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ADDENDUM

The representation of the atmosphere contained
between these covers is designated "THE ARDC MODEL ATMOS-
PHERE, 1956" since it is in this Command that these tables
are officially sccepted and directive in all design pro-
blems.

To an altitude of 300 kilometers the basic
properties of this atmosphere are the result of the com-
bined effort of the scientists and engineers listed in the
preface where full acknowiedgements are accorded. Without
their help this representation would not have been possible.



PREFACE

The 1956 ARDC MODEL ATMOSPHERE, defined and tabulated to 542,248 meters
or 1,850,870 feet in this Air Force Survey in Geophysics, has been prepared in
partial fulfillment of ARDC Technical Requirement 1L40-56. This MODEL is to be
used as the basis for engineering and design work performed within ARDC and by
its contractors, insofar as the work requires the use of a model representing
the average condition of atmospheric properties within the altitude limits of
this MODEL.

This MODEL ATMOSPHERE is designed to be used for the same purposes as a
standard atmosphere. For some of these purposes the MODEL should serve in the
following ways:

1., As a reference atmosphere to be used in calculating flight performance
of aircraft.

2. As the basis for calibrating barometric altimeters, where observed
departures of atmospheric properties from the values of the MODEL
provide the means for computing altimeter correction.

3. As the basis for ballistic tables where the observed departures of
“the atmospheric properties from the values of the MODEL provide the
basis of corrections to be put into gunnery and bombing computers.

IS As a time average of the actual physical conditions existing at
various altitudes for aircraft engineering and design purposes,
and for use in solving geophysical problems.

It should be emphasized, particularly in regard to item L, that this
MODEL most probably will never completely match the actual atmosphere, and may
only rarely approximate the average value at all altitudes simultaneously.
While the properties at some altitude may exactly fit the values of the MODEL
at any instant, the properties at other altitudes simultaneously may depart
drastically from tabulated values. The greatest percentage departures prcbably
occur at the higher altitudes. Maximum and minimum pressures at 120 km, for
example, may differ by as much as a factor of 3. Neither this MODEL nor any
other calculated model will accurately depict the total atmosphere at any par-
ticular moment.

The tables and gréphs of this MODEL approximate the best average of avail-
able temperature, pressure, and density data, compiled and processed under Project
7603, “"Atmospheric Standards." The tables are also consistent with the recently
adopted Extension to the United States (ICAO) Standard Atmosphere50,51 (1956)
which was prepared concurrently under the same project. Both are consist-
ent with the basic properties of the International Civil Aviation Organization
(ICAO) Standard Atmosphere26-28 adopted by the United States on November 20, 1952.




The tzbles of this MODEL partially duplicate the tables of the ICAQC Standard
Atmosphere, (in the altitude region of -5,000 to #20,000 geopotential meters),
although the tables of this MODEL are given in larger increments. This partial
duplication is desirable and necessary, not only for the sake of continuity, but
beczuse this MODEL includes values of seven additional altitude-dependent prop=
erties not found in the ICAQ Standard: Acceleration of gravity, scale height,
molecular weight, particle speed, number density, mean free path, and collision

freguency.

The ARDC MODEL differs from the standard atmosphere not only because of
the greater gltitude of the former but because the MODEL is intended to be re-
viewed annually and modified at any time, if necessary, to reflect significant
changes in thinking brought about by more reliable atmospheric data.

We wish to acknowledge the assistance of the several members of the Geo-
physics Research Directorate who participated in various ways in the preparation
of this survey: Dr. R. Penndorf and Mr. M. Dubin for helpful suggestions and
counsel;, and Mr. L. R. Shedd for his expeditious handling of many details.

We also wish to thank the members of the Working Group on Extension to the

Standard Atmosphere for their helpful suggestions and encouragement.
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We are especially indebted to two subcommittees of this Working Group:

The first subcommittee, consisting of Dr. H, Newell, Dr. H. Kallman,
and Mr. R. A. Minzner, formulated the general aspects of the temperature-
altitude profile between 130 and 300 kilometers, and made recommendations
concerning the degree of dissociation of 0p and Ny in this region.

The second subcommittee, consisting of Mr. L. P. Harrison, Mr. W. J.
OfSullivan, Mr. W. Scholl, and Mr. R. A. Minzner, studied some of the aspects
of the following atmospheric properties: coefficient of viscosity, kinematic
viscosity, and the speed of sound. This subcommittee recommended departures
from the ICAO values of these properties and thereupon suggested values of
constants, empirical expressions, and maximum altitude of tabulation for these
properties.,

We are particularly grateful to Dr. F. L. Whipple whose efficient chair-
manship expedited the accomplishment of the Working Group, and to Mr. N. Sis-
senwine who in the capacity of Executive Secretary handled a flood of detail.

Finally we wish to thank Dr. H, Wexler of the U. S. Weather Bureau.
Dr. Wexler served with Mr. Sissenwine as Co-chairman of the Parent Committee
on Extension to the Standard Atmosphere, and though not an official member of
the WGESA, was ever in the background to lend his advice and support wherever
needed. ’

R. A. MINZNER
W. S. RIPIEY

Geophysics Research Directorate
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ABSTRACT

A realistic model of atmospheric properties based on reliable observa-
tions and current theories is presented.

Fifteen atmospheric properties are discussed and tabulated, thirteen
to 500 km and two to only 90 km. The values of these properties are inter-
nally consistent through classical equations, and are dependent upon (1), a
defined, linear, segmented, molecular-scale temperature function, (2) a mol-
ecular weight function, and (3) an acceleration of gravity function. Values
of twelve physical constants required in the computations are adopted as
exact. Internationally agreed-upon, exact transformation factors are employed
in converting from Metric to English units. Both Metric and English tables
are presented, and computational procedure is discussed. A thorough discus-
sion of geopotential altitude, effective radius of the earth, and molecular-
scale temperature is given. The relative virtues and validity of two methods
for computing the acceleration of gravity are discussed. The concept and
validity of the various properties as applied to high altitudes are considered
briefly.



THE ARDC MODEL ATMOSPHERE
1956

(Tables and Graphs for Altitudes to 542,686 Meters or 1,850,870 Feet)

1A Introduction

1.1 Background and Early History of Standard Atmospheres

Standard atmospheres have been used for nearly a hundred years for

21timetry purposes. The earliest of these were very simple and were based on
2n isothermal atmosphere. With the development of aircraft and precision artil-
lery during the First World War, 1914-1918, the need for more extensive atmos-
pheric tables for aeronautical and ballistic purposes became apparent., Atmospher-
ic temperatures were measured at various locations in southern and western Europe,
S=veral functions approximately fitting these temperature data were proposed and
used in various countries for deriving an analytical expression for atmospheric
pressure and density. generally agreeable function was proposed, however,
mntil 1919 when Toussalnt suggested a segmented straight-line function as the
basis for an international standard. Toussaint's temperature function was de-
fined by a value of 15 degrees Celsius (OC) at sea level, a constant gradient of

-.00659C per meter from sea level to 11,000 meters, (m), (yleldlng «56.5°C for
11,000 m), and a constant gradient of zero degrees per meter from 11,000 m to
20,000 m altitude.

1,2 First U. S. Aeronautical Standard Atmosphere

The Toussaint formula with minor variations has remained the basis
for all major aeronautical standards prepared for the O - 20 km altitude region.
These include the first United States Standard Atmosphere prepared by Gregg 1 in
1922, and the modification, extension, and amplification of the Gregg standard
prepared by Diehllk in 1925 Neither of these agreed exactly with the Toussaint
proposal, howevers Gregg terminated his analytically derived atmosphere at
10 km altitude although he presented observed data to 20 km; Diehl extended the
znalytical atmosphere to 20 km but established the tropopause at an altitude of
10,769.23 m (65,000 ft) with a temperature of -55°C, instead of at 11,000 m and
—56 59C, as suggested by Toussaint. Thus Diehl's stratosphere, 10, 769 23 m to
20,000 m, was warmer by 1,5°C than that used by Toussaint.

e Brombacherhﬂg amplified the Gregg Standard Atmosphere in 1926 and
2gain in 1935 by adding tables of altitude as a function of pressure for altimetry

purposes.



1.3 First International Standard

In 192}, the International Committee on Air Navigation (ICAN)29 prepared
an international standard atmosphere based exactly on Toussaint'’s temperature-
altitude function. This standard was adopted throughout most of Europe. It was
never adopted formally by the United States, however, because of two small but
basic differences between this and the Diehl-U. S. Standard.

In addition to using different altitudes and temperatures for the tro-
popause, the ICAN and U. S. Standard also used different values for the acceler-
ation of gravity at sea level, 9.8 and 9.80665 respectively. These differences
prevented United States and European agreement on a standard atmosphere until
1952 when a new international organization, ICAO, reached a compromise.

1., ICAO Standard Atmosphere?S—- New U. S. Standard?®??

Between June 1950 and November 1952 the International Civil Aviation
Organization (ICAQ), of which the United States was a member, proposed and
adopted a compromise standard atmosphere in which the United States standard sea-
level value of gravity, and the ICAN values of tropopause altitude and tropopause
temp erature were employed. This ICAO Standard Atmosphere was formally adopted
as the United States Standard Atmosphere by NACA vote on 20 November 1952.

1,5 High Altitude Models == Warfield, Grimminger

The activities of ICAO emphasized international agreement and refine-
ment of atmospheric tables within the altitude range of existing standards; i.e.,
sea level to 20,000 meters altitude. The ICAO did not concern itself with high
altitude tables. The advances in aeronautics and ballistics during and since
World War II resulted in demands for atmospheric tables to much greater altitudes.
In 1947 these demands were met in part by Warfield's "Tentative Tables for the
Properties of the Upper A'bmosphere"s2 which depicted the atmosphere to 120,000
meters altitude and which were designed to be a continuous extension of the
tables of the Diehl-U. S. Standard-"4 at 20,000 m altitude. The Warfield tables
were based on the best 1946 estimates of atmospheric temperature, and considered
the variations of molecular weight of air and the acceleration of gravity with
increasing altitude.

The 120 km altitude upper limit of the Warfield tables was inadequate,
however, even before the publication of the report, and Grimminger42 in 1948
published tables of atmospheric properties to altitudes of over 8,800 km. These
tables were essentially in agreement with the Warfield tables up to 120 km and
were based on the best 1947 theoretical and experimental data.

1.6 New Data from Rocket-Borne Experiments
Simultaneously with the preparation of the Warfield and Grimminger

tables, a new research tool, the upper air sounding rccket, was beginning to be
exploited. This new device permitted making measurements of the atmosphere by




direct probing methods not previously possible. The new data compiled in 1952

as the Rocket Panel AtmospherehS indicated that pressures in the Warfield and
Grimminger tables were 2 times higher than observed at 70 km, 5 times higher than
observed at 90 km, and over 10 times higher than observed at 120 km. These dis-
erepancies, plus the fact that the Warfield tables were not continuous with the
nswly adopted ICAO Standard,initiated the preparation of this extension of the
ICAO Standard to high altitudes.

1.7 Extension to the Standard Atmosphere

In November 1953 the Geophysics Research Directorate, Air Force Cam-
Bridge Research Center, of ARDC, USAF, together with the U. S. Weather Bureau 17
sponsored a three-day "Open Meeting on Extensions to the Standard Atmosphere."
Standard atmosphere requirements and scientific data supporting various models
were presented. Brombacher® presented a Standard Atmosphere proposal which was
not accepted because of an unrealistic stratosphere and because the constant
gravity assumption employed was inconsistent with the ICAO Standard and this
2ssumption introduced errors in the analysis. A Working Group on Extension to
the Standard Atmosphere (WGESA) was appointed to recommend the temperature-
2ltitude profile and other constants necessary for the preparation of the desired
extension.

The discussions of the first meeting18 of the Working Group dealt prin-
eipally with the temperature-altitude profile in the 20 to 53 kilometer region.,
Temperatures were also recommended for the region between 53 and 83 km, although
these were replaced by slightly different values at a later meeting. Recommen-
Zations were also made at this first meeting regarding the atmospheric properties
€0 be included in the standard. Differences of opinion existed on the manner
of accounting for variable gravity, and some conflicting recommendations resulted
from this meeting.,

The task of preparing the text and tables for the extension to the

Standard Atmosphere was assigned to GRD (Geophysics Research Directorate). The
recommendations were studied, and Minzner Lo prepared a paper, "Three Proposals
for U. S, High Altitude Standard Atmosphere," which was pressnted at the second
leeting19 of the Working Group. Each of the three proposals suggested a dif-
| ferent method for handling the acceleration of gravity and molecular weight as

wariables in the hydrostatic equation. Only one of these three proposals was
consistent with the ICAO Standard Atmosphere and that one, using geopctential to
. 2ccount for variable gravity, and molecular-scale temperature to account for
variable molecular weight, was adopted by the Working Group.

Preliminary tables of atmospheric properties to 130 km,hl prepared at
GRD, were tentatively adopted at this meeting. These tables were consistent
with the temperature-altitude function to 83 km recommended by the Working
Group and consistent with the temperatures of the Rocket Panel Atmosphere above
this altitude. A subcommittee was appointed, however, to make recommendations
concerning molecular weight and temperatures for extending the Standard Atmos-
phere to 300 km altitude.



This subcommittee met with several consultants and then agreed upon
certain boundary conditions for oxygen and nitrogen dissociation, as well as
for atmospheric temperature. Using these boundary conditions and all the
available atmospheric pressure, temperature, and density data above balloon
altitudes, two separate proposals were prepared, one at Rand Corporation3lks3
and the other at (.?rRD.)-12

The Rand proposal assumed a density-altitude function and a molecular
weight gradient arbitrarily related to this density function. From these, there
was derived a nonlinear temperature-altitude profile with no discontinuous first
or second derivatives.

The GRD proposal, in keeping with previous Working Group recommen-
dations, assumed several constant gradients of molecular-scale temperature for
as many altitude regions. These gradients were chosen to yield values of pres-
sure and density consistent with the average of observed values of these proper-
ties below 160 km altitude, and consistent with current estimates of these
properties at higher altitudes. Molecular weights3? were computed from diffu-
sion theory and the agreed-upon boundary conditions. The GRD proposal was
adopted at the third and final meeting2 of the Working Group.

A summary of the adjusted recommendationsh7 resulting from the three
meetings of the WGESA was prepared. A supplemental set of recommendations 3
on previously unresolved questions was also prepared. Within the framework
of these recommendations, this ARDC MODEL ATMOSPHERE and the Extension to the
U. S. Standard Atmosphere have been prepared.

2, Systems of Altitude Measure and Related Parameters

In accordance with agreements concerning publication of international aero-
logical tables30 and in keeping with the existing United States (ICAO) Standard
Atmosphere, the basic altitude parameter of this MODEL is taken to be geopo-
tential H, expressed in standard geopotential meters, m!. Supplemental to the
existing (ICAO) United States Standard, this MODEL has been prepared with
parallel tabulations in integral values of both geopotential and geometric
altitude measure so that the values of tabulated properties are given for both
integral geopotential and integral geometric kilometers.

The relationship between geopotential and geometric altitude depends
directly upon the value of the acceleration of gravity at sea level at a par-
ticular altitude and upon the variation of the acceleration of gravity with
altitude and latitude. The definition of the special unit of geopotential used
in this MODEL is also related to the specific sea-level value of gravity,
adopted by ICAO and used in this MODEL, Therefore, a digression is made to
present a detailed discussion of the acceleration of gravity before geopotential
is discussed further.



2,1 Acceleration of Gravity
2.1.1 Sea-level value

The sea-level value of the acceleration of gravity used in
this MODEL is defined to be 9,80665 m sec=2 exact? . This value was originally
announced by Defforges and Lubanskil3 at the 1891 meetings of the International
Committee on Weights and Measures as the best value for L5° latitude., Since
then, it has been used by physicists and others as an arbitrary standard and
was recently adopted as an international standard in the ICAO Standard Atmos-
phere, It has long been recognized, however, that this value of g_is not correct
Zor 1,50 latitude but rather is the value for 45O 32! LO" latitude.1” This cor-
rected latitude is the one to which all tables in this MODEL apply.

2,1.,2 Altitude variation = classical expression

The variation of the acceleration of gravity with geometric
z1titude is classically expressed by the equation

g =8¢ [ i ]2 9 (1)

r¢+Z
where
g = the acceleration of gravity of a point (in m sec“z),
Z = the geometric altitude of the point (in m),

g5 the sea-level value of g at the latitude @ of the point
(in m sec=2), and

rs = the radius of the earth at latitude @ .

In its fundamental form this equation applies rigorously only for a nonro-

- S=ting sphere composed of spherical shells of equal density. The earth, how-
ever. is definitely not spherical; furthermore, its rotation introduces cen-

. Sr=fugal acceleration which varies with latitude and which increases with

- =21titude. The sea-level value of the centrifugal acceleration at any selected
I=titude may be accounted for, in equation (1), by the proper choice of an
effective value of gg. The increase of centrifugal acceleration with increas-
Ins altitude is not accounted for in the simple unadjusted inverse square law,
which describes only the decreasing Newtonian component of the effective value
of 2. Hence, values of g computed from equation (1) become increasingly in-
2ccurate as altitude increases, An adjustment of the value of rg to an effective

-
B
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radius, however, was found to greatly improve the validity of that equation even
at altitudes as great as 500 km.

2.1l.3  Effective earth's radius

Harrison23, using a suggestion by Lambert37, developed an ex-
pression for an effective earth's radius as a function of latitude, This ef-
fective radius is derived in a manner consistent with the effective sea-level
value of g at latitude [} , and consistent with the vertical gradient of g at
the given latitude (neglecting local anomalies), assuming the International
Ellipsoid represents the figure of the earth. The value of effective earthts
radius at LSO 321 LO*, computed from Harrison's equation (given in Appendix M)
is :

r = 6,356,766 meters
which, for purposes of this MODEL, will be considered as an exact constant.
2.1.li Computational equation

The exact form of the equation used to compute the acceleration
of gravity and to relate geopotential to geometric altitude in this MODEL is

2
g = L (1a)
€0 [r . Z] )
where
g = the acceleration of gravity in meters per second squared,

(m sec=2) at altitude Z and at latitude L5° 327 LO", hereafter,

gy = 9.80665 m sec'z(exact)%, the sea-level value of g at 459 327 Low
latitude, and :

r = 6,356,766 m (exact)%, the effective earth's radius at latitude
L5° 327 Lou.

(For purposes of this MODEL, this equation is assumed to apply in free air
below sea level as well as above sea level,)

2.1.5 Best available analytical expression
A more exact equation for g as a function of Z and @ in free

air, based directly on the International El%iggoid and the International
Gravity Formula, was developed by Lambert30s30 in the form of an infinite,

4 Basic constant



alternating power series (see Appendix:N). The values of g computed from equa-
tion (la) are in good agreement with those computed from Lambertfs more exact
~ equation, For an altitude of 500 km the value of g from the two methods differs
only by 3 parts in the fifth significant f:l.gure, or less than 1/1000 of 1 per
cent, For lower altitudes the agreement is much better. Values of geopotential
computed for specific values of Z on the basis of equation (1a) are also in
khgood agreement with corresponding values of geopotential computed on the basise
~ of the more exact equation for g, The percentage departures are similar. The
more exact expression for g was not employed in this MODEL because of its much
i greater complexity. In the U, S. Standard Atmosphere, the tables will be
~ recomputed by machine and will be based on the more exact equation,

2,2 Relation of Geopotential to Geometric Altitude
2.2,1 Basic definition of geopotential
The geopotential of a point is defined as the increase in
sotential energy per unit mass lifted from mean sea level to that point against
he force of gravity.
20.2.2 Analytical development
‘The increase in potential energy of a body lifted against the

ce of gravity, from sea level, through a vertical distance to a given point

AE =fmgdz; (2)

AE = increase of potential energy over the sea-level value, in joules,
@ = mass of the body in kilograms, kg.

"ot.ential of that point AE/m is therefore:

A_mE - [ edz. (2a)

=opotential is given a special designation, H, with special units, we

GH = —— —fgdZ, (2b)
GdH = gdZ, (2¢)
H = .(1; [ez, (2d)



where
H = geopotential (in unspecified units), and
G = a proportionality factor depending upon the units of H.
When H is in units of joules kg“l or equivalently in m? sec“2, G is nondimensiona

and unity. If H is expressed in some other units, standard geopotential meters
for example, the value and dimensions of G must be correspondingly changed.

26-28

2.2,3 The standard geopotential meter

The basic unit of geopotential employed in this MODEL is the
standard geopotential meter where one standard geopotential meter, m', is de-
fined to be an increment of potential energy per unit mass equal exactly to

9,80665 joules kgt (or m2 sec™L); i.e.,
3
1m? = 9,80665 me sec™2 (exact). (3)

Tt is evident from equation ,(2b) that if H is expressed in mf, G is equal

to 9.80665 m? sec=2 mi=1, 2% One standard geopotential meter is therefore the
vertical distance through which one kilogram mass must be lifted against the
force of gravity to increase its potential energy by 9.80665 joules. If a region
existed where the value of the acceleration of gravity were constant at

9,80665 m sec=2 over an altitude interval of one geometric meter, in this region
one geometric meter and one geopotential meter would then be exactly equal., This
condition is very closely approximated at sea levelat L5° 32! LO® latitude., Sinc
g normally does decrease with altitude, however, even over a.one meter interval,
an altitude of one geometric meter at this latitude has a geopotential altitude
of slightly less than 1 m?, (see table in Section 2.2.5). Above sea level, at
all points where the altitude gradient of g is continuously negative from sea
level, the altitude in standard geopotential meters is always numerically less
than the altitude in geometric meters, and the numerical difference increases
with increasing altitude.

2.2,y Standard geopotential kilometer and standard geopotential
centimeter

The basic concept of the metric system of units leads directly
to the conclusion that one geopotential kilometer, km!, is equal to one thousand
geopotential meters; i.eo,

1 km? = 1 x 103 m?, (3a)

# Basic conversion of units

At Derived constant, inferred from transformation of units




2.2.5

o

1l cm? =

lemn? =1x 10"'2 m',

980,665 is the numerical value of g, in the cgs units.

Conversion of standard geopotential meters to
geometric meters

980.665 ergs gm~t = 980.665 em? sec™ = ,01 m!,

!

), it follow that one geopotential centimeter, cm!, is equal to one one-
gredth of a geopotential meter; i.e.,

(3b)

em? may also be defined in cgs units directly by analogy with equation

(3¢)

The replacement of g in equation (2b) by equation (la) results

g = 50 [_r ]'de
-Ef‘r+Z' ?

geometric altitude in m,

9,80665 m® sec™2 m"'l(exaCt)’l s

9.80665 m sec™2 (exact)",
= 6,356,766 m (exact)/.

erforming the indicated integration leads to

o [80 rZ
R A

7 = rH
5]

Basic constant

geopotential in standard geopotential meters, mf,

(L)

(5)

(6)




The ratio g,/G appearing in equations (4), (5), and (6) is numerically unity
while its dimensions are m!'/m. Hence while the ratio go/G may be ignored for
numerical purposes, in this MODEL it must be retained in a dimensional analysis.
(The definition of the standard geopotential meter was in fact chosen to make
the ratio gO/G numerically unity for the case when g. = 9.80665 m sec=2, the
standa§d sea-level value of gravity in the ICAO Stangard Atmosphere and in this
MODEL.

Using equation (5), the following tables of geopotential in
m? sec'z, as well as in standard geopotential meters, have been prepared for
specified geometric altitudes.

Geometric Geopotential Differences in
Altitude Values of H
Z AE/m H

m m? sec™? m! by equation (5) m!

1 x 10° 9,806,6L8,L5 x 10° .999,999,839 x 100 ,000,000,0 -
1 x 10t 9.806,63L,56 x 10t .999,998, 123 x 10T .000,000,0
1x10°  9,806,L95,72 x 102 +999,98l,265 x 102 .000, 000, 0
1x10°  9.805,107,53 x 103 .999,8L2,719 x 10° .000,000,0
1x 104 9.791,247,11 x 104 .998,1,29,339 x 10k .000,07
1x10° 9,65L,768,23 x 10° .98L,512,367 x 10° .088
.5 x 10° L.5L5,771,23 x 10° 163,539,663 x 10° 9.9

1x10®  8,473,638,99 x 10° 861,070,707 x 107 70.6

Equations (L) through (6) do not represent the only possible
equations for converting geometric measure to geopotential measure. While
equation (2d) is the fundamental and rigorously correct equation for convert-
ing geopotential measure to geometric measure, equations (L) through (6) are
only as good as the expression for g introduced into equation (2d). A more
precise expression for g is discussed in Appendix N. This expression is an
alternating infinite-power series in terms of latitude and altitude. Evalu-
ating this expression for latitude 45° 321 LjO" and introducing it into eguation
(2d) yields another alternating powsr series as the expression for H in terms of Z.
The departures of the result of equation (5) from the results of this more exact
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method are small. The differences in the values of H computed by both methods
for L5° 321 LO® latitude are given in the above table. For altitudes of 1 x 10
meters and below, the number of significant figures limits difference determin-
ations. For altitudes above 8 x 10° meters, the number of available terms in
the series limits the difference determinations. From these results it is
obvious, however, that for practical applications, at least, equations (L) and
(5) are quite adequate.(See appendix P)

2.2,6 Other special units of geopotential

Two other special units of geopotential, neither of which is
employed in this MODEL, preceded the standard geopotential meter., _The geodynamic
meter, the first_of such units to be used, was defined by Bjerknes” to be equal
to 10 joules kg’lo Thus a geodynamic meter differed in magnitude from a geo-
metric meter by about 2% at sea level,

The second special unit of geopotential to be introduced, and
the one generally used by meteorologists, is the geopotential meterd3s32 equal
to 9.8 joules kg=l or 9.8 m? sec=2, This latter unit was defined on the basis of
a sea-level value of g equal to 9.8 m sec™?, The numerical differences between
altitudes measured in geopotential meters and the same altitudes expressed in
standard geopotential meters are small, of the order of 1/10 of 1 per cent, and
in many instances may be neglected,

2.2.7 Analytical usage

Geopotential has its greatest appeal, for use in this MODEL,
from an analytical point of view, because it is a parameter involving both g
and Z, and hence its use reduced by one the number of variables in the differ-
ential form of the barometric equation relating the basic atmospheric properties
of this MODEL. This reduction in the number of variables comes without requiring
the erroneous assumption of constant acceleration of gravity, used in some of
the earlier standards. (The constant gravity assumption would result in a
computed pressure which, at 500 km, is 4O per cent lower than one finds when
variations in gravity are accounted for,) This pressure discrepancy is equivalent
to an altitude discrepancy of 42.6 km at 500 km. If variable gravity is retained
in the hydrostatic equation explicitly, rather than being concealed i the geopo-
tential altitude, the algebraic expression resulting from the integration of the
hydrostatic equation is excessively complicated.

3. Basic Atmospheric Properties of the MODEL

The basic properties of this ARDC MODEL are those properties rigorously
related by the hydrostatic equation and the equation of state (perfect gas law),
These are pressure, density, and the ratio of temperature to molecular weight of
2ir (which will be expressed in terms of molecular-scale temperature). Defining
%he a2ltitude function of any one of these properties specifies the remainder of
~“hese basic properties in any model, In this MODEL, according o eustom, the
- temperabture function is the defining property.



3.1 Molecular-Scale Temperature and Its Development
3.1.1 Ratio of temperature to molecular weight, T/M

The property, T/M, is a composite of two variables which
are conveniently handled as an entity because of the frequent occurrence of this
ratio in atmospheric equations. In fact, the occurrence is so frequent and seo
fundamental that all so-called atmospheric-temperature measuring experiments
successfully used in rockets to date measure T/M, rather than T independently.

The combining of the two variables into a single parameter is
of particular convenience in the computation of atmospheric tables to great al-
titudes because:

a. The values of T and M have not been independently measured
above 90 km with any degree of reliability; and

b. The introduction of T/M, as a single function of H, into
the differential form of the barometric equation greatly simplifies the inte-
gration and resulting algebraic computational equations over the case when two
independent functional relationships are used.

Until recently, aerologists have not been concerned with re-

lating pressure-altitude gradients or speed of sound etc., to the ratio T/M,
since within the altitude region of their concern (below about 90 km), the
molecular weight of air, M, is known to remain essentially constant at its sea-
level value, M . For the same reason, the preparation of tables of atmospheric
models and standards did not require the consideration of M as a variable; and
hence the increased complexity of equations resulting from considering M a
variable was not a problem. Defining the atmosphere in terms of T/M instead
of in terms of T alone solves the problem of complexity but imntroduces the
problem of consistency with existing standards. This consistency problem is
solved by defining a new property, the molecular-scale temperature, such that
it'is a function of T/M and is equal to T at all altitudes where M is equal to
M L}

o

3.1.2 Molecular-scale temperature concept

The molecular-scale temperature, Ty, which Minznerhoﬂhl
suggested as the basic parameter for the Standard Atmosphere, is a parameter
which combines the ratio of two fundamental variables T/M with a constant in
such a manner that T, is equal to T wherever M = M,, and simultaneously ac-
counts for variations in M without specifying its functional variation. Mol-
ecular-scale temperature is that temperature derived from essentially all
rocket experiments when variations in molecular weight from its sea-~level value
are unknown and hence neglected. Molecular-scale temperature is an amplifica-
tion and redefinition of Whipple's Tog in the Rocket Panel Atmosphere,
Analytically Ty is defined by the fol%owing equations
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Ty =(5) Y » (7)

where

T = temperature (kinetic) in the absolute thermodynamic
scales,

T,, = molecular-scale temperature in the absolute thermo-
dynamic scales,

M = molecular weight (nondimensional),

M_ = sea-level value of molecular weight equal to
28.966 (nondimensional, exact)26-28,31,L47
(See section 5.1.)

The use of Ty in the ARDC MODEL retains consistency with the existing United
States Standard Atmosphere, since over the altitude region of the Standard
(0 to 20,000 m') as well as to considerably greater altitudes, the ratio of
M /M is unity;-and hence Ty = T for these altitudes.

3.1.3 Form of altitude function of molecular-scale temperature

Molecular-scale temperature is the key or defining property
of this MODEL, in that the specification of the variation of Ty with altitude
simultaneously and completely establishes the altitude variation of more than
half of the fifteen properties of this MODEL. (The determination of the re-
maining properties requires a definition of the altitude variation of molecular
weight above 90 km in addition to the altitude variation of the molecular-
scale temperature.)

In accordance with preaceden‘l’,26"28 and by agreement of the
Working Group on Extension to the Standard Atmosphere,18 the temperature param-
eter of this MODEL is defined to be a continuous function of altitude consist-
ing of a consecutive series of functions linear in geopotential H, whose first
derivatives are discontinuous at the intersections of the linear segments.
The use of such a function implies that the atmosphere is made up of a finite
number of concentric layers, each layer characterized by a specific constant
value of the slope of the temperature parameter with respect to altitude. This
slope will hereinafter be referred to as the gradient. The following is the
general form of each segment of the function:

TM = (TM)b + IM(H = Hb)s (8)
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where
H = geopotential altitude in m!,
= the molecular-scale temperature in °K at altitude H,

LM = the gradient of the molecular-scale temperature in terms
of geopotential altitude; i.e., 9 Ty/dH, in 9K mi=1,
constant for a particular layer,

Hb = geometric altitude in m' at the base of a particular
layer characterized by a specific value of Iy, and

(TM)b = the value of Ty at altitude Hg.

3.1.4 Kelvin or absolute temperature scale

In agreement with Resolution 16l of the 1947 meeting of the
International Meteorological Organization,31 and consistent with the ICAOQ
Standard Atmosphere, the absolute temperature in degrees Kelvin of the melt-
ing point of ice subjected to atmospheric pressure of 1013.25 mb (or 101,325,
newtons m=2) is taken® to be T; = 273.16%. Temperatures on the absolute
Kelvin scale are related to temperatures on the Celsius scalet4 by the rela-
tionships

T(°K) = T; + t(%), (9)
where

T

4 = ice-point temperature, 273.16°K (exact)%,

@(OC) = temperature in the thermodynamic Celsius scale,

The magnitude of Kelvin degree and the Celsius degree are equal and hence tem-
perature gradients are numerically the same in both systems.**

# The Tenth General Conference on Weights and Measureslz’h8 has adopted
273.15°%K for t; but this value will not be used in this MODEL.

## For relations between the two metric and two English temperature scales
commonly used in scientific and engineering fields refer to Appendix C.

# Basic constant
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3.1.5 Specific altitude function of molecular-scale temperature

In accordance with the ICAO Standard Atmosphere, (T )O the
sea-level value of Ty, is taken to be 15°C (exact) or 288,16°K (exact) by
equation (9). This sea-level temperature plus the values of Iy, and the extent
of the respectively associated layers completely define the profile of molecular-
scale temperature with respect to altitude. The following are the values of Ly
and their respectively associated altitude layers employed in this MODEL.

Table of Molecular-Scale Temperature Gradients Versus Altitude%
Ly in oK m1~t Atmospheric Layers in m!
-0,0065 exact -5,000 to 0
-0,0065 exact 0 to 11,000
0.0 exact 11,000 to 25,000
+0,003 exact 25,000 to  L7,000
0.0 exact 47,000 to 53,000
-0,0039 exact 53,000 to 75,000
0.0 exact 75,000 to 90,000
#0,0035 exact 90,000 to 126,000
40,0100 exact 126,000 to 175,000
+0.0058 exact 175,000 to 500,000

These values of L,, together with equation (8), imply ten specific functions

of H to define Ty over the desired altitude intervals. This molecular-scale
temperature profile results in the following values of molecular-scale temperature
(TM)b associated with the base of the respective layers, Hy:

Base Altitudes and the Respective Base Values of Molecular-Scale Temperatures

H, in m! (Ty)y, in °g
0 288.16
11,000 216,66
25,000 216.66
47,000 282,66
53,000 282,66
75,000 196,86
90,000 196,86
126,000 322,86
175,000 812.86

£ Entire table consists of basic constants.
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3.1.6 Basis for selecting the temperature-altitude function

The temperature-altitude function of this MODEL was selected
to be in exact agreement with the present ICAO Standard Atmosphere which ex-
tends from =5,000 m' to 20,000 m'. (The temperature-altitude function is also
in agreement with the recently adopted Extension of the Standard Atmosphere to
300,000 m' which was prepared concurrently with this MODEL.) The values of the
function between 20,000 m' and 53,000 m' were suggested by Whipple and adopted
at the First Meetingl8 of the WGESA. Between 53,000 m' and 500,000 m', the
temperature-altitude function is that presented by Minzner20,42 and adopted
to 300,000 m' for the Standard Atmosphere at the Third Meeting of the WGESA.

The linearized temperature-altitude function of this MODEL
follows approximately along the average of observed temperatures up to about
90 or 100 km, the highest altitude for which "direct" temperature observations
have been reliably made. The pressures and densities inferred by this linear-
ized temperature-altitude function at the various altitudes agree very well with
the average of all measured pressures and densities up to 160 km, the maximum
altitude of such observations. Agreement between the inferred pressures or
densities and the average of observed values was, in fact, the primary criterion
for choosing the temperature-altitude function between 70 and 160 km.

Above 160 km, only theoretical approaches are presently avail-
able for estimating temperatures, pressures, or densities. Between 160 and 300
km, this MODEL represents an approximate mean value of the recent theoretical
estimates of these properties,

For the region above 300 km, there are two basic theories on
which to base a temperature-altitude profile. This MODEL follows that theory
which results in the higher atmospheric densities at 500 km.

One of these theories, fostered principally by Bates,ls2
assumes an upward conduction of energy from layers of high solar energy absorp-
tivity, between 100 and 250 km. The proponents of this theory generally deduce
an essentially isothermal atmosphere at a temperature between 8500 and 1100°K
extending upward from 250 or 300 km.

A second theory, proposed by Chapman,8“10 suggests that the
earth is bathed in the solar corona which extends outward from the sun beyond
the earth's orbit around the sun. Some of the energy of the very high-temper-
ature (high-velocity) particles comprising the corona, through which the earth
is said to move in its orbin, is conducted downward toward the earth's surface.
Thus a temperature of the order of 2 x 105 OK, a few earthfs radii away from
the earth, drops to the order of 1000°K at 300 km altitude as the conducted
energy is shared by increasing numbers of particles. This theory, therefore,
implies a positive real-temperature gradient which Chapman suggests might be
of the order of 2.59K per kilometer, in the 300 to 500 km region. This value
corresponds closely with the molecular-scale temperature gradient of 5.80K/km
used in that region of this MODEL.
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Neither theory has any strong experimental support at present.
The positive temperature-altitude gradient above 300 km was selected for this
MODEL, however, because it inferred a higher atmospheric density at 500 km than
is inferred by an isothermal atmosphere above 300 km. Higher densities in the
vicinity of 500 km altitude are conservative from the point of view of satellite

design.

3.2 Pressure

3.2,1 Development of the general pressure-altitude equation

Atmospheric pressure is expressed as a function of altitude
through the hydrostatic equation,

dP = -g pdzZ, (10)

where

P = atmospheric pressure in newtons mfz,

g = acceleration of gravity inm sec"z,

p = atmospheric density in kg me, and

altitude in m.

The density, py may be eliminated by replacing it with its equivalent in terms
of pressure and temperature in the form of the perfect gas law,

PM
RAT
where
T = atmospheric temperature in °K3 and

R* = universal gas constanté i.€ey

8.31439 x 103 joules ( K)'."l kg=l (exact).ié 11,16,L46,47

The value of R* was chdsen to be in agreement with recent determinations of its
value and consistent with the ICAO Standard Atmosphere.

The substitution of equation (11) into equation (10) plus some
manipulation, leads to the differential form of the barometric equation,

’? Basic constant
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=g M .
d 18P« o dZ , (12)

R™T
It is %o be noted that the pressure is now expressed as a function of T/M.
The introduction of molecular-scale temperature from equation (7) and geo-

potential from equation (2c) changes equation (12) in five variables to
the following eguation in only three variables:

-% dH
d1InP = Pm—— (13)
" Iy

Eguation (13) in turn leads to

s -y (1)
where
P, = pressure at altitude Hy,
Q =GM/R*, a constant equal to 0,03l,16k,794,2°% m‘m1 #
f(H) = a functional representation of Ty.

302.2 Pressure-altitude equations for linear temperature functions

For purposes of this MODEL, f(H) is defined by equation(8).
Thus the integration of equation (1L) yields two different forms of the baro-
metric equation, depending on whether Iy of equation (8) is equal to zero or
equal to a non-zero constant:

For Ly = 0,
-Q(H - Hy)
P = P_ exponential 3 (15)
L (Ty)o
For I.M not equal to zero,
S ,

(Tu)y * Iyg(E - By)

A4 Derived constant
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where

(TM)b = the value of molecular-scale temperature in
%K at the base of a layer characterized by a
constant value of Iy,
Ly = the value of Ty/H in %K m'=L for a particular altitude

region,
The formsof equations (15) and (16) 'are such that pressure may be computed in

any units merely by introducing P, in terms of the desired units. For numerical
computation purposes equation (15) is more usable in the form

P
P = b ’ (17)

where

Logige = mh3h,29h,h82%%%, the modulus of common logarithms.

3:2.3 Sea-level value of pressure

Pressures at all altitudes computed from equation (15) or (16)
depend directly on the sea-level value of pressure. In keeping with the ICAO
Standard Atmosphere26-28 and implicit in the Resolution of the Proceedings of the
International Committee on Weights and Measures,hh the sea-level value of pressure,
Po, is taken to be 101,325 newtons n=2 or 1,013.25 mb.” This pressure corresponds
to the pressure exerted by a column of mercury 760 mm high having a density of
13.595,1... gm cm-3 and subject to a gravitational acceleration of 9.80665 m sec=2.

3.2.4 Base pressures for various layers

With P, used for Pp in equation (16) and using suitable values
of (Ty)p and Iy, the value of P is computed for 11,000 m', the top of the tro-
posphere, the first atmospheric layer above sea level, This value of P, designated
by P17, in turn becomes the value of P, for use in computing the pressure within
and at the top of the next layer. In this way the values of Py for each succes-
sive layer are determined. The value adopted in this MODEL for Pos i.8., 1,013,250
mb or 101,325.0 newtons m=2 (exact) is identical to that adopted by ICAO and other
prominent groups.3l,

# Basic constant

AA£ Numerical constant
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3.2.5 Specific computational equations

The specific equations for computing pressure for each of ten
atmospheric layers (determined by ten molecular-scale temperature functions) are

as follows:

A

For =5,000.0 mt

where

P_= atmospheric pressurz at sea level, defined to he
101,325.0 newtons m~2, or 1,013,25 mb (exact)./

0

H S 0,0 mt,

288.160 - 6.500,00 x 10™3H

5.256,122,18

288.

For 0.0 m' £ H £ 11,000 m!,

160

P = Yo
5.256,122,18
288.160
288.160 - 6.500,00 x 10™°H

For 11,000 m! = H S 25,000 m!,

P_

antilog, [(0.068,L83,253,0 x 1073)(H - 11,000.0)]

where

Pll = the pressure at 11 km' computed from equation

(16b).

For 25,000 m' S H 5 7,000 m',

P25

[

# Basic constant

141.660 + 3.000,00 x 10~3H

216.660

20
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11,388, 26L, 73

3

(16a)

(16b)

(17a)

(16c)



where

Pog = the pressure at 25 km' computed from equation (17a).

A

For 47,000 m? s

]
o]

53,000 m!t,

P
P = ol , (17b)

antilog, [ (0.052,492,682,3 x 10'3)(H - h?,ooo.o)]

where
Ph7 = the pressure at 47 km' computed from equation (16c).
For 53,000 m' £ H < 75,000 m!,
P = 53 (16d)
8.760,203,6L
282,660 ol

189.360 - 3.900,00 x 10~>H

where

P53 = pressure at 53 km' computed from equation (17b).

A

For 75,000 m' < H'S 90,000 m!,

. P
antilog, [(0.075,371,236,u x 1073)(H - 75,000.0)]

where

P75 = the pressure at 75 km' computed from equation (16d).

nA

For 90,000 m' < H € 126,000 n',
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4

P = 2 , (16e)
9,761,369, 17
3.500,00 x 10™H - 118,140
196,860
where
Pgg = the pressure at 90 km! computed from equation (17¢).
For 126,000 m* = H £ 175,000 m!,
P
b - 126 , (16£)
o L16,L79,L2
10,000,0 x 10™2H - 937.1L0 315, 753,
322,860
where
P126 = the pressure at 126 km! computed from equation (16e).
For 175,000 m' £ H £ 500,000m?,
. .
P = 175 , (16g)
5.890,481,75
5.800,00 x 10~3H - 202.1L0
812.860 .
where
P175 = the pressure at 175 km' computed from equation (16f).

3.3 Density
3.3.1 Computational equation

Atmospheric density at altitude H is readily computed from the
perfect gas law, equation (11), implicit in the barometric equation. With the
introduction of the molecular-scale temperature concept, equation (11) for
density in kg m=3 becomes,

22



o p

o o 2 P |
P o m=3.h83,839,h6x10 3@ ; ‘(18)

where

H

P -‘atmospheric pressure in newtons m=2 (or mb x 102),
expressed by equations (16a - 16g)and (17a - 17c¢),

Ty = molecular scale temperature in %K expressed by
equation (8) with its various values of Ly.

- The computational equation for p is left in terms of P and Ty instead of in
terms of H, for to convert to the latter would require ten different functions,
as in the case of T, and P. The computational equations of all other properties

of this MODEL will lge similarly expressed in terms of P or Ty, rather than in
terms of H, .

