7)
Day Hour Microsecond Millisecond Minute Second

! 10 7 3 i

Day 1.00000 2.10000 8.64000 8.64000 1.44000 8.64000
Hour 4.16666™2 | 1.00000 3.600007 5.60000° | 6.00000" | 3.600003
Microsecond 1.15741’11 2.77778'10 1.00000 1.0000073 1.66667"8 1.00000'6
ri11isecond | 1.15710 o, 777787 1.00000° 1.00000 1.66667° | 1.0000073
. -l -2 7 L 1

Minute 6.9h4hL 1.66667 6.00000 6.00000 1.00000 6.00000

-5 -l 6 3 )
Second 1.157h1 2.77778 1.00000 1.00000 1.66666 1.00000

5. TIME
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TABLE 6

Angle (a)
Degree Minute Quadrant Radians Revolutions Seconds
(right angle)
1 -2 -2 -3 3
Degree 1.00000 6.00000 1.11111 1.74533 2.77778 3.60000
. -2 -4 -4 -5 1
Minute 1.66667 1.00000 1.85185 2.90889 4 .62963 6.00000
1 3 -1 p)
Quadrants 9.00000 5 . 40000 1.00000 1.57080 2.50000 3.24000
(right angle)

. 1 3 a1 -1 5
Radians 5.72958 3.43775 6.36620 1.00000 1.59155 2.06265
Revolutions 3.6oooo2 2.16ooolP 1+.00000 6.28320 1.00000 1.296006

-l -2 -6 -6 -7
Seconds 2.77777 1.66667 3.086k42 L.8L815 7.71605 1.00000
6. ANGLE

9-29-dal-2qQ3av
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TABLE 7

Velocity (v)

cm/sec ft/min ft/sec Kilometer/hr Knot Meter/min Meter/sec  Mile/hr
. -2 -2 -2 -1 -2 -2

Centimeter/second | 1.00000 1.96850 3.2808k% 3.60000 .9h38L 6.00000 1.00000 2.2369k4
i -1 -2 -2 -3 -1 -3 =2

Feet /minute 5.08000 1.00000 1.66667 1.82880 87473 3.04800 5.08000 1.13636
1 1 1 1 1 =1

Feet/second 3.04800 £.00000 1.00000 1.09728 .9248h 1.82880 3.04800 6£.81818
Kilometer/hour 2.777781 5.&6807l 9.11344‘1 1.00000 .39957“1 1.66667l 2.77778'1 6.21371‘l

* ' 1 o -1

Knot 5. 1lhlh 1.01268 1.68751 1.85200 .00000 3.08667l 5. 1hlhh 1.15078
Meter /minute 1.66667 3.28084 5.&6807‘2 6.00000™% .2397&'2 1.00000 1.66667‘2 3.72823‘2

Meter/second 1.00000° 1.968502 3.28084 3.60000 .9L438L 6.00000" 1.00000 2.2369k

Mile /hour k.bokot | 8.80000% | 1.k6667 1.6093k 6897671 | 2.68220 | h.wroko™t | 1.00000

*One knot = one nautical mile per hour

/. VELOCITY

9-79-yAQ1-043V
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TABLE 8

Acceleration (a)

Centimeter/ Sec:ond2 Feet/ Second2 Gravity, Standard Kilometer/ Meter/ Second2 Mile/
(Hour/Second) (Hour/Second)

) 2 -2 -3 -2 -2 -2
Centimeter/Second 1.00000 3.2808k 1.01972 3.60000 1.00000 2.23694

2 1 -2 -1 -1
Feet/Second 3.04800 1.00000 3.10809 1.09728 3.04800 6.81818

) 2 1 1 1

Gravity, Standard 9.80665 3.21740 1.00000 3.53039 9.80655 2.19369

. 1 -1 -2 -1 -1
Kilometer/(Hour/Second) 2.77778 9.1134h 2.83255 1.00000 2.77778 6.21371
Meter/ Second® 1.00000° 3.28084 1.009727% 3.60000 1.00000 2.2369h
Mile/(Hour/Second) 4. hokot 1.46667 4.5585372 1.6093k4 L.roko™t 1.00000

8. ACCELERATION
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TABLE 9

Force (f)

Dyne Gram force Kilogram force  Newton Poundal Pound force
Dyne 1.00000 1.0197273 1.01972'6 1.000007° 7.233017° 2.24809'6
Gram force 9.80665° | 1.00000 1.000007> 9.8066573 7.0031672 2.2046273
Kilogram force 9.806655 1.00000° 1.00000 9.80665 7.093161 2.20462
Newton 1.00000° | 1.01972° 1.019727% 1.00000 T.23301 2.248097"
Poundal 1.38255LL 1.40981l 1.40981"2 1.38255'l 1.00000 3.10809'2
Pound force 4. Lh82p” 4.535942 4.5359h"l L. 44822 3.217&01 1.00000

9. FORCE
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TABLE 10

Density (p)
3 3 3 .3 3 .o .
gm_/em kgm/m 1b_/ft 1b_/gal lbm/ln. Slug/ft~ Specific gravity]
o " o Hs0 atgﬁQC -1
Grammass / Cem:‘meterf3 1.00000 1.00000° 6. 2&2801 8.34540 3. 61273'2 1.94032 1.00003
Kilogram /Meter3 1.0000072 | 1.00000 6.212807° | 8. 34540‘3 3 .61273'5 1 .94032'3 .oooo3'3
Poundmass/Feet3 1 .60185'2 1.60185l 1.00000 1. 33681'l 5 .78701»'LL 3 .10809'2 .60189'2
-1 2 -3 -1 -1
Pound /Gallon 1.19826 1.19826 7.48052 1.00000 h.32900 2.32502 .19830
3 1 L 3 2 1 ol
Poundmass /Inch 2.76799 2.76799 1.72800 2.31000 1.00000 5.37079 .T6807
Slug/Feet3 5 .15379‘l 5 .15379’2 3 .217401 4.30104 1 .86192"2 1.00000 . 15393'1
s L -1 2 i -2
Specific Gravity 9.99972 9.99972 6.2L262 8.34517 3.61263 1.9ko27 . 00000
M0 at 4°C = 1 -