3.3.2 Sea-level value = ratio equation

Evaluating equation (18) at sea level yields the sea-level
ue of density:

. Fo = 1,225,013 ,998 ’kg .m-‘3, ."" ‘ (18a)
(TM)o

&

P, = sea-level value of P
101,325.0 newtons m=2 (exact)"" , and

(TM)o = sea-level value of T, 288.16°K (exact).%

viding equation (18) by equation (18a) yields

P - X (TM)o

P, Py Ty ' ' (18b)‘

3.4 Validity of the Basic Properties

The three basic properties of this atmospheric MODEL are rigorously
onsistent through the perfect gas law and the hydrostatic equation, which
s for the variations of the effective acceleration of gravity with altitude,

iasic constant

ived constant
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through the use of geopotential. The user of these tables 1is warned that the
validity of the hydrostatic equation as well as some of the other classical
equations, in their simple forms, may decrease considerably a® great altitudes.53
The uncertainties at high altitudes in most equations relating the warious at-
mospheric properties, however, are perhaps small compared with the present uncer-
tainties at these altitudes in the defining property of this MODEL, T/M.

k. Secondary Properties Defined as Functions of T/M

This section is devoted to all those atmospheric properties of the ARDC
MODEL ATMOSPHERE, except P and p , which are classically defined as functions
of the ratio T/M and which are, therefore, conveniently redefined in terms of
molecular-scale temperature without otherwise involving M or T explicitly.

(Some of the properties of this group depend also upon the acceleration of
gravity.) Properties which depend also upon P or p , or combinations of these,
are implicitly in this group. The properties of this group tabulated in this
MODEL are scale height, speed of sound, air-particle speed (arithmetic average),
and specific weight.

k.1 Scale Height
L4.1.,1 Definition
If both sides of equation (12) are divided by dZ, we have

anl.ER | (12a)
dz R*p

A dimensional analysis of the quantities in the right-hand side of this equation
show that the net dimensions are reciprocal meters. The reciprocal of the right-
hand side of equation (12a), by virtue of its dimensions has been given the name
®scale height." Thus scale height as tabulated in this MODEL is defined as

g =BX

S gM ] (19)
where

HS = scale height in m (not mf),

g = acceleration of gravity inm sec"’2 5

and R*T and M have their usual
significance.
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i.1.2 Concepts

Using equation (19), equation (12a) may now be rewritten as

= e E)

dz H

S

and scale height is seen to be the negative reciprocal of the slope of the
In P versus Z curve,

The geometric-altitude-pressure equation for an isothermal
atmospheric layer may be manipulated to show that when gravity is considered to
be constant, the scale height at any altitude represents the vertical distance
above the reference altitude at which the atmospheric pressure has dropped to
a value of 1/e of its value at the reference altitude. This concept for scale
height is often erroneously thought to apply to an atmosphere in which temper-
ature and gravity vary. A check of pressures and scale heights in the tropo-
sphere of this MODEL shows the scale height at sea level to be 8.L3LL km. The
pressure, however, has dropped to 1/e of its sea-level value at an altitude of
7.68 km, where the scale height is 7.0 km. Since this concept of scale height
is developed from the equation for an isothermal constant-gravity atmosphere,
the concept will not hold for other conditions,

From the same basic, isothermal, pressure-altitude equation one
may demonstrate that the scale height at any altitude is the length to which
the total of a unit cross-section column of the atmosphere above that point
would be compressed, if subjected to the pressure and gravity of that altitude.
That is, the reduced thickness of the residual, isothermal, constant-gravity
atmosphere above a given altitude, when subjected to the pressure of that alti-
tude, is equal to the scale height. Again this concept does not apply rigor-
ously anywhere in this MODEL since the atmosphere is not indefinitely isothermal
above any point, neither is the gravity constant.

4.1.3 Definition of geopotential scale height
The limitations imposed by constant gravity in the latter

©wo concepts of scale height can be eliminated through the use of a geopotential
scale height. If both sides of equation (13) are divided by dH, we obtain

dlnP _ -GM, (
= 13a)
3
W Ry

2 dimensional analysis of the right-hand side of this equation shows the net
dimensions to be reciprocal geopotential meters. Thus the reciprocal of this
squation serves to define geopotential scale heights
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R™ Ty

H' = g (13b)
s GHN,
where
HS' = geopotential scale height in m?, and
G = 9,80665 m? sec=2 mt~L .
L,1.L Concept of geopotential scale height
The combining of equatioms (13a) and (13b) yields

dlnP _-=1 i

dH Bt (13c)

and the geopotential scale height is scen to be the negative reciprocal of the
slope of the 1In P versus H curve.

The manipulation of equation (15) (for a variable-gravity,
isothermal atmosphere) leads to the conclusion that for a variable-gravity, iso-
thermal atmosphere, the geopotential scale height at any altitude represents the
increment in geopotential above the reference altitude at which the atmospheric
pressure has dropped to a value of 1/e of its value at the reference altitude.
This concept does apply rigorously to isothermal regions of this MODEL. Equation
(15) also leads to the conclusion that the geopotential scale height at any al-
titude is thé reduced thickness in geopotential of the residual, isothermal,
variable-gravity atmosphere above a given altitude when subjected to the pressure
of that altitude, Even though this concept accounts for variable gravity, it
still is not rigorously applicable to the MODEL since no indefinite isothermal
atmosphere to great altitudes is speculated in this MODEL.

The geopotential scale height at any altitude is readily trans-
formed to a geometric length by adding the geopotential scale height to the
reference geopotential altitude and converting the resulting geopotential
measure to geometric altitude, by means of equation (6). Then the reference
geopotential altitude is converted to geometric altitude with the same equation.,
Finally, the smaller geometric altitude is subtracted from the larger. The
difference is the equivalent geometric length for the geopotential scale height
at the reference altitude,

While geopotential scale height is obviously the preferable
parameter from the point of view of using the several concepts in a variable-
gravity atmosphere, only geometric scale height from equation (19) will be
tabulated in this edition of the ARDC MODEL.
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L4.1.5 Computational equation for (geometric) scale height

Introducing Ty from equation (7) into equation (19) leads to
the computational equation for Hgs

R¥T ?
H =—2 = 287.039,632,6 [-gM] . (1%a)
S Myg

L.l1.6 Sea-level value and ratio equation

The sea-level value of Hs;is obtained by evaluating equation
(192) at sea level, such that -

(HS)o = E;gﬁg = 8.h3h,h13,h3 x 10° n H (19b)
0€o
where
(Hs)o = sea-level value of H,
(TM)o = sea-level value of Ty, 288.16% (exact),%.
g, = sea-level value of g, 9.806,65 m sec™? (exact)%

Dividing equation (19a) by (19b) yields

HS - TM g’o 19
), . e 47)

which is an alternate form for computing values of Hg.

L.1.7 Validity

Decause the analytical expression for scale height is implicit
in the barometric equation, as is evident from equation (12), the validity of
the value of Hg at various altitudes depends directly on the validity of the
barometric equation. (Scale height from this consideration might also be con-
sidered one of the basic properties along with pressure and density.) The use

# Basic constant

A4 Derived constant
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of the tabulated values of scale height, however, in connection with several
commonly accepted concepts of scale height is to be avoided except for rough
approximations.

L.2 Speed of Sound
L.2.1 Defining equation

The square of the speed of sound propagation is defined in
this MODEL to be

¢ ? - _rp_p , (20)
where

C_ = speed of sound inm sec™L,

P = pressure in newtons mfz,

= density in kg m73, and

X ™®

= ratio of specific heat of air at constant pressure
to the specific heat of air at constant volume,
defined to be l.l (dimensionless, exact/)

L4.2.2 Computational equation

Eliminating p between equations (18) and (20) and extracting
the square root results in:

L
c. = [XB% I° - 20.046,333,L7 (T z (20a)
S Mo M . 3 ] M/

4.2.3 Sea-level value and ratio equation

Evaluating equation (20a) at sea level yields

i
€s), = IMS—* + (o ] ® - Jlo.252,016 m e, 7 oow)

where

(Cs)° = sea-level value of Cg.

# Basic constant

##4 Derived constant
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Dividing equation (20a) by equation (20b) reduces the number of constants so
that:

Cs _ Ty ¥ . (20¢c)
(Cs)o (TM)O

L2,y Validity

These equations for computing the velocity of sound'apply
only when the sound wave is a small perturbation on the ambient condltlog.' _
Harrison2l has shown that even when this condition is met, the above definition
for the velocity of sound is not quite correct for two reasonss First, Y is
not really a constant, but rather, varies with pressure and temperatur? over a
small region around the value l.Lh; second, the form of the above relationship
is not completely correct, since even if the best value of ¥ is used for.a
ziven set of conditions, computed values of Cg differ slightly from experimen-
tally determined values. In spite of these discrepancies, however, tbe stated
relationships are adopted in accordance with Subcommittee recommendationsl3
which are in conformity with established aerodynamic practice but at variance with
the present United States Standard Atmosphere.

The limitations of the concept of velocity of sound due to
extreme attenuation are also of concern. This situation exists for high frequen-
cies at sea-level pressures and applies to successively lower frequencies as
atmospheric pressure decreases, or as mean free path increases. For this reason
the concept of speed of sound progressively loses its meaning at high altitudes,
=xcept for frequencies approaching zero and for very short distances. To call
attention to this limitation, it was agreed to terminate at 90 km! the tabula-
tion of the velocity of sound, in the Extension to the United States Standard
Atmosphere. In conformity with this agreement, tabulations in this MODEL are also
similarly terminated. Because of the relationship between sound velocity and
2ir particle speed (Section h.3), sound velocities for altitudes above 90 km!
may readily be obtained for use with suitable caution.

.3 Air Particle Speed (Arithmetic Average)

L.3.1 Concept

The mean air particle speed is the arithmetic average of the
distribution of speeds of all air particles within a given elemental volume.
This quantity has significance provided that the volume considered contains
2 sufficiently large number of particles so that their velocities follow a
Maxwellian distribution, and provided that variations of p and T/M in any
direction are negligible within the volume element.

li.3.2 Defining equation

Arithmetic average of air particle speed is defined to be:
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1
- [é&z ] (21)
b
T M
where
V= air particle speed (arithmetic average) in m sec'l,

T = 3,141,592,654 (dimensionless)fff

L.3+.3 Computational equation

The introduction of_Ty from equation (7) into equation (21)
yields the computation equation for V:

- 8R” z z
V= T = 27.035,909,86 (Ty)? (21a)
7TH°

L.3.4 Sea-level value and ratio equation

Evaluating equation (2la) at sea level leads to
1

V. = { 8 RY (TM)o] S - 158,942,035 m sec™T # (21b)

o
W'Mo
where
66 = sea-level value of ﬁ:

Equation (21a) divided by equation (21b) yields

ey
_ M
) [ T, ] #1e)

Lh.3,5 Validity

o<ll|<l

On considering the restrictions applied to the volume element
for which we desire the value of V, it is evident that these restrictions come

4# Derived constant

AAd  Numerical constant
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intg eonflict with each other at high altitudes and the validity of the concept
of V decreases with altitude. It is uncertain whether or not the concept re-
tains reasonable significance at altitudes as great as 500 km. Nevertheless, as
in the case of pressures and densities, etc., values have been tabulated to
this altitude, on the basis that with suitable caution, such values are better
than no values. :

Lo.3.6 Relationship to sound velocity

From a comparison of equation (20c) and equation (21lc) it
is evident that :

: | (22)

Since-values of ﬁ/ﬁb are tabulated to 500 km?, values of cé/(cs)o and hence
values of Cg are readily available to the same altitude, even though their
significance is extremely questionable. '

Loy Specific Weight
L.l.1 Concept

The specific weight w of a body of uniform density at any
particular point in space is the weight per unit volume of that body at that
point, The weight per unit-volume is equal to the mass per unit volume times
the acceleration of gravity, which in turn is equal to the density of the body
times the acceleration of gravity, g. Since g is assumed to vary in this MODEL
in accordancé with equation (la), the specific weight of a body will vary pro-
portionately.

The density of the air mass also varies with altitude and
hence w is dependent upon two variables, p and g. This is at variance
with the procedure in the ICAO Standard Atmosphere in which specific weight is
defined to vary only with p .

lLie2 Defining and computational equation
In this MODEL specific weight is defined by
w = pg
where
w = specific weight in kg n~2 sec™? or newtons mf3(at any point),
p = density in kg m™3 (at the point),

acceleration of gravity in m sec™? (at the point),

o
i
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Eliminating p by means of equation (18) results in

P
o =Eta 3.1183,839,L6 x 1073 & . (23a)
R*Ty Ty

L.L,3 Sea-level value and ratio equation

The evaluation of equation (23) and (23a) at sea level yields

P L] -
W = p g, = —52—959 = 12.013,283,5 kg m 2sec 2, # (23b)
o O *
R (TM)°
where
w, = sea-level value of w ,
-3 A
p, = sea-level value of p , 1.225,014,00 kg m ~,
g, = sea-level value of g, 9.806,65 (exact). #

Dividing equations (23) and (23a) by the appropriate portions of equation (23b)
results ins:

(] = P £ o P (TM)O g > (230)
Wy PO go PO TM go

Introducing Hs from equation (19a) into the right-hand member of equation
(23¢) leads to:
. PM

“ © e €

=
H, (23d)

L.y Validity

The validity of the values of w depends only upon the
validity of the values of g and p which have already been discussed.

# Basic constant

£ Derived constant
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5. Other Secondary Properties

The last group of properties of this ARDC MODEL ATMOSPHERE includes all
those properties considered in this MODEL which are defined by functions of
T and M, in forms different from T/M, so that these functions cannot be re-
defined in terms of molecular-scale temperature without the additional use
of either M or T in its independent form. This group includes molar volume,
number density, mean free pathy; collision frequency, coefficient of viscosity,
and kinematic viscosity, as well as temperature and molecular weight. Either
molecular weight or temperature must now be defined in terms of altitude be-
fore any of these remaining secondary properties can be computed. The molec-
ular weight is the one specifically defined in this MODEL.

5.1 Molecular Weight
5.1.1 General definition

, Molecular weight is defined to be dimensionless. On the
chemical scale™ molecular weight (of a compound) is defined to be 16 times the
ratio of the average mass of a molecule of the compound to the average mass
of an oxygen atomy, where both the oxygen and the compound are assumed to
have their natural distribution of isotopes, and where average is to be con-
strued as the arithmetic mean.

5.1.2 Concept applied to air

The definition of molecular weight includes the concept of
a mixture of the several isotopes of an atomic species and the resulting
mixture of similar molecules of different masses, Therefore, it is not un-
reasonable to extend the definition of molecular weight to include mixtures of
different kinds of molecules as in the atmosphere. Such an extension of the
basic definition is employed in this MODEL in establishing the concept of the
molecular weight of air.

3

The definitions of atomic or molecular weights on the physical scale
are more specific than the equivalent definitions on the chemical scale, in
that on the physical scale, the ratios are established with reference to the
mass of an atom of a specific oxygen isotope, 010, Because the mass of an
016 atom is less than the mass of an average oxygen atom, the atomic or
molecular weights on the physical scale are greater than on the chemical
scale by approximately the ratio 32.0087/32,0000 . When the physical scale
is used for expressing molecular weight, values of the universal gas constant,
R*, and other constants must be proportionately changed.
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5.1.3 Molecular weight of air and mole defined

Molecular weight of air, M, is defined as 16 times the ratio
of the arithmetic mean mass of a single molecule of the air mixture to the
arithmetic mean mass of a single atom of oxygen in a natural mixture of the
severzl oxygen isotopes.

A kilogram mole of air is defined as a quantity of air having
2 mass in kilograms numerically equal to the molecular weight of the air.

5.1.li Sea-level and low-altitude value of molecular weight of air

The value of M at sea level is determined from an assumed
@istribution of the several atmospheric constituents at sea level, In
accordance with the ICAO agreements the atmosphere of this ARDC MODEL is
assumed to be dry and to have the following composition at sea level and at
211 altitudes up to and including 20 km!. This model has assumed a continuation
of this composition up to 90 km'.

Constituent Gas Mol. Fraction Molecular Weight
Per Cent (0 = 16.000)

Eitrogen (N,) 78,09 28.016
Oxygen (0,) 20,95 32,0000
Argon (&) 0.93 39.9LL
Carbon dioxide (CO,) 0403 L).010
Neon (Ne) 1.8 x 1073 20,183
Helimm (He) 5.2l x 1070 14,003
Erypton (Kr) 1.0 x 107k 83.7

 Hydrogen (H,) 5.0 x 107 2,0160
Xenon (Xe) 8.0 x 1070 131.3
Ozone (0,) 1.0 x 10~¢ 1,8.0000
Radon (Bn) 6,0 x 10718 222,

The above data yield a value of 28,966 (nondimensional) for the molecular
weight of air, In this MODEL the molecular weight of air at sea level, and for
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a considerable altitude above and below sea level, is defined as a constant. Thus

for =5,000 m* = H £ 90,000 m!,
M = 28,966 . : (2h)

5.1.5 Molecular weaight of air at high altitudes and
validity of the values

Atmospheric composition at high altitudes is thought to vary
considerably from that near sea level. The variation in composition may result
from dissociation of various molecules of the atmosphere as well as from dif-
fusive separation of molecules of various masses in a gravitational field.
While several theories describing these phenomena exist, there are only a few
data to support or disprove these theories. The choice of 90,000 m! as the
top of the region of constant composition is quite arbitrary but is as good as
any other current choice.

It is thought that the dissociation of 02 is the principal
factor in producing a change in molecular weight between 90,000 and 175,000 m!,
Rocket measurements of Op concentration obtained by Byram, Chubb, and Friedman
provide partial support to this contension. Diffusive separation and the dis-
sociation of Np is thought to dominate the variation of molecular weight of the
mixture of atmospheric gases above 175,000 m! .

Miller39 combined these theories, assumptions, and data with
scale height gradients of this MODEL and computed molecular weights for specific
altitudes between 90,000 and 500,000 m!. A plot of these data versus altitude
suggested the possibility of approximating the graph with two analytical func~
tions. Campen of GRD developed the desired functions in the form of the fol-
lowing two equilateral hyperbolae which for this MODEL define molecular weight
from 90 to 500 km.

For 90,000 m' = H = 175,000 m?,

y o 23:160,126,7 K - 1,757,856.05 (2La)
H - 78,726.25

For 175,000 m' < H S 500,000 m!,

_ 13.139,119,0 H + 511;,492.02

H - 56,969.89 )

M

For purposes of defining other atmospheric properties, it is convenient to
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establish the following relationships:

M= |ur| , and (2le)
—¥~ = —gi— ’ (2La)
Iy o M?

where
M!' is a kilogram mole of air, a mass in kg numerically equal
to the molecular weight, and

M'o is the sea-level value of M?t.

Using equation (5), relating geopotential and geometric alti-
tude, equations (2L), (2La) and (2Lb) are converted to the following in terms of
4z

For -14,996.070,27 m < 2. % 91,292.532,7 m,
M = 28.966. (25)

<

For 91,292.532,7 m = Z = 179,954.085 m,

= 23.170,552,5 Z = 1,779,899.L6

e Z - 79,713.L475,7 (25s)
For 179,954.085 m £ % = 5),2,685.673,
“ o 13.339,605,8 Z + 519,1LL.6L (250)

Z = 57,&85.07532

These equations yield results within # 1% of Miller's values at all altitudes

except for a small region around 105 km where the analytical results are
about 3% higher than Miller's values.

5.2 Mol Volume
5.2.1 Concept and definition

Density of the air at any zltitude is expressed as the mass

per unit volume at that altitude. If the mass is that of a mole o? ar, Fhe
related volume is that of a mole of air. Thus the mol vaolume of air is given

by
ve M (26)
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the volume (in m3) of a mole of atmospheric gas at

'v’=
a particular altitude,
p = the density (in kg m=3) of air at the same altitude, and
M? = the kilogram molecular weight, the mass in kg of a

kilogram mole of air having the composition of this
altitude. (This mass is numerically equal to the molecular
weight defined by equations (2L), (2ha), and (2Lb). )

5.2.2 Computational equation

Eliminating p between equations (18) and (26) yields a

2L
Ay

utational™ expression for v in terms of basic properties and constants:
RfM' MIT
v = 287,039,632,6 —X | (26a)
M P P
e}
R* = universal gas constgnt, 8.31L,39 x 103 joules

(°k)=L 1g= (exact)

M_ = sea-level value of mo ?cular weight, 28.966
(dimensionless, exact)

' TM = molecular scale temperature, in °K, at the altitude
in question, and
P = atmospheric pressure in newtons m"2 (or mb x 102)°

%= Values of v are not tabulated for various altitudes in this edition of
the MODEL but the equations are developed for use in the expressions for
number density and implicitly mean free path, It will be noted from a
comparison of equations (26c) and (28c) that v/v, = L/L, . Thus values of
¥ for any altitude are readily available from these tables.

£ Basic constant
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5.2.3 Sea-level value and ratio equation

Equations (26) and (26a) evaluated at sea level yield:

M! RMY (Ty)
v =m0 JEMo Mo _ 3 gc 1)1 m3, (260)
L P M P
° oo
where
¥, = the sea-level value of v,
ML, = a mole of air at j a level,
28.966 kg (exact)”?”,
P = sea-level value of p , 1.225,013,98 kg m-3, e
(TM)@ = the sea-level value of Ty, 288,16°K (exact)%, and
P, = the sea-level value of P, 101,325.0 newtons m‘2(exact)f

From eguations (2Ld), (26), (26a), and (26b) it is obvious that

v _ M! % M TM P@

= @

Vo ML P M, " @y, P

(26¢)

5.2, Ice-point value

The (standard) ice-point value* of the volume of a mole of
gas is considered to be one of the basic physical constants. This value may
be computed by evaluating equation (27) at the ice point, i.e., at a temper-
ature of 273.16° K and a pressure of 101,325.0 newtons m=2 (1013.250 mb),

1 ! .
v = Mo o FMo Mi | pp 1), 50l 3 n3, A " (264)
Pj- MOPO

# Basic constant
££ Derived constant
* These conditions referred to as standard conditions by chemists are

not to be confused with the standard sea-level values of the standard atmos-
phere where the Tg = (Ty)o = 288.16 .
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where

[

vy = the ice-point value of v, and

Myls

the ice-point value of Ty = 273.,16° K (exact)%,

P = the ice-point value of p , 1.292,283,037 from
1 the left-hand members of equation (26d).

The above value of v, for a kilogram mole is in keeping with 22.41L6 m3, the
value currently accepted outside of the realm of this standard. (The latter
is equivalent to 22,L1li.6 cm3 for a gram mole.)

5.2.5 Validity

The validity of the concept of molar volume at great altitudes
becomes vague because the volume becomes so large that density and molecular
weight cannot be assumed to remain constant throughout the volume and hence
the specified volume will most probably not contain exactly one mole of atmos-
pheric gases.

5.3 Number Density
5.3.1 Concept and definition

The number density of air is defined to be the number of
atmospheric particles per unit volume, considering only neutral or ionized
atoms or molecules. (Electrons and other subatomic particles are ignored.)

The number of particles contained in a mole of air is by definition Avogadro's
number. Thus Avogadro's number divided by the mol volume yields number den-

sity, i.e. ¢

n=, (27)
where

atmospheric-particle, number density, at a specified

n=
altitude, in m=3,
v = mol volume at that altitude in m3, and
56 farien £ 16,16
N = Avogadro's number, 6.023,80 x 104° (dimensionless, exact)

A more recent value of N might have been used but that would not be consistent
with the current values adopted by the National Research Council.lL6

# Basic constant
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5.3.2 Computational equation

Introducing equation (26a) into equation (27) leads to that
computational form of the expression for number density in terms of basic
properties and constants:

NMoP
n=——- =2,098,59,21 x 1024 —3—- y (272)
RM Ty M'T,

5.3.3 Sea-level value and ratio equation

Upon evaluation of equation (27) and (27a) at sea level, one

obtains:
n, = lfr = le°P° = 2.547,552,07 x 1025 m-3, (270)
o R'M, (Ty),
where
n = the sea-level value of n,
L the sea-level value of v.

The manipulation of equations (27),(272), and (27b) and ref-
erence to equations (26c) and (2Ld) show the following relationships to exist:

o . Y P M W p (27¢)
n, v p "M Mo Ty Fo

o

5.3.4 Validity

In the form of equation (27) the validity of n would be
open to considerable question at high altitudes. In terms of equation (272),
however, where all the parameters are defined at a point or within a volume
considerably smaller than v, the validity of n is probably limited principally
by the validity of the values of Ty and M.

5. Mean Free Path
5.1.1 Concept and definition
Mean free path is the mean value of the distances traveled

by =sach of the molecules of a given volume between successive collisions with
other molecules of that volume, provided that a sufficiently large number of
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molecules are contained within the volume. It is usually considered necessary
that the volume be the cube of a length many orders of magnitude greater than

the mean free path. From kinetic theory and assuming a gas of uniform temper-
ature and density, the following expression for mean free path is developed:

== ral =
where
L = mean free path in m at a particular altitude,
n = number density in m"3 at the same altitude,

T = a numerical constant, 3.141,592,65L #

qQ
I

average effective collision diameter, taken
to be exactly 3.65 x 10=10 m for this MODEL,%

This value Qf 0 is an arbitrarily adopted average of several published values.
5.4.2 Computational equation

Eliminating n between equation (27a) and equation (28) yields:

M'Ty

R*MIT
B - 8.050,L60,L75 x 10~5 — . (28a)

V2 T2 N M P

S5.4.3 Sea-level value and ratio equation

The evaluation of equations (28) and (28a) at sea level
results in:

L L = R‘*M 'O (TM)O

- = 6.631,722,3 x 10~0 m (28b)
° V2we?n,  J2mo? NMP T ’

where
L, = sea-level value of I,
n, = sea-level value of number density, 2.5L47,552,07 x 1025 w3,

# Basic constant



Equation (28a) divided by the right-hand member of quation
{28b) and the use of equation (2hd) leads to the following ratio equations

[ee g oAy Socei (28¢c)

L, Mo Ty Po

& comparison of equations (26c), (27¢), and (28c) shows that:

o N VT R (TM)O, L (284)
L, % » P ¥ 4, Ty Fo

S.l.l Validity

Equation (28) for mean free path is based on the concept
that temperature and density are uniform throughout a volume equal to the
cube of a length many orders of magnitude greater than the mean free path.
A% 90,000 m' the mean free path is 2,5 cm. A length two orders of magnitude
greater than L would be 2.5 meters and a cube of this dimension is perhaps
approaching the smallest size cube which contains a sufficient number of
molecules at this altitude to rigorously apply the derivation of equation (28).
Temperatures and densities within this volume may certainly be considered con-
stant. At higher altitudes, however, this may no longer be true for the neces-
sary size cube.

In this MODEL, the value of L from equation (28) becomes 1
meter at 114,000 m?'. A cube of length two orders of magnitude larger, a
100-meter cube, would have a change in density from top to bottom of about 1%.
This amount is considerably more than should be tolerated for the conditions
of rigorous validity of the equation for L. At an altitude of 210,000 m?,
the value of L is 1 kilometer; while at 390,000 m!, the value of L is 100
Kilometers., Certainly at these altitudes the density is not uniform throughout
a sufficiently large cube and the distance through which a molecule will travel
between successive collisions depends on its direction of motion. The value of
L from equation (28) for a given altitude requires that conditions along the
path of the molecule remain equal to those at the particular altitude., At high
altitudes this condition can only be met for those molecules moving in a horizon-
tal direction. For molecules moving vertically downward, the distance traveled
between collisions will be less than L, because the motion is into a region of
exponentially increasing density. For molecules moving vertically upward, the
distance traveled between collisions will be greater than L because the motion
is into a region of exponentially decreasing density. Some kind of average of
these directional mean free path lengths, considering all possible directions,
is suggested as a more general concept of mean free path at these altitudes.
An unpublished study at GRD shows that the horizontal mean free path, obtained
from equation (28), yields values which agree well with this newly suggested
mean free path concept to altitudes of about 220,000 m!'. Above this altitude,
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equation (28) should only apply to a horizontal mean free path.
5.5 Collision Frequency

5.5.1 Concept and definition

; The average velocity of the molecules or atoms within any given

volume of air, divided by the mean free path of the molecules within that volume
~ yields the mean collision frequency of the molecules of that volume. That is,
 any particular molecule in that volume will collide successively with other mol-
~ ecules at a mean rate given by the collision frequency. Analytically collision
- frequency is defined by

U= _V-, 3 (29)
L
where
vV = the collision frequency in sec"l,
¥V = the average particle velocity in m sec‘l, and

L = the mean free path in m.

50502 Computational equation

Equation (21a) for V divided by equation (28a) for L leads

il
mTM, |2
v =)402 N. [ a?] . _T;E—fz % 3.358,306,019 x 107 ‘““2‘“T . (29a)
R M (Ty)2 M'(TM)§

5.5.3 Sea-level value and ratio equation

From the evaluation of equations (29) or (29a) at sea level

~ one obtains:

- s
2
L Vo = )4.02 N . WI.;I.O ° PO a8 = 609203)40)439 X 109 sec-ls (29b>
LO R M‘O (TMO)z

where
VTO = ;58,942,034 m sec"l,
L, = 6.631,722,29 x 1078 n,
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29), (29a) and (29b) permit the following ratio expressions:

1
ﬁ L P A Ty (29¢)
Validity

The validity of the value of v is limited principally

of L. Even with the broader concept of L suggested in Section
lue of L should not apply without restrictions above 220 to 250 km.
ues of v must not be used without caution above this altitude.

Temperature (Real Kinetic)
5.6.1 Concept and validity

Temperature in this MODEL is a measure of the kinetic energy
s and atoms comprising the atmosphere at any specified altitude.
; es most probably will not indicate the temperature of any body

n or passing through the region.

The determination of the value of atmospheric temperature, T,

n altitude, from conventional measuring techniques requires a knowl-
r weight M of the air at that altitude., Without this knowledge of

ht, the measurement yields only the value of T/M. Because values

, been measured at high altitudes, the so-called temperature meas-

rockets yield only the ratioc T/M. This ratio, however, was shown

basic atmospheric properties of pressure, density, specific weight,

particle speed and sound speed. The altitude function of this

- in the form of molecular scale temperature, Ty, defines the altitude

of these properties.

- With the establishment of the independent assumption regarding
function of molecular weight in Section 5.1, it is now possible to

of T with the same degree of reliability as exists in the values

lues of T will then permit the detemination of the coefficient

d kinematic viscosity from empirical expressions involving T.

Computational equation
The computational equation for real temperature follows di-
= definition of molecular-scale temperature in equation (D)«

T =Ty, = .034,523,234,1 M o Ty, (30)

M
T’



where

T = temperature (real kinetic, absolute scale)
at any specified altitude, and
Ty = molecular scale temperature (absolute scale)

at that altitude,
5.6.3 Sea-level value and ratio equation

Equation (30) evaluated at sea level yieldss

(TM)o ﬂ: = (TM)o = 288,16° K (exact),%% (30a)

=]
]

where
Ty = sea-level value of T, and

(T.,), = sea-level value of T, defined to be
M/0 ) M
288.16° K (exact).

From the division of equation (30) by (30a), one obtains:

T Iy M
To (M ¥ | (30b)

5.7 Coefficient of Viscosity
5.7.1 Concept

Viscosity of a fluid (or gas) is a kind of internal friction
which resists the relative motion between adjacent regions of a fluid. If two
very large parallel plates surrounded by a gas (at normal pressures) are moving
relative to each other so that their separation remains constant, experiments
show that the layer of gas directly at the surface of each plate is at rest with
respect to that plate. It has also been shown that each layer of gas exerts a

# Basic constant

At Derived constant
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drag on the neighboring layers so that there exists a velocity gradient normal
o0 the surface of the plates. If the plates are sufficiently close, the vel-
ocity gradient is constant. The relative motion of the plates is resisted by

2 drag force proportional to the product of the area of the plates times the
normal velocity gradient of the fluid., The proportionality factor in this
relationship is known as the coefficient of viscosity g . This proportionality
factor has been found to vary with the temperature of the gas, but to be inde-
pendent of the gas pressure within limited ranges of pressure. Various people
B=ve contributed to the development of a theoretical expression for g from
kinstic theory and Chapmanl has recently derived cumbersome formulas which ac-
curately represent the dependence of g on the temperature, at least over the
rance of 100-—1500° K. Because of the complexity of the Chapman equations,
howsver, the values for coefficient of viscosity in this MODEL are computed
ZTrom the well-known empirical Suthgrland's equation, with coefficients as used by
the Mational Bureau of Standards.? -

5.7.2 Computational equation

Sutherland?s empirical equation for computing viscosity is
3/2

BT

T+ S

¥ s (31)

viscosity in k sect m”

(1 xg see=L m~L = 10 poise),

H

B ¢
S
5

1.1458 x 10-6 kg sec=1 m~1 (°K)-J2= (exact),

110.4° K (exact),%

temperature in %K .
5.7.3 Sea-level value and ratio equation

The sea-level value of K is

BT03/2
T, + 8

Ho
1-7899)428953 p.o 108')4 POise9 (318’)

= 1,789,428,53 x 1075 kg m~L sec™L }_

where

the sea-level value of K

Fo

T. = the sea-level value of T.

£ Basic constant
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Equation (31) divided by equation (3la) yields the ratio equations

32
e | B e (31b)
~, I, T#+5S

5.7.h Validity

The users of this MODEL are cautioned that the value of the
coefficient of viscosity determined by equation (31) is open to question for
conditions of very high and very low values of pressure and density. While

equation (31) suggests that the coefficient of viscosity is independent of pressure

and depends only on temperature, the measurement of 4 with an @sci}lating disk
viscometer indicates this situation to be true only within certain limits of pres-
sure, of the order of 2 to .1 atmospheres.

As the pressure decreases below .1 atmosphere;, a point is
reached where u Dbegins to fall off with further decrease in pressure in a
manner which depends upon the size of the viscometer, This change in the de-
pendence of g first occurs when the mean free path of air molecules becomes
some small fraction of a linear dimension characteristic of the apparatus or
other body. Such a dimension in the case of the viscometer would be the dis-
tance between plates,

As the pressure is decreased still further, a point is
reached when the mean free path becomes equal to or greater than this charac-
teristic dimension. At this point the viscous stress {drag force per unit area)
becomes directly proportional to the quadruple product of density of the gas,
velocity of the moving plates or other body, one-fourth the mean speed of the
molecules, and a function indicating the reflective properties of the surfaces.
This situation characterizes the "free-molecule region® of the gas.

For pressures in between the free-molecule region and the region
characterized by viscosity independent of pressure, there exists for any partic-
ular viscometer a transition region where the coefficient of viscosity is
neither independent of pressure nor directly proportional to it, and the rela-
tionship is rather difficult to treat theoretically., Studies indicate, however,
that as the dimensions of the viscometer are made larger, both the high and low
pressure boundaries of the transition region are moved to smaller values of
pressure, Thus by greatly increasing the size and plate separation of the vis-
cometer, the pressure region for which equation (31) yields satisfactory values
of p 1is extended to very low values of pressure.

It may well be that this procedure can be extended until
the characteristic dimension becomes so great that appreciable differences in
density or temperature exist over a vertical distance equal to this dimension.
At this point, equation (31) would begin to become inaccurate regardless of
further increase in viscometer size. By dividing atmospheric density by the
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density gradient at various altitudes, it may be shown that 0.1l per cent
variation in density occurs over a vertical distance of 5 to 10 meters at
all altitudes below 130 km. Viscometers with plate separations of 10 meters
would be expected to yield values of pu consistent with equation(3l) for
pressurss as low as those found at 90 kilometers altitude.

Thus values of g tabulated in this MODEL only from-5,000 m!'
to 90,000 m' are probably reliable for suitable conditions over this entire
range of altitudes, but only when these conditions include body dimensions
which are sufficiently large. For altitudes above LO km, each case ought
to be examined with caution before using the tabulated values of u .

5.8 Kinematic Viscosity
5.8,1 Definition and computational equation
Kinematic viscosity is defined as the ratio of the coef-

ficient of viscosity of a gas to the density of the gas. Analytically it is
expressed as:

7 =L, (32)
P
where

kinematic viscosity of air in m2 sec‘l,

p = coefficient_of viscosity of air in
kg sec=l m~ , and
p = atmospheric density in kg m=3.

Because of the empirical nature of the expression for g and since no other
atmospheric properties of this MODEL depend upon 7 , the expression for 9

has not been transformed to an expression in terms cf the three properties,
pressure, molecular-scale temperature, and molecular weight. Computations of 9
have been made directly from equation (32).

5.8.2 Sea-level value and ratio equation

Equation (32) evaluated at sea-level yields:
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N

Mo = = = 1.460,701,29 x 1075 n? sec™t, (32a)
(]

where

n, = sea-level value of g,

K = sea-level value of u ,
1,789,428,53 x 1075 kg m~t sec~L, ##

p = sea-level value of p o

1.225,013,98 kg m™>. A

From the division of equation (32) by equation (32a) and from equations
(7), (18b), and (31b), one obtains:

Tbdedo % BB o

5.8.3 Validity

The validity of the tabulated values of % is no better
than the validity of either 4 or p . Within the altitude range of
tabulation of  ; values of are the more uncertain and the use of
values of ) should be subject to the same restrictions applied to the use

ofp_.,

¢ Derived constant
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5.9 Summary of Ratio Equations

Because of the common relationship of molecular-scale temperature or
re=l temperature and molecular weight to all the properties of this MODEL, the
ratio of these properties to their sea-level values are all interrelated in the
following multiple equation:

2 _ 42
T P A H g P |.Cs P, [ ¥ By
P - DR A B

@), Wy, % F | o, T
w, & o x Mo= n, M, _ L MO_ % v Mo___ . . Mo‘ Po=
- A v, M n M Lo M v A M 8 M P

rE 7 .

D (33)

E

6. Mstric Gravitational System of Units

6.1 Unconventional Form

In this MODEL, as in the ICAO Standard Atmosphere, the system of units
employing the dimensions of the Type I gravitational system is not strictly a
gravitational system; rather, it is a form of absolute system employing the
names of gravitational units, (sece Appendix J). In order that there be no con-
fusion between the kilogram force as used in this MODEL and the kilogram force
as used in a pure gravitational system of units, the following development is
presented.

6.2 Basic Concepts

All properties in this MODEL may be expressed in terms of mass M,
length,ﬂ,, time t, and temperature T. The metric absolute system of mechanical
units, which has been employed throughout the discussion to this point, uses the
Kilogram as the unit of mass, the meter as the unit of length, and the second
as the unit of time. The unit of acceleration a, therefore, has the dimension
of m sec‘z, while the unit of force F, exgressed by Newton'!s second law as
F =ma , has the dimensions of kg m sec=¢ and has been named the "newton."

The metric gravitational system of units is based on the kilogram force
kgf, meter, and second. These units through Newton's law imply a unit of mass
equal to the unit of force divided by the unit of acceleration, and having the
dimensions of kgf sec? m~ s for which there is no specific, commonly used name.
The English counterpart of this unit of mass is the slug or 1bf sec® ft-l,
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In its fundamental concept, the kilogram force is the force which
gravity exerts on a kilogram mass at the particular altitude and latitude under
consideration, and the relationship between the absolute and the gravitational
system of units thus depends upon the location., For any fixed latitude, as
applied to this MODEL, the variations of gravity with altitude could be used to
rigorously relate the kilogram mass and the kilogram force at various altitudes.

6,3 Modified Definition of the Kilogram Force

The drafters of the ICAO Standard Atmosphere, on which this MODEL
is based, have chosen not to follow the fundamental concept of the gravitational
system of units, They have in effect defined the kilogram force as the force
which gravity exerts on a kilogram mass at a location where g is equal to €ys
i.e., at sea level and at L5° 327 LO" latitude, This definition makes the
kilogram force an absolute unit, and makes the resulting system of units an
absolute system, employing only the dimensions, of a gravitational system. The
system might therefore be called an absolute-force, gravitational system of units.
In equation form, the definition of this absolute kilogram force in terms of the
kilogram mass is:

1 kgf = 9,80665 m sec=? x 1 kg, (3L)
or conversely,
1l 2 =1
lkg = 5750 kgf secc m . (35)

The dimensions of the right-hand side of equation (35) are those previously
associated with mass in the metric gravitational system., Thus it appears that
the metric units of mass in this absolute-force, gravitational system is
always exactly 9.,80665 times as great as the kilogram mass.

6,li Conversion from Absolute System

Since units of length, time, and temperature are the same in both
absolute and gravitational systems of units, only those properties of the
MODEL which inherently involve the dimensions of mass have different magnitudes
in the two systems. Thus solving equation (35) for unity provides the neces=
sary factor for converting in either direction between the absolute system and
the absolute-force gravitational system of units:

1 = 9.80665 m sec™2 kg kgf“’l(exact)o (36)
The factor required for converting from the absolute system to the pure grav-
itational system of units varies according to the geographic location and is

expressed bys
1=gkg kgfﬁl (36a)
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where g is the acceleration of gravity inm sec™? at the particular altitude
and latitude in question.

6.5 Properties Requiring Conversion

A dimensional analysis of the various properties of this MODEL in
terms of mass, length, and time indicates that only pressure, density, specific
w=ight, and coefficient of viscosity involve the dimensions of mass. Hence,

‘fhese properties are expressed differently in the two systems of units.
For each of these properties the conversion from the metric, absolute system to
the metric, absolute-force, gravitational system at any altitude is accomplished
by dividing the magnitude and dimensions of the property in the former system by
the right-hand side of equation (36) , (which is equal to unity).

6.6 Converted Sea-Level Values

The sea-level values of atmospheric pressure, density, specific weight,
and coefficient of viscosity in units of the metric, absolute-force, gravitational
system are obtained by dividing the defined value of P, in newbons"'é and the right-
hand members of each of equations (18a), (23b), and (3la) respectively by the
right-hand side of equation (36). Thus:

)
Po ke 1013325o nt m 7 - 10’332’27)45 kgf m-2, (37)
9,80665 m sec~?2 kg kgf~
-3
B 1.225,013,98 kg w” _ .5) 916,663 kef sec? a (38)

9.80665 m sec™2 kg kgf”

' -2 -2
w, = 12,013,283,5 kg m™“ sec - 1.225,013,99) ket w3, (39)

9.80665 m sec™® kg kgf_l

-5 % R, |
B0 L.709,126,53 x 102 ke m”_sec™ . 3,621,,709,28 x 107
9,80665 m sec™¢ kg kgf~ kgf sec m™2 (Lo)

6.7 Conversion for All Altitudes
The ratios P/P,, p/p, > w/w, , and p /g in the absolute

system of units, when multiplied by the respective sea-level values given
above, yield the values of P, p, w , and p in the absolute-force, gravitational
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system of units,®

7. Preparation of the Metric Tables

7.1 Computation of the Tables

The acceleration of gravity, molecular-scale temperature, pressure,
and molecular weight are the only properties which were computed directly as
functions of H alone, g in terms of a single function for all altitudes, Ty
and P in terms of ten different functions for ten altitude regions respectively,
and M in terms of three different functions for three altitude regions respec-
tively. The remaining properties were computed from expressions in terms of g,
TM, P, and M, or in terms of T derived from Ty and M. To have computed each
of the properties in terms of H alone would have required the development of
ten functions for each property, each function applying to a specific altitude
region.’** Such a procedure would have been unwieldy, and would not have added
to the accuracy or validity of the tables., Even the stated computational equa-
tions for each of the properties, while serving well for isolated calculations,
do not necessarily represent the best approach for development of the tables.

From the multiple equation (33) it is evident that if the ratios of
certain basic atmospheric properties to their sea-level values are determined;
the remaining ratios are readily computed from products or quotients of not
more than two previously determined ratios., The tabulated ratios, when mul-
tiplied by the sea-level values of the respective properties in any desired
absolute system of units, then yield the required absolute tables,”*

7.2 Detailed Computational Procedure

The following procedure is suggested as one of the better methods
for use in any expansion or revision of these tables by desk calculator

# For conversion to the pure gravitational system, these values in the
absolute-force, gravitational system of units would have to be multiplied

by g./g

#% A single function of altitude, closely approximating the densities of this
MODEL, particularly above 100 km, was developed by L. Jacchia33 of the
Astrophysical Observatory, Smithsonian Institute and is presented in
Appendix L.

se¢ The tabulation of properties in the absolute-force, gravitational system
employed in this MODEL is also made in this manner, although this proced-
ure would not apply to the pure gravitational units.
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techniques:

A. IList all integral multiples of the desired increment of geometric al-
titude for which atmospheric properties are to be computed and determine
the corresponding values of geopotential altitude to nine significant
figures by means of equation (5).