*Density of H,0 at maximum density (i.e.,

3.98°C) = one gram per milliliter

10. DENSITY
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TABLE 11

Density of Gasesat p = latmand T = 0°C (p_,q)

Amagats Kg/m3 l’bm/ft3 slug/ ft3 Specific Density
(air at 0°C & 1 atm = 1)
Air 1 1.2930h 8.0721972 | 2.5089173 1
Argon 1 1.78377 1.11357°% | 3.4610873 1.37952
Carbon Dioxide 1 1.97700 1.23420'1 3.83601'3 1.52895
-2 -3 -l -2
Hydrogen 1 8.98854 5.61136 1.74406 6.95146
Nitrogen 1 1.25046 7.806377° | 2.4062973 9.67069™+
Oxygen 1 1.42900 8.92096'2 2.77272‘3 1.10515
p/ Petg = density measured in amagats

11. pstd
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TABLE 12

Pressure (p)

2 2 - 2 2 .2
Stendard Bar¥* Dynes/ecm” Feet Water  Gmp/cm® Incheg Hg Inches Water /e Ib, /£t Ib,/in. Micron §g mm Hg
Atmosphere (Barye) st 60°FF at 329  at 60°F" fer * £ at 32°F§ at 32°F
6 1 3 1 2 3 1 5 2
Standard Atmosphere 1.00000 1.01325 1.01395° | 3.39320 1.03323 2.99213 L0718k 1.03323 2.11622 1.46959 7.60000 T.60000
Bar+* 9.86923% | 1.00000 | 1.00000° | 3.3u882% | 1.010723 | 2.95300" | n.01859% | 1.00972 | 2.088583 | 1.85038" | 7.50062° | 7.50062°
2 -7 -6 -5 -3 -5 -4 -6 -3 -5 -1 -4
Dynes/Centimeter” (Barye) 9.86923 1.00000 1.00000 3.34882 1.01972 2.95300 4,01859 1.01972 2.08854 1.45038 7.50062 7.50062
Feet Water (at 60°F)* 2947072 | 2.9861272 | 2.98612% | 1.00000 | 3.04500" | 8.8180171 | 1.20000% | 3.0450072 | 6.23664% | k.330007% | 2.23977% | 2.23077
Gramforce/(:entimeter2 9.678&1'LL 9.80665"‘L 9.806652 - 3.28&08'2 1.00000 2.89590"2 3.9&089'l 3;99999:3 2.04816 1.42233'2 7.355592 7.35559'1
Inches Mercury at 32°F° 3.3021172 | 3.3863972 | 3.38639% [ 1.13804 | 3.hs315% | 1.00000 | 1.36085° | 3.4531572 | 7.o7262" | M.on1si7l | 2.shooo” | 2.s5ho00t
Toches Water at 60°F 2.4558973 24884373 | 2.488433 | 8.3333372 | 2.53750 7.3483472 | 1.00000 2.5375073 | 5.19720 3.60917°2 | 1.866483 | 1.36648
Kilogram.force/Centimeter2 9.67817F | 9.806657% | 9.80665° | 3.28408" | 1.000003 | 2.89590% | 3.9%089% | 1.00000 | 2.04816% | 1.ke23zt | 7.35559° | 7.35550°
Pounaforce/Feet2 woesa™ | n.7e8037 | 4.78803% | 1.6034372 | n.g82u37l | 14139072 | 1.928117t | k.882437* | 1.00000 | 6.9wk”3 | 3.591312 | 3.591317H
2 -2 -2 b 1 1 -2 2 Iy 1
Poundforce/lnch 6.804607" 6.89476 6.89476"° | 2.3089k 7.03070 2.03602 2.77072 7.03070 1.44000 1.00000 5.17149 5.17149
Microns Mercury at 32°F 1.31579°8 | 1.333226 | 1.33300 | n.neums® | 1.3595173 | 3.9370177 | 5.357687% | 1.35051°C | 2.78u5073 | 1.933687 | 1.00000 | 1.0000073
111imeters Mercury at 32°F | 1.3157973 | 1.3332573 | 1.33300% | w.beurd™® | 1.35951 | 3.9370172 | 5.357687% | 1.3595073 | 2.78k50 | 1.93368°2 | 1.000003 | 1.u0000

*Por g = 980.665 centimeters per second?

*% .
Some .writers erronecusly use the term bar for barye.

12.

PRESSURE
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TABLE 13
Energy, Work (e)