B. List all integral multiples of the same increment of geopotential
titude for which atmospheric properties are to be computed and determine
the corresponding values of geometric altitude to nine significant figures.

C. Combine the entries of lists compiled in steps A and B into a single
1ist arranged in numerically ascending values of geopotential.,

D. Compute values of g/g to nine significant figures for all tabulated
values of H by means of equatlon (1a).

E. Compute values of TM in °K to nine significant figures for all tab-
ulated values of H, using equation (8) and the values of ;M tabulated in
Sectlon 3.1.5 &

F. Compute values of Ty/(Ty), to nine significant figures for all tabu-
lated values of H, u31ng the defined value of (Ty) s 288,169,

L
G. Compute values of [TM/(TM)O] ® to nine significant figures for all
tabulated values of H.

H. Compute values of P/P to nine significant figures for all tabulated
values of H from equatlons (17a) through (17c), as each applies to its
respective altitude range.

I. Compute value of M to nine 81gn1flcant figures for all tabulated
values of H, using equations (24), (2ha), and (24b) as each applies to its
respective altltude region.

J. Compute values of M/M to nine significant figures, using the defined
value of M,, 28.966.

K. Compute values of T in %K to nine significant figures, and T/T. for
all tabulated values of H above 90,000 m?, using equations (30) and (30p),
in terms of previously determined quantities. (Below 90,000 m?, T = Tys
and T/T =T /(TM) ; hence T and T/T_ need not be computed for this al-
titude reglono)

L. Compute values of (T/TO)B/2 to nine significant figures for all
tabulated values of H up to and including 90,000 m? only. For this

Sk



altitude region,
32 _ 3

(1/1,) [T/ @o] + [T/ (), |

To * S
0 - to nine significant figures for all tabulated

M. Compute values of

values of H up to and including 90,000 m* only, using S = 110.L4 °K from
equation (31).

N. Using the previously established ratios and the following equations,
compute to nine significant figures the values of the eleven ratios of
atmospheric properties to their respective sea-level values, for all
tabulated values of H, except in the case of Cg/(Cg)gs, H/Ho , and

n /M » which are computed only to 90,000 m! inclusivelys

P (TM)O P

% 18b
Po TM Po ( :
Hg _ Ty . €o (156)
(HS)O (TM)O g
Cg ) rﬁ Ty 3
(Cs), (Te)s (20c)
: :
U [ (21c)
1A (T,
= = /4 ° & (230)
uO pO (o)
v = M 2 g (260)
Yo My p
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M

- I . (27¢)
I, Py M
"

L, n (284)
v _ v : Ly

% ¥, L (29¢)
B [To*S 1 3/2 _—
Ko T +8 T )

n P p

. P K (32p)

0. Compute the mks values of g, P, p , Hg, Cs’ Vv, W , v, n, L,

¥ 5 5 and M to nine significant figures in the mks absolute
units by multiplying the tabulated values of g/g , P/P_ and the
tabulated values of each of the eleven ratios llsted under step N
respectively, by the following corresponding, sea-level values,
as they are basically defined or as they are derived by the
several equations, using the mks system of units,

9.80665 m sec'z, defined (Section 2.1.1)

gy =
% (Ty), = 288.16°K, defined (Section 3.1.5)
P, = 101, 325 newtonsmf2, defined (Section 3.2.3)
P, = .76 m Hg, defined (Section 3.2.3)
P, = 1.225,013,998 kg =3 ' from equation (18a)
(H) = 8.13L,413,13 n noow (1%)
(Cg)y = 340,292,046 m sec™L woow (20b)

# These properties are listed here only for completeness and are
not used in step 0 of the computational procedure since values
of Ty, M, and T have already been tabulated.
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¥, - 458,942,035 m sec=t from equation (21b)
wo = 12,013,283,5 kg m~2 sec™2 woow (23b)
M, = 29.966, defined nooom (2L)
vy = 23.6L5,Llk,1 nd wooom (26b)
n, = 2.547,552,07 x 1025 =3 : " n (27v)
I, = 6.631,722,3 x 1070 m wooom (28b)
vy = 6.920,L0L,9 x 109 sec=l nooom (29b)
T, = 288.16 nooow (30a)
B = 1.789,128,53 x 10~2 kg m~kdecL weooow (31a)
7, = 1.460,741,29 x 107 m? sec™l nooo (32a)

P. Compute the values of P, p , w , and g in the mks, absolute-force,
gravitational units** to nine significant figures by dividing the tab-
ulated mks absolute values of these four properties by 9.80665 m sec=2
kg kgf=l (exact) from equation (36). In principle this procedure is
equivalent to multiplying the tabulated values of P/Po, p/p, , w/w,,
and y./;% by the following sea-level values in gravitational

unitss

P, = 10,332,27L,5 kef m2, from equation (37)
p, = +12L,916,663 kef sec? ml, mooow (38)
w, = 1.225,013,998 kgf n=3, | mooom (39)
B o= 1082h,7o9;28 x 106 kgf seem=2, " *  (40)

Q. Independently repeat the entire procedure of steps A through P,
compare the two results, and account for any discrepancies.

% See footnote on page 56.

#% The remaining atmospheric properties of this MODEL are numerically
and dimensionally equal in both mks systems tabulated.
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R. Tabulate the corrected results to any desired number of significant
figures less than nine, with values of the ratios always given to one more
significant figure than the values of the property itself.

7.3 Tabulations Presented

Of the sixteen properties discussed, only one, the mol-volume, is not
tabulated for other than sea-level values, In the present edition of the metric
tables, the values of pressure, density, specific weight, and coefficient of
viscosity are given only in the absolute system of units.

7.4 Significant Figures

The number of significant figures to which these tables might be
computed is limited only by the capabilities of the machine. The constants,
the defining properties, and the functional relationships are all specified as
being exact, and thus they do not limit the number of significant figures of
the tables. Such a procedure makes for internal consistency to any degree desired.
The choice of the number of significant figures tabulated in this MODEL resulted
from arbitrary decisions and does not in the slightest amount indicate the val-
idity of the values in depicting the actual atmosphere,

The sea-level values of the various properties are given to eight or
nine significant figures depending on whether the first significant figure is
greater than or less than 5. Tabulated values of geopotential and geometric
altitude are listed to the nearest meter or standard geopotential meter. Tabu-
lated values of g are given in six significant figures*® and values of Ty to five
significant figures for all altitudes. The values of the remaining properties
are given to five significant figures from =5,000 m! to +75,000 m!, Above
75,000 m*, the values of these properties are given to only four significant
figures.,. The ratios of the various properties to their respective sea-level
values are given to one more significant figure than the corresponding value
of the property.

7.5 Accuracy of Tabulations

The metric tables were prepared with the aid of desk calculators
from the equations developed above, The values of the atmospheric properties
discussed in Sections 3 and L were computed independently by two people and
any discrepancies in results were resolved, Any errors which may appear in the
tabulated values of these properties will be due to inaccurate copying. The
tables of properties in Section 5 have been computed only once and here some
possibility of computational error exists.

3% A comparison with a more accurate method for computing g indicates that
the sixth significant figure is not meaningful for indicating the actual
effective gravity above about LO km.

A



8. Preparation of the English Tables

8,1 Conversion of Basic Units
The English tables of THE ARDC MODEL ATMOSPHERE are given in terms

of the foot (ft), pound (1b), second (sec), and degree Rankine (°R), each

of which is defined exactly in terms of the corresponding units employed in

the metric tables. The second, of course, is common to both the English and

metric systems of measurement. The foot and the pound are defined as follows:
1 ft = 0,3048 m (exact)® (L1)
1 1b = 0.1453,592,3 kg (exact).™ (Lh2)

The magnitude of the degree Rankine in terms of the degree Kelvin is derived
from the defined relationship of the two temperature scales:

T(°R) = 1,8 T(%) (Ref. 60) (3)
where T(CR) is the absolute temperature in the thermodynamic Rankine scale,
From equation (L3) one infers that
19K = 1,8°R (exact), (43a)

and from equations (41), (L2), and (L3a) respectively, one determines the
following three conversion factors:

1 = 0,3048 m £t=% (exact) (L1a)
1 = 0,453,592,3 kg 1b=% (exact) (42a)
1 = 1.8% (°K)~L(exact). (L3b)

These three factors are sufficient to convert values of all atmospheric pro-
perties in the mks 9K absolute system of units to the correct values in the
fps OR absolute system of units.

# "The round value has been accepted by the U.S., National Bureau of Standards
and the Commonwealth Standards ILaboratory as the common basis on which the
American and British representation of the 'foot! should be unified when neces-
sary legal provision is forthcoming." 26=28

#¢ W"This value is based on an informal understanding between the National Bureau
of Standards (Washington, D.C.) and the National Physical Laboratory (Teddington,
England) that this rounded quantity would be convenient if the English-speaking

nations could arrive at a ugifgrm basis of conversion from the metric to the
English system of units,% 26-2
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8,2 Other Necessary Conversions
8.2,1 English absolute to English gravitational units

As in the metric system of units, the English gravitational
system employed in this MODEL is not a pure gravitational system where the
unit of force varies with the location in accordance with the value of g.
Rather, the unit of force, the pound force (1of) is taken to be that force
which gravity exerts on a pound mass (1b) at a point where g has the standard
sea~level value of this MODEL, 8o° The definition of the pound force in equa-
tion form is

11bf = g, x 1 1b, (L)

Dividing the defined metric value of £, by the conversion factor of
equation (Lla) yields

- 2:80665 ft sec=?

% = " 3oi8 (L5)
= 32,17h4,048,55 ft sec™2, (L5a)

Thus,
1 1bf = 2%‘02-161—2-5 £t sec™21b, (Lha)

Since force has the dimension of 1bf, and acceleration is in
ft seqéz by Newton'!s second law, mass must have the dimensions of 1bf sec? =1,
This unit is called the slug. Solving equation (Lha) for 1 1bf sec? ft~=1, one
obtains:

" 80665
1 slug = 1 1bf sec? fi=1 = 2280065 1,

301 (12
Thus we find that the slug, the unit of mass in the English (absolute-
force) gravitational system of units is exactly 9.80665/,30L48 times as
large as 1 1b (mass) The factor for converting back and forth between the
two Englsih systems of units employed in this MODEL is therefore:

9,80665 =1
1 = Lo =2
3048 ft seec=¢ 1b 1bf (L6)
or
- 9080665 ”1
1= m°30h8 1b slug ()463.)
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8+20.2 Metric gravitational to English gravitational units
The combining of equations (35), (42a), and (LS5) yields the

following direct relationship between the metric and English gravitational
units of masss

thB, 5929 3

= 2 ml =
1 slug = 1 (1bf secc ft™) 3058

(kef sec? m=1), (L7)
Dividing the two right-hand members of equation (L7) respectively by the cor=-
responding parts of equation (41a) yields

1 Ibf = ,U53,592,3 kef. (L8)

This equation provides the factor for converting directly between the two
gravitational systems of this MODEL:

1 = ,L53,592,3 kef 1bf™L, (L9)

8.2,3 Rankine-to-Fahrenheit scale and Kelvin-to Fahrenheit scale
conversions

The relationship of the thermodynamic Fahrenheit temperature
scale to the thermodynamic Rankine scale is established by the following def-
initions

t (F) = $3(°F) = T (°R) = T3 (°R), (50)
where t5(°F) is defined to be 32°F (exact)£9 the ice-point temperature.

: Using the definition of T; in %K (see Section 3.1.4) and
equation (L3), one obtains ‘

T; (°R) = 1.8 x 273,16 = L9L.688°R, (51)
Introducing equations (L43) and (51) into equation (50) yields
t (°F) = 1.8 (T9K - 273,16) + 32. (52)

8.2, Standard geopotential meter to standard geopotential
foot

From equation (41) it follows directly that
1 std., geopotential foot (ft!) = 0,30L8 x 1 std. geopotential meter m?., (53)
Thus the factor for converting mﬁ to ft' and vice versa becomes:

1 = 0,3048 m? ££1"L(exact). (53a)

£ Basic constant
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8.2,5 Geometric meter to nautical mile

The defined conversion®™ from meters to the international
nautical mile (i n mi) in this MODEL is:

1 (inmi) = 1,852 meters (exact). (54)
The conversion factor is therefore:
1=1,82m (i n mi)~t (5ka)
8.3 Sea-Level Values of Atmospheric Properties in English Units

By means of equation (43a) for Ty or by the proper application of
equations (Lla), (L2a), and (L3b) to the mks, absolute, sea-level values of the
various other atmospheric properties listed under computational procedure, step 0
of Section 7.2, the following sea-level values in English absolute units*¥* are
derived. The English absolute values of P, s Wo, and M, , when divided
by the conversion factor given in equation (L46) yield the sea-level values of
these properties in the English (absolute-force) gravitational system,**¥*

g, = 32.17L,0L8,55 £t sec=2, from equation (L5a)

(Ty), = 1.8(288.16°K) = 518.688°R (55)
P =101,325 x 30U . 45 087.266,9 1b £t-1 sec2
@ +1153:592, 3 or poundals ft=2 (56)
2
P, = 101,325 x (30M8)7 . 5 116,216,95 1of £12 (56a)
.153,592,3 x 9.80665
or
= 976 x 12 _ i
PO = -"":-363’5‘” = 29,921,259,8l in Hg (56b)
&

United States Department of Defense Directive 20L5.1, 17 June 195, directed
the adoption of the international mautical mile (equal to 1852 meters) as a
standard value with the Department of Defense effective 1 July 195L.

#% See Appendix J.

% All remaining properties are numerically and dimensionally the same in both

systems.
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3
Po = l°225’°1i;§9§9’2‘ §°30“8) = 076,175,137,k 1b ££=3 (57)
& 3] 39
b
p = 1:225,013,998 x é°30“8) = 2,376,919,99 x 10-3 1bf sec? £t~k
° 0153,592,3 x 9.80665 or slugs ft=3 - (572)
(Hg)o = 8ﬂh3ggt§3’h3 = 2,767,196,007 x 104 £t (58)
(Cg), = 2&9:§§§§9£2 = 1.116,143,720 x 107 £t sec-l (59)
U B éééiggﬁggéi = 1.505,715,337 x 10° £t sect (60)
2
w, = 12°013£§§3;gzx3(°30h8) = 2.1460,511,77 1b ££~2 sec2 (61)
© 3 9
3
Wo = 12&;;3;§§3§5Xx9(5322§) = 7.6L7,513,72 x 1072 1bf £t=3 (61a)
o 9 s °
M, = 28,966 (nondimensional) (unchanged) : (62)
v, = 23;613*;3)&2?13*908 = 835,030,977 £t3 (63)
n = 2.547,552,07 x (.3048)° x 1025 = 7,213,86L,115 x 2023 £t=3  (6L)
-8
,631,722 o
= 883 ’;Ohg” A - 2,275,761,906 x 1077 £t (65)
Vo = 6,920,L0L,91 x 10° sec=l (unchanged) (66)
-5
p o= 2o789,128,53 x 30U8 x 10 7 _ 4y o5 110,640 x 107516 £t Lsec™l (67)

o)-‘533 59293
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= 1.789,128,53 x (.3048)%x 107

= 3,737,299,76 x 10~7 1bf sec £t~2 (67a)
.153,592,3 x 9.80665 -

K

. _ 1.1460,741,29 x 10~5
Mo

C30u0)2 = 1,572,328,83 x 107% £t2 gec=l -

It is to be noted that only three exactly defined numerical constants wers employed
in all the above conversions, .Hence the English values may be reliably eapiied to
any number of significant figures consistent with the metric absolute Yalues

8,4 Calculation of the English Tables
8.4.1 Functions employed

This MODEL ATMOSPHERE is defined exactly in terms of various
gradients of molecular-scale temperature in %k m?-1 between specific exact values
of altitude expressed in m', and in terms of constants defined exactly in metric
units., These definitions cannot be converted exactly to English units, Thus it
is preferable to compute English tables from exactly the same equations used
for the metric tables, after first making the necessary conversion of the English
altitudes to metric altitudes, and then obtaining the English values of the various
properties by another conversion.

8.4.2 Altitude increments

The argument of the English tables, similar to the metric tables,
is given in consecutive integral multiples of a fixed altitude increment in both
geometric feet and standard geopotential feet, i.e.,

n x 2500 ft and n x 2500 ft',

where n = =6, -5, -4, =3, -2, -1, 0, +1,2,3 'etc., to 24. From -15,000 ft* to
60,000 £t' the increment is 2500 ft or ft'; from 60,000 ft! to 300,000 ft', the
increment is 10,000 £t or ft'; from 300,000 ft? to 500,000 ft?, the increment is
25,000 ft or ft'; from 500,000 ft' to 1,000,000 ft?, the increment is 50,000 ft
or ft'; and from 1,000,000 ft* to 1,700,000 ft!, the increment is 100,000 ft or
ftr,

8.4.3 Altitude conversions

In order to use identically the same equations for converting
between geopotential and geometric altitude for the English tables as was used .
in the metric tables, these conversions must be made in metric units., Thus, to
convert the tabulated integral multiple values of ft to m', multiply the altitudes
in ft by exactly o30L8 m ft=1, from equation (4la), to obtain the equivalent in
meters, and then convert the results to m? by using equation (5). This value of
m? is then converted to the equivalent in ft? by dividing by exactly ,3048 m? egr=l
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from equation (53a). Starting with tabulated, integral, multiple values of ft!,
the conversion to m? is directly by means of equation (53a). This value of m!
is then converted to m by means of equation (6), and the corresponding value

of £t is then obtained by means of equation (4la). Since the conversion factors
cited and the constants of equations (5) and(6) are all defined to be exact, the
conversions may be carried to any desired number of significant figures,

8.4.l4 Computational procedure

Having arranged in sequence the values of m? for each English
altitude to be tabulated, the computation of the tables proceeds exactly as
indicated in Section 7.2, steps D through N, but stopping short of 0.

Compute the values of Ty and T in °C +to nine significant
figures from the Kelvin values by means of equation (9). Compute the values
of Ty and T in OF to nine significant figures from the Kelvin values by using
equation (50).

Compute the values of the remaining properties in English
units from the multiplication of the ratios of the various properties determined
in step N by their respective sea-level values in the desired English absolute and
absolute-force units,

8.4.5 Tabulated values

In this edition of the MODEL, only half of the properties dis-
cussed are contained in the English tables., The properties tabulated are those
designated by g, Py p 5, Cqy My Ty £ 5 andm . It shouldbe noted that P and M
are given only in Type I, absolute-force, grav1tatlona1 units, while P is given
not only in this system (1bf f£t=2) but also in mb and in inches of Hg, Temper-
atures in the English tables are given in °C, °F, and °R.

These tables were prepared from a single computation using
desk calculators; as the values have not been checked by independent calculations,
some chance of error existso

Above 60,000 ft the altitude increments of the English tables
are con51derably larger than the increments of the metric tables,

65



9., Conclusions and Recommendati ons

The tables included in this report are based on the totality of the
available, reputable, atmospheric data from observations of the upper
atmosphere to 160 km, and above this al titude, on estimates and theories
acceptable at the time of this writing, 1956. The Geophysics Research
Directorate, AFCRC, ARDC, believes that these tables provide the best rep-
resentation of the properties of the upper atmosphere consistent with a
segmented, linear, temperature-altitude function.

It is recommended that these tables be used as the basis for all aircraft
and missile design work within ARDC and by its contractors.
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Section 10

METRIC TABLES

OF THE

ARDC MCDEL ATMOSPHERE, 1956

NOTE: Superscripts appearing in the following
tables indicate the power of ten by which each
tabulated value should be multiplied.



METRIC TABLE T

TEMPERATURES AND MOLECULAR WEIGHT AS FUNCTIONS
OF GECOMETRIC AND GEOPOTENTIAL ALTITUDE

TEMPERATURE
AUELEEIE MOLECULAR SCALE | REAL KINETIC LS R
Z,m H,m' Ty K | Tw/Tmo | T5°K i M M/Mg
-5,000 -5,003.9 320.69 1.11287 28.966 1.00000
=4,966.1 5,000 320.66 1.11278
-1,000 -L,002.5 314,18 1.09028
-3,997.5 =-4,000 314,16  1.09023
-3,000 -3,001.4 307.67 1.06770
=-2,998.6 ~3,000 307.66 1.06767
-2,000 -2,000.6 301.16 1.04513
-1,999.4 -2,000 301.16 1.04511
-1,000 =1,000.2 294.66 1.02256
- 999.8 -1,000 204 .66 1.02256
0 0  288.16 1.000000 & B
1,000 999.8 281.66  .97hhL43 ’E o
1,000.2 1,000 281.66  .974kLL3 K ks E
2,000 1,999.4 275.16  .954886 K o 2
2,000.6 2,000 275.16  .954886 o » o, K
3,000 2,998.6 268.67 .932364 g s &
| 3,001.4 3,000  268.66 .932329 & 0 3 *
| 1,000 3,997.5 262.18 .9098k2 o g 3 &
| 4,002.5 4,000 262.16  .909772 g B 2 5
| 5B 3 g
5,000 4,996.1 255.69  .885237 B = “ 3
5,003.9 5,000  255.66 .887215 & ;. 5 i
6,000 5,994.3 2hg.20  .864797 & b + 3
6,005.7 6,000 249,16 .86L659  « o 3 ‘
7,000 6,992.3 2h2.71  .842275 s o) S
'7,007.7 7,000  242.66 .842102 F Ty X o
8,000 7,989.9 236.23 .819788 3 & o 8
8,010.7 8,000  236.16  .819545 o = @ 8
9,000 8,987.3 229.7% .797265 & o & S
9,012.8 9,000  229.66 .796988  * § 3
=}
10,000 9,98k.3 223.26  .774778 o
10,016 10,000 223,16 . TT7h43L
11,000 10,981 216.78  .752290
11,019 11,000 216.66  .75187h4
12,000 11,977 216.66  .751874
12,6285 12,000 216.66  .751874
13,000 12,973 216.66  .75187k
13,027 13,000 216.66  .751874
14,000 13,979 216.66  .75187h
1k,031 14,000 216.66  .75187h 28.966 1.00000
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METRIC TABLE I CONTINUED

l.,

TEMPERATURE
ALTITUDE MOLEGULAR SCATE |REAL KINETIC| MOLECULAR WEIGHT
Z,m H,m' | Ty K T/ Tve | T>°K | T/Tq M M/M,
15,000 14,965 216.66 .75187h 28.966 1.00000
15,035 15,000 216,66 .75187h
16,000 15,960 216.66 .75187h
16,040 16,000 216.66 .75187h
17,000 16,955 216.66 .75187k
17,046 17,000 216.66 .75187h
18,000 17,949 216.66 .75187h
18,051 18,000 216.66 .75187k
19,000 18,943 216.66 .751874
19,057 19,000 216.66 .75187h
20,000 19,937 216.66 .75187h4 E
20,063 20,000 216.66 .751874 E
21,000 20,931 216.66 .751874 § 24
21,070 21,000 216.66 .751874 e o E
22,000 21,924 216.66 .75187h 1y o &
22,076 22,000 216.66 75187k o # 5y K
23,000 22,917 216.66 .75187k + 21 - o
23,084 23,000 216.66 .75187h B @ L +
24,000 23,910 216.66 .75187h 5 | B =
2h,091 24,000 216.66 .75187h % § E 2
+ + ] o]
25,000 24,902 216.66 .75187h B = M »
25,099 25,000 216.66 75187k = g o b
26,000 25,804 219.34 .761182 2 o 0 p=
26,107 26,000 219.66 .762285 < o 3 y
27,000 26,886 222.32 .771507 s e < o
27,115 27,000 222.66 .772696 B s S =
28,000 27,877 225.29 781828 3 = = S
28,124 28,000 225.66 .78%107 o 9 P 3
29,000 28,868 228.26 .7921k6 @ § o 5 .
29,133 29,000 228.66 .793517 @ § E
(o]
30,000 29,859 231.24 .802461 ©
30,142 30,000 231.66 .803%928
31,000 20,850 234.21 .812773
31,152 31,000 234.66 .814339
32,000 31,840 237.18 .823081
32,162 32,000 237.66 .824750
33,000 32,830 240.15 .833387
33,172 33,000 240.66 .835161
34,000 33,819 243.12 .8L43689
34,183 34,000 243.66 .845572 28.966 1.00000
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METRIC TABLE I CONTINUED

TEMPERATURE _
ALTITUDE MOLECTLAR SCALE | REAT, KINETICIIMOLECULAR WEIGHT
Z,m Hym' || Ty, °K | Ty/Tyo| T,°K | T/Tq ﬂ; M M/M,
35,000 34,808 246.09 .853988 28.966 1.00000

35,194 35,000 246.66 .855983
36,000 35,797 249.05 .864283
36,205 36,000 2L49.66 .86639k
37,000 36,786 252.02 .874575
37,217 37,000 252.66 .876805
38,000 37,77+ 254.98 .884865
38,229 38,000 255.66 .887215
39,000 38,762 257.95 .895151
39,241 39,000 258.66 .897626

40,000 39,750 260.91 .905433

40,253 40,000 261.66 .908037 :ﬁ &
41,000 40,737 263.87 .915713 :ﬁ K
41,266 41,000 264.66 .918L4L3 oy o E
42,000 k41,724 266.83 .925989 K o +
42,279 k42,000 267.66 .928859 - + & oy
43,000 L2,711 269.79 .936262 # g 0 o
43,293 143,000 270.66 .939270 8 @ 3 *
4h,000 143,698 272.75 .9k65%2 " & 5 &
4h,2%07 44,000 273.66 .9k9681 % .E 5 2
+ + (] Lol
45,000 L4684 275.71 .956798 & S " &
45,321 45,000 276.66 .960092 @ "’ S B
46,000 45,670 278.67 .967062 & b © 3
46,335 46,000 279.66 .97050% @ 0 ko g
L7,000 k6,655 281.63 .977322 = e < o
47,350 L7,000 282.66 .980913 B Tm = o
48,000 47,6L0 282.66 .98091% 3 - i 8
18,%65 48,000 282.66 .98091% o 8 » 8
49,000 48,625 282.66 .980913 & 9 g -
49,381 49,000 282.66 .980913 & 3 I
o]
50,000 49,610 282.66 .98091% ©
50,396 50,000 282.66 .980913
51,000 50,594 282.66 .980913
51,412 51,000 282.66 .980913
52,000 51,578 282.66 .980913
52,429 52,000 282.66 .980913
53,000 52,562 282.66 .980913
53,446 53,000 282.66 .980913
54,000 53,545 280.53 .973535
54,463 54,000 278.76 .967379 28.966 1.00000
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METRIC TABLE I CONTINUED

ALTTTUDE THREG GRS MOLECULAR WEIGHT
MOLECULAR SCALE | REAL KINETIC

Z,m H,m' | Ty 'K | T/Tyot T,°K | T/Tg M M/M
55,000 54,528 276.70 .960230 28.966 1.00000
55,480 55,000 274.86 .953845

56,000 55,511 272.87 .946929

56,498 56,000 270.96 .940311

57,000 56,493 269.04 .9%3633

57,516 57,000 267.06 .926777

58,000 57,476 265.21 .920340

58,534 58,000 263%.16 .9132L43

59,000 58,457 261.38 .907052

59,553 59,000 259.26 .899709

60,000 59,439 257.55 .893767 _ E

60,572 60,000 255.36 .88617h _ g

61,000 60,420 253.72 .880487 g - S i
61,591 61,000 251.46 .872640 o o) Q B
62,000 61,k01 2:9.90 .86721L1 & g ° >
62,611 62,000 247.56 .859106 3 o 5 K
63,000 62,382 246,07 .853939 i = @ 3
63,631 63,000 243,66 845572 3 @ g 5
64,000 63,362 242,25 .8L0O6T2 & g 2 3
64,651 64,000 239.76 .832038 E E % §
65,000 6k,342 238.43 .827408 E @ & §
65,672 65,000 235.86 ,818504 © 5 = pa
66,000 65,322 234,61 814148 & i NS o
66,692 66,000 231.96 804969 i 2 o) 5
67,000 66,301 230.79 .800893 & & o i
67,714 67,000 228.06 .791k35 5 = - 3
68,000 67,280 226,97 .787642 © - ® S
68,735 68,000 224.16 .777901 g © £ S
69,000 68,259 223,15 .774395 § & 2 ~
69,757 69,000 220.26 764367 § -

@

70,000 69,238 219.33 .761152 °

70,779 70,000 216.36 .750833

71,000 70,216 215.52 .T47913

71,802 71,000 212.46 .737299

72,000 71,194 211.70 .734678
72,825 72,000 208.56 .T723765

73,000 72,171 207.89 .721448

73,848 73,000 20Lk.66 710230

74,000 73,148 204.08 .708221

Th, 872  TH,000 200,76 .696696 28.966 1.00000
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METRIC TABLE I CONTINUED

TEMPERATURE
ALTITUDE || MOLECULAR SCALE | REAL KINETIC || MOLECULAR WEIGHT
Z,m Hm' | Ty,°K | Tw/Tmo| T,°K | T/To | M M/M,
75,000 Th,125° 200.27 .694999 28.966 1.00000

75,895 75,000 196.86 .683162
76,000 75,102 196.86 .683162
76,920 76,000 196.86 .68%162
77,000 76,078 196.86 .683162
77,944 77,000 196.86 .683162
78,000 77,055 196.86 .683162
78,969 78,000 196.86 .683162
79,000 78,030 196.86 .683162
79,994 79,000 196.86 .683162

80,000 79,006 196.86 .683162
81,000 79,981 196.86 .683162
81,020 80,000 196.86 .683162
82,000 80,956 196.86 .683162
82,045 81,000 196.86 .683162
83,000 81,930 196.86 .683162
83,072 82,000 196.86 .683162
84,000 82,904 196.86 .683162
84,098 83,000 196.86 .683162

85,000 83,878 196.86 .683162
85,125 84,000 196.86 .683162
86,000 8L,852 196.86 .683162
- 86,152 85,000 196.86 .683162

87,000 85,825 196.86 .683%162
87,179 86,000 196.86 .683162
88,000 86,798 196.86 .683162
88,207 87,000 196.86 .683162
© 89,000 87,771 196.86 .683162
89,235 88,000 196.86 .683162

same as TM for altitudes up to 90 km'

same as Ty/T,  for altitudes up to 90 lm'
constant at 28.966 for altitudes up to 90 km'
1.00000 for altitudes up to 90 km'

90,000 88,7hh 196.86 .683162

90,264 89,000 196.86 .683162

91,000 89,716 196.86 .683162

91,293 90,000 196.86 .683162 196.9 .683%16 28.96 1.00000
92,000 90,688 199.27 ,691526 197.0 .68355 28.63 .98848
92,322 91,000 200.36 .695%08 197.1 .68395 28.49  .98367
93,000 91,659 202.67 .703325 197.5 .68523% 28.22 .97429
93,351 92,000 203.86 .70745k 197.7 .68609 28.09 .96980
ok,000 92,630 206.07 .715109 198.3 .68799 27.87 ° .96208
94,381 93,000 207.36 .719600 198.6 .68929 27.75 95787

1



METRIC TABLE I CONTINUED

TEMPERATURE
AR MOLECULAR SCAIE | REAL KINETIC ‘IMOLECULAR PR
Z,m Em' | Ty, °K | Ty/Tye | T°K | /T, M M/M,
95,000 93,601 209.46 726902 199.3 .69163 27.56 .951h7
95,411 94,000 210.86 .731746 199.8 69334  27.45 .9h751
96,000 94,572 212.86 .738691 200.6 .69597 27.29 .9k217
96,441 95,000 21k4.36 .7L3892 201.2 .69808 27.18 .938L2
97,000 95,542 216.26 750477 202.0 .70090 27.05 .9339k4
97,b72 96,000 217.86 .756038 202.7 .70340 26.95 .93038
98,000 96,512 219.65 .762258 203.5 .7063%2 26.84 .92661
98,503 97,000 221.36 .768184 20k.h .70920 26.Thk .92322
99,000 97,482 223,05 .77hO37 205.2 .71215 26.65 .9200k4
99,534 98,000 224.86 .780330 206.2 .71541 26.56 .91680
100,000 98,451 226.44 .785811 207.0 .7183%3 26.48 .91k12
100,566 99,000 228.36 .792476 208.0 .72196 26.39 .91102
101,000 99,420 229.83 .797582 208.9 .72481 26.32 .90876
101,598 100,000 231.86 .80Lk622 210.0 .72881 26.24 .90578
102,000 100,389 233.22 .80934k9 210.8 .73155 26.18 .90387
102,631 101,000 235.36 .816768 212.1 .73592 26.10 .90101
103,000 101,358 236.61 .821113 212.8 .73852 26.05 .89941
103,663 102,000 238.86 .82891k 21k.2 .7h325 @ 25.97 .89665
104,000 102,326 240.00 .832873 21k.9 .7h568 25.93 .89531
104,696 103,000 242.36 .841061 216.3 .75078 25.86 .89265
105,000 103,294 243,39 .8L4L4629 217.0 .75%02 25.82 .8915k
105,730 104,000 245.86 .85%207 218.6 .75848 25.75 .88897
106,000 104,261 246.78 .856382 219.1 .76051 25.72 .88806
106,764 105,000 249.36 .865353 220.8 .76633 25.65 .88557
107,000 105,229 250.16 .868131 221.3 .76814 25.63 .88483
107,798 106,000 252.86 .877h99 223.1 .77k32 25.56 .88241
108,000 106,196 253.55 .879876 223.6 .77590 25.54 .88182
108,832 107,000 256.36 .889645 225.5 .78243 25.48 .87948
109,000 107,162 256.93% .891618 225.8 .78376 25.46 .87903
109,867 108,000 259.86 .901791 227.8 .79065 25.h0 .87675
110,000 108,129 260.3L .903356 228.1 .79172 25.39 .876hk2
110,902 109,000 263.36 .913%937 230.2 .79897 25.32 .87420
111,000 109,095 263.69 .915091 230.5 .79976 25.32 .87397
111,937 110,000 266.86 .926083 232.7 .80738 25.25 .87182
112,000 110,061 267.07 .926822 232.8 .80789 25.25 .87168
112,973 111,000 270.36 .938229 235.1 .81586 25.19 .86958
113,000 111,026 270.45 .938549 235.2 .81609 25.19 .86952
114,000 111,992 273.83 .950273 237.5 82435 25.13 .86T49

114,009 112,000 273.86 .950375 237.6 .82khk3 25.13 .8674T
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METRIC TABLE I CONTINUED

TEMPERATURE
ALTITUDE MOTECULAR SCATE | REAL KINETIC MOLECULAR WEIGHT
Z,m Hym' || Ty, °K T/ Tyo| > K T/T, I M M/M
115,000 112,957 277.21 .961993 239.9 .8%268 25.07 .86558
115,045 113,000 277.36  .962521 240.1  .83618 25.07  .865L49
116,000 113,921 280.58 .973709 2k2.L  .84106 25.02  .86377
116,082 114,000 280.86 .97h667 2k2.6  .8h1T75  25.02  .86362
117,000 114,885 283.96  .985h22 24L.8  .8hokg  2L.97  .86206
117,119 115,000 28L4.36  .986813 245.1  .8504k9 2k.96  .86186
118,000 115,850 287.3% .997131 247.2  .85796 2k.92  .86043
118,156 116,000 287.86  .998959 247.6  .85929 24.92  .86019
119,000 116,813 290.71 1.0088k 24g.,7  .86648 24.87  .85889
119,194 117,000 291.36 1.01110 250.2 .86814 24.87  .85860
120,000 117,777 294.08 1.02054 252.2  .87504  24.84  .857h3
120,232 118,000 294.86 1.023%25 252.7 .87703 24.83  .85710
121,000 118,740 297.45 1.0%224 25h.6  .88363 24.80  .8560L
121,270 119,000 298.36 1.03540 255.3 .88596 2k.79  .85567
122,000 119,703 300.82 1.04393 257.1 .89226 24.76  .854T1
122,309 120,000 301.86 1.04754 257.9  .89493 2L.75 85431
123,000 120,665 304.19 1.05562 259.6 .90091 2h.72  .8534L
123,348 121,000 305.36 1.05969 260.5 .90393 2h.71  .85302
124,000 121,627 307.56 1.06731 262.1 .90960 24.69  .85223
124,387 122,000 308.86 1.07184 263.1  .91297 2k.67  .85178
125,000 122,589 310.92 1.07899 264.6 .91831 24.65 .85108
125,427 123,000 312.36 1.08398 265.7 .92204 24.6h  .85060
126,000 123,551 314.29 1.09067 267.1 .9270% 24.62  .8499T
126,467 124,000 315.86 1.09613 268.3 .93113 2k.61  .84oL7
127,000 124,512 317.65 1.10235 269.7 .93580 24.59  .848g2
127,507 125,000 319.36 1.10827 270.9 .94025 24.57  .848LO
128,000 125,473 321.02 1.11k02 272.2  94L58  2k.56  .84790
128,548 126,000 322.86 1.1204k2 273.6  .9koko  2h.5h 84736
129,000 126,434 227.20 1.13549 277.1  .96168 24.53  .84693
129,589 127,000 332.86 1.15512 281.7 .97766 2k.52  .84637
1%0,000 127,395 33%6.81 1.16882 284.9 .98881 2k.51  .84599
130,630 128,000 342.86 1.18983 289.9 1.0059 2. b9  .8us5ho
131,000 128,355 346.41 1.20214% 292.7 1.0159 24 48  .84509
131,672 129,000 352.86 1.22453 298.0 1.0341 2h. .46 84451
132,000 129,315 356,01 1.23545 300.6 1.0430 2Lk, L5 84423
132,774 130,000 362.86 1.25923 306.1 1.0623 2L hL . 84363
135,000 132,193 38L4.79 1.33532 323.9 1.1241 2k, 38  .84183
137,929 135,000 412,86 1.43275 346.7 1.2031 2h.32  .83%972
73




METRIC TABLE I CONTINUED

. TEMPERATURE
ALME MOLECULAR SCAIE | REAL KINETIC |MOLECULAR L
Z,m Hym' Ty K TM/TMO T,°K | T/T, M M/M
140,000 136,983 432.69 1.50157 362.7 1.2588 24.28  .83835
143,153 140,000 462.86 1.60626 387.2 1.3435 24.23 83644
145,000 141,766 480.52 1.66755 LO1.h 1.3931 24.20  .83541
148,385 145,000 512.86 1.77978 L27.6 1.4837 2k.15  .83366
150,000 146,542 528,28 1.83329 L40.0 1.5269 2k.13 .83288
153,625 150,000 562.86 1.95329 L67.9 1.6237 2L.08  .83127
155,000 151,311 575.97 1.99877 L478.5 1.6604 24,06  .83069
158,874 155,000 612.86 2.12680 508.2 1.7635 2k.02  .82019
160,000 156,072 623.58 2.16399 516.8 1.7935 2k.01  .82878
164,131 160,000 662.86 2.3003%2 548.4 1.9032 23.97 .82737
165,000 160,826 671.12 2.32897 555.1 1.9263 23.96  .82709
169,397 165,000 712.86 2.47383 588.6 2.0428 23.92  .82575
170,000 165,572 718.58 2.L9%69 593.2 2.0587 23.91  .82558
174,671 170,000 762.86 2.64735 628.8 2.1823 23.88 .82L432
175,000 170,311  765.97 2.65815 631.3 2.1909 23.87  .82hok
179,954 175,000 812.86 2.82086 669.0 2.3217 23.84  .82303

180,000 175,043 813.11 2.8217h 669,
185,000 179,768 840.52 2.91684 679.
185,245 180,000 841.86 2.92150 680,
190,000 184,486 867.88 3.01179 690,
190,545 185,000 870.86 3.02214 601.
195,000 189,196 895.20 3.10660 TOL.
195,854 190,000 899.86 3.12278 703.

.3220 23.84 .82290
.3588  23.4k2  .80869
L3006 23.41  .80802
.3960 23,0k .79555
ool 23.00 . 79418

A43%6  22.69 78337
JA4hol  22.63  .78138

W O\ 10—
O DN D

200,000 193,899 922,48 3.20127 T712.2 2.4715 22.36  .7720k4
201,171 195,000 928.86 3.2234k2 T71L4.8 2.4804 22,29 < .76951
205,000 198,595 949.71 3.29579 T723.2 2.,5097 22.06  .761k9
206,497 200,000 957.86 3.32406 T726.5 2.5212 21.97 @ .758L46
210,000 203,284 976.91 3.39016 734.3 2.5481 21.77  .75162
211,831 205,000 986.86 3.h2k69 738.3 2.5622 21.67  .TL816
215,000 207,966 1004k.1  3.48440 Th5.4 2.5867 21.50 .7he38
217,175 210,000 1015.9 3.52533 750.3 2.6036 21.39 .7385k
220,000 212,641 1031.2 3.57849 756.6 2.6256 21.25 @ .T73371
222,526 215,000 1044k.9  3.62597 762.3 2.6452 21.13  .T72953
225,000 217,308 1058.2 3.67243 767.8 2.6645 21,02  .72555
227,887 220,000 1073.9 3.72661 T7hk.3 2.6871 20.89 .72106
230,000 221,969 1085.3 3.76624 T79.1 2.7037 20.79  .T1787
233,256 225,000 1102.9 3.82725 786.5 2.7292 20.66  .T71310
235,000 226,622 1112.3 3.85990 T90.4 2.7429 20,58  .71062
238,634 230,000 11%1.9 3.92789 T798.6 2.7715 20.4k  .70561
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METRIC TABLE I CONTINUED

. TEMPERATURE ;
ATLLTIIE MOLECULAR SCALE | REAL KINETIC ML ULER, BETET

Z,m Ho' | Ty, °K | Ty/Tye | T,°K | T/Tq M M/M,
2k0,000 231,268 1139.2 3.95342 801.7 2.7823 20.39 70377
2kl , 021 235,000 1160.9 L4.02853 810.9 2.8140 20.23 69853
245,000 235,908 1166.1 L.04680 813.1 2.8218 20.20 69729
2hg, k17 240,000 1189. .12916  823%.2 2.8567 20.04 69184
250,000 240,540 1193. .1400%  824.5 2.8613 20,02 69114
254,821 245,000 1218, .22080 83%5.5 2.8995 19.86 68550
255,000 245,165 1219. .2%31% 8%5.9 2.9010 19.85 68530
260,000 249,784 1246, .32608  847.4 2.9407 19.69 67975
260,235 250,000 1247. .3%04L  8L47.9 2.94k25 19.68 67950
265,000 254,395 1273. J1890 858.8 2.980k 19.5h 67hkT7
265,657 255,000 1276. L3108 860.3 2.9856  19.52 67379
270,000 258,999 1300, .51157 870.3 3.0202 19.39 66943
271,088 260,000 1305. 53172 872.8 3.0289 19.3%6 66837
275,000 263,597 1326, 60411 881.8 3.,0600 19.25 66463
276,528 265,000 133k, .632% 885.3%3 3.0722 19.21 66321

U1 \U1 AT U1 1 T A0 I e e gl g g = = e S S~~~ g i~ g =
(R
O
(@)
\Jl
()]

280,000 268,187 1353. 893.3 3.0999 19.12 66005
281,977 270,000 1363. .73%00 897.8 3.1157 19.07 65829
285,000 272,771 1379, .78876  90k.8 3.13%98 18.99 65566
287,435 275,000 1392. .83%63 910.4 3.1592 18.93 65359
290,000 277,347 1Lk06. .88088 916.3 3.1797 18.87 65146
292,902 280,000 1h21. .93k27  922.,9 3.2029 18.80 64911
295,000 281,917 1433, 97286  927.8 3.2197 18.75 ol7hl
298,377 285,000 1450, .0%3491  935.5 3.2466 18.68 64482
300,000 286,480 1L459. 06470  9%9.3 3.2596 18.64 64359
303,862 290,000 1479. .13555 9h8.2 3.2005 18.56 64072
305,000 291,036 1L485. 15640 950.8 3.2995 18.54 63989
309,356 295,000 1508. 23619  960.8 3.334h  18.45 63679
310,000 295,585 1512. 24797 962.3 3.3395  18.43 6363k
314,859 300,000 1537. .33683  973.5 3.3783 18.3k  .63302
320,000 304,663 156k. A43069 985.3 3.4194 18.24 62964
325,893 310,000 1595. .53810 988.9 3.4665 18.13 62593

61286 1008 3.499% 18.06  .6234h
. 73938 1024 3.5549  17.94  .61938
.794ko 1031 3.5791L 17.89 .6L76T
.9L066 1050 3,64%5  17.77 .61331

330,000 313,71k 1617.
336,963 320,000 1653,
340,000 322,738 1669.
348,069 330,000 1711.