Btu I.T. Celorie elec;.;on erg (dyne-cm) ft-Ibf gupcm hp hr (Mech) &b. joule kilocalorie kg, m kw hr watt hr £t poundal
Vo.
Btu 1.00000 2.51996° 6.58577°+ 10550410 7.78158° 1.075847 3.93009™ 1.055043 2.519967% 1.075842 2.93067™* | 2.930671 | 2.50365"
[.7.Calorie 3.96832'3 1.00000 2.613%19 h.1867u7 3.08798 u.esggsl* 1.55958'6 L .1867h 1.00000"3 b,.26928'1 1.16298'6 1.16298'3 9.935281
klectron volt 1.51882"2 | 3.8063772° M 1.602007%2 | 1.18157°%9 | 1.63358"% | 5.96755720 | 1.60200°19 | 3.82637°23 | 1.633587° | 445000728 | u.us000723| 3.8016071]
erg (dyne-cm) 9.1;7831'11 2.388&9'8 6.242201t 1.00000 7.37562‘8 1.01972'3 3.72506'11‘ 1.00000~ 2. 3881&9'll 1.01972‘8 2.77778'11‘L 2.77778'11 2.3730)4‘6
[Pt-1b, 1 .28509’3 3 .23836'l 8 .%32818 1. 35582T 1.00000 1. 382551‘ 5 .ososo'7 1.35582 3 .23836'l+ 1. 38255'1 3. 76616'7 3. 76616"* 3 .217l+o1
gran, cn 9.29505™0 2.342317° 6.12150™" 9.80665° 7.233017 1.00000 3.65300° M | 9.806657° 23423270 1.000007 | 2.72007 | 27anor? | 2 3271573
hp hr (Mech) 2.5&#&73 6.1+11965 1.6’{57325 2.681+5213 1.980006 2.7371+le 1.00000 2.68&526 6.1;11962 2.7371+55 7.u57oo‘l 7.1;57002 6. 3701467
bb. joule (Wett sec) | 9.478317% | 2.38u971 | 6.2u220'® | 1.000007 7.37562°% | 1.01972"% 3.72506"7 | 1.00000 2.38u9™" | 1.owg72l | 2orrrreT | 2orrret | 2.37aont
[kilocalorie 3.96832 1.000003 2. 613&1;22 k., 18671;10 3 .087983 u'. 269287 1. 55958'3 4. 18671+3 1.00000 b, 269282 1.16298 3 1.16298 9.9 35281*
g, 1 9.2050573 | 2.3k23; 6.12150% | 9.806657 7.2330L 1.00000 3.65304° | 9.80665 2.3423173 | 1.00000 2.12hor8 | 2.ranor3 | 2.32ns?
kv hr 3.1&12193 8.598585 2.2hn925 3.60000JL3 2.655226 3.6709810 ' 1.34102 3.600006 8.598582 3.670985 1.00000 1.000003 E«>.51+2937
watt hr 3.h1219 8.598582 2.2hn922 3.60000lo 2.655223 3.670987 1.3&102'3 3.600003 8.59858'1 3.670982 1.00000"3 1.00000 8.5&2931*
it poundal 3.991;17'5 1.00651'2 2.6301»717 k.21401° 3.10810'2 4.297102 _1.5697&'8 4.2140172 1.00651‘5 u.29710‘3 1.17056'8 1.17056'5 1.00000
Definitions: %FB::E =z ii:‘% 1 Btu,,,, = 1055.8 absolute joules 1cel . = 4.190 sbsolute joules

1I.T.Cal = 1/860 int. watt hr

1 int. watt = 1.000165 ab. watt

1 Btu39°F = 1060 absolute joules

1 Btusoo]? = 1054.6 absolute joules

I.7. Btu = 1055.04 ebsolute joules

I.T. Cal15°c = 14,1854 absolute joules

I.T. Calorie = 4.1867h ebsolute joules

1 Ca120°c = 4.181 sbsolute joules

1 Thermochemical Calorie = %.1840 absolute joules
1 International Joule = 1.000165 absolute joules
1 I.T. Calorie = 1/860 international wett hour

Kilocelorie or large calorie = 1000 calories

13. ENERGY, WORK
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TABLE 14

Power (P)
. hp hp hp
Btu/hr Btu/min  Btu/sec I.T.Cal/hr I.T.Cel/minI.T.Cal/sec erg/sec ft-1b f/m:l.n £5-1b f/ sec (Elec) (Mech) (Metric) kgfm/ sec v W

Btu/hr 1.00000 | 1.66667°2| 2.77778™* | 2.51996% | 4.19993 | 6.9998872 | 2.93067° | 1.29693% |2.1615571 | 3:928517* | 3.930097 |3.98u60™" | 2.9884572 | 2.930677F | 2.930677

1 g2 " 2 8 2 1 -2 -2 -2 2 1
Btu/min 6.00000 1.00000 1.66667 1.51197 2.51996 %.19993 1.75840 7.78158 1.29693 2.35711 2.35805 2.39076 1.79307 1.7584%0 1.75840

3 1 5 ) 2 10 Lok 2 2 3
Btu/sec 3.60000 6.0000 1.00000 9.07183 1.51197 2.51996 1.0550% L.66894 7.78158 1.41426 1.41483 1.434h6 1.07584 1.05504 1.0550k
.T.Cal/hr 3.9683273 6.613877° 1.10231'6 1.00000 | 1.66667°2 2.77778‘1* 1.16298” 5.1%63‘2 8.57772"“ 1.55896'6 1.55958'6 1.58122‘6 1.18591']* 1.16298'6 11629873
I.T.Cal/min| 2.38(}99'1 3.9683273 | 6.61387°° 6.00000° | 1.00000 | 1.66667°% 6.97790° | 3.08798 5.114,663'2 9.353767° 9.35751‘5 9.487307° | 7.1354773 | 69779077 6.97790'2
1.0.Cal/sec) 1428500 | 2.3810071 | 3.9683273 | 3.60000° | 6.00000% [1.00000 |u.186mT |1.85279% [3.08798 | s5.6122573 | 5.61u5173 |5.6923873 | n.269e871 | n.2867h73 | n.18674
erg/sec 130021977 | 5.686990 | 9.u7831° 1t | 8.5985875 | 1.4332076 | 2.388u978 | 1.00000 | 4.b2s378 | 7.37562° | 1.38048720) 1.3430219| 1.35062"10| 1.0297278 | 1.0000072°1 1.00000"7
£6-1b /min |7.7052°% | 1.285097 | 2.18817 | 1.94302% | 3.238367 | 5.3972773 | 2.25970° | 1.00000 | 1.666677 | 3.029097 | 3.03030™ |3.072337 | 2.30u2573 | 2:259707 | 2.259707°
£te1b,/sec [4.62631 | 7.710527% ) 1.285097> | 1.165813 |1.9u302" |3.238367 | 1.355827 | 6.00000" |1.00000 |1.Ba7us™3 | 1.8181873 |1.8u3u073 | 1.3825571 | 1.3558273 | 1.35582
bp (Elec) f2.5usu03 | L.zuouol | 7.o70817d | 6.uaus3® | 1.06909" | 1.781822 | 7.46000° | 3.30132" |5.50221% | 2.00000 | 1.000k0 |1.0mh27 | 7.60707% | T.h6oco™t | 7.460002
hp (Mech) Jo.stuid | h.obored | 7.067987% | 6.41196° |1.06866" |1.78120% | 7.45700% | 3.30000" |5.500002 [9.995997F | 1.00000 [1.01387 | 7.60m0et {7.hs7017t | 7.457012
p (Metric)}2.509663 w.18277" | 6.972297F 6.3242k” 1.0514013* 1.756732 7.35500° 3.25&86l+ 5.l+21+762 9.8592k'l 9.86320™% |1.00000 7.50000l "r.35500'l 7.355002