O —~1\0 F\0\O O W00 &= N0 ONO0VINON0N0 W O ~1\0 OO F\O O N0 O\ H\O

U1\t Ut \ut Ut Ut
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METRIC TABLE I CONTINUED

TEMPERATURE :
i MOLECULAR SCALE | REAL KINETICI[MOLECUL“R WELEHE
Z,m Hm' § Ty, °K | Ty/To | T°K | T/T, M M/M,

350,000 331,735 1721.9 5.97558 1,054 3.6588 17.74+ .61230
359,213 340,000 1769.9 6.14194 1,075 3.7322 17.60  .60767
360,000 340,705 1773.9 6.15613 1,077 3.7385 17.59  .60728
370,000 349,648 1825.8 6.%3%614 1,100 3.8181 17.45  .60259
370,394 350,000 1827.9 6.34321 1,101 3.8212 17.45  .60241
380,000 358,565 1877.5 6.51561 1,123 3.8975 17.33 .59818
381,612 360,000 1885.9 6.544h9 1,127 3.91035 17.31  .59750
390,000 367,456 1929.1 6.69456 1,146 3.9768 17.21  .59LOL
392,867 370,000 1943.9 6.74577 1,153 3.9996 17.17  .59290

400,000 376,320 1980.
Lok,160 380,000 2001.
410,000 385,158 2031.
415,491 390,000 2059.
420,000 393,970 2082.
L26,860 L00,000 2117.
430,000 402,756 2133.
438,267 410,000 2175.
kho,000 411,516 2184,
bhg ;713 420,000 2233.

.87297 1,169 L.0560 17.09  .5901k
LOh7ok 1,178 L4.0889 17.05  .58859
.05086 1,192 L4.1%351 16.99  .58647
J14832 1,204 L4.1784 16.93 58454
22823 1,214 L.2140 16.89  .58299
34960 1,230 L.2680 16.82  .58072
40507 1,237 L.2928 16.79  .57971
55087 1,256 L4.3577 16.72 .57712
58139 1,260 L4.3713 16.70 .57659
.75215 1,282 L.hh7s5  16.62  .57372

450,000 420,250 2235,
460,000 L428,959 2285,
h61,197 430,000 2291.
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.9324k7 1,305
.95343 1,307
0725 1,327
15471 1,333
.28151 1,350
35598 1,359
45526 1,372
55786 1,385

Aho8  16.62 57363
.5280 16.53 .57082
5374 16.52  .57050
6061 16.46  .56815
6273  16.44 5674k
6840 16.38  .56560
T3 16.35 56455
L6188 16.31 - S6FLT
.56179

h72,721 440,000 2349.
480,000 Lh6,300 2386.
L8k 283 450,000 2407.
490,000 454,932 2436.
Lo5,884  L60,000 2465.

500,000 463,540 2486.
507,525 L470,000 2523,
510,000 k72,122 2536,
519,205 480,000 2581.
520,000 480,679 2585.
530,000 489,212 2635.
530,925 490,000 2639.
540,000 497,719 268k4.6
542,686 500,000 2697.9

.62851 1,394
L75854  1,h11
80125 1,417
295981 1,437
97348 1,439
JAb522 1,461
.16109 1,463
31646 1,48k
1,489

.8%93% 16.25 .56085
8976 16.20  .55918
.9167 16.18  .55864
0877 16.12 55668
.9939  16.12  .55651
.0709 16.06  .55LL48
0780 16.06  .55L430
L1489  16.01  .55266
1683 15.99  .55203
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METRIC TABLE IT

PRESSURE,  DENSITY AND ACCELERATION OF GRAVITY AS FUNCTIONS
OF GEOMETRIC AND GEOPCTENTTAL ALTITUDE

ACCELERATTON
ALTITUDE PRESSURE DENSITY OF GRAVITY
Z,m H,m' P,mb P, p skg/m3 PrP. g,m/sec? g/go

-5,000 -5,003.9 1.77763 1.7543%8  1.9%12 1.57644  9.82210 1.001575
-4,996.1 -5,000 1.7769 1.75365 1.9%05 1.57591 9.82209 1.00157h4
-4,000 -4,002.5 1.5960 1.57515 1.7698  1.hhk72  9.81901 1.001260
-3,997.5 -L4,000 1.5956 1.57Th69  1.769k  1.4hL437T 9.81900 1.001259
-3,000 -3,001.4 1.4297 1.h110%  1.6189 1.%2157  9.81592  1.000945
-2,998.6 -3,000 1.4295 1.41082 1.6187 1.32140 9.81591 1.0009kL
-2,000 -2,000.6 1.2778 1.26112  1.4782 1.20667 9.81283 1.000630
-1,999.% -2,000 ~1.2777 1.26103 1.4781 1.20660 9.81282 1.000629
-1,000 -1,000.2 1.1%93 1.12441  1.3470  1.09960 9.8077h 1.000%15
- 998.8 -1,000 1.1%93 1.12439  1.34k70  1.09958 9.80774 1.00C%15

0 0 1.0132572 1.00000 1.2250  1.00000 9.80665 1.000000
1,000 999.8 8.987672 8.87008°1 1.1117 9.07475"1 9.80356  .999685h
1,000.2 1,000 8.9875 8.86094  1.1117 9.07k64  9.80356  .9996854
2,000 1,999.4 17,9501 T7.84615 1.0066 8.21671 9.80048  .9993710
2,000.6 2,000 7.9495 7.84556  1.0065 8.21622 9.80048  .9993708
3,000 2,998.6 7.0121 6.92039  9.0926"1 7.h22hk3  9,797h0  .9990568
3,001.% 3,000 7.0108 6.91917 9.0913 T7.42137 9.797h0  .9990563
4,000 3,997.5 6.1660 6.08537 8.1935 6.68847 9.79k32  .9987kL27
L,002.5 4,000 6.1640 6.08%339 8.1913% 6.68671 9.79431  .9987419
5,000 h,996.1 5.4048%2 5.3341%"1 7,3643"L 6,01161°L 9.7912k  ,9984287
5,003.9 5,000 5.4020 5.33133 T7.3612 6.00906 9.79123  .9984275
6,000 5,994.3 L.7217 L.65098 6.6011 5.38859 9.78816  .99811kg
6,005.7 6,000 4, 7181 L.65635 6.5969 5.38519 9.78815  .998113L
7,000 6,992.3 L4.1105 4.05676 5.9002 L.8164% 9.78509  .9978013
7,007.7 7,000 4, 1060 4.05233 5.8050 L4.81216 9.78506  .9977998
8,000 7,989.9 3.5651 3.51851 5.2578 Lk.,20206 9.78201  .9974877
8,010.1 8,000 3.5599 3.51339 5.2516 4.28701 9.78198  .997hBLé
9,000 8,987.3 3.0800 3.03977 L.6706  3.81270 9.7789k  .9971Thh
9,012.8 9,000 3.0742 3.03401  L.6634  3.80685 9.77890  .997170L
10,000 9,984.3 2.650072 2.61532~1 k.1351"1 3.37554"1 9.77587 = .9968612
10,016 10,000 2.6436 2.60903 L.1270 3.3%6896 9.77582 . .9968562
11,000 10,981 2.2700 2.24030  3.6480 2.97792 9.77280  .9965481
11,019 11,000 2,2632 2.23358  3.6391 2.97069 9.7727h4  .9965h421
12,000 11,977 1.9399 1.91455  3.1193  2.54637  9.76973  .9962352
12,023 12,000 1.93%%0 1.9077h  3.1082 2.5373L  9.76066  .9962281
13,000 12,973 1.6579 1.63626 2.1659 2.1762%k  9.76666  .9959224
13,027 13,000 1.6510 1.62943  2.6548 2.16716 9.76658  .9959140
14,000 13,969 ©  1.4170 1.398k9 2.2785 1.86001 9.76360° .9956098
14,031 14,000 1.4102 - 1.30172 2.2675 1.85100 9.7635C  .9956001

£



METRIC TABLE II CONTINUED

ACCELERATT ON
ALTITUDE PRESSURE DENSITY OF GRAVITY

Z,m H,m' P,mb BP, prke/m>| P/Po " g,m/sec?| g/go

15,000 14,965 1.2112%% 1.1953%"1 1.9475"1 1.58980-1 9.7605% .9952973
15,035 15,000 1.20h4k4 1.18869 1.9367 1.58097 9.76042 .9952862
16,000 15,960 1.0353% 1.02173 1.6647 1.35891 9.75747 .99498L4g
16,040 16,000 1.0287 1.01528 1.65k2 1.35033% 9.75735 .9949723
17,000 16,955 8.8496%L 8,73388-2 1.4230 1.16162 9.75441  .99L6728
17,046 17,000 8.7866 8.67167 1.4129 1.15334 9.75427 .9946585
18,000 17,949 7.5652 7.46623 1.2165 9.93016"2 9.751%5 .99L3607
18,051 18,000 7.50L8 7. 40662 1.2067 9.85088 9,75119 .99L3L4L8
19,000 18,943 6.4674 6.38285 1.03%99 8.48925 9.74829  .99LOLLS
19,057 19,000 6.4099 6.%2611 1.0307 8.41379 9.74811 .9940311
20,000 19,937 5.5293" 5.4560472 8.890972 7.2577972 9.74523 .9937371
20,063 20,000 5.4748 5.40%23 8.803L 7.18634 9. 74504 .993T717L
21,000 20,931 L.7275 L. 6656k 7.6016 6.20534 9.74218 .9934255
21,070 21,000 L4.6761 L .61498 7.5191 6.13797 9.74196 .9934038
22,000 21,924 L,0420 3.98918 6.4995 5.30565 9.73%912 .99311L40
22,076 22,000 3.9940 3.94173 6.h2po 5.24255 9.73889 .9930902
23,000 22,917 3.4562 3.41101 5.5575 L.53667 9.73607 .9928027
23,084 23,000 3.4113 3. 36670 5.4853 Lok 9.73581 .9927767
2k,000 23,910 2.955h4 2.91677 L, 75022 3.8793k4 9.73%302 .9924916
2k;001 24,000 2.9137 2.8755 L.6851 3.82451 9.7327h  .992L633
25,000 24,902 2.5273t1 2.Lok28-2 L.06%972 3.3174272 9.72997 .9921805
25,099 25,000 2.4886 2.45606 4.0016 3.26658 9.72967 .9921498
26,000 25,804 2,1632 2.13493 3.4359 2.80476 9.72692 .9918697
26,107 26,000 2.1278 2.10001 3.3748 2.75490 9.72659 .9918365
27,000 26,886 1.8555 1.83126 2.9077 2.37361 9.723%387 .9915589
27,115 27,000 1.8233 1.79943 2.8528 2.%2877 9.72%52 .9915232
28,000 27,877 1.5949 1.57407 2.4663 2.01332 9.72083%3 .,991248L
28,124k 28,000 1.5655 1.54504 2.4169 1.97296 9.72045 .9912099
29,000 28,868 1.3737 1.%35573 2.0966 1.711k7 9.71778 .9909379
29,133 29,000 1.3469 1.%2930 2.0521 1.67520 9.71738 .9908967
30,000 29,859 1.1855%: 1.1700272 1.7861-2 1.45803°2 9.71k7h .9906276
30,142 30,000 1.1611 1.14592 1.7461 1.42540 9.71431  .9905835
31,000 30,850 1.0251 1.01167 1.5248 1.24h72 9.71170 .9903175
31,152 31,000 1.0028 9.8973572 1.4889 1.21538 9.71124 .990270k
32,000 31,840 8.88017C 8.76L02  1.%04hk  1.06478  9.70866 .9900075
32,162 32,000 8.6776 8.56L423 1.2721 1.03840 9,70816 .9899573
33,000 32,830 7.7068 7. 60604 1.1180 9.12666™2 9.70562 .9896977
33,172 33,000 7.5224 7.42412 1.0890 8.88944 9.70510 .9896LL43
3L,000 33,819 6.7006  6.61300  9.601977 7.8382L  9.70258 .9893879
34,183 34,000 6.5327 6. ul726 9. 3404 7.62473 9.7020% .989331L
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METRIC TABLE II CONTINUED

ACCELERATION
ALTITUDE PRESSURE DENSITY OF GRAVITY

Z,m H,m' P,mb P/P, p ke/m> | P/p, g,m/sec?| g/go

35,000 34,808 5.8359%0 5.7506077 8.261970 6.7hL37°3 9.69955 .989078k4
35,194 35,000 5.6829 5.60855 8.0265 6.55217 9.69896 .989018k
36,000 35,797 5.091k4 5.02486 7.1221 5.81390 9.69651 .9887690
36,205 36,000 L.9519 4.88717 6.9101 5.64082 9.69589 .9887056
37,000 36,786 L.4h93 §.35115 b 1507 5.02089 9.69348 .988L597
37,217 37,000 L.3221 4. 26562 5.9597 4.86497 9.69282 .9883927
38,000 37,774 3.894k 3.8L34L 5.3%209 L, 34350 9.60045 .9881506
38,229 38,000 3.7785 3.72908 5.1489 4.20%13 9.68975 .9880800
39,000 38,762 3.h1hke 3.36952 4. 6112 3.76419 9.68742 .9878416
39,241 39,000 3.3084 3.26514 L. 4560 2.07575% 9.68669 .9877672
40,000 39,750 2.9977t0 2.9585173 4.002772 3.2675170 9.6843%9 .9875328
Lo,253 L0,000 2.9013% 2.863%33 3.8629 3.15332 9.68362 .987L45L6
41,000 k40,737 2.6361 2.60159 3.4803 2.84105 9.6813% .98722L1
41,266 41,000 2.5481 2.51h7h 3.3541 2.7380% 9.68056 .9871L420
h2,000 k41,724 2.3215 2.29110 3.0310 2.4 7ho2 9.67834 .9869155
ke, 279 L2,000 2.2411 2.21176 2.9169 2.38115 9.677T49 .986829k4
43,000 L2,711 2.047h 2.02060 2.6438 2,15815 9.6753%1 .9866072
k3,293 43,000 1.9739 1.94812 2.5408 2.,07408 9.67443  .9865169
Lh,000 L43,698 1.8082 1.78454 2.3096 1.88534 9.67229 .9862989
Lk, 307 Lk,000 1.7k11 1.71828 2.2165 1.80933% 9.67136 .98620Lk4
45,000 L4, 68k 1.599170 1.5782072 2.020677 1.6494670 9.66927 .9859908
45,321 45,000 1.5378 1.51765 1.936L 1.58073 9.66830 .9858920
46,000 L5,670 1.h161 1.3%9763% 1.7704 1.44523 9.66625 .9856828
46,335 L46,000 1.3600 1.34024 1.6942 1.3%8%0L 9.66523 .9855796
k7,000 46,655 1.2558 - 1.23936 1.55%5 1.26812 9.66%23 .,9853750
47,350 L47,000 1.204k 1.18866 1.4845 1.21179 9.66217 .9852673
48,000 L7,640 1.11k7 1.1001k4 1.373%9 1.12155 9.66021 .9850673
48,365 L8,000 1.0673 105335 1.3155 1.07383% 9.65911 .9849550
49,000 48,625 9.8961"1 9.76671°% 1.2197  9.95675™% 9.65719 .9847598
L9,381 49,000 9.4578 9.33411 1.1657 9:5157h4 9.65605 .9846L28
50,000 49,610 8.7858-1 8.67088-4% 1.0829-3 8.83961-% 9.65418 .98LL52L
50,396 50,000 8.3810 8.271k2 1.0%30 8.43237 9.65299 .9843306
51,000 50,594 7.8003 7.69829 9.61‘40"*r 7.84809 9.65117 .9841k52
51,412 51,000 7.4269 7.32973 9.153%7 7.472%5 9.64992 .9840185
52,000 51,578 6.9256 6.83507 8.5360 6.96807 9.64815 .9838361
52,429 52,000 6.5813 6.4952L 8.1116 6.62162 9.64686 .98%7064
53,000 52,562 6.,1493 6.06886 7.5791 6.1869k 9.64515 .9835311
53,446 53,000 5.8320 © 5.75576 7.1881 5.86775 9.64380 .98%304kL
54,000 53,545 5.4588 5.38738 6.7790 5.533%83 9.64k21L .98%22L3
5k, 463 54,000 5.1637 5.09615 6.453) 5.26800 9.6L07L  .983082L

79



METRIC TABLE II CONTINUED

ll ACCELERATTON
ALTITUDE PRESSURE DENSITY OF GRAVITY

Z,m Hym' " P,mb P/P, p;k,g;/m5 P/P, g,m/sec?| g/go
55,000 54,508 L.838871 4.77557-4 60092h'LL u,97555-“ 9.63913% .9829176
55,480 55,000 k4.5641 L .504k5 5.7850 b, 70241 9.63769 .9827705
56,000 55,511 L.2822 L 20624 5.4674 4. 16310 9.63612 .9826111
56,408 56,000 4.0270 3.97438 B=LTTT L, 22666 9.63L63 .9824586
57,000 56,493 3.7833  3.73384  L.899l  3.99926  9.63312 .98230k7
57,516 57,000 3.5467 3.5003%6 4. 6268 3.77692 9.63157 .9821467
58,000 57,476 3.3367 3.29306 4. 3832 3.57809 9.6%012 .9819985
58,534 58,000 3.1179 3.07713 h,1276 3.36945 9.62851 .9818350
59,000 58,457 2.9375 2,89912 3.915L 3,19620 9.62711 .981692k4
59,553 59,000 2.7356 2.69987 3.6761 3.00083 9.62545 .9815232
60,000 59,439 2.581k"1 &5&761’LL 3.&918"“ 29850h2'“ 9.62411 .9813864
60,572 60,000 2.3955 2.36417 3.2681 2.66784 9.62240 .9812116
61,000 60,420 2.2641 2.23453 3.1089 2.53783 9.62111 .9810806
61,591 61,000 2.093hk 2.06598 2.9002 2.36750 9.61934 .9808999
62,000 61,401 1.9820 1.95606 2.7631 2.25558 9.61812 .9807749
62,611 62,000 1.8255 1.80159 2.5689 2.09705 9.61629 .980588k
63,000 62,382 1.7315 1.70885 2.451k 2.00114 9.61512 980460k
63,631 63,000 1.588k4 1.56764 2,2711 1.853%94 9.613%23 .9802768
64,000 63,362 1.5096 1.48082 2.1709 1.77218 9.61213% ,9801640
64,651 64,000 1.3790 1.3%6099 2.0038 1.63573% 9.61018 .9799653
65,000 6h,342 1.31%2°1 1.20606-% 1.91897% 1.566407% 9.60913 .9798588
65,672 65,000 1.1945 1.17885 1.7643 1.44026 9.60712 .9796539
66,000 65,322 1.1399 1.12503 1.6928 1.38185 9.6061k .9795537
66,692 66,000 1.0322 1.01866 1.5502 1.26546 9.60k07 .9793k425
67,000 66,%01 9.8726"2 9.7434972 1.k90% 1.21658 9.60315 .9792488
67,714 67,000 8.8969 8.78052 1.3591 1.1094k 9.60102 .9790312
68,000 67,280 8.5301 8.41856 1.3093% 1.06883 9.60016 .9789439
68,735 68,000 7.6L49o1 7.54912 1.1888 9.7044T-5> 9.59796 .9787199
69,000 68,259 7.3523  7.25615  1.1479  9.37010 = 9.59717 .9786393
69,757 69,000 6.5590 6.47323 1.037h 8.4687k4 9.59491 .9784087
70,000 69,238 6.32122 6.2385470 1.00k0~% 8.1961872 9.59419 .9783347
70,779 70,000 5.6088 5.53547 9.031372 T7.372kk 9.59186 .9780975
71,000 70,216 5.4206 5. 3497k 8.7624 7.15289 9.59120 .978030k4
71,802 71,000 4.7826 k. 72010 7.842k 6.40188 9.58881 .977786k4
72,000 71,194 L.6357 k.57513 7.6286 6.227%9 9.58822 9777261
72,825 72,000 L.0662 4.01299 6.7922 5.54461 9.58576 .97T74T753
73,000 72,171 3.9535 3.00181 6.6252 5.4083C 9.5852k 9774220
73,848 73,000 3.Lh6k 3.40132 5.8666 L. 78903 9.58271 .977164k2
4,000 73,148 3,3618 3.3179k4 5.73%91 L. 68489 9.58225 .9771181
4,872 7h,000 2.9118 2.87373 5.0529 L. 12k79 9.57966 .9768532
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METRIC TABLE II CONTINUED

ACCELERATION
ALTITUDE PRESSURE DENSITY OF GRAVITY
Z,m | H,m' P,mb P/Pq ,p,kg/mB P/F, g,m/sec2 g/go
75,000 74,125 2.850372 2.8129975 L4.958272 L.OWTLT™? 9.57928 .97681L2
75,895 75,000 2.Lks52 2.4200 4.339 3.542% 9.57661 .9765423
76,000 75,102 2.409  2.3775  k.263%  3.,4801 = 9.57630 .9765106
76,920 76,000 2.061 2,034k 3.648 2.9780 9.57356 .976231L
77,000 76,078 2.034 2.0069 3.599 2.93T77 9.57332 .9762070
77,94 77,000 1.733 1.7103 3.067 2.5035 9.57051  .9759206
78,000 77,055 1.717  1.69%2  3.038  2.4799  9.57035 .9759036
78,969 78,000 1.457 1.4378 2.578 2,1046 9.56746  .9756098
79,000 78,030 1.4k49 1.4303 2.565 2.0936 9.56737  .975600k
79,99k 79,000 1.225 1.2087 2.167 1.7693% 9.564Lk2  .9752990
80,000 79,006 1.22472 1.207572 2.16572 1.76767° 9.564L0 .9752973
81,000 79,981 1.033 1.0195 1.828 1.ko2L 9.56143 .97L9ok3
81,020 80,000 1.030 1.0162 1.822 1.487k4 9.56137 .97h49883
82,000 80,956 8.723°2 8‘6085'6 1.54k 1.2601 9.55846 .9T7L6915
82,045 81,000 8.656 8.5425 1.532 1.2504 9.558%2 .9THETTT
83,000 81,930 7.365 7.2690 1.30% 1.0640 9.55549 .9743888
83,072 82,000 7.277 7.1815 1.288 1.0512 9.55528 .97L3671
84,000 82,904 6.220 6.1383 1.101 8.9851'6 9.55252 .97h0862
84,098 83,000 6.117 6.0373 1.083 8.8373 9.55223 .9T7L0566
85,000 83,878 5.25273 5.18377® 9.09570 7.587876 9.5L956 .9757838
85,125 84,000 5.143 50754 9,201 7.4293 9.54919 .9737h461
86,000 84,852 L.436 L4.3778 7.850 6.4081 9.54659 .9734816
86,152 85,000 L.323 L. 2668 7.651 6.2456. 9.5461% .973L4356
87,000 85,825 3.746 3.6974 6.630 5.4121 9.54363 .9731795
87,179 86,000 3.635 3.5870 6.4322 5.2506 9.54%310 .9731253
88,000 86,798 3.16k4 3.1229 5.600 k.5712 9.54067 .972877h
88,207 87,000 3.055 3.0155 5.407 4. k1o 9.54006 .97281L49
89,000 87,771 2.673 2.6378 L.730 3.8611 9.53771 .9725756
89,235 88,000 2.569 2,5851 4. .546 3.,7108 9.53701 .9725046
90,000 88,74k 2.258"3 2.208276 33,9956 3.261576 9.53475 .9722739
90,264 89,000 2.159 2.1312 2,808 3.1196 9.53%3397 .972194kL
91,000 89,716 1.907 1.8823 3375 2.7552 9.53179 971972k
91,293 90,000 1.815 1.7916 32153 2.6225 9.53093% .9718842
92,000 90,688 1.612 1.5913% 2.819 2.3012 9.5288L4 .9716709
92,322 91,000 1.528 1.5085 2.658 2.1695 9.52789 .97157L40
93,000 91,659 1.367 1.3490 2.350 1.9181 9.52588 .9713697
93,351 92,000 1.291 1.27%9 2.206 1.8006 9.52485 .9712639
oLk,000 92,630 1.162 1.1468 1.965 1.6037 9.52293 .9710685
94,381 93,000 1.093 1.0789 1.837 1.4992 . 9.52180 .970953%9
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METRIC TABLE II CONTINUED

ACCELERATION
ALTITUDE PRESSURE DENSITY OF GRAVITY
Z,m Hym' P,mb P/PO P ,kg/mB P/P, g,m/sec2 g/go
95,000 93,601 90905’” 9.77597 1 1,6u7"6 1,54u9-6 9.51998 .9707675
95,411 94,000 9.284 9.1622 1.534 1.2521 9.51876 .9706L439
96,000 94,572 8.466 8.3552 1.386 1.1311 9.51703 .9704666
96,441 95,000 7.905 7.8021 1.285 1.0488 9.51573% .9703339
97,000 95,542 7.254 7.1590 1.169 9.5392" 7 9.51408 .9701659
97,472 96,000 6.749 6.6612 1.079 8.8106 9.51269 .9700240
98,000 96,512 6.231 - 6.1492 9.882"1T 8.0671 9.51113 .9698654
98,503 97,000 5.777 5.7015 9.092 7-4220  9.50965 .96971k2
99,000 97,482 5.365  5.29kL  8.379  6.8399  9.50818 .96956L9
99,534 98,000 L4.957 8920 7.680 6.2691 9.50661 .969L0LL
100,000 98,451 h.6297%  L.5680-T 7.123T 5.8142-7 9.5052h .9692646
100,566 99,000 4.263 %.2073% 6.50k4 5.3091 9.50357 .9690946
101,000 99,420 k.0Ok 3.9516 6.069 4.9545 9.50230 .96896L4
101,593 100,000 3.675 3.,6268 5500 L.507h 9.50053% .9687849
102,000 100,389 3.471 3.4253 5.18k4 4.2321 9.49935 .96866LL
102,631 101,000 3.175 3.1333 L .699 3.8%63 9.49750 .9684753%
103,000 101,358 3.015 2.9753 L. 439 3.6234 9.496L41  .9683645
103,663 102,000 2.749 2.7129 4 .009 3.2728 9.4ohlk6 9681657
104,000 102,326 2.624 2.5896 3.809 3.1092 9.49347 .9680648
104,606 103,000 2.385 2.3538 3.428 2.7986 9.491Lk3 ,9678561
105,000 103,294 2,288~ % 2.2585-T 3,2767 2.6739=T 9.49053% .9677652
105,730 104,000 2.073 2.0463 2.938 2, 3984 9.48839 .9675466
106,000 10,261 2,000 1.9735 2.823 2. 30kkL 9.48760 .967L657
106,76k 105,000 1.806 1.7826 2,585 2.0600 9.U8536 .9672372
107,000 105,229 1.751 1.7277 2.438 1.9901 9.48466 9671664
107,798 106,000 1.576 1.5559 2.172 1.7731 9.48232 .9669278
108,000 106,196 1.535 1:5153 2,110 1. T2 9.48173 .9668672
108,8%2 107,000 1.378 1.3605 1.873 1.5292 9.47929 .966618k4
109,000 107,162 1.349 1.3314 1.829 1.4932 9.47880 .9665682
109,867 108,000 1.208 1.1918 1619 1.3216 9.47626 .9663%091
110,000 108,129 1.187°% 1.1718~7 1.589°7 1.2972-7 9.L7586 .9662692
110,902 109,000 1.060 1.0459 1.ko2 1.1h4k 9.47322  ,9659999
111,000 109,095 1.047 1.0%3L 1.%83 1.1289 9.4729% .9659705
111,937 110,000 9.%16™2 9.1941-8 1.216  9.9280-8 9.47019 .9656906
112,000 110,061 9.24kL 9.1229 1.206 9.8432 9.47001 .9656718
112,973 - 111,000 8.203 8.0961 1.057 8.6292 9.46716 .9653815
113,000 111,026 8.176 8.0692 1.053 8.5975 9.46708 .9653733
114,000 111,992 7.243 7.1484 9.215-8 7.522L 9.46415 .9650750
114,009 112,000 7.235 7.1408  9.204 15157 9.46413 9650724
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METRIC TABLE TI CONTINUED

ACCELERATION
ALTITUDE PRESSURE DENSITY OF GRAVITY
Z,m | .H,m' P,mb P/Pg prkg/m?| Flhs g,m/sec?| g/go
115,000 112,957 6.42675 6.3h22-8 8.07678 6.5028-8 9.46123 .96LT768
115,045 113,000 6.392 6.3083 8.029 6.5540 9.46120 .964T7633
116,000 113,921 5.710  5.6354  7.090.  5.7875  9.458%0 964787
116,082 114,000 5.655  5.5815  7.015  5.7265  9.45807 .96LL5L3
117,000 114,885 5.081 5,0145 6.234 5.0887 9.45538 .9641807
117,119 115,000 5.011 4. gls59 6.140 5.0120 9.45503 .96Lk1L5k
118,000 115,850 4.528 L. 4684 5.490 L.4812  9.45246 .9638829
118,156 116,000 4.hh7  L4,3893  5.383  L4,3938  9.45201 .9638365
119,000 116,813 4,040 3.9873 i, 8h2 3.9524 9.4495% .9635853
119,194 117,000 3.952 3.9008 L. 726 3.8579 9.44898 .9635276
120,000 117,777 3.61070 3.5628-0 h°277‘8 5.&911‘8 9.44663 ,9632877
120,232 118,000 3.518 3.4716 k.156 5 GO 9.4k595 ,9632188
121,000 118,740 3.230 3.1876 3.783 3.0881 9.447371 9629904
121,270 119,000 3.135 3.0939 3.660 2.9881 9.44292 .9629100
122,000 119,703 2.894 2,8557 3,351 2.7355 9.44079 .9626931
122,309 120,000 2.798 2,7610 3,229 2.6357 9.43989 .9626013
123,000 120,665 2,595 2.5615 2.973 2.4265 9.43788 .9623960
123,348 121,000 2.500 2.1671 2.852 2,328 9.43687 962207
124,000 121,627 2.331 2.3005 2.640 2.155h 9.434k97 .9620990
124,387 122,000 2.237 2,207h 2,523 2.0595 9.43384 .9619840
125,000 122,589 2.09675 2,0685-8 2.3488 1,9171-8 9.43006 .9618022
125,427 123,000 2.004 1.9775 2.235 1.8243 9.43081 .9616755
126,000 123,551 1.887 1.8622 2.092 1.7073 9.42915 .9615055
126,467 124,000 1.797 1.7737 1.982 1.6181 9.42779 .9613670
127,000 124,512 1.701 1.6783% 1.865 1.5225 9.h262hk  ,9612089
127,507 125,000 1.61k4 1.5928 1.761 1.h372 9.42476 .9610585
128,000 125,473 1.534 1.5143 1.665 1.3593 9.42333 .9609125
128,548 126,000 1.4k51 1.4320 1.566 1.2781 9.4217h  .9607501
129 000 126,434 1.386 1.3%681 1.476 1.2049 9.42043 .9606162
129,589 127,000 1.307 1.2903 1.368 1.1170 9.41872 .9604L417
1%0,000 127,395 1.2567° 1.2304~8 1.299'8 1.0604-8 9.41752 9603200
130,630 128,000 1.182 1.1662 1.201 9.8014"9 9.41569 .9601334
131,000 128,355 1.I41  1.1259  1.147  0.3657  9.h41hk62 .96002k0
131,672 129,000 1.071L 1.0571 1,058 8.6327 9.41267 .9598251
132,000 129,315 1.039 1,0255 1.017 8.3007 9.41172 .9597281
132,71k 130,000 9.736-6 9.6084-9 9.347-9 7.6303 9.40965 ,9595169
135,000 132,193 7.967 7.86%2 7.214 5.8886 9.40302 .9588413
137,929 135,000 6.26h 6.1817 5,285 L. 3146 9.%94k54k ,9579766
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METRIC TABLE IT CONTINUED

: : ACCELERATTON
ALTITUDE PRESSURE DENSITY OF GRAVITY
Z ,m H,m' P,mb P/P, p,kg/m5 PIF, g,m/sec2 g/go
140,000 136,983 50536'6 5,266279 u.296"9 5.5071"9 9.38855 .9573660
143,153 140,000 L.238 4.18%1 3,190 2.6042 9.37945 .956L375
145,000 141,766 3.729 3,6807 2.704 2.2072 9.37412 .9558941
148,385 145,000 2.985 - 2.946hk  2.028  1.6555  9.36h37 .9548996
150,000 1h46,542 2,698 2.6628 1T 1.4525 9.35972 .954k4256
153,625 150,000 2.173 2.1kk2 1.345 1.0977 9.349%0 .9533630
155,000 151,311 2.008 1.9820 1.215 9.9162710 9.24525 ,9529605
158,874 155,000 1.62%  1.60%2  9.234710 7.5380  9.3342k  .9518276
160,000 156,072 1.55170 1.511079 8.5547%0 6.9824710 9.33101 9514987
164,131 160,000 1.243 1.2264 6530 5.3312 9.31920 .9502935
165,000 160,826 1.191 1.1756 6.183 5.0476 9.31671 .9500403
169,397 165,000 9.692~7 9.5657710 L, 737 3.8668 9.2%0416 .9L87606
170,000 165,572 9.431 9.3080 4.57% 3,7%26 9.30244 .9L485852
174,671 170,000 7.689 7.5881 3.511 2.8663% 9.28914 .gLk72289
175,000 170,311 7.582 7.4832 3.449 2.8152 9.28821 .9L4T71335
179,954 175,000 6.189 6.1085 2.653 2.1655 9.2741% .9456985
180,000 175,043 6.178-7 6.0974710 2.647710 2,1609710 9.27400 .9456852
185,000 179,768 5.082 5.0159 2.107 1.7196 9.2598% ,9Lkh2okol
185,245 180,000 5.035 4,9689 2.083 1.7008 9.2591% .9441693
190,000 18k4,486, k4,208 4.1533 1.689 1.3790 9.24569 .gLk2798k
190,545 185,000 k.124 4,070k 1.650 1.3469 9.24415 ,9Lk26hk1l3
195,000 189,196 3.506 3.4602 1.3064 1.11%8 9.23%159 .9413599
195,854 190,000 3.400 3.3559 1.316 1.0747 9.22918 .9Lk111k46
200,000 193,899 2.93871 2.8995710 1.110710 g.0572711 9.21751 .9399247
201,171 195,000 2.821 2.78L0 1.058 8.6369 9.21422 .9%95891
205,000 198,595 2.475  2.hk2y  9.079711 7.h117  9.203hk7 .938k929
206,497 200,000 2.35k4 2.3229 . 8.560 6.9880 9.19927 .9380648
210,000 203,284 2,096  2.0685 T 47k 6.101k4 9.18946 .9370643
211,831 205,000 1.97h4 1.9486 5.970 5.6899 9.1843% ,9365418
215,000 207,966 1.783 1.7600 6.188 5.0511 9.17548 .9356389
217,175 210,000 1.665 1.6430 5.709 L . 6605 9.16941  .9350200
220,000 212,641 1.524-T 1.5044-10 5,3150-11 4 ,2039-11 9.16154 ,9342168
222,526 215,000 1.410 1.3920 L.703 3.8389 9.15450  .9334995
225,000 217,308 1.308 1.2914 L. %08 3.516k4 9.14762 .9327979
227,887 220,000 1.200 1.1846 3,894 %1789 9.13%960 .9319802
230,000 221,969 1.128 11130 3.620 2.9554 9.133Th  ,9313823
233,256 225,000 1.026 1.0126 3.2h1 2,6457 9.124k72  .930L621
235,000 226,622 9. 7)9" 9.6315~1L 3,057 2.4953% 9.11989 .9299699
238,634 250 000 8.805 8.6900 2.710 2.2124 9.10984 ,928945%




METRIC TABLE II CONTINUED

ACCELERATTON
ALTITUDE PRESSURE DENSITY OF GRAVITY

" Z,m H,m' E P,mb B/P, p,.kg/m5 PrP, ggm/sec“.2 E g/go

240,000 2%1,268 8.&75'8 8.3646™H 2,592 2,1158™ M 9.10607 .9285607
ehly 021 235,000 T.586  7.4869 2.277 1.8585 9.09498 .927L297
245,000 235,908 T7.387  7.2900 2.207 1.801k 9.09228 .9271547
2k, h17 240,000 6.560 6.L47h1 1.921 1.5679 9.08013% .9259154
250,000 240,540 6.459 6.37L6 1.886 1.5%98 9.07852 .9257519
254,821 245,000 5.692 5.6179 1.627 1.3282 9.06529 .924L0o22
255,000 245,165 5.666 5.5920 1.618 1.3%210 9.06L480 .9243522
260,000 249,784 4.986-8 k.gpok™tl 1,393 1.13747 9.05110 9220558
260,235 250,000 L4.956 L4.8913 1.38k4 1.1295 9.05046 9228904
265,000 254,%95 L.hoo L4.3k21  1.20h  9.8261712 9.037hk  .9215625
265,657 255,000 L.329 L.2722 1.181 9.641L 9.03565 .9213797
270,000 258,999 3.893  3.8423 1.043 8.5166 9.02381 .920172k
271,088 260,000 3.792  3,7428 1.012 8.2591 9.02085 .9198703
275,000 263,597 3.454  3.ko92  9.071712 7.hok8  9.01021 .918785L
076,528 265%000 3.332 3.2886  B8.607  7.0992  9.00606 .9183622
280,000 268,187 3.073°C 3.0%27"1 7.910712 6.L457h712 8.99664 .9174015
281,977 270,000 2.936 2.8975 7.499 6.1220 8.99128 .9168552
285,000 272,771 2.7k0  2.704L 6.918 5.6473 8.98%09 .9160207
287,435 275,000 2.594 2.5598 6.487 5.2958 8.97651 .9153496
290,000 277,347 2.4hg 2.4173 6.067 k. 9525 8.96958 .91hk6L31
292,902 280,000 2.297 2.2672 5.629 4.5948 8.96176 .9138L451
295,000 281,917 2.194% 2.1655 5.334 L. 3546 8.95611 .913%2686
298,377 285,000 2.040 2.,0130 1,808 3.9980 8.94702 .9123419
300,000 286,480 1.97078 1.g9uko™1l 4. 703712 3.8388-12 8.9L266 9118972
303,862 290,000 1.815 1.7914 4.273 3.4883 8.93229 .91083%99
305,000 291,036 1.772 1.7492 4.156 3. 502% 8.9292L .9105288
309,356 295,000 1.619  1.5979 3.738 3.0517 8.91757 .9093391
310,000 295,585 1.598 1.5769 3.681 3.0048 8.91585 .9091636
314,859 -, 300,000 1.4h7 1.Lh28L 3.279 2.6765 8.90287 .9078396
300,000 304,665 1.306°0 1.2890711 2.908712 23736712 8.88916 .Q06kke2
325,893 310,000 1.164 1.1485 2.541 2.0739 8.87349 .goL8LLL
20,000 %718 1.075 @ 1.0613 2.316 1.8909 8.86259 .903733L
336,963 320,000 9.4%1-9 9.2073712 1.987  1.6217  8.84k17 .90185Lk0
340,000 322,738 8.914 8.7978 1.860 1.5183 8.8%615 .90103%61
348,069 330,000 7T7.698 7.5971 1.567 1.2788 8.81489 .8988686
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METRIC TABLE IT CONTINUED

i

ACCELERATION
ALTITUDE PRESSURE DENSITY OF GRAVITY
Z,m H,n' P,mb P/PO P,kg/m5 P/A g,m/sec2 g/go
350,000 331,735 T7.43779 7.3%393712 1.505712 1.2082712 8.80982 .8983512
359,213 340,000 6.326 6.2432 1.245 1.0165 8.78566 .8958882
360,000 340,705 6.241 6.1589 1.226 1.0005 8.78360 .8956782
370,000 . 349,648 5,266  5,1973 1.005 8.2026713 8.75751 .8930172
370,394 350,000 5.232  5.1631  9.971715 8.13096  8.75648 .8929127
380,000 358,565 L.467 4. 4088 8.289 6.7665 8.73%153% ..8903680
381,612 360,000 L.352 L. 2954 8.040 6.5634 8.72735 .8899421
390,000 367,456 3.808 3.7584 6.877 5.6141 8.70566 .8877305
392,867 370,000 3.641 3.593h4 6.526 5, 3270 8.69827 .8869765
400,000 376,320 ' 3.262°9 3.2190712 5,737-13 14,6826-13 8.67991 .8851048
Lok,160 380,000 3.062 3.0220 5. 500 4. 3501 8.6692% .88L40159
410,000 385,158 2.806 2.7691 4.811 3.9273 8.65428 .8824907
415,491 390,000 2.586 2.5517 ' L.&573 3.5696 8.64025 .8810602
420,000 393,970 2.42k 2.3%922 L.o5h 3. 3096 8.62876 .8798882
426,860 L400,000 2.197 2.1687 3615 2.9508 8.61131 .8781094
430,000 402,756 2.102 2.0747 Bl 5P 2.7848 8.6033%35 .8772971
438,267 410,000 1.87k4 1.8496 3.000 2.4495 8.5824k2  .8751636
4Lho,000 411,516 1.830 1.8062 2.918 2,382 8.57805 .87L7175
Lho,713 420,000 1.605 1.5841 2.503 2.0434 8.55358 .8722228
450,000 420,250 1.59979 1.5780712 2.4g92713 2,0243%-13 8.55086 8721492
460,000 428,959 1.4o02 1.3834 2.1%6 1.7440 8.52779 .869592%
461,197 430,000 1.380 1.3%621 2.098 1.7126 8.52479 .8692869
470,000 437,642 1.233 1.2168 1.839 1.5008 8.50282 .8670466
Yr2,721  Lho,000 1.191 1.1756 1.766 1.4417 8.49605 .8663559
480,000 LU46,300 1.088 1.0725 1.588 1.296% 8.47797 .8645120
484,283 450,000 1.03%2 1.0184 1.493 12287 8.46735 .8634299
490,000 454,932 9.625710 9.h990-13 1.376  1.123L 8.45322 8619885
495,884 460,000 8.969 8.8512 1.267 1.034k4 8.42871 .8605088
500,000 463,540 8.541710 8,4293713 1.197-13 g9,7692-14 8,42858 .8594761
507,525 k70,000 7.821 7.7184 1.080 8.8124 8.41011 .8575927
510,000 k72,122 7.600 7.5003 1.04k4 8.5219 8.40405 .8569746
519,205 480,000 6.841 6.7515 9.231‘1” 7.5353 8.38156 .85L6816
520,000 L480,679 6.780 6.6912 9.135 7.4567 8.37963 .854L8L(
530,000 L489,212 6.06k4 5.9842 8.016 6.5435 8.35531 .85200L43
530,925 490,000 6.002 5.9234 7.921 6.4658 8.353%06 .8517754
540,000 L97,719 5.436 5.36L7 7.054 5. 1583 8.33110 .8Lg5354
5Lk2,686 500,000 5.281 5.2117 6.819 5.5666 8.324k61  .8L4887k1

86



METRIC TABLE III

Velgeity of Sound, Particle Speed, Molecular-Scale Temperature Gradient,
and Scale Height as Functions of Geametric and Geopotential Altitude