1 ~1 -3 3 2 7 2 -2 -2 -2 -3
kgm/sec  [3.346227 | 5.577037 | 9.2950573 | 8.43233% |1.ho539% |2.3h23 | 9.806657 | 4.33981° [7.23301 | 1.3w567% | 1.3150972 |1.33333°2 | 2.00000 |9.8066573 | 9.80665
e Lovaitt 32193 | 568600 | 9.hme31) | 6.59858° |1.43310" | 2.388497 |1.00000%0 | w.kes3rt | 7.375622 [1.3w088 | 1.3h102 |1.35062 | 1.01972% |1.00000 | 1.000003
Matt 3219 | 5.6869972 | g.uremt | 8.508582 | 1.43310" | 2.38849™% | 1.000007 | k.b2s3rt | 7.3756271 | 1.3808873 | 1.3u10273 |1.3596273 | 1.000727F | 1.0000073 | 1.00000

14. POWER
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TABLE 15
Viscosity ()

Centipoise el sec/cm2 kgm/m sec lbm/ft hr lbm/ft sec  1b, sec/in.2 Poises Slug/ft sec
Centipoise | 1.00000 1.01972°% | 1.0000073 | 2.81909 | 6.719697% | 1.45038"7 | 1.0000072 | 2.088547
e, sec/en® | 9.80665" 1.00000 9.80665° | 2.37232° | 6.58976" 1.4223372 | 9.80665° 2.04816
kg _/m sec 1.00000° 1.019722 | 1.00000 | 2.319093 | 6.729697F | 1.450387* | 1.00000% 2.08854~2
v /ft hr 1.133797% 42152976 4133797 1.00000 277787 | 5.99556™° | 1.1337973 8.63360°°
lbm/ft sec 1.488163 1.51750‘2 1.48816 3.6oooo3 1.00000 2.158&0'l+ 1.'4881'6]_L 3.10809'2
I, sec/in.” | 6.89476° 7.03070" | 6.80476% | 1.667907 | 4.633063 | 1.00000 | 6.89u76" 1.141000°
Poises 1.00000° 1.0197273 | 1.000007t | 2.41909% | 6.7296972 | 1.450387° | 1.00000 2.088543
Slug/ft sec | 4.78803% 48824371 | u.78803% | 1.15826° | 3.oimmot | 6.ommunT3 | k788032 1.00000

15. VISCOSITY
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TABLE 16

Specific Energy or Energy per Unit Mass (h)

Abs.
Btu/1by Btu/slug Cal/gm Ft 1br/lbm Ft 1bp/slug £p Joule/
Btu/ 1oy, 1.00000 3.217h0t 5.55556=L1 7.781582 2.50365" 2.32596
Btu/slug 3.10809'2 1.00000 1.72672-2 2.&18591 7.781582 7.22932‘2
Cal/gm 1.80000 5.79133% 1.00000 1.40068°> 4.5065%L L.1867h
-3 Al Eh=2 - 1 -3
Ft 1or/lby 1.28509 b, 1346k 7.13937 1.00000 3.21740 2.98907
Ft 1br/slug | 3.994177° | 1.2850973 0.218982 3.1080972 1.00000 9.2903077
A5, 1 1 -1 2 ol
Aﬁ"Joule/gm I .29929~ 1.38326 2.388L9 3.34551 1.07639 1.00000

16. SPECIFIC ENERGY
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TABLE 17
Mass Flow Rate (m)

Gy /sec Kgn/sec Tbp/hr Ly, /min Lby,/sec Slug/sec

Gy /seC 1.00000 1.0000073 7.9366k 1.32077°1 2.2046273 6.852187°
Kem/sec 1.000003 1.00000 7.936643 1.32277° 2.20462 6.8521872
I -1 -b -2 -b -6
by/hr 1.25998 1.25998 1.00000 1.66667 2.77T78 8.63360
Tog /min 7.55987 7.559873 6.00000™" 1.00000 1.6666772 5.1801674

o -1 3 1 -2
Loy/sec 4.53592 I.53592 3.60000 6.00000 1.00000 3.10809

Iy 1 5 3 1
Slug/sec 1.45939 1.45939 1.15826 1.9304k4 3.21740 1.00000

17. MASS FLOW RATE
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TABLE 18

Pumping Speed or Volume Flow (V)

Cm3/sec Ft3/min Ft3/sec Gal/min Liter/min Liter/sec M3/h_r M3/min
Cw/sec 1.,00000 2,1188873 3.53147°° 1.5850372 5.999832 | 9.999727% 3.6000073 6.00000~7
3/ . 2 : -2 ’ 1 -1 -2
Tt~ /min 471947 1.00000 1.66667 7.48052 2.83160 b, 71934 1.69901L 2.83168
73 /sec 2.83168" | 6.00000" 1.00000 4.48831° 1.698963 2.83160" 1.019412 1.69901
1 -1 -3 -2 -1 -3
Gal/min 6.30902 1.33680 2.22801 1.00000 3.78530 6.3088k 2.27125 3.78541
. . 1 -2 ; =4 -1 -2 -2
Liter/min 1.66671 3.53156 5.88594 2.64179 1.00000 1.66667 6.00017 1.00003
. 3 ! -2 1 1 -2
Liter/sec 1.00003 2.11894 3.53156 1.58508 6.00000 1.00000 3.60010 6.00017
e /ur 2. 77778% 5.88578™% 9.8096373 4.L40287 1.66662 2. 777707t 1,00000 1.66667°2
13 /min 1.66667 3.53147¢ 5.88578™% 2.64172° 9.99972° 1.66662% 6.00000" 1.00000