ALTTTULE MMOLE?&%J] SCALE HETGHT || TARCLOlE o RATT O copey
_ V/Vo

Zym Hom' || Lg,°@/m' ||Hg, km | Hg/Hgo || Vim/sec| Cg/Cao |Cssm/msc
-5,000 ~5,003,9 9,3717 1.11112 L484.15 1.05493 358,98
-k,996.1 -5,000 9,3709 1,11104 484,13 1.05489  358.97
-k, 000 -4,008,5 29,1843 1,08891 L479.21 1.04417  355.32
-33997.5 -4,000 9.1839 1.08886 479.20 1,044k  355.31
-3,000  =3,001.k 8,9969 1,06670 u7h.,22 1,03330 351.62
-2,998.6 -3,000 8.9967 1.06666 L7h.p2 1.03328 321,62
-2,000 -2,000,6 8,8095 1.04447 469,19 1.02232  347.89
-1,999.4 -2,000 8.809% 1,04446 469,18 1.0M231  347.88
-1,000  -1,000,2 8.6220 1,0@e2k L6h.09 1,01122  Fhk,11
- 999,8 -1,000 8.6220 1.02g2hk 464,09 1.01122  Bhk.11
¢ 0 8,434l  1,00000 458,94 1.00000  340.29
1,000 999,8 8.8468  .977754 U53.7h 988659 336.43
1,000.2 1,000 8,2468 977751 U453.7h4 .988657 336.43
2,000 1,999.4 8,0591  .955501 4h8.47 977190 332,53
2,000,6 2,000 8,0590  ,955487 LL8.L47 977183 332.53
3,000 2,998.6 7.8713  .93%h1 443,15  ,965589 328,58
3,001.k 3,000 -0,0065  7.8711  .933210 k443,11 2965572 328,58
4,000 3,997.5 T.6835 4910975 L37.76  .953850 324,59
4,002.5 ,000 7.683L  .910918 L37.75 .953820 3ek,.58
5,000 k;996,1 74957 888700 L3C.31 .941968 320.5k4
2,003.9 5,000 7.4okg 888613 L32.29 9k1921 320,53
6,000 5,994.3 T.3077 866419 k426,79 ,92993%9 316,45
6,005.7 6,000 T.2067 866293 k426,76 .929870 316.43
7,000 6,992.3 7.1198 84131 421,20 917756 312.30
7,007.7 7,000 7.1183 843959 L21.15 917661 = 312,27
8,000 7,989.9 6.9317 821836 415,53 .905412 308,10
8,010.1 8,000 6,9298 821611 Lis5.47 .905287 308,06
9,000 8,987.3 6.7T436 2799534 409.79  .892902 303.85
9,012.8 9,000 6.7Th12  .799249 L09.T72 892742 %03.79
10,000 9,98k4,3 6.955% 777225 L403.97 880219 299.53
10,016 10,000 6.5525 776873 403%.88 .880018 299,46
11,000 10,981 6.3672  ,754908 ' 398.07 867354 295,15
11,019 11,000 % 6.3636 754483  397.95 867107 295.07
12,000 11,977 6.3656  .T54715 397.95 867107 295.07
12,023 12,000 6:,3656  ,754720 397.95 867107 295,07
13,000 12,973 6.3676 754952 397.95 867107 295,07
13,027 13,000 0,0000 6.3676 ,754959 397.95 867107 295,07
14,000 13,969 ' 6.3696  .755189 397.95 867107 295.07
14,031 14,000 6:3696 755197 397.95 867107 295.07
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METRTIC TABLE III CONTINUED

MOL-SCALE : PARTICIE SOUND
ALTITUDE TEMP . GRAD. SCALE HEIGHT spgEp —>RATLO €—gpppy
_ /7o

Z,m Hym' || Lyp°C/m' || Hg, km | Hg/Hgoll V,m/sec | Cg/Cgo | Cspmi/sec
15,000 1k,965 6.3716 .755426  397.95 .867107 295.07
15,035 15,000 6.37L7 755435  397.95 .867107  295.07
16,000 15,960 6.3736 755664 397.95 867107 295.07
16,040 16,000 6.37357 .75567% 397.95 .867107 295.07
17,000 16,955 6.3756 755901  397.95 .867107 295.07
17,046 17,000 6.3757 755915  397.95 867107  295.07
18,000 17,949 6.3776 .756140 397.95 867107 295.07
18,051 18,000 6.3777 .756152 397.95 .867107 295.07
19,000 18,943 6.3796 756377  397.95 867107 295.07
19,057 19,000 6.3797 756389 397.95 .867107 295.07
20,000 19,937 0,0000 6.3816 .756615 397.95 .867107 295.07
20,063 20,000 6.3817 756626 397.95 .867107 295.07
21,000 20,931 6.38% .756852 397.95 .867107 295.07
21,070 21,000 6.3837 .756864 397.95 .867107 295,07
22,000 21,924 6.3856 .757089 397.95 .867107 295.07
22,076 22,000 6.3857 757101 397.95 .867107 295.07
23,000 22,917 6.3876 .757%26  397.95 .867107 295.07
23,084 23,000 6.3878 757350 397.95 .867107 295.07
2k,000 23,910 6.3806 .757563 3%97.95 .867107 295.07
2,001 24,000 6.3898 .757587 3%97.95 .867107 295.07
25,000 24,902 6.3916 .757800 %97.95 .867107 295.07
25,099 25,000 = 6.3918 .757824  397.95 .867107  295.07
26,000 25,894 6.4728 767427  hOO.41  .872458 296.89
26,107 26,000 6.4823 ,768554 Loo.70  .873089 297.11
27,000 26,886 6.5626 L.778074 L03.11  .878355 298.90
27,115 27,000 6.5730 .779%07 Lo3.42  .879031 299.13
28,000 27,877 6.6525 .788733 L05.80 .884206  300.89
28,124 28,000 6.6636 .790049  L06.1%3  .8849%3  301.1hk
29,000 28,868 6.7h2h  ,799302 L08.58  .890026  302.87
29,133 29,000 +0,00%0 6.7543 .800803 L408.82  .890796  303%.13
30,000 29,859 6.8323 ,810050 411.12  .895802  304.83
30,142 30,000 6.8451 .811568 411.50 .896621  305.11
31,000 30,850 6.9223 .,820721 413.75  .90153%9  306.79
31,152 31,000 6.9360 .822345  Lik.,15 .902407  307.08
32,000 31,840 7.0123 ,831392 L416.37 .907238  308.13
32,162 32,000 7.0269 .83%3123 416.79  .908158  309.0k4
33,000 32,830 7.1023 842062 418.97 .912900  310.65
33,172 33,000 7.1178  .843900 K19.41  .913871L  310.98
34,000 33,819 7.1923 .852733% L421.55 .918525 312,57
34,183  3k4,000 7.2088 .854689 422,02 .919550 312,92
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52,000
2,ke9
22,000
53,446
54,000
5, 463

32,797
36,000
36,786
37,000
37,74
38,000
38,762
39,000

39,750

40,000
Lo, 737
ul,ooo
by, 724
Lo, 000
Lo, 711
43,000

43,608

4k, 000

Ll 68k
hs,ooo
k5,670
46,000
46,655
47,000
47,640
48,000
48,625
49,000

49,610
50,000
50, 594
51,000
51,578
52,000
2,562
53,000
53,545
54,000

+0.0030

0.0000

£ ’00005{)

8 M105
8.4120
8.4131
8.2513
8.2997

996216

«996406
996525
<99ET1L
<99£8%5
997023
9IT1ES
9G4
<99T4T3
.550146
584026

-947455

«951547
.952910
2956929
.958357
.9£228%
)6J775
967606
:969159
:972899
974516

.978161
979843
933393
.985141
988595
«590411
.990411
2990411
«OG0411
2990411

590411
«G50411
2Ga0k11
«590411
2950411
2990411
s‘:" "’O i‘ll
a:0£11

986 €79

98355k

518 ok
318,64
320,10
320655
201.96
322,40

303,80
324,27
205, bl
306,12
227,46
327.96
32927
329,80
331.07
231,62

322,86
35%.43
%34 .64
335.24
3241 -
55703
337.03
327.03

337.03

357.03

337.03
337.C3
327.03
337.C5
55703
257,03
ﬁ.'}/.?o Oj

ES

W
A\
g
)

Wt

334,70
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METRIC TABLE ITII CONTINUED

PARTICLE

amrs || MOSE] g e || PRTIOE  marro g SO0
: .
_Zm H,m' | By, tm | Hy/H Nl Vom/see | Cg/Cqe Cg,m/seC
55,000 54,528 8.2397 .976018 Lho.72 979913  333.46
55,480 55,000 8.1862 .970567 4i8.23 .976650  332.35
56,000 55,511 8.1281 - .963687 - Lh6.60 973103  33L.1k
56,498 56,000 8.0726 .957100 L4k45.03 969696  329.98
57,000 56,493 8.0165 .950451 Wh43.L45  .9h62Lk7  328.81
57,516 57,000 7.9589 .943623 L441.82  .962692  327.60
58,000 57,476 7.9048 .937211 4ho.28  .959344  326.46
58,534 58,000 7.8452 .930139 L38.58  .955637  3£5.20
59,000 58,457 77951 .923967 L37.09 .952%93 3ek.09
59,553 59,000 T.731h 916645 L435.32 948530  322.78
60,000 59,439 7.6814% .910719 433.88 .9k5393 321.T1
60,572 60,000 7.6175 .903143 432,03  .9L1368  320.3k4
61,000 60,420 7.5696 897467 L2Z0.65 .938343 - 319.31
61,591 61,000 7.5035 889638 L28.72  .934152  317.88
62,000 61,401 7.4578 .884210 LeT7.39  .9312h2  316.89
62,611 62,000 7.3895 .876113 L25.38 .926880  315.41
63,000 62,382 7.3459 870949 Lek.10  .924088  Z1k.L6
63,631 63,000 7.275% .862585 42,02 ,919550 312.92
64,000 63,362 7.2341 .857685 420,80 .916881 312.01
64,651 64,000 -0.0039 7.1612 .8490k8  418.63  .912161 310,40
65,000 64,342 7.1281 .8hLLls5  L17.46  .909620  309.5k4
65,672 65,000 7.0470 .835503 L415.21  .90h712  307.87
66,000 65,322 7.0102 .8311k2 L1h.10 .902302  307.05
66,692 66,000 6.9327 .821949 L411.76 .897201 305.31
67,000 66,301 6.8082 .817865 L410.72  .894926  30L.5h
67,714 67,000 6.8183 .808386 408.29 .889627 302.73
68,000 67,280 6.7862 .804583 L4O7.31  .887492  302.01
68,735 68,000 6.7108 795644  LOLk.78  .881987 300.13
69,000 68,259 6.6741 791297 L403.87 .879997 299.46
69,757 69,000 6.580% ,.781235 hoi.2h  .B74281 297.51
70,000 69,238 6.5620 L778007 L0oo.4o  .8724k0  296.88
70,779 70,000 64746 767646  397.68  .866506 294.87
71,000 70,216 6.4499 764713 396,90 .064820 294,29
71,802 71,000 6.3600 .7540h9 304,08  .858661 292.20
72,000 71,19k 6.,3377 .751415 393.37 .857134 291.68
72,825 72,000 6.2452  7hOkL3  390.L4  .8507hLk 289,50
73,000 72,171 6.2255 .73811% 389.82 .849381 289.0L
73,848 73,000 6.130h ,726828 386.77 .8h2752 286.78
Th,000 73,148 6.1133 724806 386.23 .841559 286.33
4,872 Th,000 6.0155 .713205 383.07 .834683 284,04
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METRIC TABLE ITT CONTINUED

MOL-SCALE i PARTICLE SCOUND
ATTTITUDE TEMP , GRAD. SCALE HEIGHT SPEED —3RATIO €— SPEED
V/Vo
Z,m Hym' |1y ,°C/m' Hy, km Hy /Mgl V,m/sec Cs/Cgo | Cgom/sec

0  .833666 283.69

75,000 Th,125 -0.0039 6.0010 .71150 . 382.6
75,895 75,000 i& 5,900  .69957 379. 82654 281.26
76,000 75,102 : 5.901  .69960 579. 82654 281.26

82654 281.26
82654  281.26
.82654 281.26
.82654 281.26
.82654 281.26
.82654 281.26
.82654 281 .26

76,920 76,000 5.902 -.69980 379.
17,000 76,078 ~5.903  .69981  379.
77,944 77,000 .90k ,70002 379,
78,000 77,055 .90k ,70003  379.
78,969 78,000 .906  .70024 379,
79,000 78,030 .906  .70025 379,
79,994 79,000 .908  .70046  379.

80,000 79,006
81,000 79,981
81,020 80,000
82,000 80,956
82,045 81,000
83,000 81,930
83,072 82,000
84,000 82,904  0.0000
84,098 83,000

82654 281.26
82654 281 .26
.82654 281.26
.82654 281.26
.82654 281.26
.82654 281.26
.82654 281.26
.82654 281.26
.82654 281.26

.908 . .70047 379.
.910  .70068 319.
.910  .70069 379.
.912  .70090 379.
.912  ,70091 319.
014 70112 519.
914 70113 TG
915  .7013k4 579.
916  .70136 379.

85,000 83,878
85,125 84,000
86,000 84,852
86,152 85,000
87,000 85,825
87,179 86,000
88,000 86,798
88,207 87,000
89,000 87,771
89,235 88,000

82654 281.26
.82654 281.26
.82654 281.26
.82654 281.26
. 82654 281.26
.82654 281.26
.82654 281.26
.82654 281.26
.82654 281.26
.82654 281.26

.82654 281.26
82654 281.26
.82654 281.26°

OLT 70155 319.
917 .70158 379.
< TOLTT 5719+
.919  .70181 - 379,
<921 .70199 379.
.921  .70203 379.
925 70221 379.
<923  .70225 379
2925 70243 379.
.925 70248 319

90,000 88, 7hk
90,264 89,000
91,000 89,716

91,295 90,000 X
92,000 90,688
92,322 91,000
93,000 91,659
93,351 92,000 +0.0035
9k,000 92,630

9k,381 93,000

926 70264 379.
927  .70270 379.
.928 70286 379
.929  .70293% 379. 82654 281.26
984k 7094k 381, 83157

036 .71565 382.7 .83%85

107 . 72hokL 384.9 .83863

Al ,728%9 386.0 84110

211 73641 388.1 .8L56M

251 ,7hi13 389.3 84829
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METRIC TABLE IIT CONTINUED

MOL-SCALE
ALTITUDE REMP L GRAD SCALE HEIGHT PARTICLE SPEED
Z,m H,m' LM,°C/m' Hy,km Hs/Hso V,m/sec v/,
95,000 93,601 6.%316 .74879 391.3 .85259
95,411 9k, 000 6.359 75388 392.6 .85542
96,000  9k,572 6.420 76117 - 34k . 85947
96, k1 95,000 6.466 76664 395.8 .86249
97,000 95,542 6.52h 77355  397.6  .866%0
97,472 96,000 6.57  .7T7940  399.1  .86950
98,000 96,512 6.629 78594 400.7 87307
98,503 97,000 6.682  .79218 Lo2,2 87646
99,000 97,482 6.733  .79833 403.8 87979
99,53k 98,000 6.789  .80496 Lo5. 4 .883%36
100,000 98,451 6.838 .81073 406.8 . 88646
100, 566 99,000 6.897 .81775 408.6 .89021
101,000 99,420 ‘6.943  .82313 409.9 .89307
101,598 100,000 7.005  .83055 h11.7 .89701
102,000 100,389 7.047  .83553% 412.9 89964
102,631 101,000 7.11% 84335 hik4.8 .90375
103,000 101,358 7.152 84794 415.9 .90615
103,663 102,000 7.221  .85617 417.8 .91045
104,000 102,326 7.257 .86035 418.8 .91262
104,696 103,000 40,0035 7.329  .86899 420.9 .91709
105,000 103,294 7.361 87276 421.8 <9190k
105,730 104,000 7.438  .88182 k23,9 .92369
106,000 104,261 7.466  .88518 Lol 7 .92541
106,764 105,000 7.546 89466 426.9 .93024
107,000 105,229 7.571  .89760 427.6 .93LTh
107,798 106,000 7.654  .90751 429.9 .93675
108,000 106,196 7.676  .91003 430,5 .93802
108,832 107,000 7.763  .92037 432.9 .9k321
109,000 107,162 7.780  .92246 423.h -9ll26
109,867 108,000 7.871  .93323 435.8 .94963
110,000 108,129 7.885  .93489 4362 .95045
110,902 109,000 7.980  .94610 438.7 .95600
111,000 109,095 7.990  .9k733 439.0 95660
111,937 110,000 8.088 .95898 .7 .9623%
112,000 110,061 8.095  .95977 441.8 .96272
112,973 111,000 8.197 .97187 Lk, 5 .96862
113,000 111,026 8.200 .97221 Lyl 6 .96879
114,000 111,992 8.305  .98466 Lh7.4 97482
114,009 112,000 8.306  .98L477 Wl »9TL8T
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METRIC TABLE III CONTINUED

MOL-SCAILE o
ALTITUDE TEME . GRAD. SCALE HEIGHT PARTICLE SPEED
Z,m H,m' Ly °C/m' Hg,km | Hg/Hgoll V,m/sec | V/V,
115,000 112,957 8.410 .99712 450.1 .98081
115,045 113,000 8.415 .99768 - L450.3 98108
116,000 113,921 8.515 1.0096 452.9 98677
116,082  11k4,000 8.524  1.0106 453.1 98725
117,000  11k4,885 8,620 = 1.0220 455.6 99268
117,119 115,000 8.633 1.,023%5 L55.9 99338
118,000 115,850 8.725 1.0345 458.3 99856
118,156 116,000 8. 742  1.0364 458.7 99948
119,000 116,813 8.831  1.0470 461.0 1.00Lk4
119,194 117,000 8.851  1.04ok 461.5 1.0055
120,000 117,777 8.93%  1.059k% L63.6 1.0102
120,232 118,000 8,960 1.0623 L6k, 2 1.0116
121,000 118,740 9.041  1.0719 L66.3 1.0160
121,270 119,000 9.069 1.0753 467.0 10175
122,000 119,703 +0,0035 9.146  1.08hk 468.9 1.0217
122,309 120,000 9.179 1.0882 h69. T 1.0235
123,000 120,665 9.251 1.0969 h71.5 1.027h4
123,348 121,000 9.288 1.1012 Lok 1.0294
12,000 121,627 9.357 1.1094 Ll 1 1.0331
124,387 122,000 9.398 1.11k2 475.1 L0553
125,000 122,589 9.462 1.1218 LW76.7 1.0387
125,427 123,000 9.507 1.1272 h77.8 1.0411
126,000 123,551 9.567 1.1343 479.3 1.04kk
126,467 124,000 9.617 1.1k4o2 480.5 1.0470
127,000 124,512 9.673 1.1468 481.9 1.0499
127,507 125,000 9.726  1.1532 483.1 1.0527
128,000 125,473 : e e L8h. % 1.0555
128,548 126,000 1 9.836  1.1662 485.8  1.0585
129,000 126,434 9.970 1.1820 4189.0 1.0656
129,589 127,000 10.1k4 1.2027 493,3 1.0748
130,000 127,395 +0.0100 10,27 1.2171 496.2 1.0811
130,630 128,000 10.45 1.2392 500.6 1.0908
131,000 128,355 10.56 1.2502 50%.2 1.0964
121,672 129,000 10.76 1.2758 507.9 1.1066
132,000 129,315 10.86 1.2873 510.1 1.1115
132,77 130,000 11.07 1.3124 5150 1.1222
135,000 132,193 1175 1.3926 5%0.% 1.1556
157,929 135,000 12,61 1.4956 549.3 1.1970
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METRIC TABLE III CONTINUED

{l MOL-SCALE -

ALTITUDE l{ TEMP . GRAD. SCALE HEIGHT PARTICLE SPEED
Z,m H,m’ Ja IM,"c/mB Hy,km | Hy/Hgo || V,m/sec V/V,
140,000 136,983 13.23  1.5684 5624 1.2254
143,153 140,000 14,16  1.6794 581.7 1.267h
145,000  1h1,766 .71 1.74s5 592.6 1.2913
148,385 145,000 15.72 1.8638 608.8 1.%266
150,000 146,542 16.20  1.9208 621.k4 1.3540
153,625 150,000 17.28 2.0488 641 . b 1.3976
155,000 151,311 17.69  2.097h 648.8 1.4138
158,874 155,000  +0.0100 18.85 2.2344 669.3 1.4584
160,000 156,072 19.18 2.2743 - 675.1 14701
164,131 160,000 20.k2  2.4206 696.1 1.5167
165,000 160,826 20,68 2.451k 700 k4 1.5261
169,397 165,000 21.99 2.607h 721..8 1.5728
170,000 165,572 22,17 2.6288 24,7 1.5791
174,671 170,000 23.57 2.7948 T46.7 1.6271
175,000 170,311 23,67 2.8065 748.3 1.630k4
179,95% 175,000 {g} 25,16 2.9828  770.8  1.6795
180,000 175,043 25.17 2.9838 09 1.6798
185,000 179,768 26.05 3.0891 781.1 1.7020
185,245 180,000 26,10  3.0943 78k . 4 1.7092
190,000  18L4,486 26.94  3.1945 796.5 17555
190,545 185,000 27.04  3,2060 797.8 1.7384
195,000 189,196 27.83  3.3001 808.9 1.7626
195,854 190,000 27.99  3,3182 811.0 176
200,000 193,899 28.73  3.4059 821.1 1.7892
201,171 195,000 28.94  3.4307 824.0 1.7954
205,000 198,595 29,62  3,5118 833.1 1.8154
206,497 200,000 4+0.0058 29.89  3.5435 836.7 1.82%2
210,000 203,284 30.51  3.6179 845.0 1.8412
211,831 205,000 30.84  3.6567 849.3 1.8506
215,000 207,966 .41 3,724 856.7 1.8667
217,175 210,000 31.80 3.7703 861.7 1.8776
220,000 212,641 32.3L 35.8%05 868.2 1.8917
222,526 215,000 32.76  3.8843 873.9 1.90k2
225,000 217,308 5%.21  3,9570 879.5 1.9164
227,887 220,000 33.73  3.9986 886.0 1.9304
230,000 221,969 34,11 L.0437 890.7 1.9407
233,256 225,000 34.69  4,1133 897.8 1.9563
235,000 226,622 35.01  4.1506 901.7 1.96k47
238,634 230,000 35.66  4,2283 909.6 1.9819
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ME‘E‘RIC TABLE IIT CONTINUED

I MOL-~3CALE . . .
ALTITUDE T GRAD SCALE HEIGHT PARTICLE SPEED
Z,m Em' | LMg"C/m' Ho,km | Hg/Hio |l V,m/sec | V/V,
350,000 331,735 56.10 6.6517 1122 2. hhhs
359,213 340,000 57.82 6.8557 1,137 2.4783
360,000 340,705 BT O7 6.8731 1,139 2.4812
370,000 349,648 59 .84 7.0952 1,155 2.5172
370,394% 350,000 59.92 7.1040 1,156 2.5186
380,000 358,565 61.72 75170 1.0 2.5526
381,612 360,000 62.03% 7-3538 1,174 2.5582
390,000 367,456 63,61 7.5412 1,187 2.5874
392,867 370,000 64,15 7.6053 1,192 2.5973
400,000 376,320 65.49 7.7652 1,201 2.6178
Lok,160 380,000 66.28 7.8585 1,210 2.6357
k10,000 385,158 67.39 7.9897 1,219 2,6553
415,491 390,000 68.43  8.1133 1,227 2.6736
420,000 393,970 69.29 8.2149 1,234 2.6885
426,860 400,000 70.59 8.3698 1,24k . 7100
430,000 Lo2,756 71.19 8.4408 1,2h9 2,7212
438,267 410,000 +0.0058 72.77 8.6280 1,261 2. 7479
Lho,000 k11,516 T340 8.6672 1,264 2.753h
g, 713 420,000 T4 .96 8.8878 1,278 2.7843
k50,000 420,250 75.02 8.8043 1,278 2.7852
460,000 428,959 76.94  9.1221 1,293  2.8165
461,197 430,000 T7.17 9.1kok 1,204 2.8202
470,000  L37,642 78.87 9. 3504 1,307 2.8473
k72,7210 Lhko,000 79.39 9.h127 1,501 2.8556
480,000  Lh6, 200 80.80 9.5794 1,302 2.8812
L8k,283 450,000 81.63 9.6777 1,327 2.8907
490,000  hsk,932 88.73 9.8090 1,335 2.9078
495,884 k60,000 83.88  9.94hkhk  1,3k3  2.9253
500,000 463,540 84.68 10.0%93 1,348 2.937kh
507,525 470,000 86.14% 10.2129 1,358 2.9595
510,000 k72,122 86.62 10.2701 1,362 2.9667
519,205 480,000 88.42  10.L48z2 1,374 2.9933
520,000 480,679 88.58 10.5016 1:3(5 2.9956
530,000 k489,212 90.53 10.7338 1,388 3.0241
530,925 490,000 90.71 .10.7553 1,389 3.0267
540,000 497,719 92.50 10.9665 1,401 3.0523%
542,686 500,000 93.02  11.0292 1,40k 3,0598
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METRIC

TABLE IV

VISCOSITY, KINEMATIC VISCOSITY, AND SPECIFIC WEIGHT
AS FUNCTIONS OF GEOMETRIC AND GEOPOTENTIAL ALTITUDE

ALTITUDE VISCOSITY KINEMATIC VISCOSITY SPECIFIC WEIGHT
2
k m k
Z,m Hym' My = fec M/MO Ns aec T}/ﬂo w, 5 = ) OJ/(DO
m sec i
5,000 -5,003.9 1°9u25"5 1.08542 1.0058’“5 6g88559'l 1.8968+l 1.57892
-4,996.1 -5,000 1.9422 1.08536  1.0060 6.88717 1.8961 1.578%9
-l 000 -4,002.5 1.9123 1.06868  1.0805 7. 30715 1.7378 1.4465k4
-3,997.5 =4,000 1.9123 1.06864  1.0808 7.3986k4 1.7373 1.44619
~3,000 -3,001.4 1.8821 1.05177 1.1625 7.95852 1.5891 1.%2282
-2,998.6 ~3,000 1.8820 1.05175 1.1627 7.95935 1.5889 1.3%2265
-2,000 -2,000.6 1.8515 1.03469 1.2526 8.57478 1.4505 1.20743
-1,999.4 -2,000 1.8515 1.03468  1.2526 G575 1.4504 1.20735
1,000 -1,000.2 1.8206 1.017hk  1.3516 9.2527k4 1.%214 1.09994
999.8 -1,000 1.8206 1.01743 1.3516 9.25289 1.321h 1.09993
0 0  1.789472 1.00000 1.4607"2 1.00000%0 1.2013™% 1.00000
1,000 999.8 1.7579 .982380 1.5813 1.08254 1.0898 9507189”l
1,000.2 1,000 1. 7579 .982377 1.5813% 1.08255 1.0898 9.07179
2,000 1,999.4 1.7260 .964571  1.7148 1.17391 9086u8+o 8.21154
2,000.6 2,000 1.7260 .964560 1.7149 1.17397 9.8642 8.21105
3,000 2,998.6 1.6938 .9L46567 1.8629 1.27528 8.9083 741543
3,001.4 3,000 1.6938 .OL65h2  1.8631 1.27543 8.9071 T LB ET
4,000 3,997.5 1.6612 .92836L 2.0275 1.38801 8.0249 6.68006
4,002.5 14,000 1.6612 .928318 2.0279 1.388%0 8.0228 6.67830
5,000 4,996.1 1.62857°  .909955 2.21117° 1.51366™° 7.2106'0 6.002167%
5,003.9 5,000 1.6282 .909882 2.2118 1.51418 7 2075 5.99961
6,000 5,994.3 1.5950 091355 2.4168 1.65411 6.4613% 5.37843%
6,005.7 6,000 1.5948 .891229 2.4175 1.65496 6.4572 5.37503
7,000 6,992.3 1.5613 872499 2.6461 1.81150 5.7734 L4 .8058L
7,007.7 7,000 1.5610 872352 2,6480 1:81281 5. 7605 4.80157
8,000 7,989.9 1.5272 853439 2.9045 1.98841 5.1452 4. 28128
8,010.1 8,000 1.5268 .85%246  2.9073 1.99031 5.1372 4. 27623
9,000 8,987.3 1.ho2o7 834151 3.1950 2.18782 L.567h 3.80193
9,012.8 9,000 1.4g22 .33%903 3.1998 2,19053 4,5603 3.79608
10,000 9,984.3 1.4577°5  .B1k627 3.525270 2.41332*0 4,ok2h* 3.36u9471
10,016 10,000 14572 S1U31T7 3.5%08 2. 41711 4., 0344 335831
11,000 10,981 1.4223 . 794861 3.8990 2.66918 3,5651 2.96764
1,019 11,000 1.4217 .TO4L82  3.9066 2.67440 3.556L4 2.96042
12,000 11,977 1.h217 794482 L4.5576 3,12005 2,075 2.53678
12,023 12,000 1.4217 CT9LU82  L.5739 3.1%119 3.0366 2.5277h
13,000 12975 14217 LT9k482  5.3327 3.65070 2.603T 2.16737
13,027 13,000 1.h217 LTO4LB82  5.3551 3,66601 2.5928 2.158%0
14,000 13,969 1l.hk217 L TOUL82  6.23%0k L.27139 2,227 1.85184
4,031 14,000 1.h217 LT9LU82  6.2697 L,29217 2.2139 1.84286
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METRIC TABLE IV CONTINUED

ALTITUDE VISCOSITY KINEMATICG VISCOSITY SPECIFIC WEIGHT
KE. mp‘ k[j'g

Z,m Hom' I W o sec H/“O s sec n/"”!o w’mgsece m/mo
15,000 14,965 1.h21777 .7ouh82 7.29997° 4.997377C 1.9009"0 1.5823271
15,035 15,000 1.k217 . .79LkLk82 7.3406 5.02527 1.890% 1.57352
16,000 15,960 1.4k217 .79L482  8.5L01 5. 8h64Y 1.6243 1.35209
16,040 16,000 1.k217 .TO4U82 8,594k 5.88359 1.6140 1.34354
17,000 16,955 1.hk21t . T94482  9.9907 6.83946 1.3881 1.15543%
17,046 17,000 1.hk2i7 . 794482 1.0062~%  6.88852 1.3781 1.14718
18,000 17,949 1.k2i7 L79U482  1.1687 8.00069 1.1862 9.8741672
18,051 18,000 1.h217 L TOLL82  1.1781 8.06509 1.1767 9.79517
19,000 18,943 1.h217 LTOU482  1.3671 9. 35868 1.0138 8.43869
19,057 19,000 1.hk217 .T9LL82  1.3793 9.44261 1.0047 8.36357
20,000 19,937 1,4217"5 . TOLLB2 1°599o““ 1.09&66+l 8.6644"1 7.2125&'2
20,063 20,000 1.4217 <T94Lk82 1.61k9 1.1055k4 8.5789 7.14119
21,000 20,931 1.h4217 .T9k482  1.8702 1.280%2 7.4056 6.16454
21,070 21,000 1.k217 794482 1.8907 1.29437 7.3251 6.09748
22,000 21,924 1.k217 L7982 2,187k 1.49743 6.3300 5.26912
22,076 22,000 1.4217 L794L82  2.2137 1.51545 6.2545 5.20633
23,000 22,917 1.hk217 .794482 2,5581 1.75124 5.4108 4. 50402
23,084 23,000 1.4k217 .T94482 2.5918 1.77429 5. 340k L. hhsho
24,000 23,910 1.hk217 .T9k482  2,9916 2.04798 L 6254 3.85021
2h,091 24,000 1.4217 794482 3.0345 2.07734 L.5599 3.79569
25,000 24,902 1.421777 .794L82 5.1;985"1‘L 2.59u88+l 5.95ul“l 5.29148‘2
25,099 25,000 1.4217 . T9kUB2  3,5527 2.43215 3.8934 3. 2409k
26,000 25,804 1.4364 802698 L.1805 2.86191 3.3420 2.78196
26,107 26,000 1.4381 8032668 L,261% 2.91724 3.,2825 2.73241
27,000 26,886 1.4526 811760 L.9956 3.41994 2.827h4 2.%55557
27,115 27,000 1.454k4 812801 5.0984 3.49026 2.7739 2.30903
28,000 27,877 1.4687 820768 5.9550 4.07667 2.3%975 1.99570
28,124 28,000 1.4707 .821880 6.0850 b.16571 2.3493 1.95562
29,000 28,868 1.4847 829720 7.0817 L, 84801 2.057h 1.69596
29,133 29,000 1.4868 830906 T7.245% 4, 96004 1.9941 1.65995
30,000 29,859 1.50067° .838619 B8.4018™% 5.75171%1 1.73527% 1.hhh3672
30,142 30,000 1.5029 .8%0880 8.6070 5.89224 1.6962 1.41198
31,000 30,850 1.5165 LBh7h6l 9,945k 6.80848 1.4808 1.23267
31,152 31,000 1.5189 8L4880% 1.020272 6.,9838% 1.4459 1.20355
32,000 31,840 1.5%22 856257 1.17hT 8.0k162 1.2664 1.0541k
32,162 32,000 1.5347 857676 1.2065 8.25957 1.2349  1.02797
33,000 32,830 1.5479 8640998  1.3%8Lk4 9.47770 1.0851 9.0%263"2
33.172 '33,000 1.5505 .866498 1.4239 9.74750  1.0569 8.79738
34,000 33,819 1.56%h 873688 1.6282  1.11465'° 9.2163"2 7.75503
34,183 34,000 1.5662 875271 1.6768 1.14794 9.0621 7.54338
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METRIC TABLE IV CONTINUED

ALTITUDE VISCOSITY KINEMATIC VISCOSITY SPECIFIC WEIGHT
2
hi Hom' § u, I!F_ggg U'/“‘O gE Ig’ec n/no Jw’mé'l_{_g—_é (‘U/(Do
m gec
4!

35,000 34,808 1.578972 .882327 1.91107° 1.%082412 8.0137°2 6.67071°3
35,194 35,000 1.5818 .883996 1.9708 1.34916 7.7849 6.48022
36,000 35,797 1.5942 .890917 2.2384 1.5323%9 6.9060 5.81390
36,205 36,000 1.597h 892672 2.3117 1.58252 6.6999 5.57711
37,000 36,786 1.6095 899457 2.6168 1.79143 5.9621 L 9629L
F1L,217T 37,000 1.6128 .901300 2.7062 1.85263 5.7766 L4 ,80850
38,000 37,774+ 1.6247 907948 3.0535 2.0903k4 5.1562 4.29207
38,229 38,000 1.6282 .909882 3.1622 2.16477 4.9892 4.15705
39,000 38,762 1.6398 .9163%92 3.5562 2.43450 L. 4670 3.71842
39,241 39,000 1.6k43k .918417 3.6881 2.52483 L3164 3.59303
40,000 39,750 1.654877 .9o4k788 L4.134373 2.8302572 3.876472 3.2067773
Lo,253 140,000 1.6586 .926907 L4.2938 2.9%946 3. 7407 3.,11376
41,000 k0,737 1.6698 2933137 L.T7978 3,28L48 3,369k 2.80k475
h1,266 41,000 1.6737 .935352  4.9901 3.41615 5. 2470 2,70282
42,000 k41,724 1.6846 Ok14ho  5.5581 3.80500 2.9335 2.44185
k2,279 L2,000 1.6888 JOHATSL.  5,7895 3.96342 2.8229 2.34979
43,000 42,711 1.699% .940608 6.4280 4 . 40051 2.5579 2.12925
L3,293 43,000 1.7037 2952107 6.7055 &, 59050 2.4581 2.04611
Lh 000 43,608 1.71k41 2957910 7.4218 5.08083% 8,255 1.85951
by 207 4h,000 1.7186 .960420 7.7538 5.30816 2.1436 1.78437
45,000 Lh,684 1.72877° .966078 8.555473 5.85692%2 1.9538"2 1.6263573
45,321 45,000 1.7334 .068689 8.9516 6.12811 1.8722 1.55843
46,000 45,670 1.7433 9Th202 9.8466 6. 74082 1.7113% 1.kehsh
h6,335 46,000 1.7481 .976916 1.0%18"2  7.06356 1.6375 1.36310
47,000 46,655 1.7577 .982282 1.1%15 7. 74600 1.5011 1.24957
L7,350 L7,000 1.7628 .985101 1.1875 8.12930 1.43k43 1.1939h
k8,000 L7,640 1.7628 .985101 1.283%0 8.785%9 1.3272 1.10480
48,365 48,000 1.7628 ,985101  1.3400 9.17372 1.2706 1.05767 A
49,000 48,625 1.7628 .985101 1.4h52 9.89380 1.1779 9.80501"
ho,381 49,000 1.7628 .985101 1.5122 1505525+5 1.1256 9. 36960
50,000 49,610 1.7628™° .985101 1.6279°2 1.114ko*D 1.054™2 8.70218"%
50,396 50,000 1.7628 .985101 1.7065 1.1682k 9.971372 8.3002k
51,000 50,594 1.7628 .985101 1.833%5 1.25521 9.2786 7.72366
51,412 51,000 1.7628 .985101 1.9257 1.31833 8.8333 7.35293
52,000 51,578 1.7628 .985101 2.0651 1.h137h 8.2356 6.85545
52,429 52,000 1.7628 «985101. 2.1731 1.48770 T.8251 6:51373
53,000 52,562 1.7628 .085101 2.3258 1.59223 73101 6.08505
53,4k6 53,000 1.7628 .985101 2.4524 1.67884 6.9320 5. TTO%L
54,000 53,545 1.752k .9793%05 2.5850 1.76967 6.536L 5.44100
54,463 54,000 1.7L437 LO7hl52  2,7020 1.84976 6.2215 5.17887
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METRIC TABLE IV CONTINUED

ALTITUDE ]

KINEMATIC VISCOSITY

- VISCOSITY SPECIFIC WEIGHT
|
k me k
Zm | Hm' iu: mas | who | wsm | WMo |emom| ol

55,000 54,528 1.73%67° 968799 2.8l+55"2 1.9&798+5 5.872672 u.88859'”
55,480 55,000 1.7245 .963733 2.9810 2.04076 5.5754 4.64105
56,000 ‘55,511 1.71k47 .958227 3.1362 2.14700 5.268k4 L, 38549
56,498 56,000 1.7052 .952941  3,2934 2.25459 4.9885 4.15252
57,000 56,493 1.6956 9L7588  3.4611 2. 36941 4, 7194 3.92849
57,516 57,000 1.6858 9Lk2075  3.6435 2.49k29 4. 4563 3,70949
58,000 57,476 1.6765 .0%6882 3.8248 2.61839 L,2211 551560
58,534 58,000 1.6662 .9311%35 L.0367 2.76346 3.9743 3.30824
59,000 58.457 1.6572 .926105 L.2325 2.89752 3.7693% 3.13769
59,553 59,000 1.6465 2920119  L4.4790 3.06622 5. 530k 2.94538
60,000 59,439 1.63787° .915259 L.6904™2 3.21097'2 3.360673 2.79736™%
60,572 60,000 1.6266 .909026 L4.9772 3.40734 3.1hkh7 2.61772
61,000 60,420 1.6183 .Q04341  5.2053 3.56345 2.9911 2.48982
61,591 61,000 1.6066 B9754  5.5%97 3.79241 2.7898 2.3%2281
62,000 61,401 1.5986 .893%51 5.7855 3.96064 2.6576 2.21222
62,611 62,000 1.5865 .886603 6.1758 4 .22786 2.4703 2.05634
63,000 62,382 1.5788 882287 6.4403 4.40893 2.3571 1.96206
63,631 63,000 1.5662 875271 6.896L L. 72115 2.18%3 1.81737
64,000 63,362 1.5589 871148  7.1805 4.91569 2.0867 175705
64,651 64,000 1.5458 863857  T.71h4k4 5.28116 1.9257 1.60296
65,000 6k,342 1.538877 .8599%3 8.01937° 5.48085%0 1.843975 1.5348574
65,672 65,000 1.5252 .852358 8.6L48 5.91811 1.6950 1.41096
66,000 65,322 1.5186 .8486k0 8.9709 6.1413%6 1.6261 1.35360
66,692 66,000 1.5045 BLOT7T5  9.7052 " 6.64401 1.4388 1.23932
67,000 66,301 1.4982 .837269 1.005% — 6,88216 14712 1.19134
67,714 - 67,000 1.4836 .829105 1.0916 THTALT 1.3049 1.08618
68,000 67,280 1.Lk777 .825818 1.1286 7. 72637 1.2570 1.04632
68,735 68,000 1.4626 BL734T  1.23%03 8.42238 1.1410 9.&9796'5
69,000 68,259 1.4571 814286 1.2694 8.69026 11016 9.16995
69,757 69,000 1.4h1k .805499 1.389k4 9.51143 9.95&1‘“ 8.28589
70,000 69,238 1.43637° ,802671 1.4305° % 9.7952u+§ 9.63%0-4 8.01867°°
70,779 70,000 1.4200 T9%560 1.5723 1.07659+ 8.6627 7.21097
71,000 70,216 1.4154 .790972 1.615% 1.10581 8.hok2 6.9957h
71,802 71,000 1.3985 .781528 1.78%2 1.22078 75200 6.25967
72,000 71,194 1.3943 .779188 1.8277 1.25123% 7.3145 6.08868
72,825 T2,000 1.3768 . 769402  2.0270 1.38766 6.5109 5.41972
73,000 72,171 1.3731 JTET5LT 2.0725 1.41878 6.350k  5.28619
73,848 73,000 1.3%5k49 757180 2.3%095 1.58107 5.6218 4.67967
Th,000 73,148 1.3517  .755358 2.%552  1.61233  5.4993  L.57769
Th,872 74,000 1.3%29 LTH4861  2.6378 1.80582 4.8405 4.02931
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METRIC TABLE IV CONTINUED

ALTITUDE VISCOSITY KINEMATIC VISCOSITY SPECIFIC WEIGHT
2
kg m k
Z,m Hyum' || w, e o LL/LLO N oo ﬂ/‘% w’l_n_é;ic_é &5

75,000 74,125 1.33017° 743309 2.682671 1.83648H u,7u96"” 3.95363"7
75,895 75,000 1.311 L7324k 3,020 2.0677 4,156 3.4592
76,000 75,108 1.311 L7324k 3,074 2.10h7 4,083 3.3%984
76,920 76,000 1.311 7324k 3,593 2.4595 3.49% 2.9072
77,000 76,078 1.311 .7324h 3.6Lk2 2.49%3 3.445 2.8678
77,944 77,000 1.311 73244 L.27h 2.9257 2.935 2.4432
78,000 775055 1.311 73248 k.34 2.95%5 2.907 2.4201
78,969 78,000 1.311 L7324 5,084 3,4801 2.467 2.05%3
79,000 78,030 1.311 L7324l 5,110 3.4985 2.454 2,0425
79,994 79,000 1.311 7324k 6.047 k,1397 2.073 1.7256
80,000 79,006 1.3117° .73k 6.05%5°%  h.1438™*  p.omh 1.723970
81,000 79,981 1.311 73244 7.169 4.9079 1.748 1.4551
81,020 80,000 1.311 J7324L 7,193 L.9242 1.742 1.4502
82,000 80,956 1.311 7324k 8.491 5.8126 1.475 1.2282
82,045 81,000 1.311 . 73244 8.,556+O 5.8575 1464 1.2187
83,000 81,930 1.311 .7324h  1.006 6.8837 1.245 1.03%67
83,072 82,000 1.311 J7324h  1.018 6.9676 1.23%0 1.0243 6
84,000 82,904 1.311 L7324 1.191 8.1518 1.051 8.7523
84,008 83,000 1.311 JT32hh  1.211 8.2881 1.03k 8.6080
85,000 8%,878 1.7117° .73ehk  1.4107°  9.6500*%  8.87670 7.3889"°
85,125 84,000 1.311 273244 1.440 9.8588 8.691 T7.2343
86,000 84,852 1.311 73244 1.670 1.14%07°  7.49k 6.2382
86,152 85,000 1.311 L7324 1,713 1.1727 7. 304 6.0797
B7,000 65,825 1.%1 J732hh 1.977 1.3533 6.327 5.2669
87,179 86,000 1.311 .T324 2.038 1.3950 6.138 5.1095
88,000 86,798 1.311 L7324k 2,341 1.6023 5.343 L. 772
88,207 87,000 1.311 73244 2.h2L 1.6594 5,159 L, 2940
89,000 87,771 1.311 7324k  2.771 1.8970 k511 - 5. T552
89,235 88,000 1.311 7324k 2.883 1.9738 L.3%35 3.6088
90,000 88,744 1.31175  .73ekk  3.2807°  2.o457"7  3.8107°  3.1711°°
90,264 89,000 1.311 L7324k 3,430 2.3479 3.643 3.0%29
91,000 89,716 1.311 73244 3.883 2.6584 3.217 2.6779
91,293 90,000 1.311 .T3244 4,080 2.7929 3,062 2.5488