18. PUMPING SPEED
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TABLE 19

Throughput
Atm £t3/sec Atm cm/sec  Ft 1br/sec Mm £+3/min Micron £t fmin Micren liter/sec Psi £t3/sec
]
Atm ft3/sec 1.00000 2.831681L M k. 56001lL L. 560017 2.152017 1.46960"
2. 11622
Atm cm3/sec 3.531&7‘5 - 1.00000 = -4 1.61035 1.610353 7.599732 5.18983'1L
24733 7
Ft 1b,/sec 979868 _ 4l 2orThes= | | 1.00000 | d-hes2eP- | dewsrsd | eoreseeT | —airooo®
4.7z541 |1.23828 — ~ 1215478 " |2.5475 " 1. 0169 6. 94444
Mm ft3/min 2.192987° 6.209837% M 1.00000 1.00000° 4. 71930° 3.22280'lL
4. L4034
Micron ft3/min 2.19298‘8 6.20983'1‘ 2.03806"7 % 1.000007> 1.00000 - 47293072 3.222807
, 4.6 405%
Micron Liter/sec h.6l+683‘8 1.3_158&‘3 o T o 2.1189673 2.11896 1.00000 6.8.2896'7
9. 3379
Psi ft3/sec 6.8046072 1.926843 .&W 3.102903 3.102906 1.&6&356 1.00000
1. 44000 & _—

19. THRUPUT
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TABLE 20

Temperature* (T, 0)

To convert from the units

below to those on the o¢ op ox oR
right, perform the indi- .
cated operations in order.
¢ x 1 x 9/5+ 32 + 273.15 x 9/5 + 491.67
oF - 32x5/9 x 1 x 5/9 + 255.372 + 459.67
°K - 273.15 x 9/5 - 459.67 x 1 x 9/5
°r x 5/9 - 273.15 - 459,67 x 5/9 x 1

x .
Based on the thermodynamic temperature scale as defined by the Tenth General Conference on
Weights and Measure meeting at Paris in October 195L4.

Temperature of triple point of water = 273.16°K = 491.688°R = 32.018%F = 0.01%

Temperature of ice point of water = 273.15%K = 491.6YOR

20. TEMPERATURE

0% = 32%
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TABLE 21

Gas C

onstant

AEDC-TDR-62-6

Tables of (RO}X are given below for use in the perfect gas measure equations, (p)x H (p)x (R)x {T}x

when p, p, and T are measured in various units, identified by the subseript x. R

equation {R} =

chem

{Ro),

{unit pressure] <

{mol Wt)chem [unit density}, [unit temp]

Values of (RO )x for T Measured in °K

Pressure

measured in

atmospheres
dynes/cn?
kep/ em?
1bg/£2
1bp/in.?
mm Hg

gm/cn3

8.208201
8.316967
8.48097%
1.73703°
1.206273
6.23821”

Density measured in

Yg/m3 10, /163
8.208207%  1.31483
8.316964 1.332256
8.48007°2  1.35852
1.737032  2.782463
1.20627 1.93226l
6.238217  9.992632

slugs/ft3

L,23033%
4,286397
i.37091%
8-95229lL
6.21682°
3 .21504)+

Pressure

measured in

atmospheres
dynes/ en®
kgf / cm2
10/t
lbf/in.2
mn Hg

% is given by the

{Ro)x . R, for use in the physical equation p = pRT, is given by
{mol wt}

Values of {Ro}x for T Measured in °R

gn/en’

n.56011l
i.620537
4, 71165%
g.65017"
6.701502
3.46567"

Density measured in
Kg/m3 1bm/ft3

slugs/ft3

k5601172 7,308617F  2.35018%

4.62053“ 7.&01395

2.381337

b, 7136572 7.547337L  2.4esest

9.65017"  1.545813
6.70150"F  1.073u8%
346567 5.55149%

Tables of (Ro)x for use in converting units of energy per unit mass such as enthalpy and internal

energy are given below. For example,' enthalpy iz sometimes given as h/RTstd'

{Fo),,

Values of {mol wt

[ unit energy] %

R =
{mol W’)chem [unit mass] [unit temp]

chem

R can be written aes

for various gasses are given in Table 22, Suppose that a value of h/RTstd

for air is given as 27 and that h is desired in Btu/lbm. Tstd is equal to 273.15 ®K. since the unit

of energy is the Btu, the unit of mass the lbm and the unit of temperature the OK, Table 21 gives

'Ro)x = 3,57571, The molecular weight of air from Table 22 is 28.966. The gas constant is written as,

Btu h
R = _5;‘6—5—3. 5T . Therefore, h =
28.9 lbm X RTstd

Mass

RT d=27

st

Values of {R,}, for T Measured in °x

measured in

7.88308'3 1.98650

Energy measured in

Btu calorie ft 1bp keal

6.13427  1.9865073

-1

gram
kilogram 7.88308 1.986503 6.134273 1.98650
pound, 3.57571  9.01065% 2.782463 9.01065
slug 1.150452  2.89909% 8.95230% 2.89909"

966 Tby OK

Values of Ry}, for T Measured in R

Mass

measured in
gram
kilogram

poundy,
slug

49

Btu

4.3794973
4.37949
1.98651
6.39140"

%éizg%l—§33—— 273.15%K = 910.4 Btu/1b,.

Energy measured in

calorie ft 1b .

1.10361  3.LkoT792
1.103613 3.:07923
5.00592° 1,545813
1.610614 u.973504

l+.9731+9'+
3.45379°
1.786134

keal

1.1036173
1.10361
5.00592"1
1.61061%

21. GAS CONSTANT
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TABLE 22

Molecular Weight

Values of molecular weight, {mol wt} , are given below.

chem

Molecular weight is based upon the older chemical scale instead of

the newesgt carbon 12 scale, since most existing data is based upon

the chemical scale. The relation between the chemical, physical
and carbon 12 scales of molecular weights based on data from
Ref. T is:

{mol wt} = .999728 {mol wt}

chem physical

=1.0000493 {mol wdb}cauc"bon 12

Notice that the gas constant is independent of the unit of
molecular weight, since a change in the measure of molecular
weight will produce a corresponding change in the measure of the
universal gas constant, thereby leaving the gas constant for a
particular gas unchanged.