92,000 90,688 2.686 2.2360

92,322 91,000 2.5%2 2.1078
93,000 91,659 2.238 1.8632
93,351 92,000 2,108 1.7489
ok,000 92,630 1,871 1.5573
9Lk,381 93,000 1.749 14557
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METRIC TABLE IV CONTINUED

“ SPECIFIC WEIGHT

ALTITUDE ALTITUDE SPECIFIC WEIGHT
k k

Z,m Hym' l[m};gi'gé’ w/wo Z,m H.m' w’mesicz a.)/wo
95,000 93,601 1.56872 195056“6 115,000 112,957 7.6417 7 605606“8
95,411 94,000 1.460 1.2153% 115,045 113,000 7.596 6.3231
96,000 94,572  1.319 1.0977 116,000 113,921 6,706 5.5819
96,441 95,000 1.223 1017 116,082 114,000 6.635 5.5230
97,000 95,542 1.112 9025u6”7 117,000 114,885 5.894 L, 9064
97,472 96,000 1.027 £ 8.5465 117,119 115,000 5.805 4.8%23
98,000 96,512 9.399 -~ 7.82L40 118,000 115,850 5.189 L. 3194
98,503 97,000 8.646 T<1972 118,156 116,000 5.088 L, 2349
99,000 97,482  7.967 6.6317 119,000 116,813 L.575 3.8085
99,534 98,000 7.301 6.0773 119,194 117,000 k.466 3,7172
100,000 98,451 60770“6 5.6%557 1 120,000 117,777 L4.oko~T 505629'8
100,566 99,000 6.181 5.1450 120,232 118,000 3.926 3.2679
101,000 99,420 5.767 4 .8007 121,000 118,740  3.573 2.9738
101,598 100,000 5.246 L. 3667 121,270 119,000  3.457 2.8773
102,000 100,389 L.925 L.0995 122,000 119,703  3.164 2.63%35
102,631 101,000 L.L463 3. T154 122,309 120,000 3.048 25571
103,000 101,358 4.215 3.5088 123,000 120,665 2.805 2.335%
103,663 102,000  3.807 3,1686 123,348 121,000 2.692 2.240kL
104,000 102,326 3.616 3.0099 124,000 121,627 2.k91 2,0757
104,696 103,000  3.25L 2,7086 12L,387 122,000 2.380 1.9812
105,000 103,294 50109“6 2.5877=" 125,000 122,589 2D215“7 1°8u39‘8
105,730 104,000 2.788 2.3206 125,427 123,000 2.108 1.754k4
106,000 104,261 2.678 2.229L 126,000 123,551 1.972 1.6416
106,76k 105,000 2.39L 1.9925 126,467 124,000 1.869 1.5556
107,000 105,229 2.312 1.9248 127,000 124,512  1.758 1.4634
107,798 106,000 2.060 1.7145 127,507 125,000 1.659 1.3812
108,000 106,196 2.000 1.6651 128,000 125,473  1.569 1.3062
108,832 107,000 1.776 1.4782 128,548 126,000  1.L475 1.2280
109,000 107,162  1.734 1.4435 129,000 126,434 1.391 1.1575
109,867 108,000  1.534 18771 129,589 127,000 1.289 1.0728
110,000 108,129 10506‘6 1.2534" 1 130,000 127,395 1.22%71 150185“8
110,902 109,000 1.328 1,1055 130,630 128,000 1.131 9.410779
111,000 109,095 1.310 1.0905 131,000 128,255 1.080 8.9913
111,937 110,000 1.152 905874“8 131,672 129,000 9°954‘8 8.2859
112,000 110,061 1.1k2 9.5053% 132,000 129,315 9,570 7.9664
112,973 111,000 1.001 8.33%05 132,71k 130,000 8.795 T.3214
113,000 111,026 9.971" 8.2998 135,000 132,19% 6.78%  5.6462
114,000 111,992 8.721 7.2597 137,929 135,000 L.965 4,1333
114,009 112,000 8.711 T<2513
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METRIC TABLE IV CONTINUED

ALTITUDE SPECIFIC WEIGHT ALTITUDE SPECIFIC WEIGHT
Z,m H,m' @, l;ic w/w, Z,m H,m' m’mglsfcg w/w,
140,000 136,983 u°o5u'8 3.357679 210,000 203,284 60869"lO 5. 7174 e

143,153 140,000 2.992 2.4908 211,831 205,000 6.402 5.3288
145,000 141,766 2.535 2.1098 215,000 207,966 5.678 4. 7260
148,385 145,000 1.899 1.5808 217,175 210,000 5.235 b, 3577
150,000 146,542 1.665 1.3863
153,625 150,000 1.257 1.0465 220,000 212,641 4. 718710 3.9074711
155,000 151,711 1L.13%5 9,4498‘10 222,526 215,000 L4.305 3.5836
158,874 155,000 8.619797  7.17k9 225,000 217,308 3.941 3,2801
_ 35 227,887 220,000 3.559 2.9627
160,000 156,072 7.981 2 6.6437 230,000 221,969 3.307 2.7526
164,131 160,000 6.086 5.0662 235,256 225,000 2.957 2.4617
165,000 160,826 5.761 L. 7954 235,000 226,622 2.788 2.3206
169,397 165,000 L4.ko7 3.6687 238,634 230,000 2.469 2.0552
170,000 165,572 L.254 3.5407
17h,671 170,000 3.262 2.7150 240,000 231,268 2.360710 1.96L47"1t
175,000 170,311 3.203 2.6664 2hh,021 235,000 2.071 1.7236
179,954 175,000 2.460 2.0479 245,000 235,908 2.006 1.6702
_ 210 249,417 240,000 1.T7hk 1.4517
180,000 175,043 2.455 9 2.0435 250,000 240,540 1.713 1.4255
185,000 179,768 1.951 1.6237 254,821 245,000 1.475 1.2278
185,245 180,000 1.929 1.6058 255,000 245,165 1.467 1.2211
190,000 184,486 1.562 13000 11
190,545 185,000 1.525 1.2696 260,000 249,78k 1,867 1.0498"
195,000 189,196 1.260 1.0485 260,235 250,000 1.252 1.0424
195,854 190,000 1.215 1.011k 265,000 254,395 1.088 9.055k4 <12
% 265,657 255,000 1.067 - 8.883k4
200,000 193,899 1.025“%0 68,5151 270,000 258,999 9.415" T»S567
201,171 195,000 9.7h9~ 8.1151 271,088 260,000 9.127 T:5973
205,000 198,595 8.356 6.9558 275,000 263,597 8.173 6.8034
206,497 200,000 7.875 6.5552 276,528 265,000 7.832 6.5196
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METRIC TABLE IV CONTINUED

ALTITUDE SPECIFIC WEIGHT ALTITUDE SPECIFIC WEIGHT
kg ) . k
Z,m Hym' §| w, w/w Zi,m Hy,m' § w,— . w/w

? ’ i m SecC / E ’ ’ ’mesecg / 4
280,000 268,187 7.117°*' 5.92407Y2 | 400,000 376,320 4.980712 L.145571D
281,977 270,000 6.743 5.6130 Lok,160 380,000 L.620 3, 8456
285,000 272,771 6.215 51750 410,000 385,158 kL.164 3.4658
287,435 275,000 5.823 L, 8L75 415,491 390,000 3.778 3.1450
290,000 277,347 5.4k42 4. 5298 420,000 393,970 3.498 2.9121
292,902 280,000 5.0k 4.1989 426,860 400,000 3.113 2.5911
295,000 281,917 4.778 3.9769 430,000 L4o2,756 2.935 2.4k3)
298,377 285,000 L.382 3.6475 228,267 tlo,oog 2.575 2.1437

0,000 411,516 2.50k4 2.08
300,000 286,480 4.205711 3.5006712 | Lhg, 713 ueojSOO 21 1.782%
303,862 290,000 3.817 5.1773
305,000 291,036 3.711 3.0888 450,000 420,250 2.131712 1,7742713
309,356 295,000 3.334 2.7750 460,000 428,959 1.822 1.5166
310,000 295,585 3.282 2.7318 461,197 430,000 1.789 1.4887
314,859 300,000 2.919 2.4298 470,000 L37,642 1.56% 1.3013
320,000 304,663 2,585 21515 L72,721 L4Lho,000 1.501 1.2490
325,803 310,000 2,254 1.8766 480,000 kL6,200 1.346 1.1207
330,000 313,714 2.053 1.7081 L8L,283 450,000 1.26k4 1.0523
336,963 320,000 1.757 1.4625 490,000 k54,932 1,163 9.6836-14
340,000 322,738 1.6Lk 1.3680. 495,884k L60,000 1.069 8.9011 *
348,069 330,000 1.381 1.1495 ‘ 12 N
, S || 500,000 163,540 1.009°T5 8.39647%

350,000 331,735 1.3267 1.1034"*2 1 507,525 470,000 9.080713 7.5575
359,213 340,000 1.094 9.1067" 12 510,000 472,122 8.773 7.3031
360,000 340,705 1.077_1 5 8.9613% 519,205 480,000 7.737 6.4403%
370,000 349,648 8.800 T.3251 520,000 480,679 T7.654 6.3716
370,394 350,000 8.731 7.2680 5%0,000 U489,212 6,698 5:5751
380,000 358,565 7T.238° 6.0247 530,925 490,000 6.616 5.507h
381,612 360,000 7.017 5.8410 540,000 kLg7,719 5.877 L.8919
390,000 367,456 5.987 k.,9838 542,686 500,000 5.677 h,7253
392,867 370,000 5.676 L. 7249
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METRIC TABLE V

MEAN FREE PATH, COLLISION FREQUENCY AND NUMBER DENSITY AS FUNCTIONS

OF GEOMETRIC AND GEOPOTENTTIAL ALTITUDE

ALTITUDE MEAN FREE PATH COLLISION FREQUENCY| NUMBER DENSITY
Z,m H,m' L,m L/LO ‘)/,sec_l Y/, n,m—3 n/ng
-5,000 -5,003.9 4 .20688 6.343427L  1.150910 1.66%0% 4.0161°° 1.5764k
-4,996.1 -5,000 L4.2082  6.34554 1.1505 1.66241 L,olk7 1.57591
-4,000 -4,002.5 L.5903 @ 6.92177 1.04k0  1.5085% 3.6805  1.hkh72
-3,997.5 -4,000 L.5091L  6.92343 1.0437  1.50812 3.6796  1.uhh37
-3,000 -3,001.4 5.0181 7.56678 9.45039 1.36557 3,%3668  1.32157
-2,998.6 -3%,000 5.0187 T+567Th 9.4490  1.36538 3.3663  1.%21Lk0
-2,000 -2,000.6 5.4959  8.28729 8.5370 1.233%59 3.0740  1.20667
-1,999.4 -2,000 5.4962  8.28776 B.5%6L 1.2%352 3.0739  1.20660
-1,000 -1,000.2 6.0310 9.09419 7.6951  1.1119k4 2.801%  1.09960
- 999.8 -1,000 6.0311  9.09435 7.6040  1.11192 2.8012  1.09958
0 0 6.631778 1.00000°  6.92049 1.00000 . 2.5476%% 1.00000
1,000 999.8 7.3079  1.10196 6.2089 8.97185‘l 2.3118 9.07k757L
1,000.2 1,000 7.3080  1.10197 6.2088 8.97171 2.3118 9.0746L
2,000 1,999.4 8.0710 1.21703 5.5566  8.02929 2.0933 8.21671
2,000.6 2,000 8.0715 1.21695 5.5565  8.02910 2.0931  8.21622
3,000 2,998.6 8.934k7  1.34727 L.9599  7.16701 1.8909  7.he2hz
3,001.4 3,000 8.9%60  1.34746 4h.9591  7.16587 1.8906  7.hk2137
4,000 5,997.5 9.9151 1.h4o511 b 4151 6.37980 1.7039  6.68847
4,002.5 k4,000 9.9178  1.L49550 L.h138  6.37792 1.70%5  6.68671
5,000  k4,996.1 1.10%277 1.663450 3.91899 5.66275°% 1.5315°° 6.0116171
5,003.9 5,000 1.10%6  1.66415 3.9170  5.66006 1.5%08  6.00906
6,000 559043 L2307 L.85577 3.4679  5.01106 1.3728  5.38859
6,005.7 6,000 1.2315  1.85694 3. 4654  5.00753 1.3719 5.38519
7,000 6,992.3 1.3769 2.07623 3.0590  L4.42031 1.2270  L4.81643
7,007.7 7,000 1.3781 2.07807 3.0560  L4.h1594 1.2259  4.81216
8,000 7,989.9 1.5h51 2,32088 2.6893%  3.88608 1.093k  L4.29206
8,010.7 8,000 1.5469 2.33263% 2.6858  3.88097 1.0921 N 4. 28701
9,000 8,987.3 1.7394 2.62282 2.3560  3.40437 9,71502 3.81270
9,012.8 9,000 1.7421 2.62684 2.3519  3.39853 9.6981  3.80685
10,000 9,984.3 1.96467T 2.96240 2.0562% 2.97121°1 8.500h2* 3.37554"1
10,016 10,000 1.9685 2.96827 2.0517 2.9647h 8.5826  3.36896
11,000 10,981 2.2269  3.35805 1.7875  2.58291 7.5864  2.97792
11,019 11,000 2.232Lk  3,36622 1.7826  2.57590 7.5680 2.97069
12,000 11,977 2.60kk  3,92715 1.5280 2.20798 6.4870 2.54637
12,023 12,000 2.61%7  3.94118 1.5226  2.20012 6.46%9 2.53731
13,000 12,973 3.0473  L4.59508 1.%059 1.88703 5.5441 2.17624
13,027 13,000 3.,0601  L.61L3h 1.%005 1.87916 5.5210 2.16716
14,000 13,979 3.565% 5.37614 1.1162 1.61288 4.7385  1.86001
14,031 14,000 3.,5828  5.40247 1.1107 1.60502 Lk,7155 1.85100
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METRIC TABLE V CONTINUED

ALTITUDE MEAN FREE PATE COLLISION FREQUENCY NUMBER DENSITY

Z,m H,m' L,m L/Ly 3 ,sec™t A n,m—5 n/nO
15,000 14,965 4.1714°7 6.20011° 9.5306%  1.37852°1 k4.05012% 1.589807*
15,035 15,000 L.19k47 6.32521  9.4870 1.37087 L.0276 1.58097
16,000 15,960 L.8802 7.35802 8.1545 1.17630 3.4619 1+ 35891
16,040 16,000 k.9112 7.k0557  8.1030 1.17088 3.4400 135033
17,000 16,955 5.7091 8.60870 6.9705 1.00724 2.9593 1.16162
17,046 17,0C0 5.7500 8.670k6.  6.9209 1.00007 2.9382 1.1533h
18,000 17,949 6.678L 1.00703% 5.9588 8.610517° 2.5298 9.95016‘2
18,051 18,000 6.7321 1.0151k 5.9119 8.54176 2.5096 9.85088
19,000 18,943 7.8119 1.17796  5.0942 7.3%6108 2.1627 8.48925
19,057 19,000 7.8820 1.18852  5.0489 T« 29565 2.1435 8.1 579
20,000 19,937 9.157&'7 1.577851 u.55528 6.29%28 e 1.81+902LL 7.25779'2
20,06% 20,000 9.2282 6 1.39153% L.3125% 6.2313%3% 1.8308 7.18634
21,000 20,931 1.0687° 1.61151 3.7237 5.38070 1.5808 6.20534
21,070 21,000 1.0804 1.62920  %.6832 5. 3RepT 1.5637 G.1379T
22,000 21,924 1.2hog 1.88478  %.1838 4.60056 1.3516 5.30565
22,076 22,000 1.2650 1.907h7  3.1459 L. 54585 1.3356 5.24255
23,000 22,917 1.4618 2.20k26  2.722% 3,.953578 1.1557 4 .53667
23,084 23,000 1..4810 227307 B2.6870 3.88268 12407 Iy drdreh
24,000 23,910 1.7095  2.57776 2.3279  3.36380  9.882820 3.879%k
2k,091 24,000 1.7340 2.61k71  2.2950 3.31626 9.7431 3.82451
25,000 24,902 1.99910 3.01439Y 1.9907° 2.8765572 8.451320 3.317h2"2
25,099 25,000 2.0302 3.06131  1.9602 2.83247 8.%218 3.26658
26,000 25,804 2.3645 3.565%7 1.693%4 2.44703 7.1453 2.80476
26,107 26,000 2.4073 3.62990  1.6645 2.Lh0527 7.0182 2.75490
27,000 26,886 2.7939 4h.21299  1.4428 2.08487 6.0469 2.37561
27,115 27,000 2.8477 h.oghlz  1.4166 2.0L4706 5.9327 2.32877
28,000 27,877 3.2939 h.96693 1.2320 1.78019 5.1290 2.01%3%2
28,124 28,000 3.3613 5.06852  1.208% 1.74594 5.0262 1.97296
29,000 28,868 3.87Lk9 5.8420k  1.05h2 1.52325 4. 3601 1.711kT
29,133 29,000 3.9588 5.96943 1.0%27 1.49226 4.2679 1.67520
30,000 29,859 L4.548470 6.85855% 9.03887 1.3061172 3.714425 1.4580372
30,142 30,000 L4.6525 7.01556  8.8446 1.2780k4 3.6313% 1.42540
31,000 30,850 5.3279 8.03%95  7.7658 1.12216 2, 1710 1.24h72
5,152 F1L,000 5.4%565 8.22785  7.5901 1.09677 3.0963 1.215%0
32,000 31,840 6.2282 9.39160  6.6852 9.6601072 2.7126 1.06478
32,162 32,000 6.3865 9.67017 6.5262 9.43053 2.6454 1.03840
33,000 32,830 T7.2663% 1.095692 5. 7659 8.33173 2.3251 9.12666™2
33,172 33,000 7.4602 1.12493  5.6220 8.12381 2.2646 8.889LL
34,000 33,819 8.4608 1.27580  L4.982k 7.19959 1.9968 7.83821
34,183 34,000 8.6976 1.31152  L4.8521 7.011%2 1.9424 7.62473

106



METRIC TABLE V CONTINUED

ALTITUDE 1 MEAIl FREE PATH § COLLISION FREQUENCY NUMBER DENSITY

Z,m H,m' ‘ L,n LiLy V,sec~l Py n,m'5 n/no
35,000  3k,808 9.833@‘? 1.48272° L4.31327  6.2325670 1.718290 6.7hhE72
35,194 35,000 1.012177 1.52621 L4.1952 6.06203% 1.6692 6.55217
36,000 35,797 1.1Lko7v 1.72002  3.7405 5.40500 1.4811 5.81590
36,205 36,000 1.1757 1.77279  3.633%6 5.250k9 1.4370 5.64082
37,000 36,786 1.3%208 1.99168  3.2495 L.69547 1.2791 5.02089
37,217 37,000 1.3%632 2.05551  %.1526 L. 555k5 1.2594 L. 86497
38,000 3F7,TH 1.95268 2.30227 2.8276 ;08585 1.1065 L. 3435h
38,229 38,000 1.5778 2.37918  2.73%98 3.95902 1.0708 L.20313%
39,000 38,762 1.7618 2.65661  2.h6L6 3.56139 9.589522  3,76419
39,241 39,000 1.827%1 2.74911 2.3850 3446731 9.2668 %6553
40,000 39,750  2.02967° 3.060u42 2.15177  3.10017°0 8.3241°2 3.0675170
ko,25% L0,000 2.1031 3.17126 = 2.0795 3.0048% 8.033%2 3.1533%2
1,000 k0,737 2.3342 3.51982  1.881k4 2.71869 12577 2.84105
hi,266 L41,000 2.4221 3.65228  1.8159 2.62401 6.9753% 2.73%803%
42,000 Li,724 2.6803 h.ok168  1.6477 2.38090 6.%0%2 2.h7heo
ho,279 L2,000 2.7851 L.1996Lk  1.5882 2.29489 6.0661 2.500115
Lz,000 k2,711 3.0729 4.63%59  1.4451 2.08824 5.4980 2.15815
b3 293 L43,000 3.197h h.82141  1.3911 2.01011 5.2838 2.07408
L 000 43,698 3.5175 5.3%0407  1.269k4 1.83k25 4.80320 1.8853L
L, 307 Lk,000 3.6653 5.52691  1,2202 176428 L. 6094 1.8093%3%
45,000 Lh,68L L4.02057° 6.06258°2 1.11667 1.6134473 4.202122 1.6hoL6™>
L5,721 45,000 4.1954 6.32619 1.0719 1.54887 k.0270 1.58073
46,000 45,670 L4.5887 6.91932 9.85556 1.42123 3.6818 1.4452%3
46,335 U6,000 U4.7950 7.2%046  9.4290 1.36249 3,523k 1.38304
L7,000 L46,655 5.2296 7.88572  8.6758 1.253%65 %.23%06 1.26812
47,350 47,000 5.4727 8.25225  8.3057 1.20017 3.0871 1.21179
48,000 k47,640 5.913%0 8.9162%  7.6872 1.11080 2.8572 1.12155
48,365 48,000 6.1758 9.31247  7.3%601 1.06353 2.7356 1.07383%
hg,000 L8,625 6.6605 1.004345  6.824L 9.86127'” 2.5365 9.95675
49,381 49,000 6.9692 1.05089 6.5221 9.4h2kkg 2.Lhok2 9.5157h4
50,000 49,610 7.502372 1.15127j 6~05876 8.75l+8u"LL 2.251922 8.85961'“
50,396 50,000 7.8646 1.18591  5.7796 8.35151 2.1482 8.43237
51,000 50,594 8.4501 1.27420  5.3791 7.77283 1.9993 7.84809
51,412 51,000 8.8750 1.33%827 5.1216 7.40070 1.903%6 T 7E35
52,000 51,578 9.5173 ) 1.43512 L4.7759 6.90125 1.7752 6.96807
52,429 52,000 1.001577 1.51020 L4.5385 6.5581% 1.6869 6.62162
53,000 52,562 1.0719 1.61631  4.2406 6.12761 1.5761 6.18694
53,446 53,000 1.1302 1.70423  L4,0018 5 81148 1.4948 5.86775
54,000 53,545 1.198k 1.80707  3.7786 5.46012 1.4098 5.53%38%
54,463 5L,000 1.2589 1.89826  3.5857 5 w181 26 1.3420 5.26800
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METRIC TABLE V CONTINUED

ALTITUDE MEAN FREE PATH }COLLISION FREQUENCY NUMBER DENSITY
| ,

Z,m H,m' L,m L/LO ‘ Y ,sec”l | Y/, | n,m"5 n/ng
55,000 54,528 1.3335 " 2.01072°0 3.3726° b 87306 11.2670°2 k97355
55,480 55,000 1.40L3 2,11756 %.1918 L.6121k 1.2031 L, 72241
56,000 55,511 1.4859 2.2L060  3.0056 4. 34305 1.1370 4.46310
56,498 56,000 1.5690 2.%659% 2.8364 4.05858 1.0768 L.22666
57,000 56,493 1.6582 2.50046 2.67h2 3.86427 1.0188 5.99926
57,516 57,000 1.7559  2.64766 2.5163  3.63601  9.6219°1 3.77692
58,000 57,476 1.853k 2.79479  2.3755 3.4%261 9.1154 3.57809
58,534 58,000 1.9682 2.96784  2.2284 3.21998 8.5839 3.36945
59,000 58,457 2.0749 3,12871 2.1066 3.04hokL 8.1425 %.19620
59,553 59,000 2.2100 3.3%32L2  1.9698 2.84637 7.6L448 3.0008%
60,000 59,439 2.3266™% 3.508267 1.8649°  2.69u767% 7.2616°1 2.850427
60,572 60,000 2.4858 3.748%5  1.7380 2.511k4k2 6.7965 2.66784%
61,000 60,420 2.6131 3.9403%8  1.6480 2.38135 6.4652 2.5%783
61,591 61,000 2.8011 L.22386  1.5305 2.21160 6.0313% 2.36750
62,000 61,401 2.9401 L.h33h6 1.45%6 2.10049 5.7462 2.25558
62,611 62,000 3.1624 4.76860  1.3L451 1.94371 5.3423 2.09705
6%,000 62,382 3.31k0 h.og716  1.2797 1.84923 5.0980 2.00114
63,651 63,000 3.5771  5.39393 1.1798  1.70k79  L.723%0  1.85%94
64,000 63,362 3.7421 5.6Lk277  1.1245 1.62488 L.51h7 1.77218
64,651 64,000 L.0543 6.11347  1.0326 1.49205 L.1671 163575
65,000 6,342 h.233577% 6.38h007 9.8604°  1.42u837F 3.9905°% 1.566407%
65,672 65,000 L.60k45 6.94321  9.017h 1.3%0%02 3.6691 1.44026
66,000 65,322 L4.7992 7.23670 8.6286 1.2468k 3.5203% 1.38185
66,692 66,000 5.2406 7.90225  7.8572 1.13557 3.22%8 1.26546
67,000 66,301 5.4511 8.21977 7.5346 1.08875 3.0993 1.21658
67,714 67,000 5.9775  9.01354 6.8%0L  9.869897° 2.826hk  1.109Lk
68,000 67,280 6.2046 9'556024 6.5646 9.48579 2.7229 1.06883
68,735 68,000 6.8337 1.03%045™ 5.9233 8.55922 2. 4725 9.70LL72
69,000 68,259 7.0775 1.06722  5.7063 8.24566 2.3871 9.37010
69,757 69,000 7.8308 1.18081 5.12%9 7.40k06 2.1575 8.46874
70,000 69,238 8.09127% 1.22008% L4.9u86°  7.150677° 2.0880°1 8.1961877
70,779 70,000 8.9953 1.35640  L.L4209 6.33827 1.8782 7.357244
71,000 70,216 9.271k 1.39804  L.2809  6.18596 1.8222 7.15289
71,802 71,000 1.035977 1.56204  3.80k2 5.49705 1.63%09 6.40188
72,000 71,194 1.06L9 1.60581  3.69%9 5.33770 1.5865 6.2273%9
72,825 72,000 1.1961 1.80355  3.26h4k4 L. 71704 1.4125 5.54461
73,000 72,171 1.2262 1.84901  3.1790 4.59371 1.3778 5.40830
73,848 73,000 1.3848 2.08810 2.793L 4.0%597 1.2200 L. 78903
4,000 73,148 1.4156 2.13452 2,728k 3.94261 1.1935 L .68489
4,872 74,000 1.6078 2.holz7  2.2826 3. L4289 1.0508 L.12L479
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METRIC TABLE V CONTINUED

ALTITUDE MEAN FREE PATH COLLISION FREQUENCY NUMBER DENSITY
Z,m H,m' L,m i P 49 ,sec”t| Y/ n,m" > n/ng
75,000 Th,125 1.638572 2,u7068” 2.3351°7  3.37LkoL7 1,051121 u.ou7u7‘5
75,895 75,000 1.872 2.8230  2.026 2.9279 9.024 20 3 5423
76,000 75,102 1.906 2.8735 1.991 2.8764 8.866 3. 4801
76,920 76,000 2.227 3. 3580 1.703 2.461L% 7.587 2.9780
77,000 76,078 2.257 3. Loko 1.680 2.4281 7.484 2.9577
77,944 77,000 2.6L49 5,99k 1.432 2.0692 6.378 2.50%5
78,000 77,055 2.67h L.0324 1.419 2.0498 6.318 2.4799
78,969 78,000 3.151 L.751L 1.20k4 1.73%96 5.362 2.1046
79,000 78,0%0 3.168 L, 776k 1.198 1.730L 5.%34 2.09%6
79,994 79,000 3.748 56519 1.012 1.4h624 L.507 1.7693
80,000 79,006 3.752°3  5.6575" 1.0112 1.46107°  4.503°  1,76767°
81,000 79,981 L.khk 6.7007 8.536 1.233%5 3,802 1.ho2L
81,020 80,000 kL.459 6+ T230 8.508 1.2294 3.789 1.4874
82,000 80,956 5.263 7.9%59 7.208 1.0415 5. 210 1.2601
82,045 81,000 5.30k 7.9972 7.152 1.0335 ¢ %186 1.250h
83,000 81,930 6.233 9.%98% 6.086 8.7945"7 2.711 1.0640
83,072 82,000 6.309 9.5128 6.01% 8.6887 2.678 1.0512 6
84,000 82,904 7.381 1.11%0°  5.13%9 7.4265 2.289 8.9851"
84,098 83,000 7T.50k4 L1506 5.055 7.3044 2.251 8.8373
85,000 83,878 8.78073 1.%179° L.sko*  6.271676  1.9335%° 7.587870
85,125 84,000 8.926 1.3%460 L.250 6.1406 1.893 7.4293
86,000 84,852 1.0357°  1.5605  3.665 5.2065 1.632 6.4081
86,152 85,000 1.062 1.6011 3572 5.1623 1.591 6.2456
87,000 85,825 1.225 1.8477 3.096 L. 4h73% 1.379 5.4121
87,179 86,000 1.263 1.90L46 5005 4. 3398 1.338 5.2506
88,000 86,798 1.k51 2.1876 2.615 3.7783 1.165 b, 5710
88,207 87,000 1.502 2.2655 2.525 3.6484 1.124 L. 41ko
89,000 87,771 1.718 2.5899  2.209 3,191k 9.8%619  3.8611
89,235 88,000 1.787 2.6949 2155 3.0671 9.453 3.7108
90,000 88, Thk 2.0%3372  3.06602 1.866” 2.6958‘6 8050919 502615"6
90,264 89,000 2.126 3.2056 1.784 2.578k4 7.947 3.1196
91,000 89,716 2.407 3.6295 1.576 2.277% 7.019 2.7552
91,293 90,000 2.529 58171 1.500 2.1676 6.681 2.6225
92,000 90,688 2.84k9 L,2956 1.340 1.9%59 5931 2.3280
92,322 91,000 3.007 4.5340 1.273 1.8391 5.619 2,2055
93,000 91,659 3.369 5.0795 1.143 1.651 5.015 1.9687
93,351 92,000 3.572 5.%859 1.080 1.5617 4.730 1.8567
94,000 92,630 3.978 5.9991 9.7559 1.4096 =) 1.6669
ok, 381 93,000 kL.237 6.3891 9.188 1.%277 3.987 1.5652
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METRIC TABILE V CONTINUED

ALTITUDE MEAN FREE PATH || COLLISION FREQUENCY'I NUMBER DENSITY
Z,m H,m' L0t BTy Y ,sec"’l 'y/yo ” n,m"5 n/nO
95,000 93,601 4.69272 7.07u8° 8.340%3 1.2051°6  3.60119 1.41357C
95,411 94,000 5.018 7.5674 7.823 1.1304 3,366 1.3215
96,000 94,572 5.524 8. 3298 71Ul 18918 3.058 1.2005
96,441 95,000 5.9%34  8.947Th  6.671  9.63967( 2.84k7  1.1176
97,000 95,542 6.493 9.T905¢ 6.123 8.8L483 2.602 1021k
97,472 96,000 7.003 1.0560 5.698 8.2341 2.413 9,u699‘7
98,000 96,512 7.617 1.1486 5.260 7.6010 2.218 8. 7060
98,503 97,000 8.249 1.2439 L. 876 7.0461 2.048 8.0393
99,000 97,482 8.920 1.3451 4,526 6.5407 1.894 7. L3k
99,534 98,000 9.698 1.4624 4.180 6.040L 1, T4e 6.8380
100,000 98,451 1.043"% 1.5722° h.902%3 5.6%8277  1.62019 6.3605~7

100,566 99,000 1.138 1+ J160 3.590 5.1878 1.485 5.8276
101,000 99,420 1.216 1.8342 3. 370 4.8690 1.389 5.4520
101,598 100,000 1.333 2.0095 3.089 L. 4637 1.268 L.9763
102,000 100,389 1.416 2,1357 2.915 k.212% 1.193 L.6822
102,631 101,000 1.558 2.3487 2.663 3.8479 1.085 W.2577
103,000 101,358 1.646 2.4822 2506 3.6506 1.026 8 4 .0286
103,663 102,000 1.817 2. 75097 2.300 . 525 99299l 3.6500
104,000 102,326 1.910 2.8795 2.193% 3.1693 8.847 3. 4728
104,696 103,000 2.115 3.1897 1.990 2,.8752 7.987 5. 17551
105,000 103,294 2,21171 5055426 15908+5 2, 75641 7,64118 209992'7
105,730 10Lk,000 2.458 3,7065 1.725 2.4921 6.873 2.6979
106,000 104,261 2.556 B 05 3T 1.662 2.401h 6.611 2.59k49
106,764 105,000 2.851 4, 2990 1.497 2.1639 5.926 2.3%261
107,000 105,229 2.949 L. Lh61 1.450 2.0956 5.730 2.2492
107,798 106,000 3.300 4.9768 1.303 1.8822 5.119 2.0093
108,000 106,196 3.396 51205 1.268 1.8319 L.975 1.9529
108,832 107,000 3.81k4 S Cle 1.135 1.6400 4. 430 1.7388
109,000 107,162 3.90k4 5.8869 1.110 1.6040 k. 327 1.6987
109,867 108,000 L.Loo  6.6341  9.906"° 1.4m1L 3,840  1.507k4
110,000 108,129 4.u81°F 6.75650 9.735"2 1.h067°7  3.771° 1.480177
110,902 109,000 5.066 7.6391 8.661 1.251h Sa 1.3090
111,000 109,095 5.13k4 7.7416 8.551 1.2357 3.291 1.2917
111,937 110,000 5.824 8.781L 7.584 1.0959 2.901 1.1388
112,000 110,061 5.873 8.8556 T=523 1.0871 2.877 1.1292 8
112,973 111,000 6.683 1000777 6.652 9“6120‘8 2,588 9.9234"
113,000 111,026 6.707 10004 6.629 9.5790 2.519 9.8876
114,000 111,992 7.648 LalEoe 5850 8.45%1 2.209 8.6715
114,009 112,000 7.656 1.1545 5.84kL 8.4439 2.207 8.6616
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METRIC TABLE V CONTINUED

£
ALTITUDE MEAN FREE PATH || COLLISION FREQUENCY h NUMBER DENSITY
Z,m H,m' L,m L/Le Wsecml v/vg n rl,,mm5 n/ng
115,000 112,957 8.707°% 1.71297 5.170*2 7.4705°8  1.940%® 7.616778
115,05 113,000 8.758 1.3206 5.1 7-4293 1.929 TedTo3
116,000 113,921 9.898 1.4925 4.576 6.6117 1. 707 6.7003
116,082 11k,000 1.000° 1.5081  L4.530  6.546% 1.689  6.6308
117,000 114,885 1.123% 1.6941 1..055 5.8598 1.50k 5.9030
117,119 115,000 1.140 1.7196 3.998 5.7769 1.481 5.8154
118,000 115,850 1.273 1.9201 3.599 5.2007 1.327 5.2081
118,156 116,000 1.298 1-957T 2. 535 51055 L 301 5.1080
119,00C 116,813 1.k41 2. 1741 3.199 L.6220 1172 L.6017
119,194 117,000 1.476 2.2255 3.127 4.5182 Ladis 4. 4933
186,000 117,777 106290 20u5617 2,84612 401151"8 1.05718 400715“8
120,232 118,000 1.675 2.5263% 2.771 L. 00k1 1n008l 3.9584
121,000 118,7h0 1.8328 2.7721 2.53%6 5,6651 9,190 1 3.607k4
121,270 119,000 1.899 2.8636 2.459 %5554 8.896 3.4921
122,000 119,703 2.072 %.1245 2,263 3.2700 8.15% 3.2005
122,309 120,000 2.150 3,2413 2.185 3,1577 7.860 3.0852
123,000 120,665 2.332 3. 5171 2.022 2,9212 7.243 2,8432
123,348 121,000 2.4%0 3.663%9 1.9h4L 2.8096 6.953 2.7293
124,000 121,627 2.622 3.9539 1.808 2.6129 6.443 2.5291
124,387 122,000 2.743 I, 1359 132 2.5032 6.160 2,4178
125,000 122,589 2094uo hau3947 10619+2 2:5598‘8 5,75817 232525“8
125,427 123,000 3.092 4. 6627 1.545 2.2%29 5. 464 22,1447
126,000 123,551 3.302 L9784 1.452 2.0978 ST 2.0087
126,467 124,000 3.L481 5.2497 1.380 1.9943 4 ,85% 1.90k49
127,000 124,512 3.698 5.5759 1-7%0% 1.883%0 4.569 1. T3
127,507 125,000 3.915 5.903%2 1.234 1,7834 4,316 1.6940
128,000 125,473 L.137 6.2376 1.171 1.6921 L, 084 1.603%2
128,548 126,000 L4.397 6.6298 1105 1.5966 %815 1.5083%
129,000 126,434 L.662 7.0291 1.0ko 1.5160 3.624 1.4227
129,589 127,000 5.025 75770 9081,6*‘3L 1.4185 3. 362 1.35198
130,000 127,395 552910 70978u7 95_578+l 105551‘8 5019517 19253h“8
130,630 128,000 5.720 8.6255 8.752 1.2646 2.953 1.1593
131,000 128,355 5.984 9.0233 8.409 1.2151 o607 1.1082
131,672 129,000 6.488 9078278 7.828 s B o 2.60k4 1.0222
132,000 129,315 6.745 y oy 7.56% 1.0929 2.505 9.8323"9
132,714 130,000 7.332 1.1056 7.024 1.014%9 2,30k 9.04k6
135,000 132,193 9.481 i 1.4206 5.594 8.083279 1.782 6.9951
137,929 135,000 1.291%% 1.9462 4,256 6.1502 1.309 5.1381
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METRIC TABLE V CONTINUED

112

ALTITUDE MEAN FREE PATH II COLLISION FREQUENCY NUMBER DENSITY
Z,m H,m' L,m L/Lg y ssec”t VIV, n,m"2 n/ng
140,000 1%6,98% 1.585'F 2.390™0  3.548%1 512679  1.066%7 4.183479

143,153 140,000 2.130 3,212 2.7 3.946 7,95216 B ol 55
145,000 141,766 2.510 5.765 & 261 B.i12 6.751 2.6421
148,385 145,000 3.340 5.036 1.823 2.634 5.059 1.9858
150,000 146,542 3,803 5. 73k 1.634 2.361 L.4L3 1.7439
153,625 150,000 5.022 T:575 T 27T 1.846 3. 364 1.3205
155,000 151,311 5.555 8.377 10168O 1.688 3.041 11957
158,874 155,000 7.295 1.10077  9.175°  1.326 2.316  9.0908710
160,000 156,072 7.872%% 1.18719  8.577° 1.23979 2.146'° 8.4250710
164,131 160,000 10029+2 1.552 6.763 90773“10 1.642 6. 4436
165,000 160,826 1.087 1.639 6.451 9,322 12553 6.1029
169,397 165,000 1.416 2.1%6 5.097 T 365 1.19% L.6827
170,000 165,572 1.467 2.212 L.ol1 7.140 1.152 L. 5212
174,671 170,000 1.907  2.876 3,915  5.658 8.8581> 3.L772
175,000 170,311 1.942 2.928 3.854 5.569 8.701 34155
179,954 175,000 2.521 3.801 3.058 L.h19 6.703 2.6311
180,000 175,043 2.525%2 3.808'9  3.055° L4.41710  6.6001° 2.6259710
185,000 179,768 3.119 4,703 2,505 3,619 5.417 2.1264
185,245 180,000 3.151 k.51 2.490 3,598 5,362 2.1049
190,000 184,486 3.826 5.769 2.082 3.008 4,416 1.7334
190,545 185,000 3.910 5.896 2,040 2.948 . 320 1.6959
195,000 189,196 L.66L 7.033 1,734 2.506 3,622 1.4218
195,854 190,000 L.822 T 2T 1.682 2.430 3,504 Ls 5754
200,000 193,899 5.653"2 8.52479  1.453° 2,099710 2,9891° 1.173:1710
201,171 195,000 5.909 8.909 1.3%95 2.015 2.859 1.1224
205,000 198,595 6.81k  1.027M10  1.203  1.767 2,480 9,733~
206,497 200,000 7.198 1.085 1.162 1.680 2,347 9.2134
210,000 203,284 8.169 1.252 1.034 1.495 2,068 8.1177
211,831 205,000 8.720 1.316 9‘,7&0“‘l 1.407 18957 7.6051
215,000 207,966 9071;7+3 1.470 8.789 1.270 1.733 6.8040
217,175 210,000 1.05L 1.585 8.199 1,185 1.608 65103
220,000 212,641 1.1577° 1.745'°  7.50171 1.084710  1.460%° 5.7096711
222,526 215,000 1.260 1.900 6.934 1.002 1.341 5.2621
225,000 217,308 1.%68  2.063 6.527  9.288™1L  1.235  L.8L6S
227,887 220,000 1.504 2.268 5.890 8.511 1,125 4. 4086
230,000 221,969 1.611 2.429 5.529 7-990 1.049 4,1169
233,256 225,000 1.788 2.695 5027 7.258 9°u521”' 3. T100
235,000 226,622 1.889 2.848 b7k 6.899 8.945 3,511k

. 238,634 220,000 2.115 3.189 4, 300 6.214 7.988 Bl 351



METRIC TABLE V CONTINUED

ALTITUDE MEAN FREE PATH COLLISION FREQUENCY || NUMBER DENSITY
Z,m H,m' L,m L/Lg y,sec™t V/Vo " n,m”> n/ng
240,000 231,268 2.206%3 3.3065"10 413771 5.977671F  7.659L%  3.006711

2kL,021 235,000 2.493 3.7586 3.696 5. 3400 6.778 2.661
245,000 235,908 2.567 3.,8708 %597 5.1971 6.581 2.583
2k, b17 240,000 2.926 4. 4126 3,187 4.6051 5TT5 2.266
250,000 240,540 2.977 4. 4886 3.1%7 4.5330 5.676 2,228
254,821 245,000 3.423 5.1612 2.758 3,9848 4.9%6 1.938
255,000 245,165 3,440 5.1877 2.745 3.9660 4,911 1.928
260,000 249,78k 3.96377 5.9765710 2 408"l 34802711 4,234 1.673711
260,235 250,000 3.990 6.0158 2.%94 3.4591 4,235 1.662
265,000 254,395 L.552 5.8641 2.119 3.0625 3. 711 1.457
265,657 255,000 L4.635 6.9885 2,084 3.0121 3,645 5
270,000 258,999 5.213 7.8603% 1.870 2.7022 3.241 1.272
271,088 260,000 5.367 8.0925 1.820 2.6306 3,148 1.236
275,000 263,597 5.952 8.9757 1.65k4 2.3906 2.838 1.11k
276,528 265,000 6.195 9.3421 1.594 2.3039 25727 1.070
280,000 268,187 6.779"2 1.0225™11 1.467°1 2.1002711 o ugelh g,783712
281,977 270,000 7.131 10753 1.400 2.02%2 2.369 9.300
285,000 272,771 7.700 1.1610 1.3%0k 1.8848 2.194 8.613%
287,435 275,000 8.185 1.2342 1.233 1.7814 2.064 8.103
290,000 277,347 8.724 1.3154 1.162 1.6795 1.937 7.602
292,902 280,000 9,369 1.k127 1.086 1.5692 1.803 7.079
295,000 281,917 9.860 1.4868 1.038 1.4999 1.713 6.726
298,377 285,000 1.070"% 1.6129 9.628  1.7912 1.580  6.200
300,000 286,480 1112 1.6766"11 9.28972 1.3he3"1l 1,504 5.965-12
303,862 290,000 1.218 1.8368 8.538 1.2338 1.387 5. 4hh
305,000 291,036 1.251 1.8863 8:55% 1.2038 5 5,301
309,356 295,000 1.38k4 2.,0867 7.589 1.0966 1.221 L.792
310,000 295,585 1.hokL 2-11TT 7.486 1.0817 1203 L, 722
214,859 300,000 1.568  2.3651 6.760  9.7678712 1.077  L.228
520,000 304,665 1.759™% 2.652711 6.07972 8.7848"12  9.605L3 3.770"12
325,893 310,000 2.002 3.0182 5.396 77972 8.4k41 3.%13
330,000 313,714 2.187 3.2971 L9753 T7.1856 1727 3.033
336,963 320,000 2.533 3.8194 T 6.2724 6.670 2.618
340,000 322,738 2.698 4 .0682 4.095 5.9171 6.262 2.458
348,069 330,000 3.180 4. 7959 3,517 5.0822 6. 510 2.085
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METRIC TABLE V CONTINUED

ALTITUDE MEAN FREE PATH COLLISION FREQUENCY || NUMBER DENSITY
Z,m H,m' L,m L/LO y,sec™t v/vo n,m"5 n/nO
350,000 331,735 3.3067% 4.9853"11 3.39572 L.903512  5.11013 2.0059712
359,213 340,000 3.96k 5.9781 2.869 L. 1456 L.261 1.6728
360,000 340,705 L4.026 6.0701 2.829 4..0875 h.197 1.647h
370,000 349,648 L.872 7.3463 2.371 3. 4264 3.468 1.3%612
370,394 350,000 L4.908 7-4009 &, 555 3.403%0 3. 4h2 1.3512
380,000 358,565 5.863 8.8LokL 1.998 2.887k4 2.882 1.1312
381,612 360,000 6.037 9.1035 1.945 2.8101 2.798 1.0985
390,000 367,456 T.0L7 1.0581112 1.692 2.4453 2.408 9.4507"13
392,867 370,000 T.381 1.113%0 1.615 2.3335 2.289 8.9846
400,000 376,320 8.356™F 1.2600M12 1.43872 2.07176712 2,02215 7.9363713
Lok,160 380,000 8.973 1.3531 1.348 1.9480 1.883 7.3906
410,000 385,158 9.903 _ 1.L933 1.231  1.7782 1.706 6.6967
415,491 390,000 1.085%7 1.6360 1.131 1.6342 1a 557 6.1125
420,000 393,970 1.168 1.7616 1.056 1.5262 1.446 5.6767
426,860 400,000 1.305 1.9680 9.553‘5 13775 1.294 5.0812
430,000 402,756 1.372 2.0691 9.102 1.3152 1.231 k.835%
438,267 410,000 1.562 2.3561 8.071 1.1663 1.081 L. 2Lhl
440,000 411,516 1.605 2.4202 7.873 1.1377 1.053 4.1%19
449,713 420,000 1.862  2.8076 6.863  9.9168°13  9.07h1° 3.5617
450,000 420,250 1.870%7 2.8198"12 6.8353 9.8771713  9.03Wl2 3.5u63715
460,000 428,959 2.171 3,273 . 5.955 8.6049 7.783 30552
461,197 430,000 2.209 3.3312 5.859 8.4660 7.6L8 3.0019
470,000 L37,642 2.510 3.7856 5.205 T<5215 6.730 2.6416
L72,721 440,000 2.610 3.9360 5.021 7.2551 6.472 2.5406
480,000 Lu46,300 2.89k L, 363k L.570 6.60%2 5.838 2,2918
484,283 L450,000 3.072 4.6323 4.318 6.2402 5.499 2,1587
490,000 L454,9%2 3,32k 5.0129 L.o1k 5.8006 5.082 1.9948
495,884 460,000 3.602 5.431L4 3.727 543859 L .690 1.8412
500,000 463,540 3.807"° 5.7811712 35473 5.1165717  L.u37e 1.7m1871d
507,525 470,000 L4.208 6.3453 3.228 4. 6640 4,015 1.5760
510,000 L72,122 L.347 6.555% Fel 32 L.5256 3,886 1.5255
519,205 480,000 L.899 7.3876 2.804 4.0518 3,448 1. 3536
520,000 480,679 L.9Lk9 7.4633 2.778 4.0137 3.413 1.33%99
530,000 489,212 5.620 8.4737 2.470 3.5688 3.006 1.1801
530,925 490,000 5.685 8.5728 2.443 3.5306 2.972 1.1665
540,000 497,719 6.365 9.5976 2,201 3.1803 2.654 1.0419
542,686 500,000 6.577 9.9168 2.135 3.0855 2.569 1.008k4
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ALTITUDE IN GEOMETRIGC KILOMETERS
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ALTITUDE IN GEOMETRIC KILOMETERS
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Section 11

ENGLISH TABLES

OF THE

ARDC MODEL ATMOSPHERE, 1956

NOTE: Superscripts appearing in the following
tables indicate the power of ten by which each
tabulated value should be multiplied.