Value of {mol wt ) for various gasses

chemical scale

Air 28.966 Hydrogen 2.016
Argon 39.944 Nitrogen 28.016
Carbon Dioxide Li,011 Oxygen 32.000
Carbon Monoxide 28.011 Steam 18.016

50

22. MOLECULAR WEIGHT
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TABLE 23

g& %g &A.&’E;@ Current ([)
Ao ez Amp Microamp Milliamp Statamp
dbarmp 1 7 n 10
A—emp 1.00000 | 1.00000 1.00000 1.00000 2.99793
-1 6 3 9
Amp 1.00000™" | 1.00000 1.,00000 1.,00000 2.99793
Mi eroamp 1.00000~7 | 1.000007° | 1.00000 1.0000073 | 2.99793>
e il -3 3 6
Milliemp | 1.000007% | 1.00000 1.00000 1.00000 2.99793
Statamp 3.33565 | 3.33563710 | 3.335637% | 3.3356377 | 1.00000

23. CURRENT
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TABLE 24

- £ Charge (q)
&LW?;{?M;.«&%LQ‘?
Aly coulombs Amp sec Coulombs Statcoulombs
. 1 1 10
A/'k% coulombs 1.00000 1.00000 1.00000 2.99793
-1 9
Amp sec 1.00000 1.00000 1.00000 2.99793
-1 9
Coulombs 1.00000 1.00000 1.00000 2.99793
Stateoulombs 3.33563 7 3.33563 10 3.33563 70 1.00000

24. CHARGE
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TABLE 25
Potential (E)

) 4
ﬁ&é@wmgji
Ab/ volt Ft 1b f/a.mp sec Microvolt Millivolt Statvolt Volts
o/ volt 1.00000 7.37562"2 1.00000~2 1.00000~° 3.335637 1.00000~
6 1bo/amp sec 1.35582° 1..00000 1.35582° 1.355823 45005273 1.35582
#i 2 -7 -3 -9 -6
crovolt 1.00000 7.37562 1.00000 1.00000 3.33563 1.00000
5 " 3 6 3
Millivolt 1.00000 7.37562 1.00000 1.00000 3.33563 1.00000
Statvolt 2.99793° 2.21116° 2.99793° 2.99793° 1.00000 2.997932
8 -1 6 3 -3
Wolts 1.00000 7.37562 1.00000 1.00000 3.33563 1.00000

25. POTENTIAL
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TABLE 26

Capacitance (C)

ol dF P
’”‘é;éi‘éfé
=
o

Ab// farad Amp2 secz/ft 1b £ Farad Microfarad Millifarad Statfarad
av, farad 100000 1.355827 1.00000” 1.00000™” 1.000007° | 8.98758°
Amp2 secg/ft 1o, 7.37562™10 1.00000 7.375627% 7.37562° 7.37562° 6.62890ll
Farad 1.00000™7 1.35582 1.00000 1.00000° 1.00000° 8.98758%}
Microfarad 1.00000™ 12 1.355827° 1.00000™° 1,00000 1.000007> | 8.98758°
Millifarad 1.00000™ 12 1.3558273 1.ooooo'3. 1.000003 1.00000 8.987588
Statfarad 1.11265"21 1.50855'12 1.11265'12 1.11265"6 1.11265"9 1.00000

26. CAPACITANCE
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TABLE 27

inductance (L)

Ab henry Ft 1b £ / amp2

Henry  Microhenry Millihenry  Stathenry
b, henry 1.,00000 7.37562° | 1.00000% | 1.0000073 | 1.000007° | 1.1126572%
P by anp” | 1355627 | 1.00000 1.35582 | 1.35582° | 1.355827 | 1.5085571%
Henry 1.000007 7.375627" 1.00000 1.00000° 1.00000° 1.11265712
Microhenry | 1.000003 7.375627 | 1.000007® | 1.00000 1.0000073 | 1.1106571°
Willihenry | 1.00000° | 7.37562™* | 1.0000073 | 1.000003 | 1.00000 1.112657%
Stathenry 8.98758%° | 6.62890M" 8.98758%% | 8.987587 | 8.98758™* | 1.00000

21. INDUCTANCE
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TABLE 28

Resistance (R)

Ap, omms  Ft 1bf/amp2 sec Microhms Millichms Ohms StatohmsA
i obms 1.00000 7.375622° | 1.0000073 | 1.000007° .00000™7 | 1.1106572%
Tt 1bf/amp2 sec 1.355829 1.00000 1.355826 1.355823 .35582 1.50855’12
M1icrohms 1.00000° 7.37562'7 1.00000 1.0000073 .ooooo“6 1.11265'18
Mi111iohms 1.00000° 7.37562'“ 1.00000° 1.00000 .0000073 1.112657%
Ohms 1.00000° 7.37562°% | 1.00000° | 1.000003 .00000 1.1106571%
Statohms 8.9875820 6.62890ll 8.9875817 8.987581” .98758ll 1.00000

28. RESISTANCE
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TABLE 29

Resistivity (p)

2 lbf/amp2 sec Microhm cm Milliohm cm Ohm cir mil/ft Ohm cu  Ohm £t  Ohm in. Ohm meter
Fte lbf/amp2 sec 1.00000 4.13253T 4.13253lL 2.&858&8 4.132531 1.35582 1.62698l 4.13253'1
Microhm cm 2.#1982‘8 1.00000 1.0000073 6.01531 1.ooooo'6 3.2808&‘8 3.93701'7 1.ooooo‘8
Milliohm cm 24198272 1.000003 1.00000 6.015313 | 1.0000073 | 3.2808475]3.937007*| 1000007
Ohm cir mil/ft 4.02278'9 1.662&3’1 1.66243'u 1.00000 JL.6621+3”7 5.45415'9 6.5&&98“8 1.66243'9
Ohm cm 2.&1982‘2 1.ooooo6 1.ooooo3 6.015316 1.00000 3.28084'2 3.93701“l 1.00000™3
Ohm £t 7.375627% 3.0L800" 3.01;8001L 1.833&78 3.04800° | 1.00000 |1.20000% | 3.048007%
Ohm in. 6.1463572 2.540006 2.54000° 1.527907 | 2.54000 | 8.3333372{1.00000 | 2.540007
Ohm meter 2.41982 1.00000° 1.00000° 6.015318 1.00000° | 3.2808% |[3.93701% | 1.00000