ENGLISH TABLE T

TEMPERATURES, MOLECULAR WEIGHT, GRAVITATTONAL ACCELERATION
AS FUNCTIONS OF GECMETRIC AND GEOPOTENTIAL ALTITUDE

b

129

! GRAVT.
ALTITUDE TEMPERATURE MOLECULAR WEIGHT|i ACCEL.
7, ft H,ft' £,°C  |t, °F T, °R /1, | M | M/M, g, 1t sec™?
s
-15000 -15011 L. 739 112.531 572.22 1.10320 28.966 1.00000  32.220k
-14989 ~15000 LL.668 112.492 572.18 1.10313 32,2204
-12500 -12508 39.780 103.60k 563%.29 1.08599 32,2127
-12493 -12500 39.765 103.577 563.27 1.08594 32.2126
£-10000 -10005 34.822 9Lk.679 554.37 1.06879 32,2049
-0995.2 =10000 34,812 9h.662 554,25 1.06875 32.2049
~7500 -7502.7 29.86L4 85.756 545.L44 1.05158 32.1972
-Th97.3  -7500 29.859  85.746 545.43 1.05157 I 32.1972
-5000 -5001.2 24,908 76.835 536.52 1.0343%9 & 32,1895
-4998.8  -5000 2L.906  76.831 5%6.52 1.03438 Ne) 32.1895
=2500 -2500.3 19.954  67.916 527.60 1.01719 P 5 32.1818
-2kog. 7  -2500 19.953 67.915 527.60 1.01719 83 b 32,1818
Q \O
0 0 15.000 59.000 518.69 1.00000 0 " 32,1741
2500 2kog.7 10.048 50.086 509.77  .98281k + o~ 32.1663
2500.3 2500 10.0k7  50.085 509.77 .982812 o & 32.1663%
5000 4998.8 5.096  L1.174 500.86 @ .965632 g & 32.1586
5001.2 5000 5.004  L1.169 500.86 - .965623 L 32.1586
7500 7497.3 0.146  32.263 L491.95  .9L8L453 + % 32,1509
7502.7 7500 0.1k1  32.254 Lo1.94h  .9L8L35 2 E 32,1509
) o
10000 9995.2  -L4.803 23.355 L83.04 .931279 it pr 32,1432
10005 10000 -4.812  23.338 183,03 .931247 8 @ 20,1432
12500 12493 -9.750  1h4.450 L7h.1h  .91k4110 = 8 32,1355
12508 12500 -9.765 1k.423 L7k.11  ,91ko58 R i 22,1355
15000 14989  -14.697  5.546 L465.23  .Bo6OLk 4 S 32,1278
15011 15000 -14.718 5.508 L465.20  .896870 o S 32.1278
17500 - 17485  -19.6k2  -3.356. - £ e 32,1201
17515 . 17500  -19.671  -3.k08. 456 i T 32.1z01
- ‘ frodE o i P
20000, 19981  -24.586 -12.255 ° Gh ” 32,112k
20019, . . 20000 ~2h. 6ol -12,30% ° fus 32,112k
22500 .0 2eh76 -29.529 -21,152. %2.10k7
eo52lk T 22500 -29.577 =-21.2%9 32, 10h7
25000. - 24970 =34 471 -30.047 . 32,0971
25020 . 25000  -3L4.530 -30,15k4 . _ i 32,0970
27500 - 2746k -39.h11 -38.940 : Ton il s smgian: 32080k
27536 . 27500, . ~39:483 . ~39.069 - .810928,. 28.966 "1.00000 - 32.089%



ENGLISH TABLE I CONTINUED

GRAVT,
ALTITUDE TEMPERATURE MOLECULAR WEIGHT|| ACCEL.
z ] o o o "
,ft | H,et' || £,°C t,°F TR /T, | M MM, flg, £t sec™?
30000 29957 -4h.z51 -47.831 L11.86 .
30043 30000 -4hk.436 -47.985 L11.70 .$§;$2§ el It 5§°8glg
32500  324h9  -L9.289 -56.720 L02.97 @ .776899 22'07io
32551 32500 -49.389 -56.900 L02.79  .776551 52.0
35000 349kl  -54.226 -65.607 394.08 . .759766 3200229
35059 35000 -54.342 -65.816 393.87 .759363 5200662
36152 36089 -56.500 -69.700 389.99  .T751874 52.0628
3752% 37433 -56.500 -69.700 389.99  .T75187h 52:0587
375 37500 -56.500 -69.700 389.99  .T75187h 32.0585
40000 39923 -56.500 -69.700 389. 1874 b
40077 40000 -56.500 =-69.700 588.88 :$§18$u & 320853g
42500  Wohlhk  -56.500 -69.700 389.99  .75187h p §2°oi
42587 L2500 -56.500 -69.700 389.99  .75187h o P 5200453
45000 44903 -56.500 =69.700 389.99  .75187h 83 & 52:0 2
45097 45000 -56.500 -69.700 389.99  .751874h @« o 52°055Z
t7288 37592 -56.500 -69.700 389.99 .75187h b Ei 52202%0
7 7500 =-56.500 =69.700 389.99  .75187h 2 §§ 32,0277
50000 49880 -56.500 -69.700 389, .751874 e 2
50120 50000 =56.500 =-69.700 588.83 5$218$h E . 5208205
52500 52368 -56.500 -69.700 3%89.99  .75187h - 0 52“0100
52632 52500 =56.500 -69.700 389.99  .75187k . 3 §2°0127
55000 54855 -56.500 =-69.700 389.99 .75187h o 7 52"00 ;
55145 55000 =~56.500 -69.700 3%89.99  .75187hk O o 52“0032
g$ggg 57532 —52~500 -69.700 389.99  .T75187k & 2 5129974
57500 -56.500 =-69.700 389.99 .75187h %é o 31.9969
60000 59828 -56.500 -69.700 389. 187 B S
60173 60000 =-56.500 =69.700 383.38 :?218$4 3 § 5i°9297
70000 69766 -56.500 -69.700 389.99  .75187h o 3109 e
70236 70000 -56.500 -69.700 389.99 .75187h 51°95§§
80000 7969% -56.500 -69.700 389.99  .75187h4  § 51°9286
80308 80000 -56.500 =69.700 389.99  .75187h © 51°92
82345 82021 -56.500 -69.700 389.99  .75187h 21°9217
98008 8961% -49.558 -57.204 LO2.48  .775966 31.3982
9039 90000 -h9.204 -56.567 L03.12  .777193 31.8970
100000 99523 -40.496 -40.893 L418. .8
100482 100000 -4O.060 ~L40.108 hlg.gg °88&?9%% 5:%2227
iigogo 109423 -z1.44lk  -2L4.599 435,09 @ .838827 §1°8572
583 110000 =30.916 -~-23.649 L36.04  .840658 28.966 1.00000 31.8356
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ENGLISH TABLE I CONTINUED

GRAVT .,
ALTITUDE TEMPERATURE MOLECULAR WEIGHT| ACCEL.
z,£t | B,£t' J+,°C t, °F T, R /g f M MM, et sec“g
120000 119313 -22.h400 -8.320 L51.37 .870212 28.966 1.00000  31.8070
120695 120000 =21.772 -7.190 L52.50  .872390 31.8049
130000 129195 =13%.364 7.944 L67.63 901567 31.7767
130815 130000 -12.628 9.270 L468.96  .904123 51 STThe
140000 139066  -4.338 24,192 L483.88  .932893 31. 746k
140946 140000  -3.48L4 25.729 L485.42  ,935855 31.7435
150000 148929 4,681 L4o.k25 500.11  .964188 31.7162
151087 150000 5.660 42,188 501.88  .967587 31.7129
155348 154199 9.500 49.100 508.79  .980913 31.7000
160000 158782 9.500 49.100 508.79  .980913 & 31.6860
161237 160000 9.500 49.100 508.79  .980913 - 31.6823
170000 168626 9.500 49.100 508.79  .980913 G %1.6559
171397 170000 9.500 49.100 508.79  .980913 = = 31.6517
175346 173885 9,500 49.100 508.79  .980913 on & 31.6398
180000 178460 4,061 39.310 L499.00  .962040 = O 31.6258
181567 180000 2.23%0 36.015 495.70  .955686 o r 31.6211
190000 188285 -7.618 18.288 L77.98  .921510 + e 31.5957
191747 190000  =9.657 14,618 bL7k.31 .91hh3h § = 31.5905
=S o)
200000 198100 -19.297 -2.735 L456.95  .880978 ra + 31 .5657
201937 200000 =-21.54k4 -6.779 L452.91  .873182 pr o 31.5599
210000 207907 -30.94% -23.697 L435.99  .8L0565 % 3 31.5358
212136 210000 -33.k31 -28.176 L431.51  .831929 8 - 31.529L4
220000 217704 -42.589  -L4L4.659 L415.03  .800151 “ i 31.5059
202345 220000 -45.%18  -49.573 L410.11  .790677 B @ 71,4988
230000 227491 -54.223 -65.602 394.09  .T759775 . 8 31.4760
232565 230000 -57.206 -70.970 388.72  .ThoLk2s T % 31.4683
2L0000 237270 -65.847 -86.525 3%73.16 719437 » e 214461
ahorol  2L0000 -69.093  -92.367 367.32  .708173 © 3 31.4378
2hgoo1 246063 -T76.300 -105.340 35L.35  .683162 % 3 31.4193
s}
250000 2470%9 -76.300 -105.340 354.35 @ .683162 a 31.4164
2530%3 250000 -76.300 -105.340 354.35 @ .683162 o 31.4073
260000 256799 -76.3%00 =-105.340 354.35  .683162 31.3866
2673282 260000 -76.300 =-105.340 354.35 @ .683162 31.3768
270000 266549 -76.3%00 -105.340 354.35 @ .683162 31.3569
273541 270000 -76.%00 -105.340 35L.35 @ .683162 31.3h64
280000 276291 -76.300 -105.340 354.35 @ .683162 31,3272
283810 280000 -76.300 -105.340 354.35  .683162 31.3159
290000 286023 -76.300 =-105.340 354.35  .683162 31.2976
294089 290000 -76.300 -105.340 35L4.35  .683162 31.2855
299514 295276 -76.%00 =105.340 354.35  .683162 28.966 1.00000  31.269k



ENGLISH TABLE I CONTINUED

GRAVT.
ALTITUDE TEMPERATURE MOLECULAR WEIGHT || ACCEL.
Z,7t | Hf6' Jt,°C |4,°F  [T)R Ve M M/My || g,ft sec™®

300000 295746 -76.30 =-105. 354 .4 68318 28.89  .99748 31.2680

W

304378 300000 ~75.84% ~10L4.5 355.2  .68475 28.31  .9773%0 F1« 2551
325000 320013 =67.84% -90.12 369.6  .71251 26.64  .91967 31.1943
370145 325000 =-65.00 =85.01 375.7 .T72237 26.38  .91069 31.1791
350000 344223 -52.52  -62.53  397.2  .76569 25.66  .88583% 31.1207
355074 350000 -48.45 -55.21  Lok.5  .77982 25.50  .88040 31.1032
375000 368376 -34.90 -30.81 L428.9  .82685 25,11  .86691 31.0Lk75
381866 375000 -29.85 -21.73 438.0  .84L436 25.00 .86308 31.027k4
400000 392473 -16.25 02.76 Lké2.h  .89157 24,76  .85L481 30.9745
Lo7822 400000 -10.29 13.48  L73.2  .91224 oh.68  .85188 30,9517
hoi7hs 413386 0.hk2 22,75 ho2.4  .9koko oh.sh 84736 30.9112
425000 416512 8.18 h6.72  506.4  .97633 2h,52  .846h2 30.9018
433841 L25000 29.22 84.60 54h4.3 1.0494 2L .45 .84403 30,8761
450000 k4hokg5  67.55 153.6 613.3 1.1824 2L, 34 .8Lko25 30.8293
59924k 450000 91.02 195.8 655.5 1.2638 oh.28  .83%823 30.8006
475000 L6hLo2 126.6 259.8 719.5 1.3872 24,20  .8355% 30.7571
L86071 WT75000 152.6 306.7 T766.4  1.4776 2L.15  .83377 30.7252
500000 488293 185.3 365.6 825.2 1.5910 24,09  .83%180 30.6851
512282 500000 21k.1 417.3 877.0 1.6908 2L.05  .83%023 30,6498
550000 535868 302.1 575.7 1035 1.9963 23%.9%  .82627 30,5419
564897 550000 336.7 638.1 1098 2.1164 23.90 .82498 30.4995
590401 57h1LT 395.9 Thk.5  120k4 2.3217 23,84  .82%03 30.4270
600000 583221 L02.0 755.7 1215 22,3432 23,59  .81458 30,3997
617773 600000 L413.6 776.5 1236 2.3833% 23,17  .79991 30. 349k
650000 630354 L43k4.9 81k.9 1275 2. 4572 22,48 77621 30.2585
670910 650000 L448.9 84k0.0 1300 2.5058 22.09  .76252 30.1998
700000 677268 L468.5 8754 1335 2.5741 21.59  .7h534 501183
724211 700000 485.1 905.3 1365 2.6316 21.22  .73242 30.0505
750000 723965 502.8 937.0 1397 2.6927 20.85  .71998 29,9791
777977 750000 522.1 971.7 1k31 2.7597 20,50 .70766 29.9016
800000 770446 537.3 999.2 1459 2.8126 20.24  .69876 29,8408
831911 800000 559.5 1039 1499 2.8896 19.90  .68694 29,7531
850000 81671k 572.1 1062 1521 2.9333 19.72  .68075 29,7035
886115 850000 597.3 1107 1567 3.,0209 19.39  .66935 29.6049

900000 862768 607. 1125 1584 3,0546 19.27  .66527 29.5671
940590 900000 635. 1176 1636 3.1533 18.95  .65422 29,4571
950000 908611 6h2, 1188 1647 3,1762 18.88  .65183 29,4317

995%39 950000 673.9 1245 1705 3.2866 18.57  .64108 29.3097

o1 e
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ENGLISH TABLE I CONTINUED

1 GRAVT .,
AILTITUDE TEMPERATURE MOLECULAR WEIGHT ACCEL.
s T8 H,ft' || t,°C |t,°F |r1,°R L3 u M M/My || 8,Tt sec™®

1000000  95h4245  677.2 1251 1711  %.2980 18.54  .6LOOL 29.2972
1050364 1000000  712.5 1315 1774  3.L206 18.24  .62955 29.1626
1100000 1044889  Th7.3 1377 1837  3.5415 17.97 - .62034 29.0309
1161249 1100000  790.2 145Lh 1914  3.690% 17.68  .61028 28.8696
1200000 1134710 817.3 1503 1963  3.78LL 17.51  .60454 28,7682
1273262 1200000 868.4 1595 2055  3.9617 17.23  .59481 28.5781
1300000 1223721 887.1 1629 2088  L4.0263 17.14  .59158 28.5091
1386421 1300000 947.0 1737 2196 L.23L43 16.86  .58213 28.2880
1400000 1311932 956.4 1754 2213  L4.2669 16.82  .58076 28,2535
1500000 1399354 1025 1878 2337  L.5061 16.56  .57160 28.0013%
1500743 1400000 1026 1879 2338 4.5079 16.56 .57153% 27.9994
1600000 1485997 1094 2001 2461  L.7h438 16.3%  .56373 27,7525
1616246 1500000 1105 2021 2480  L.7822 16.29  .56255 27. 712k
1700000 1571872 1162 2123 2583 L4.9797 16.13  .55690 27.5069
1732949 1600000 1184 2163 2623 5.0571 16.07  .5548L4 27,4267
1780465 1640420 1216 2221 2681  5.1683 15.99 .55203 273117
1850870 1700000 1263 2306 2766  5.0457 15.88  .54815 27.1k26
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ENGLISH TABLE IT

PRESSURE AND DENSITY AS FUNCTIONS OF GEOMETRIC AND GEOPOTENTIAL ALTITUDE

ALTITUDE PRESSURE DENSITY
, 9
Hhf. 1bfsec
Z,ft H,ft’ P,mb P,in Hg [ Y75 P/P A" /P
115000  -15011  1.6979° 5.01k0°  3.54627 1.6757%°  3.610570  1.51897°
-14989 -15000 1.6973 5.0122 3.5450  1.6751h 3.6094 1.51853
-12500 ~12508 1.5653 4.6163 3.2649  1.54281 3. 3767 1.4206L
-1249% ~12500 1.5629 4.6151 3.2641  1.542k42 3.3761 1.4203%6
-10000 ~-10005 1.4374 L.okL6 3.0020 1.41858 3.1548 1.32728
~9995.2  ~10000 1.4371 . 2439 3.0015 1.41835 3,1544 1.32711
=T7500 ~7502.7 1.3199 3.8976 2.7566 1.3%0261 2.9443 1.23871
-Thg7.3  =7500 1.3197 %6072 2.7564  1.3%0249 2.9441 1.23862
=5000 -5001.2 1.2103 3.5T4O 2.5277 1.194hk6 2.7448 1.15475
-4998.8  -5000 1.2102 3.5738 2.5276  1.194h1 2.7kl 1.15471
-2500 ~-2500.3 1.1082 3.2726 2.3146  1.09372 £.5558 1.07524
-2499.7  -2500 1.1082 3.2725 2.%51k5 1.09371 25557 1.07523
0 0 1.015225 2.99211  2.11627 1.00000 @ 2.37697°  1.00000
2500 2499.7 9.2501 2.7315 1.9%19 9.12909™+ 2.2079 9.2887371
2500.3 2500 9.2500 27515 1.9319 9.12899 2.2078 9.28865
5000 4908.8 8.4311 2.4897 1.7609  8.%2084 2,0482 8.61699
5001.2 5000 8.4307 2.4896 1.7608  8.32046 2.0481 8.61668
7500 7497.3 7.6720 2.2656 1.6023  7.57170 1.8975 7.98321
7502.7 7500 76712 2.265% 1.6022 7.57092 1.8974 7.98254
10000 9995, 6.969l+2 2.05807l 1¢45565 6.87830"+ 1,7556'2 7.58586“l
10005 10000 6.9681 2.0577 1.455% 6.87702 1.7553% 7.38L7h
12500 12493 6. %200 1.8663 1.3200 6.23738 1.6219 6.82345
12508 12500 6.3181 1.8657 1.3196 6.23552 1.6215 6.82180
15000 14989 5.7207 1.6893 1.1948  5.6458L4 1.4962 6.29453
15011 15000 5.7182 1.6886 1.1943  5.6433%9 1.4956 6.29232
17500 17485 5.168% 1.5262 1.079%  5.10069 1.3781 5.79768
17515 17500 5.1652 1.525% 1.0788  5.09762 13T TH 5.79485
20000 19981  L.6600° 1.3761%  9.7327% L4.5990971 1.2673"3 5.3%1517%
20019 20000 4.6563 1.,3750 9.7249  4.59540 1.2664 5.32805
22500 22476 k.19%31 1.2382 8.7576 4.138%1 1.1634 Ly, 80468
22524 22500 4,1888 1.2370 8.7485  L4.13402 1.1624 4.89057
25000 24970 3.7650 1.1118 7.863% 3.7157h 1.0663% 4.48586
25030 25000 3.7601 L1105 7.8531 3.71089 1.0651 4, 48112
27500 27464 3.37%0 909605O 7.04L7  3.32890 9075uu'“ 4,10379
27536 27500 3.,3676 9.9khLh 7.0333%3  3.3235% 9.7416 4.09843
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ENGLISH TABLE IT CONTINUED

ALTITUDE PRESSURE DENSITY
£ lbf8802
Z,ft | H,ft' || P,mb | P,in Hg |’ %%E” P/B, P P P /e,
30000 29957 3.01482 8,9028°0 6.29662 2.9754171 8.90687%  3.7h72071
30043 30000 3.0089 8.8854 6.2843 2.96958 8.8927 3.74126
32500  32hho 2.6882  7.9382 5.614k 2.65%03% 8.1169 3.41490
32551 32500 2.6819 7.9196 5.6012 2.64680 8.1015 3.40840
35000  349L1l 2.3909  7.0602 L. 993L 2. 35960 7. 3820 3.10569
35050 35000 2.3842  7.0L406 4.9795 2.35%03 7.%653% 3.09869
36152 36089 2.26%2 6.6832 L. 7268 223359 7.0611 2.97069
37500 37433 2.1217 6.2653 k. 4312 2.09%92 6.6196 2.78493
37568 37500 2.1148  6.2450 4. 4169 2.08716 6.5982 2. 77594
40000 39923 1.882%2 5.55840  3.9312° 1.85767°1 s5.8727°F  2.47072
hoo77  L4oooO 1.8754  5.5380 3.9168 1.85085 5.8511 2.46165
L2500  Lehlh 1.6700  L.931hL 3,4878 1.64813 5.210% 2.19203%
ho587 L2500 1.6630 L4.9110 B TER 1.64130 5.1887 2.18294
45000 44903 1.4816 L.3753 3.0945 1.46226 L. 6227 1.94483
45097 45000 1.4748  L.3549 3,0801 1.45547 k.6012 1.93579
k7500 L7392 1.3146  3.8820 2.7456 1.29739 4.1015 1.72555
L7608 47500 1.3078  3.8619 2.7314 1.29068 L .0803 1.71662
50000 L9880 1.16642 34O 2.4361°  1.151157% 3.63917%F  1.5m0L471
50120 50000 1.1597 3.h42h6 2.4221 1.14455 3.6183% 1.52226
52500 52368 1.0349  3.0562 2.1615 1.02141 3.2290 1.35849
52632 52500 1a028ul 3.03%69 2.1479 1.01496 3.2086 1.34991
55000 54855 9.1834~ 2.7119 1.9180 9.06%2772 2.8652 1.20542
55145 55000 9.1197 2.6931 1.90k7 9.00048 2.8453 1.19707
57500 57342 8.1489 2.Lho6k 1.7019 8.04231 2.5412 1.06911
57659 57500 8.0872 2.3882 1.6890 7.98144 2.5232 1.06154
60000 59827 7.2311% 2.13540 1.5103%  7.1365872 2.2560%  g.kg17272
60173 60000 7.1716 2.1178 1.4978 7.07778 2.2375 9.413%52
70000 69766 L.4850  1.324kL 9.5672l L. L2637 1.3%993% 5.88712
70236 70000  4.43h8  1.3096 9.2623 4, 37684 13857 5.8212L4
80000 79694 2.7831 8.2183"1 5.8125  2.74666  8.68317°  3.65%08
80308 80000 2.7425  8.0985 5. 7278 2.70659 8.5564 3.59980
82345 82021 2.4886  7.3488 5.1975 2.45605 7.7644 3.26657
90000 89613 1.7376 5.1312°%  3.6291 1.71h92 5.25%1 2.21004
90390 90000 1.7067 5.0397 3. 5644 1.68434 5«151% 2,16721
100000 99523 1.10551 5,26uo"1 2.,5085l 1909087”‘2 3.21147°  1,%5107°°
100482 100000 1.0820 3.1951 2.2598 1.06784 31577 1.3%2007
110000 109423 7.15650 2,11%5% 1.hok7 7.0629475 2,001k 8,42003"2
110583 110000 6.9810 2.0615 1.4580 6.88969 1.9480 8.19559
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ENGLISH TABLE ITI CONTINUED

136

ALTITUDE PRESSURE DENSITY
1bf 1bf sec?

Z,ft | H,ft' || P,mb P,in Hg ZP’EEE‘ BIE, p"“;;ﬂ—“ P/Po.
120000 119313 4.7101°  1.39097F 9.8%720  L4.64B4B™D 1.26977°  5.341787°
120695 120000 L4.5779 1.3518 9.5611 4.51799 1.2310 5.17886
130000 129195 3.147h 9.2943"2  6.5735 3.10626 8. 1891»“6 3. 44540
130815 130000 3.0476 8.9995 6. 3650 3.00773 7.9072 3. 32668
140000 139066 2.13%%2 6.2992 . hs52  2,10527 5. 3640 2.25672
1hook6 140000 2.0575 6.0759 L.2972 2.03062 5.1574 2.16980
150000 148929 1.4650° L.326172 3.0597°  1.hk58270 3.564270  1.4gg52™3
151087 150000 1.hko7h 4,1561 2.9395 1.38902 B 1 2P 1.43555
155348 154199 1.204k4 %.5566 2.5155 1.18866 2,8803 1.21179
160000 158782 1.0173 3,0041 2.1247 1.00401 2.4329 1.08%55

161237 160000 9.7267°1 2.8723 2.0315 9059955°h 2.3261 9.78651““
170000 168626 T7.0788 2.0904 1.4784 6.98625 1.6929 7.12218
171397 170000 6.7293 1.9872 1.4o54 6.64128 1.6093 6. TT051
175346 173885 5.8320 1.7222 1.2180 5. 75573 1.%947 5.86773
180000 178460 L4.9193 1.4527 1.0274 4.85495 1.1995 5.04652
181567 180000 L4.6418 1.3707 9.6047"1 L.58115 1.1394 4.79357
190000 188285 3.3740 9.9635"2  7.0468 3.32989 8.5800"7  3.61%52
191747 190000 3.1537 9.3129 6.5866 3.11246 8.0903 3.40370
200000 198100 2.2752°1 6.718670 L4.75181 2.2h5k3H 6.0583°7  2.5487974

201937 200000 2.1047 6.2153% 4, 3958 2.07722 5.6545 2.37891
210000 207907 1.5079 4.4528 3.1493 1.48816 4.2082 1. 77043
212136 210000 1.3775 . L4.0676 2.8769 1.3594L 3.8841 1.63408
220000 217704 9.792772 2,80918  2.0452  9.664607° 2.8710 1.20785
222345 220000 8.8224 2.6053 1.8L426 8.70705 26175 1.30121
230000 227491 6.2217 1.8373 1.2994 6.14034 1.9210 8,081807?
232565 230000 5.5173 1.6293 1.1523 5.44519 1.7270 7.26582
240000 237270 3.8580 1.1393 L 8‘.0576“2 3.80754 1.2580 5.29239
2h279k 240000  3.3599 9.92187"  T.0173 3.31596 1.11%0 4. 68242
249001 246063 2,452 7.241 5 o121 2.4200 8.420" 3.5423
250000 247039 2.329°2  6.877°%  4.864"2  2.208%70  7.996™0  3.364177
253033 250000 1.991 5.880 4,158 1.9650 6.837 2.876k4
260000 256799 1.390 L,10k 2,902 15715 h.772 2.0075
263282 260000 1.173 3. 46k 2.450 1.1578 e 4.028 1.6948
270000 266549 8,297=5 2.450 1.75% 8.1880" 2.849 1.1986
273541 270000 6.912 2.041 .44k 6.8219 2.357h 9»9857“6
280000 276291 L4.956 1.463 10755 4 .8909 1+.702 7.1592
283810 280000 L4.073 1.203% 8.506™2  4.0195 1.3%99 5.8837
290000 286023 2.962 8.74672  6.185 2.9229 1.017 L.278L
204089 290000 2.Lo0 7.086 5.012 2.368% 8.24079  3.4667
209516 295276 1.815 5.361 B 701 1.7916 6.234 2.6225



ENGLISH TABLE IT CONTINUED

ALTITUDE PRESSURE . DENSITY
P 1bf p,lbfsec2

7,0t | Bt Pmb | P,in Hg | ’L2 P/P, ik P/P,
500000 295746 1.771°0 5.22975  3.698°3 1.7477°0  6.06579  2.5517°°
304378 300000 1.418 4,188 2.962 1.4000 L. 7h9 1.9979 _
325000 3FR0013 5,317+ 1.570 1.110 5.2 7L~ 1.610 6.77%0" 1
330145 325000 L.225 1.248 8.80414 4,1697 1.250 5.2568
350000 3Lkhe23  1.826 5.595‘6 3.814 1.8024 4.957"10 2,0853
355974 350000 1.439 L, 248 3,005 1.4199 5.810 1.603%0
375000 368376 6.9877° 2.063 1.459  6.8952~8  1.718 7.2002-8
381866 375000 5.453% 1.610 1.1%9 5,3%818 1.3%08 5.5011
400000 392473 2.91975 8.619°7 6.0967% 2.8807°8  6.565"11 2.7620-8
4o7822 LOOOOO 2.257 6.664 k713 2.2270 4.943 2.0797
h217hs 413386 1.451 L, 285 3,030 1.4320 3.038 1.2781
425000 UL416512 1.31k 3.879 2,7kl 1.2966 S 6Te 1o Y20
433841 425000 1.017 . 3.00% 2.124 1.0036 1.919 8.0726"
450000 Lhoko5 6.6617° 1,967 1.391  6.57k0"9 1.111 L.6718
45992k L50000 5.262  1.55h4 1.099 _ 5.19%3 8.187°12 2 LLLs5
475000 Léehho2 3,785 1,118 8 7,906'6 3,7358 B AhE 2.2501
486071 475000 3.030 8.946" 6.327 2.9900 L.010 1.6872
500000 488293 2.33u-6 6.89278  4.875°6 2.3034"9  2.862712 1.2043"9
512282 500000 2.052 6.058 L4.285 2.0247 2.3%63 9.9417-10
550000 5%5868 1.051 %.10% 2,195 1.0371 1,020 L. 2928
564897 550000 8.560°1 2.508 1.788  8.uk81710  7.827713 3.29%0
590401 57k1k7  6.189 1.828 1.29% 6.1085 5.147 2.1655
600000 583221 5.51677 1.62978 1.15076 5.4L43-10 ) 4g9=13 1,89p7-10
617773 600000 L4.485 1.%24 9.366= 1 L,L2os58 3,531 1.4854
650000 630354 3.138 9.2669  6.553 3,0967 2.%25 9.7822“1l
670910 650000 2.518 T.435 5.259 2.4849 1.797 T:561T
700000 677268 1.8797 5.55079  3.995-7 1.8548-10  1.277713 5 370771l
724311 700000 1.489 4.%95 3.109 1.4690 9@718‘1“ 4.0885
750000 723965 1.175 BHTL 2.455 1.1599 7.372 Mol
777977 750000 9.187-8 2.713 1.919 9.0665 11 5,506 2.32h9
800000 770446 7.6248 2,25179 1.502=7 7.5340"11 L hhz~1k 1 gEgo-11
821911 800000 5.881 1727 1.228 5.8041 3,280 1.3798
850000 816714 5.103 1.507 1.066 5.0364 2,778 1.1688
886115 850000 3.885 1.1k7 8.114-8 3,834 2.019 8,4955-12
900000 862768 3.511~8 1.03779  7.33278 s.4646"11  1.794"1% 7 5456-12
940590 900000 2.637 7.788"10 5,509 2.6029 1.284 5.4002
950000 908611 2.473 T+ 504 5.166 2.4410 1.191 5.009k4
995339 950000 1.83k4 5.415 3.830 1.8098 8.391 712> 2.5%01
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ENGLISH TABLE IT CONTINUED

ALTTITUDE PRESSURE - DENSITY

5 o
Z,ft | H,ft’ P,mb | P,in Hg P:li%g" P/P P:gifﬁizg— p/pP

¥ o hiar =
1000000 954245 1.78070  5.256710 3.71778  1.7565711 8.103°15  3.4089712
1050364 1000000 1.3%02 3.845 2.720 1.2852 5.622 2.%653%
1100000 1044889 9.7%2°9  2.87Lk 2.0%3 9.6045712 3,999 1.6824
1161249 1100000 6.934 2.048 1.448 6.84326 2.690 Tl BT
1200000 1134710 5.655 1.670 1.181 5.581k 2.119 8.9162715
1273262 1200000 3.925 1:159 8¢197"9 B (DD 1.382 5.8154
1300000 1223721 3.455 1.020 i 3.4102 1.191 5.0107
1386421 1300000 2,336 6.897" 1 4.878 2.3050 7.5%2716 3 1689
1400000 1311932 2.202 6.502 4. 598 2.173%0 7.030 2.9576
1500000 1399354 1.45479  4.293711 303779  1.4349"12 L .306-16 1 gop1-13
1500743 1400000 1.450 4,281 3,028 1.4306 4,311 1.8138
1600000 1485997 9.899710 2,921 2.068 9.7699"13 2,760 1.1610
1616246 1500000 9.32k4 2.754 1.947 9.2025 2573 1.0825
1700000 1571872 6.922 2.04k 1.446 6.8319 1.816 7.6hou'lh
1732949 1600000 6.185 1.887 1.292 6.104k4 1.592 6.6976
1780465 1640420 5.281 1+559 1,105 5,2116 1.323 55666
1850870 1700000 k.o1h 1.24h 8.802710 k.1501 1.016 L. 2754
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ENGLISH TABLE ITT

SOUND SPEED, VISCOSITY, AND KINEMATIC VISCOSITY AS
FUNCTIONS OF GEQMETRIC AND GEOPOTENTIAL ALTITUDE

ALTITUDE SOUND SPEED VISCOSITY KINEMATIC VISCOSITY
' 2
2,86 | HEE' | ot | ColCso | Mmi B | i, nit n/n,
=15000 -15011 1172.6 1.0503%  4.0298~7 1.07828 1.,1162°LL (,709872‘l
-14989 -15000 1172.6 1.05030 L4.0296 1.07822  1.1164 . 710040
-12500 =12508 1163.5 1.04211  3.9820 1.06548 1.1792 . 749997
-12493 -12500 1163.4  1.04209  3.9819 1.0654% 1.1794 + 70122
~10000 ~10005 1154.2 1.03%82  3.9338 1.05258  1.2469 .793037
-9995.2 =-10000 115k.2 1.05%81  3.9337 1.05256  1.2471 .793123%
-7500 -7502,7 1144.9 1.02547 3.8853 1.03959 1.3196 .839253
-Th97. =T7500 1144.9 1.02546  3.8852 1.03958 1.3197 .839305
=5000 -5001.2 1135.5 1.01705 3.8363% 1.02650  1.3977 .888933
-4998. =5000 1135.5 1.01704  3.8363 1.02649  1.3977 .888958
-2500 -2500.3 1126.0 1.00856 3.7870 1.01330 1.4818 .94k2397
-2L499, =2500 1126.0 1.00856  3.7870 1.01330 1.4818 942403
0 0 1116.4 1.00000 3.7373"7  1.00000 1,5725‘“ 1.00000°
2500 2499,7 1106.8 .991370 3.6872 .986591  1.6700 1.0621k4
2500. 2500 1106.8  .991369 3.6872 .986589 1.6700 1.06215
5000 4998.8 1097.1  .982666 3.6367 973073 1.7756 1.12925
5001. 5000 1097.1  .982661 3.6366 .973066 1.7756 1.12928
7500 7497.3 1087.3 .973886 3.5857 .959443 1.8897 1.20183%
7502, 7500 1087.3 .973876 3.5857 .950428 1.8898 1.20191
10000 9995.2 1077.4  .965028 5.55&&“7 .945700 2,0152'“ 1.28042°
10005 10000 1077.4  .965011 3.5343 945673 2.0135 1.28058
12500 12492 1067.4  .956091 3.4826 .931840 2.1472 1.3%6564
12508 12500 1067.4  .956064 3.4824 2931798 2.1477 1.36591
15000 14989 1057.4 947071 3.43%03 917861 2.2928 1.45819
15011 15000 1057.3  .947032 3.4301 .917801 2.2934 1.45861
17500 17485 1047.2  .937967 3.3776 .903762 2.4510 1.55883
1715 17500 10k7.1 .937913 3.3773 .903679 2.4520 1.55945
20000 19981 103%36.9  .928776 505245”7 .889539 2.625&““ 1.66846°
20019 20000 10%36.8  .928705 3.324k1 .88ok29 2.6247 1.6693%3
22500 22476 1026.6  .919495 3.2708 875190 2.811k4 1.78804
2252 22500 1026.5  .919405 3.2703 875050 2.8133 1.78926
25000 24970 1016.1  .910122 3.2167 860712 3.0169 1.91872
25030 25000 1016.0  .910009 3.2161 .860537 3.0194 1.9203%6
27500 27464 1005.5  .90065L4 3.1621 846102 3.2418 2.06176
27536 27500 1005.4  .900515 13,1613 845889 3,2452 2.06393
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ENGLISH TABLE III CONTINUED

ALTITUDE

ﬂ SOUND SPEED VISCOSITY KINEMATIC VISCOSITY
2
o . £t 1bf sec £t
Z)ft’ H_«,ft;ﬂ Cs)‘}é"g’g Cs/Cso MD? }.L/;.LO n}*ggg n/ﬂo
30000 29957 994.85 ,891087 3.1070°7  .831358 5nh884°h 2,21861°
30043 30000 99k.66 .890921 3.1061 .831102 3.4929 2.22145
32500  324ho  984.05 .881k19 3.051k B816hT7T  3.7593 2.39093%
32551 32500 983%.8% .881221 3.0503 816173 3.7651 2.3%9459
35000 34Okl 973.1h 871646 2.9953 801455 L.0576 2.58060
35059 35000 972.89 .87ik1k 2.9940 .801100 L4.06k49 2.58529
36152 36089 0968.08 .867107 2.9692 .TOLU86  L4.2051 2.67hh1
37500 37433 968.08 ,867107 2.9692 . TOU486  L4.4855 2.85280
37568 37500 968.08 .867107 2.9692 . 794486  L.5001 2.86204
LO0OO 39923 968.08 .867107 2,.9692"7 . T94L86 59056o°h 3,215610
hoo77T  LOOOO  968.08 .867107 2.9692 .T94486 5.0746 3,22746
L2500  Lohih  968.08 867107 2.9692 . T94486 5.6988 3.62443
ko587 L2500 968.08 .867107 2.9692 .T94L86 5.7225 3.63953
45000  Lh903  968.08 .867107 2.9692 .T94486  6.4232 4.08513
45097 45000 968.08 .867107 2.9692 .TO4UB6  6.4532 4, 10420
L7500  47%92 968.08 .867107 2.9692 <T944B6  T7.239k L . 60426
47608  W7500 968.08 .867107 2.9692 .TO4486  T7.2771 4. 62821
50000 49880  968.08 .867107 2.9692°T  .7ouk86 8.1592°% 5.189210
50120 50000 968.08 .867107 2.9692 .TOLL86  8.2062 5.21912
52500 52368 968.08 .867107 2.9692 .T94486 9.1955 5.84830
52632 52500 968,08 .867107 2.9692 .T9kk86 9.25%9 5.88548
55000 54855 968.08 .867107 2.9692 794486 1.0%36372 6.5909%
55145 55000 968.08 .867107 2.9692 .TO4486 1.0435 6.63691
57500 57342 968,08 .867107 2.9692 . T9L486  1.1684 7.4%128
57659 57500 968.08 .867107 2.9692 794486 1.1768 7.48428
60000 59828  968.08 .867107 2.9692°7  ,7oLL86 1.31617° 8.370%1°
60173 60000 968.08 .867107 2.9692 .T94L86  1.3270 8.43984
70000 69766 968.08 .867107 2.9692 < TOL486  2.1219 1.349531
70236 70000 968.08 .867107 2.9692 <LTOUL86  2.1459 1.36481
80000 79694  968.08 .867107 2.9692 .T94486  3.4196 2,17484
80308 80000 968.08 .867107 2.9692 . T9U486  3.4702 2.20703
82345 82021 968.08 .867107 2.9692 .T94486  3.82L2 2.43217
90000 89613 983.46 .880889 3.0484 .815663 5.8030 3.69071
90390 90000 98hk.24 .881586 3.0524 816734 5.9255 3,76860
100000 99523 100%.2  .898561 3,1501”7 842875 9,809172 6,25857+l
100482 100000 1004.1  .899403 3.1549 Bul7h  1.00557° 6.3%9491
110000 109hk23 1022.5 .915875 3.2499 869596 1.6239 1h05277+2
110583 110000 1023.6 .91687h 2.2557 871140 1.6713 1.06294
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ENCLISH TABIE IIT CONTINUED