29. RESISTIVITY
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TABLE 30

Surface Current (j)

Mmp/eir mil  Amp/cw® Amp/£62 Amp/in.2 Amp/m®  Amp/mil®  Amp/mm®
hmp/cir mil 1.00000 1.97353° 1.83347° 1.27304° 1.973537 | 1.2732h 1.973533
Amp/cm2 5.06707'6 1.00000 - 9.290302 6.45160 1.ooooolL 6.&5160‘6 1.00000™2
hnp /£ 5454157 1.0763973 | 1.00000 6.0uu™3 | 1.07639% | 6.omukh™ | 1.076397°
fp/10. 2 785308 1.550007" | 1.44000% 1.,00000 1.550003 | 1.00000°° | 1.55000"3
Amp/:m2 5.06707'10 :L.ooooo"LL 9.29030'2 6.&5160'LL 1.00000 6.43i6o'10 JL.ooooo‘6
Amp/mile 7.85398'l 1.550005 1.&&0008 1.ooooo6 1.550009 1.00000 1.550003
Amp/m-m2 5.06707"LF 1.oooqgf 9.29030LL 6.451602 1.ooooo6 6.45160‘LL 1.00000

30. SURFACE CURRENT
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TABLE 31
Magnetic Flux ()

Ft 1b £ /amp Kilolines Maxwells Webers
Ft lbf/amp 1.00000 1.355825 1.355828 1.35582
Kilolines 7.37562'6 1.00000 1.00000° 1.00000™7
Ab. Maxwells 7.37562'9 1.000007> 1.00000 1.ooooo'8
Webers (volt sec) 7,37562'1 1.00000° 1.ooooo8 1.00000

31. MAGNETIC FLUX
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TABLE 32

Electric Field Intensity (&)

Lbf/amp sec Volt/cm Volt/ft Volt/in. Volt/meter Volt/mil
Lbf/amp sec 1.00000 4.44823'2 1.35582 1.12985'l 4 44823 1.:L2985'LL
1 1 2 -3

Volts/cm 2.24809 1.00000 3.04800 2.54000 1.00000 2.54000
-1 o =2 -2 -5

Volts/ft T.37562 3.28084 1.00000 8.33333 3.28084 8.33333
. N 1 1 -3

Volts/in. 8.85075 3.93701 1.20000 1.00000 3.93701 1.00000
-1 -2 -1 -2 -5

Volts/meter 2.24809 1.00000 3.04800 2.54000 1.00000 2.54000

; 3 7012 4 3 4
Volts/mil 8.85075 3.93701 1.20000 1.00000 3.93701 1.00000

32. ELECTRIC FIELD INTENSITY
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TABLE 33

Magnetic Field Intensity (H)

Amp/cm Amp/ft Amp/in. Amp/meter Oersted Pracersted

Amp/ cm 1.00000 ‘3.048001 2.54000 1.00000° 1.2566k4 1.256643
) -2 -2 1

Amp /£t 3.2808k4 1.00000 8.33333 3.28084 4 .12282 4. 12282
. -1 1 1 -1 2
Amp/in. 3.93701 1.20000 1.00000 3.93701 L.ok738 b.ok738
-2 -1 -2 -2 1

Amp /meter 1.00000 3.04800 2.54000 1.00000 1.25664 1.2566ML
-1 1 1 3

Oersted 7.95775 2.4p552 2.02127 T7.95775 1.00000 1.00000

o -h -2 -3 -2 -3

racersted T.95775 2.42552 2.02127 T.95775 1.00000 1.00000

33. MAGNETIC FIELD INTENSITY
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Magnetic Flux Density (B)

TABLE 34

Gauss Lines/in. 2 Lb/amp ft Weber s/ft‘2 Webers/meterg
-6 -6 -4
Gauss 1.00000 6.45161 6.85218 9.29030 1.00000
Lines/in.2 1.55000"l 1.00000 1.06209'6 1.44000'6 1.55000'5
Lo /amp ©4 1.45939° | 9.41540° 1.00000 1.35582 1.45939%
2 5 5 -1 1
Webers /Tt 1.07639 6.94Lhs5 T7.37562 1.00000 1.07639
Webers/meterg 1.oooooLL 6.&51614 6.85218'2 9.29030'2 1.00000

34. MAGNETIC FLUX DENSITY

9"¢9-¥dL-DQ3v



Avampere, 51

Abbreviations, xi
Abcoulomb, 52

Abfarad, 5u

Abhenry, 55

Abohm, 56

Abvolt, 53

Acceleration, 36
Acceleration of gravity (std), ix
Acre, 30

Amagat, 39 —

Ampere, 51

Amp/centimeter, 61
Amp/centimeter®, 58
Amp/circular mil, 58
Amp/foot, 61

Amp/foot®, 58

Amp/inch, 61

Amp/inch®, 58

Amp /meter, 61

Amp /meter®, 58

Amp/mil®, 58
Amp/millimeter®, 58

Amp second, 52

Amp? gsecond®/foot pound,,, 5k
Angle, 34

Angstrom unit, 29

Area, 30

Atmosphere centimeter” /second, 47
Atmosphere feet3/second, g
Atmosphere (std), 40

Avogadro's number, x

Bar, 40

Barye, 40

Boltzmann's constant, x
British Termal Unit, 41
Btu/hr, 42

Btu/min, 42

Btu/poundm, Ly

Btu/sec, 42

Btu/slug, Lk

Calorie, 41
Calorie/gram, Wb
Calorie/hour, 42
Calorie/minute, 42
Calorie/second, 42
Capacitance, 5k
Centimeter, 29
Centimeter®, 30
Centimeter3, 31
Centimeter gram =~ gram,
Centimeter/second, 35
Centimeter/second®, 36
Centimeter °/second, 46
Centipoise, 43

cgs system, 11

Charge, 52

Circular inch, 30
Circular mil, 30
Constants, ix

Coulombs, 52

Current, 51
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Day, 33 Foot/minute, 35

Degree (angle), 34 Foot” /minute, 46

Degree Celsius, 48 Foot poundal, 4l

Degree Centigrade, 48 Foot pound., N

Degree Farenheit, 48 Foot poundf/amp, 59

Degree Kelvin, 48 Foot poundf/ampz, 55
Degree Rankin, 48 Foot poundf/amp second, 53
Density, 38 | Foot poundf/amp2 second, 57
Density of gases (std), 39 Foot poundf/minute, ho
Dyne, 37 Foot poundf/poun@m, Ly
Dyne centimeter, 4l Foot pound, second, LT
Dyne/centimeter®, 4O Foot poundf/second, Lo

Foot poundf/slug, Ly
FootZ poundf/amp2 second, 56

Electric field intensity, 60 Foot poundm pound,_, second system, 11

Electron charge, ix Foot poun@m secong system, 11

Electron rest mass, ix Foot/second, 35

Electron volt, 41 Foot” /second, 46

emu system, 20 Foot/second®, 36

Energy, 41 : Force, 37

Engineering system, 20

Erg, 41

Erg/second, 42 Gallon/minute, 46

esu system, 20 Gallon (U.S.), 31
Gas constant (R) values, 49
Gauss, 62

Farad, 54 Gaussian system, 62

Faraday's constant, ix Grain, 32

Feet of water, 40 Gram., 37

Foot, 29 Gram., centimeter, 4l

Foot®, 30 Gramf/centimeterz, Lo

Foot®, 31 Gram. second/centimeter®, 43
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Gramm, 32
Gramm/centimeter3, 38
Gramm/second, b5
Gravitational constant, x

Gravity, std, 36

Henry, 55

Horsepower (Elec.), 42
Horsepower hour (Mech.), 4l
Horsepower (Mech.), 42
Horsepower (Metric), 42
Hour, 33

Inch, 29,30

Inch®, 30

Inchz, 31

Inches of Hg at 0 °C, Lo
Inches of water at 60 °F, Lo
Inductance, 55

IT calorie, 55

IT calorie/hour, 42

IT calorie/minute, 42

IT calorie/second, 42

Joule, L1
Joule/gram, L4
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Kilocalorie, L4l
Kilogramf, 37
Kilogramf/centimetere, Lo
Kilogram_ meter, 41

£
Kilogram_ meter/second, 42

Kilogrami, 32
Kilogramm/meter3, 38,39
Kilogramm/meter second, 43
Kilogramm/second, 45
Kilolines, 59

Kilometers, 29
Kilometer/hour, 35
Kilometer/hour second, 36
Kilowatt, 42

Kilowatt hour, L1

Knot, 35

Length, 29
Lines/inches®, 62
Liter, 31
Liter/minute, 46
Liter/second, 46

Magnetic field intensity, 61
Magnetic flux, 59

Magnetic flux density, 62
Mass, 32

Mass flow rate, 45
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Maxwells, 59
Mechanical units, 11
Meter, 29

Metersa, 30

Meters®, 31

Meter > /hour, 46
Meter/minute, 35

Meter® /minute, 46
Meter/second, 35
Meter/second®, 36

- Microamp, 51
Microfarad, 5h
Microhenry, 55

Microhm, 56

Microhm centimeter, 57
Micron, 29

Micron foot® /minute, 47
Micron liter/second, 47
Microns Hg at 32 OF, 4o
Microsecond, 33
Microvolt, 53

Mil, 29, 30

Mile, 29

Mile/hour, 35
Mile/hour second, 36
Milliamp, 51
Millifarad, S5h
Millihenry, 55
Millimeter, 29
Millimeters®, 30

Millimeter footz/minute, L7
Millimeter Hg at 32 °F, 40

Milliohm, 56

Milliohm centimeter, 57
Millisecond, 33
Millivolt, 53

Minute (angle), 34
Minute (time), 33

mks system, 20

mksa system, 20
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Molecular weights of gases, 50

‘Nautical mile, 29

Newton, 37

Newtonian gravitational constant, x

Numberical prefixes, x

Ohm, 56
Ohm centimeter, 57

Ohm circular mil/foot, 57

Chm foot, 57
Ohm inch, 5T
Ohm meter, 57
Oersted, 61
Ounce, 32

Permeability, 20
Permittivity, 20
Planck's constant, ix
Poise, 43

Potential, 53
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Poundal, 37 Second (angle), 34

Pound,, 37 Second (time), 33

Poundf/amp foot, 62 Slug, 32

Poundf/amp second, 60 Slugs/foot”, 38, 39
Poundf/footg, 10 Slug/foot second, 43
Poundf/inch2, 4o Slug/second, 45

Pound., second/inch®, 43 Specific energy, Lh

Pound , 32 Specific gravity, 38
Poundm/foot3, 38, 39 Standard accelerstion of gravity, ix
Poun@m/foot hour, 43 Standard atmosphere, ix
Pounqm/foot second, U43 Statamp, 51

Pound, /gallon, 38 Statcoulombs, 52

Pound_m/hour , U5 Statfarad, 54

Poundm/inchesz, 38 Stathenry, 55

Poundm/minute, b5 Statohms, 56

Poundm/second, 45 Statvolt, 53

Power, 42 Stefan-Boltzmann constant, ix
Praoersted, 61 Surface current, 58

Prefixes, X

Pressure, 40

Psi footB/second, g Temperature, 43
Pumping speed, 46 Thruput, 47
Time, 33

Ton (Short), 32
Quadrants (right angles), 34

Radians, 34 Velocity, 35

Resistance, 56 Veloelty of light, ix
Viscosity, 43

Volt, 53
Volt/centimeter, 60

Volt/foot, 60

Regigtivity, 57
Revolutions, 34
Rods, 29
Rod®, 30
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Volt/inch, 60
Volt/meter, 60
Volt/mil, 60
Volume, 31
Volume flow, 46

Watt, L2

Watt hour, 41

Watt second,
Webers, 59
Webers/foot=, 62
Webers/meters®, 62

Work, L1

Yard, 29
Yard®, 30
Yard?, 31
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