. T e
ALTTTLIE ; 50UND SPIED ' VTS OSITY KINEMATIC VISCOSITY
iy ; 10f seg | o e

Z,1t ! A Cslean it Me™ P ; w/ity "‘]’éf;? 2y
120000 119313 10L41.5 5.348077T L8058k 2.636977  1.67705t2
120695 120000 1Gh2.H 5.35k8 897650 2.7253  1.75%30
170,000 129195 1 _ 3. b .021638  L.2060 2.67408
140515 130000 1081.6 3.h502 .023722 L. 3659 2. T7671
1LOO00 139066 1075.3 %.53%92 .9L6996 | 6.5980 4.106%5k
140946 10000 10£0.0 3.5L81 .9Lk9373  6.8796 L. 37539
190000 148929 1096.3  .981931 3.632471 971932 1.01917F 6.L&16L1°
151067 150000 109&.2  .963660 3.6L2L 9Th617  1.0675 6.75916
155348 154199 1105.7  .990411l 3.6816 .985101 1.2782 8.129%%
160000 158782 1105.7  .990411 3.6816 .985101 1.5133 9.62436
161237 160000 1105.7  .990411 3.6816 .985101 1.5827 1.00661
170000 168626 1105.7  .990411 3.6816 .985101 2.1748 1.38315
171397 170000 1105.7  .990411 3.6816 .985101 2.2877 1.45409
175346 173885 1105.7  .990411 3.6816 ©.985101  2.63%97 1.67885
180000 178460 1095.1  .980836 3.6260 .970232  3.0229 1.92258
181567 180000 1091.4  .977592 3.6072 .965196  3.1659 2.01352
190000 188285 1071.7  .959953 937828 L.080T 2.595%%
191747 190000 1067.6  .956260 3.483%5 .932102 L4.3058 2.73850

NN N0 N MO AN AN AN AW W AN AT A AN LY AN OO0 A D WA W
Ul
(@)
=
O

200000 196100 1047.9  .9%860k 3.3813°1  .ooh7h8 5.5813°1 3.5h972t
2019%7 200000 1043.3  .93hhko 3.3572 898305 5.9373 3.77613
210000 207907 1023.6  .916824 3.2554 .871062  7.7360 4.92007
2121%6 210000 1018.3  .912102 3.2282 863768 8.51130 5.28597
220000 217704  998.67 .894k512  3.1268 836634  1.0891 6.92666
202345 220000 992.7hk .889200 3.0962 .828L453  1.1829 7.52308
230000 227491  973.15 .871651 2.9953 801463  1.5593 9.91689 !
2%2565 230000 966.50 865694 2.9611 .792318 1.7146 1.09047"
240000 237270 9L6.96 .8L48196 2.8609 .765510 2.2743 1. hL6khh
242794k 240000  93%39.52 .841530 2.8229 .755%20 2.5%63 1.61310
249001 246063 922.8  .82654 T 73245 3.251 2.0677
250000 247039 922.8  .8265k 2.737°1  .732Lk5  3.423 o772t
253033 250000 922.8  .82654  2.737 73245 L.ook 2.5L64
260000 256799 922.8  .82654  2.737 .7324k5 5,737 3. 6485
263282 260000 922.8  .8265k 2,737 73245 6.795 L.3218
270000 266549 < 922.8  .82654  2.737 73245 9.609 | 6.1111
273541 270000 922.8  .82654  2.737 . 73245 1.155+l 7.3349
280000 276291 922.8  .8265h  2.737 7345 1.609 1.025. 72
283810 280000  922.8  .82654  2.737 J13245  1.957 1.24kL9
290000 286023 922.8  .82654  2.737 L132ks5  2.692 1.7120
294089 290000 922.8  .82654  2.737 L7324h5 0 3.322 2.1128
29951F 295276 922.8  .8265L  2.737 L732h5  L.391 2.°71929
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ALTITUDE IN 10® FEET ( GEOPOTENTIAL)
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ALTITUDE IN GEOPOTENTIAL FEET X 103
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ALTITUDE IN GEOPOTENTIAL FEET X 10°
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APPENDIX A

CQMPARISON CF PROMINENT AERONAUTICAL STANDARD ATMOSPHERES
’ Constants Employed
E . ICAO
Toussaint | Cregg ICAN Diehl Warfield 1952 Minzner
Prop- 1919 1922 192k 1925 1947 U.S. and 1956
erties Dimensions France U.s. Internat. u.s. U.S. Internat. u.s.
B, mm 760 760 760 760
B mb 1013.3 | 1013.2 1013.25 | 1013.25 1013.250 | 1013.250
P, kg "> 1.225 1.225 1.2256 1.2255° | 1.2255 1.2250 1.2250
PM .
£ .!S;‘%S 352.8 352.8 352.969 | 352,94 353.000 353.000
R 'J%lf?' 2.8720 | 2.8705 2.87084 2.870L 2.8704
R* 4.}%\%;_'. 8.3143%9
™ "c 15. 15. 15. 155
T, *K 273. 273.16 273.16
M, 28.966 28.966 28.966
(Cgle m 340,22 30,43 340.292
8sec
4 1.4 1.401119 1.h
] °K 120 120 110.4
B ___kﬂ_m 1.488,82 | 1.496,26 | 1.458
sec m (°X) x 1075 x 1079 x 1072
r’ m 6,367,623 6,356,766
Sea Level Atmospheric Composition, Major Constituents by Per Cent
B0 0.0’ 0.0 0.0 0.0
Ra 78.03 78.09 78.09
0p 20.99 20.95 20.95
A .9k .93 .93
co, .0k .03 .03
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APPENDIX A CONTINUED

COMPARISON OF PROMINENT AERONAUTICAL STANDARD ATMOSPHERES

Temperature-Altitude Profiles

ICAO
Toussaint Gregg ICAN Diehl Warfield 1952 Minzner
1919 1922 1924 1925 1947 U.S. and 1956
Frence U.S. Internat. U.S. U.5. Internat. UeSe
Altitude
km or km' t Q t Qa t a t a t a t a’ tM LM
0 15 7 |15 0§ |5 T LT 15 3 | B8 7§
2 2 2 2 2 2 2
L =11 -11 <13 -11 =11 il
. -6o5 _6-5 "6.5 "6-5 “'6-5 -6.5
6 -2k =24 =24 -2k =24 =24
8 -37 -37 -37 -37 -37 -37
10 -50 -50 X |-50 -50 -50 -50
10.769,23 -55
11 -57 -4 -56.54 |-55 O -56.5 =~ | =56.5 -~
0 3 _L 0 {
20 -57 4 -56.5 &£ |=55 55§ |=56+5 L | -56.5 ©
25 -55 0 -56.5 -
32 -55 -%» -35.5 +3
1
L7 +73 +9.5 -‘5-5-
50 +77 -g— 0
>3 0 9.5+
60 +T7 -g— -3.9
75 -65 -716.3 -
78 -33 -g— ?
0
83 =35 & 1
. 24
90 +35= -76.3 +
37 §
120 s02 &£ +3.5
126 49.7 -+
+10
175 539.7 -g—
300 1264.7 +5.8
500 ohol,7 A
Footnotes: ty 18 in °c ty = o.M
t is in :C -1 a' is in °C kmv-l M °
@ ie in °C lm Ly 18 in °C lm*-t Below 90 lm', ty = t
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APPENDIX B
Constants

Defined Independent Physical Constants Adopted as Being Exact

mks absgolute unitsg cgs units
8, = 9.806,65 m sec™ T 980 .665 em.sec™t
M, = 28.966 (dimensionless) 28.966 (dimensionless)
N = 6.023,80 x 1026 (dimensionless) 6.023,80 x e (dimensionless)
(for a keg-mol) (for a gm-mol)
- p) =2 2 6 =2
Fo o= 1005250 x 10~ 6t m 1.013,250 x 10~ dynes cm
or 0.76 m of mercury or 76,0 cm of mercury
R* = 8.314,39 x 10° joules (°K)™% kg™t  8.314,39 x 107 ergs (°K)~% gm™t
r = 6.356,766 x 10 6.356, 766 x 108 cm
S = 110.4°K 110.4°K
T; = 273.16°K 273.16°K
ty = 15°C 15°C
6 1 -1 . =
B = 1.k58 x 107° kg sec™™ m ~(°K) 2 1.458 x 1072 gm sec™t em™L(°k)=2
[or poise (°K) ' 1
y = 1.k (dimensionless) 1.4 (dimensionless)
6 = 3.65 x 10710 3.65 x 10°8 cm

Engligh Units

_ o
t; = 32°F

Numerical Constants (not exact)

Logjn e = .43h4,20L,481,9
x = 3.141,592,654
J2 = 141k, 213 562
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APPENDIX C

Conversions

Defined and Derived Conversion Factors

for

Transformation of Units and Scales

Metric to English Conversionsg and Vice Versa

a. Defined relations

1 foot

30k4,8 meter (exact)

= 0,
1 international nautical mile = 1,852 meters (exact)
= 0.

1 pound

45%,592,% kilogram (exact)

b. Derived relations

1 meter
1 meter

1 kilogram
1 (inmi)
1 foot

c. Conversion
1
1
1

1

]

B

= 5.

11

i

2

280,8%9,895,013 feet

399, 568,03, 557 % 10™*

international nautical miles
(i nmi)
20k, 622,962,070 pounds

6,076,115,48 feet

£

6L5, 768, 33 x 107k (i n mi)

factors

Il

7

:]_’

1

ol
Ls

o

30L,8 m £t

852 m (i n mi)mi
53,592,3 kg 1b”
8

52. £t (1 n mi)™"

J

Geometric Altitude to Geopotential Altitude

a. Defined relations

1 standsrd geopotential meter

9.806,65 joules kg T (exact);

il

G

gecpotential altitude, H(m') l}jfg az

where G

il

9,

806,65 joules kg T

9.

H
Lom (exact)

806,65 m> gec™® 't
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Derived relations

il

0.30k4,8 standard geopotential meter
(exact)
3.280,839,895,013 standard geopoten-
tial feet

1 standerd geopotential foot

1 standard geopotential meter

c. Conversien f&ctars
1=0.%L8m rt'°1

5. Temperature Ugit spd Scale Conversions

a Defined :@laticns

t(°¢) = 7(°K) - T4(°K)
where T,(°K) = 273.16°K

™{*R) = 1.8 7(°K)
t(°F) - 4(8F) = T(°R) - T1(°R)
where t,(°F) = 32(°F)

o

Derived relations

t,(°c) = 0%

T;(°R) = k91.688°R

1% = 1,8°R (in magnitude)
1*0 = 1°K (in megnitude)

1°F = 1°R (in magnitude)
t(°¢) = lP(°R) - T4(°R)]/1.8
t(®0) = [t(°r) - t3(°m)1/1.8
T*PR) = 1.B1(°c) + 273116(°cﬂ

T(°R) = [t(°F) - t4(°F)] + kol.688°R
t(®F) - 32°F = 1.8 t(°¢)
t(°F) - 22°F = 1.8 [1(°Kk) - 273.16(°k)]

c. (Conversion factors

1 =1.8°R (°K)*

L. Absolute Sygiems to Absolute-Force, Gravitational Systems
a. Defined relations
1 kilogram (ferce), kgf = 9.806,65 m sec © x 1 kilogram (mass), kg.

2

1 pound (f@ﬁ@é); 1bf = 2;%%g§§2 ft sec’© x 1 pound (mass), 1b.
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Derived relations
1 kgf sec® m T = 9.806,65 x 1 kg

L dlig = 1 10 gec” = 9:282,22 x 1 1b

1 1bf = .b453,592,3 kgf
Conversion factors

-2 -1
1 = 9.806,65 m sec™“ kg kgf

1 = 92:806,65 £t gec? 1p 1pr7t

J

-
|

= .153,592,3 ket 1bf™t
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APPENDIX D

Assunmptions
2
- ¥
¢ = o )
dP = -g p 42
- M
P R*T
T
Ty = (M}Mo
[+
(Ty) o= 288.16°K
Ty = (Tl + Iy (- )
where LM is given by the following table
Ly in °K m'~t Altitude Layer in m'
-0.0065 exact -5,000. to 0.
-0.0065 exact 0. to 11,000.
0.0 exact 11,000, to 25,000.
+0.0030 exact 25,000. to 47,000.
0.0 exact 47,000. to 53,000.
-0.0039 exact 53,000. to 75,000.
0.0  exact 75,000. to 90,000.
+0.0035 exact ©0,000. to 126,000.
+0.0100 exact 126,000. to 175,000.
+0.0058 exact 175,000. to 500,000.
g = BT
g M
s ]
\ ¢/
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7 = < 8R*T>l/ .

M
®=pg, (not pgy)

< <
For ~5,000. m' = H =+ 90,000. m'

M = 28,966 (exact)

< <
For 90,000. m' = H = 175,000. m'

M = 23.160,126,7 H - 1,757,856.047
H - 78,726.253

< <
For 175,000. m' = H = 500,000. m'

_ 13.139,119,0 H + 51k, 492.021

: T - 56,969.500
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APPENDIX E

Sea-Level Values of the Atmospheric Properties in Metric Units

mks units
340.292,046 m sec™1
9.806,65 m sec™?
8.434, 413,43 x 105n«
6.631,722,29 x 108 n
28.966 (dimensionless, exact)
28.966 kg (exact)
2.547,552,07 x 102 w2
101,325 nt m™°
.76 m Hg
10,332.274,5 kef m"°
288.16°K
288.16°K (exact)
458,942,035 m sec”+
23.645,4kk,1 m° for a kg-mol
1.460,741,29 x 1072 m° sec™t
1.789,428,5% x 1072 kg m"t sec

1.824,709,28 x 1076 kgf sec m™2

153
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cgs units
34,029.204,6 cm sec™t
980.665 cm sec™
8.434,413,4% x 10° cm
6.631,722,29 x 107 cm
28.966 (dimensionless, exact)
28,966 gm (exact)
2,547,552,07 x 1029 cm™2
2

1,013,250. dynes cm

.76 cm Hg

288.16°K
288.16°K (exact)

45,894.203,5 cm sec™t
23,645,440 1 em’ for a gm-mol
1.460,741,29 x 10~ cm® sec™t

1.789,428,53 x 1074 gm cm™t sec™t




Sea-level Values of the Atmospheric Properties in Metric Units

mks units cgs units
yo  6:920,404,89 x 107 sec™? 6.920,40k4,89 x 109 sec™t
Po  1.225,013,99 kg m™> 1.225,01%,99 x 1072 gm cm™?

Po .124,916,663 kgf sec? wt

®,  12.013,28%.5 kg m™° sec™® 1.201,328,35 gm cm° sec™®
®,  1.225,014,00 kgf m™>

Ice-Point Values of Some Atm@spheric Properties

mks units cgs units
n;  2.687,Ll5,47 x 10°0 n~3 2.687,445,47 x 1019 cm™?
7 22.41h,594 4 m’ for a kg-mol 22,414.596,4 cm® for a gm-mol
p;  1.292,283,037 kg w2 1.292,283,037 x 1072 gm cm™ 2
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APPENDIX F

Sea-Level Values of the Atmospheric Properties in English Units

(Ca)s 1.116,443,72 x 107 £t sec™t

g6 32.17k,0L8,5 £t sec™?
iy 2.767,196,00 x 10* 2t

L, 2.175,761,91 x 107 [ £t

u_ 28.966 |

M 28.966 1bs

ng 7.213,864,1 x 1020 £t70

P 68,087.267 1b £t™1 sec™®

B 29.921,259,8 in Hg

P 2,116.216,95 1bf £t72

o 518.688°R
(TM)O 518.688°R

v 1.505,715,34 x 107 £t sec™t

v, 83,503,098 £t

Ny 1.572,328,83 x 107 £t2 sec™l

o 1.202,440,64 x 1072 1b ££7F sec™t
iy 3,737,299, 76 x 10~ 1bf sec £t~2
- 6.920,404,9 x 107 sec™t

fo 076,475,137 1b ££72

Py 2.376,919,99 x 1073 1bf sec? £t™*
o, 2,460,514, 77 1b ££72 sec™?

® 7.647,513,7 x 1072 1bf 72
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APPENDIX K

Comparison of the Magnitudes of Comparable Units in the Metric
Absolute cgs and mks Systems of Mechanical Measure

length lm= 102 cm

mass 1l kg = lO5 gm

time 1 sec = 1 sec

force 1 nt = lO5 dynes

ares 1 m2 = th cm2

volume 1 m5 = 106 cm5

speed (sound) 1 m sec™! = 10° cm sec™t
acceleration 1 m sec™® = 10° em sec™

lntm-= lO7 dynes cm

energy (work) 1 joule = 107 ergs

1 joule kg”l = lOLL ergs gm'l

genpatentiat 1 m2 sec'2 = 10“ cm2 sec™?
pressure 1 nt w2 = 10t dynes em™?
density 1 kg ™2 = 1072 gm cm™?
specific weight 1 kg m2 sec® = 1071 gmcm."2 sec™?
number density 1md = 10"6 em™)
collision frequency 1 sec™t = 1 sec™?
. . . . 1 newton sec m™2 = 101 dynes sec em™2
coefficient of viscosity 1 ke L see-l = 10 oh S R, R polse
kinematic viscosity i m2 sec“l = lOLL cm? sec'l

Pressure in Terms of the Bar or Millibar‘(mb)

6 2

1 bar = 100 millibars (mb) = 10° nt m™2 = 10° dynes cm”
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APPENDIX L

Atmospheric Density Expressed as a Single Function of Altitude

At a recent Ad Hoc Conference on Units and Constants for Satellite
Orbit Computations, this MODEL was adopted as a basis for initial calcu-
lations of IGY satellite orbits. Dr. Jacchia33who had received a prepub-
lication copy of the MODEL, prepared and presented the following equations

as closely representing the atmospheric density of this MODEL above 100 km
altitude.

A

log; P = ~10.919 - 0.004483Z + 7.32Le"0+00685F 4 5°u00e'o°8[““loo] (1)
6 a7[ 2]

log,p = -11.019 - 0.00BIH + 7.300e 0*000TE | 3 750e~0- 7[100] (2)

where p is the atmospheric density in kg/mB, Z is the geometric height
above sea level in km, and H is the geopotential height in geopotential km.
A comparison of densities computed from these equations with densities
from the ARDC Model are tabulated on the next page.
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Residuals Aloglo P (ARDC Model Atmosphere densities minus interpolating
formula) are given in the following tables

z log,, p Dlogyp H log;, P Dlogynp
(km) (kg/mB) [(from (l_)] (km) (kg/mB) [(from (28
0 +0.088 +.286 0 +0.088 +.107
25 -1.378 +.126 25 -1.398 -.184
50 -2.965 -.096 50 -2.986 -.267
75 -4 . 304 +.145 75 -4,.3%63 +.037
100 -6.147 +.002 100 -6.258 -.043
125 -7.629 +.027 125 ~7.754 +.031
150 -8.750 -.006 150 -8.871 +.001
175 -9.462 -.012 175 -9.576 -.010
200 -9.955 -.001 200 -10.068 -.001
250 -10.725 -.006 250 -10.859 -.005
300 -11.3%28 -.002 300 -11.484 .000
350 ~11.822 .000 350 -12.001 +.002
400 -12.241 +.001 400 -12. 442 +.001
450 -12.60k4 +.003% 450 -12.826 -.001
500 -12.922 .000 500 -13.166 .000

Little effort was made to secure a good fit for heights smaller than
100 km.
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APPENDIX M

Effective Radius of the Earth

The limitations of the inverse square law for determining the acceler-
ation of gravity were discussed in Section 2.1 of this paper. A value of
effective earth's radius was introduced as a means of offsetting some of
these limitations.

The inverse square law for expressing the acceleration of gravity was
given as

& = g (%—Zf . (M-1)

The partial derivative of g with respect to Z is

25 _ g \_mp) i
% - ) e (-2

This partial derivative evaluated at Z = O becomes

(g%z:o - ”i?é | -

Thus, if the actual sea-level value of gy and the actual sea-level value of

(5gﬂ3Z) for the particular latitude are introduced into Eq. (M—B), the value
of r, consistent with these realistic quantities is the effective earth's

radius at that latitude.

Harrisong3 presented the following expression for (Og/dZ)Zzo as a
function of latitude @, without indicating its derivation.®

.08 _ 3,085,462 x 1076 + 2.27 x 1072 cos 2 0}

Q

-2 x 10712 cos 4 ¢.

.38
* This equation appears to be related to Lambert's »30 alternating power

series expression for g in terms of ¢ and Z, which equation is discussed
in Appendix O.
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Using this expression, the effective earth's radius ?¢ at latitude @ is

2g¢ .
3.085,462 x 106 + 2.27 x 1079 cos 2 @ - 2 x 10712 cos L ¢

F¢ =

For ¢ = 45° 32' Lo",

8y = &, = 9.806,65 m o

and

r = 6,356,766 n .

2]
ASE
I
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APPENDIX N

Acceleration of Gravity

L Bacgground

The inverse square law employed in this MODEL for the computation of the
acceleration of gravity has been adjusted at sea level to account for the
effective sea level value and the vertical gradient-of g at that point, by
means of an effective earth's radius (see Appendix M). This correction ac-
counts for the centrifugal acceleration which a body experiences at sea lev-
el, by virtue of the earth's rotation, but it does not account for the fact
that this centrifugal acceleration increases rather than decreases with al-
titude. ©Since the centrifugal acceleration is opposite in direction to the
gravitational acceleration, the net or effective value of g falls off more
rapidly with altitude than even the adjusted inverse square law predicts.
Because the actual earth's radius and the centrifugal scceleration both de-
pend upon latitude, any general expression for a resultant or effective ac-
celeration must be a function of beoth altitude Z and latitude {.

Lambert58 developed such a general expression* for g in the form of

g =cq - (ap + by cos 26)Z + (az + bz cos 2¢)z2

(s 3 b
= (&) + by, cos 20)z” + (a5 + b5 cos 20)Z
& s + oo (N-1)
where

g = the acceleration of gravity in m secae,

Z = geometric altitude in m,

@ = latitude in degrees

¢y = gg, sea level value of g at latitude @,

a, = 3,085,462 x 1676 by = 2.27 x 1079

8y = 7.25h x 19743 bs = 1.0 x 10715

8y, = 1.517 x 10719 by = 6 x 10722

a_ = 2.97 x 10720 bs = 2 x 10728

P

* The fifth term (in Zh) has not been published, but was provided by
Col. C. Spohn, of Air Weather Service USAF, who probably obtained it
from Lambert or Harrison.
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For the case when = 45° 32' LOo", as in this MODEL, chosen to agree
2 2
with g5 = 9.806,65 m.sec'g,

cos 20 = cos 91° 5' 20" = - gin 1° 5' 20" = - .019,003,7. (N-2)

For this value of ¢, Eq. (N-1) becomes

g = Cl CEZ + C§Z2 -, C)_l_ZB 52 C5Z)+ = oo (N-E)
where

c, = 9.806,65 (exact) m sec™?

co = .308,541,8g x 1072 n° sec™?

cy = .007,253,8; X 10710 nl sec™?

c), = +000,151,65 X 10715 2 gec™®

o5 = 000,002,965 x 1070 n™3 gec™?

The reliability of the limit of this series in expressing the true val-
ue of g at any altitude is unknown to the authors of this report. It is
assumed that this function represents the best available analytical expres-
sion for g in terms of Z and . The small number of available terms and
significant figures, however, places limitations on the evaluation of the
series at high altitudes.

2. Problem

It is necessary to determine the limitations which the small number of
terms and the small number of significant figures place upon the evaluation
of the function at various altitudes. It is further necessary to compare
the results of the adjusted, inverse-square-law function for g with the
values obtained from the infinite series function for g.

The extent to which the availability of only five terms limits the value
of g at various altitudes has been studied for the case where ¢ = 45% 32! Lo
with the results indicated below. In the course of the analysis it was found
that several additional terms were necessary to determine the value of g to
the desired accuracies at altitudes above 150 km. The values of the addi-
tional terms were estimated by graphical extrapolation, and refined values
of g were computed for various altitudes. These values of g were then com-
pared with values from the inverse square law, using the effective earth's
radius at 45° 32' LO" as determined in Appendix M.

5. Results, Conéerning Required Number of Terms in Equation (N-3) For
Various Degrees of Accuracy

Equation (N-3), limited to four terms as published, provides accuracies
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of one part in 9,800,000, or seven significant figures, for altitudes up to
only about 60 km. The fifth term permits the equation to be used up to
about 150 km with the same accuracy, provided that the coefficient of the
third term has one additicnal significant figure. By means of extrapola-
tion it was estimated that with five additional terms in Eq. (N-3), g could
be determined te the stated accuracy for altitudes up to 1}140 km, provided
a sufficient number of significant figures are added to all the terms be-
yond the first two. For other accuracies the maximum altitude to which g
may be computed with a given number of terms in Eq. (N-3) is given in Table
(N-I), neglecting significant figures in existing terms.

Number of Number of Significant Figures Required in g
Terms »
Available 2 3 L 5 6 7 8
2 260 80 25 8
% 700 330 150 i A0 20
L 1100 650 370 200 110 A0 35
5 1000 640 Nele} 250 150 100
6 950 610 420 260 180
7 1300 900 610 Lho 320
8 1100 860 610 480
9 1200 830 620
10 1140 800

Table N-I. Estimated maximum altitude in km for which a specified
number of terms in Eq. (N-3) will yield accuracies of
a specified number of sgignificant figures in g, pro-
vided the various coefficients have a sufficient number
of gignificant figures.

L. Results, Concerning Limitations Due to Available Significant Figures in
Equations (N-1) and (N-=3).

The number of significant figures in the coefficients of Eq. (N-3) stems
directly from the number available in the coefficients of Eq. (N-1). An
analysis of the limitations of these equations shows that for g accurate to
four significant figures, these equations may be used up to 1,400 km.

For five-significant-figure accuracy in g, the accuracy of the ceceffi-
cients limite the calculations to altitudes below 1,300 km; for six-signifi-
cant-figure accuracy in g, the calculations are restricted to altitudes be-
low 500 km; while for seven-and eight-significant-figure accuracy in g, the

maximum permissible altitudes are only 150 and 50 km, respectively. (see
figure N-6)
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Applying these restrictions to Table N-I, one obtains Table N-II.

Number of Number of Significant Figures Required in g
Terms

Available 2 3 L 5 6 7 8
2 260 80 25 8
3 700 330 150 75 60 20
L 1100 650 370 200 110 60 35
5 1000 6Lo Loo 250 150 50
6 950 610 k2o 150 50
7 1300 900 500 150 20
8 130 300 150 50
9 500 150 20

10 150 50

Table N-II. Estimated maximum altitude in km for which a specified
" number of terms of Eq. (N-2) will yield a specified num-
ber of significant figures' accuracy in the value of g,
with the significant figures of existing coefficients
limiting the results.

NOTE: Underlined figures are those limited by the number of
significant figures in coefficients.

5. Results of Comparison of Values of g from Equation (N-3) with Inverse-
Square-Law Values of g

The inverse-square-law values of g, for @ = 45° %2' LO", when the effec-
tive earth's radius is used, are in good agreement with the values of Eq.
(N-3), with no differences occurring in the fifth significant figure below
100 km. Above this altitude the differences increase rather rapidly to a
peak at 500 km, after which they fall off to zero somewhere between 700 and
800 km and increase negatively above that altitude. This large fall-off is
due principally to the omission of term six which becomes extremely signif-
icant in the series at this altitude. Since this term is negative, its
presence would reduce the value of Eq. (N-3) at these altitudes and tend to
retain the increasing difference with the inverse-square-law value.

Values of g were recalculated from Eq. (N-3) on the bases of four addi-
tional terms determined graphically, and these new values of g were then
compared with the inverse-square-law values. In this latter comparison,
the differences increased uniformly with altitude. Curves B and C of Fig.
N-1 show the graphs of the two comparisons. Curve A in this figure shows
the departure of the five-term-series value of g from the estimated nine-
term-series value of g. Curves A and C are essentially the error curves
of the five-term-series function and the inverse-square-law function,

167



respectively, assuming the nine-term-series value of g to be the most cor-
rect. At 150 km, the five-term-series function provides two more signifi-
cant figures than the inverse square law. As altitude increases, however,
the differential in accuracy drops proportionately to one significant fig-
ure at 330 km, and no difference at 750 km. A comparison of the maximum
gltitudes to which the five-term-series function and the inverse-square-law
function may each be used for various accuracies is given in Table N-III.

Significant Figures

b 5 6 7 8
5 term series 640 Loo 250 150 50
inverse square 500 130 40 10 5

Table N-III. Comparison of maximum altitude to which each
of two functions of g may be used for five
different degrees of accuracy.

The numerical value of g by the several methods and the numerical differ-
ences between these values are given in Table N-VI.

6. Method of Analysis

The analysis was performed by using twenty-one values of Z between 1
and 1,000 km, and independently evaluating each of the five terms of Eq.
(N-3). The logarithms of the absolute values of each term were plotted as
a function of the number of the term, and points corresponding to the same
value of Z were connected to form the solid line portion of Fig. N=2. The
lines were then extrapolated to regions corresponding to higher order terms.
The values indicated for these terms by the extrapolations then served as
estimated values for these terms.

The values of the several terms were then plotted as a function of alti-
tude, as in Fig. N-3, with solid lines connecting the computed terms, and
broken lines connecting the estimated terms. The analysis of the contribu-
tion of varying numbers of terms to the value of the total function was then
made visually from this graph.

The significant figure analysis was performed on tabulated values of
the several terms (Table N-IV and Table N-V) and the net results are plotted
on Figs. N-L, N-5, and N-6.
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Alt.

km. 2nd Term
1 .003,085,418,8
5 01),h?7,09u
10 .03%0,854,188
20 061,705,;76
30 .092,562,56k
Lo  .123,416,752
50  .154,270,9%0
60 .185 1?;,12@
70 .215,979,316
80 9A0,853)55K
90 2Hﬁ938(3©9
100  .308,541,880
200 6175985,76“
300 .925,625,6h
Loo 1.23k4,167,52
500 1.542, 7@9yuo
600 1 851,251,28
700 2.159,793,16
800 2.468,335,0k
900 2, 776 87 @,9“
1000 3. @85y418 80
Table N-IV. Values of
various
NOTE ¢

3rd Term

000,000,725, 38
.000,018,13k,52
000,072,538, 1
000,290, 15)‘ﬁ
.000,652,843%
.001,160, 609

001,813,452
.002,611,372

0003559&,J67
.00k, 642, 4T

°QO):815 59

BQO739)Jg81

129,015, 2k

. 655Q8M9J
.116,060,9
.181 545,

.261,137,2

055;yL%Z,7
6y, oy

Oi
Yy et
HJ

The wnderlined figures are beyond the
e carried for smoothness.
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bth Term

.000,000,000,151
000,000, 018 ,965
.000,000,151, 69§
.000,001,213,51

.000, 00k 095,3"

000 009,708 0

.000,018,961,1
.000,032, 76E §
.000,052,029,3
.000 077;66"
.000,110,581

000,151,689
.001,213%,51
ao@ugo95 60
.009,708,1
.018 96“,M

032, 764,8
.052,029,3
077,66k
.110,581
0151,6§§

limit

5th Term

.000,000,000,0C0,029
.000,000,000,018, 56
.000,000,000, 296,96
.000,000 oon,,ll
.000,000,02k,05k
.000,000, 076 022

.000,000,185,60
.000,000, 384,86
.000,000, 713,00
.000,001,216,35
.000,001 948

.000,002,969,6
.000 047,515
.000,240, 5k
.000, 760 22
.001,856,0

.00%,8L8,6
.007,130,0
012,163,k
019,485

.029,696

fir our variable terms of Eq. (N-3) for
udes from 1 km te 1,000 km.

of significance but



6th Term

100 .000,000,05
200 .000,001,8
300 .000,012
Loo .000,055
500 .000,15
600 .000, 42
700 ,000,9

800 .001,7

900 .002,6
1000 .00k, 5

Table N-V.

Tth Term

.000,000,001
.000,000,08
.000,000,8
.000,003,5
.000,012

.000,0k45
.000,11
.000, 24
.000, 4
.000,7
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8th Term

.000,000,000
000,000,002
.000,000,0k
.000,000,2
.000,001

.000,00L
.000,01k4
.000,03
.000,05
.000,10

9th Term

.000,000,000
.000,000,000
.000, 000,000
.000,000,001
.000,000,05

.000,000, 3
.000,001,5
.000,003,5
.000,006,5
.000,013

Estimated values of terms 6 through 9 of Eq. (N-3)
for altitudes between 100 and 1,000 km.



2

g*¥* from

from estimated
Alt. g = go[_EL] g:erms o; 9 terms of g - g g - g™* gt - gt
*m r+z
Eq. (N-3) Eq. (N-3)
1 9.803,565,%0 9.803,565,306 . . -000,000,00
5 9.791,241,06 9.791,241,021 ORI L000,000,0k v
10 9.775,868,b2 9.775,868,19 .0 . +000,000,25 a4
20 9.745,231,56 9.745,230,56 & Jicen .000,001,00 g
30 9.71L4,738,52 9.71k,7%6,2 co-um .000,002,32 %, B
ho 9.684,%88,35 9.684,38Y4,2 .000,00k, 1 , 5 .
= Qo
50 9.654,180,19 9.654,173,7  departures -000,006,5 :) S g
60 9.624,11%,15 9.624,10%,8 from g* 000,009, 3 < g%
70 9.594,186,36 9.594,173,7 are -000,012,6 Q = o
80 9.564,398,93 9.564,382 underlined 000,016 § E 0
90 9.53L,750,01 9.534,729 below .000,021 .
S g
100 9.505,2%8,75 9.505,213 -000,026 N
200 9.217,512,92 9.217,415 9.217,414  .000,098 -000,099 000,001
300 8.942,656,38 8.942,L45 8.942, Lk 000,20 -000,21 000,01
Loo 8.679,912,89 8.679,59 8.679,54 -000, 32 -000,38 000,05
500 8.428,581,04 8.428,18 8.428,0L -000, 40 -000,5%  -000,1k4
600 8.188,009,42 8.187,61 8.187,24 -000, 39 000,76  -000, 37
700 7.957,592,42 7.957,39 7.956,59  +000,20 -001,00  -000,80
800 7.736,766,50 T7.737,0 7.-735,6 +000,3 -001,2  -001,L
900 7.525,006,62 7.526,2 7.52k,0 .001,2 .001,0  .002,2
1000 7.321,823,2L 7.324,6 7.320,7 .002,8 .00L,1  +003,9
Table N-VI. Values of the acceleration of gravity for various altitudes
computed from three different equations as indicated, and
the differences between these values of the acceleration of
gravity.
NOTE: Underlined numbers in Column g* indicate figures of questionable

significance.

Underlined numbers in Column g indicate figures differing from

Column g¥*,
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T. Conclusions

a. For most engineering purposes, the adjusted inverse-square-law
function for g provides adequate accuracy.

b. For the standard atmosphere, and for future editions of this MODEL,
the values of g should be computed on the basis of an expanded version of
Eq. (N-3) in which a minimum of three, and preferably five, additional
terms are employed, and in which sufficient additional significant figures
are provided for the various limiting coefficients, particularly coeffi-
cients of terms 3, 4, and 5.
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PERCENTAGE ERROR

PERCENTAGE ERROR
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FIGURE N-4 PERCENTAGE ERROR IN THE VALVE OF
THE ACCELERATION OF GRAVITY AT VARIOUS ALTITUDES

INTRODUCED BY THE SIGNIFICANT FIGURE LIMITATIONS
OF THE SEVERAL TERMS OF EQUATION N-3.
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FIGURE N=5 ESTIMATED PERCENTAGE ERROR IN THE
VALUE OF THE ACCELERATION OF GRAVITY AT VARIOUS
ALTITUDES INTRODUCED BY THE OMISSIONS OF TERMS
6,7, 8 AND 9 OF EQUATION (N-3).
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FIGURES

SIGNIFICANT

\—-—\
L L L \

30 50 100 300 500 1000

ALTITUDE IN KILOMETERS

FIGURE N-6 (A) MAXIMUM NUMBER OF SIGNIFICANT

FIGURES AVAILABLE FROM THE EXISTING 5 TERM VERSION
OF EQUATION N-3, FOR VARIOUS ALTITUDES.

(B) THE MAXIMUM NUMBER OF SIGNIFICANT
FIGURES' OF THE VALUE OF g AT VARIOUS ALTITUDES,
COMPUTED FROM THE ADJUSTED INVERSE SQUARE LAW,
WHICH ARE IN AGREEMENT WITH VALUES COMPUTED FROM
EITHER THE 5 TERM OR 9 TERM VERSION OF EQUATION
(N-3).
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APPENDIX O

Scale Heigh

1. Geometric Scale Height

Firgt Concept - Scale height is equal to the height abeove any reference
altitude at which the atmospheric pressure falls to l/e of the pressure at
the reference altitude in a constant gravity, isothermal atmosphere.

In a manner analogous to the development of Eq. (15) in terms of H
(Section 3.2.1), the following equation is developed in terms of Z:

z
M
fonl =22 gdZ | (0-1)
P, R Ty

For the case of an isothermal layer in a constant gravity atmosphere,
Eq. (0-1) upen integration leads to

P = P, exponential - ——2 (Z - 5 , 0-2
o) Xp 9] R*" J.-); Z‘b) ( )

t is noted that in a constant gravity atmosphere:

R*(T,,)
8aMo '
and it feollows that
s
(z - z,)
P = P exponential - e (0-k)
b (Hﬂlb ,

For the case that
(2 -2,) =(Hg)y » (0-5)
Eg. (0-4) simplifies %o

P =P et =P./le . (0-6)
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it appears; therefore, that in a constant gravity atmosphere and in a
layer of constant Ty, the scale height at any reference level is the incre-
ment in geometric altitude required for the pressure to fall to 1/e of the
value at the reference level. Since this MODEL does not assume constant
gravity, the above concept does not apply rigorously in these tables. In the
special case, where sea level is the reference altitude the same concept
would apply but only if the isothermal layer is assumed to exiend down to
there, and only for a constent gravity atmosphere.

Second Concept - In an atmosphere of constant g and censtant TM, the
scale height at any altitude is equal to the total mass of air in a unit
column extending upward from that altitude to infinity, divided by the den-
sity at the reference altitude. :

From Eq. (33) one obtains

P o Ty (01
e 22 @ . O_ { )
oM Ty

In e constent T, atmosphere, Ty = ('I'M)b and thus, .

P _p. 0-8)
P M (0-6)

Equation (0-2) may then be rewritten as

goMo

= exponential - ¥ O~
P = p, €XP (T (0-9)

The total mass in a unit column from the reference level to infinity is:

"oz - 8o _ (- a,) (0-10)

= exponential - Z - 0-1
PP Xp R*(Ty )y, “
Zy, T,
. ; v - 0
R*(Ty) gM ' '
= Py M/b exponential - _ 9 © (z - 2.) (0-10a)
L "By R Ty Zbd«‘

%o
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R*(Ty)p s

= p, T e” -e (0-10b)
R*(Ty)p
= o M‘ 0-10c¢
pb 800 ( )
. R*( Ty ) ) . . .
Since ___ﬁ;__ = gcale height at Hb in a constant gravity atmosphere, it

g M
oo

follows that
1 r®
(H) == 1 pdz. (0-11)
s’ pb}

o %

Thus the assertion of Concept 2 is demonstrated.

Third Concept - In a constant-g, constant-Ty, constant-M atmosphere, the
scale height at any altitude is equal to the total number of particles in a
column of unit cross section extending from a reference level to infinity,
divided by the number density at that altitude.

From Eqs. (26) and (27) of Sections 5.2.1 and 5.3.1, respectively, it
follows that:

n = p%'— (0-12)

but

- (0-13)
where m = the mass of a single air particle.
Thus p=nm (0-1k)

and Py, = DyM o (0-15)

Thus it folleows directly from Eq. (0-11) that

(o0}

(Hy)p = . pdZ, (0-16)
Rl 7,
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®
N ey - (0-17)

The right-hand side of this equation would not strictly equal the total
number of atmospheric particles in the columu, unless the meolecular weight
were constant. Thus, for the assertion of the third concept to be rigor-
ously correct, 1t was necessary to make the restriction of constant molec-
ular weight in addition to the restrictions made in the first and second
concepts. With this constant-M restriction, Eq. (0-17) becomes

®
ndz, {0-18)

and the assertion is demonstrated. It is noted that a corollary to the
third concept is that scale height is the length of the unit column neces-
sary to enclose all the atmospheric particles normally present in an infi-
nitely long unit column, extending vertically above the reference altitude,
when these particles are compressed to the number density at the reference
level. Hence, this quantity is the basis for computing reduced thickness of
the atmosphere. Such computations are limited by the fact that constant
gravity, constant Ty, and constant molecular weights are assumed in the
derivation of the expression.

2. Geopotential Scale Height

Geopotential scale height was defined in Section 4.1.3 of this paper as

g Y= GM,,

s
B%TM

0

In terms of this property the several concepts developed above do not have
the restriction of a constant gravity atmosphere. Thus Eq. (15) of Section
3.2.2 may be rewritten as

GMqg
P = P exponential - RF(T o (H - H). (0-19)
For a geopotential altitude increment equal to the geopotential scale height

Yol 1T
(1 - ) = X0 —y o
Q
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and hence Eq. (0-19) reduces to

P =P/e, (0-19a)

Note that no assumption of constant gravity is made, only constant Ty
Hence, a revision of Concept 1, eliminating the constant gravity restric-
tions, will apply rigorously in this MODEL in isothermal layers. For ex-
ample, Hy' at 11 km' is 6.341,615,82 x 100 m'. Thus, at 17.341,615,82 kn',
the pressure will be Pll/e, where Py is the pressure at 11 km. At 14 xm',
Hg' has the same value; hence at 20.341,615,82 x 10° m' altitude, the pres-
sure will be Plh/e° The geometric altitude increment, however, will be

different in the two instances, accounting for the effect of variable g on
the pressure.

In geopotential form, Eq. (0-10) may be rewritten as

@ w
dH tial Mo (H - H,.) (0-20)
= exponentia b = o =
P pb *P R*ZTMjb o)
By Hy
By analogy this reduces to
®
(H ')y = 1 pdH. (0-21)
Hy,

This equation and concept rigorously apply to isothermal layers of this
MCDEL .

Equation (0-16) is converted by analogy to

w
jPH. pdH
! v b »
(HS )b - —W g (O 22)

If constant molecular weight is assumed, this equation becomes:

(B,') = i_ ndH. (0-2%)

®E,

This equation would provide a better basis for computing reduced thickness
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for this MODEL than Eq. (0-18), but Eq. (0-23) is gimilarly limited by con-
stant M and constant T,, assumptions. Thusg, for still greater accuracy of
reduced-thickness calculations consistent with this MODEL, additional equa-

tions sccounting for variable M and.TM must be developed.
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APPENDIX P

More Accurate Method for Computing Geopotential in this Model

1. Adjusted Classical Approach

Equation (2d) of this paper indicates the rigorous relationship between
geopotential H, geometric altitude Z, and the acceleration of gravity g to
be '

.= gdZ. (P-1)

Q-

When g is expressed by the classical, inverse-square law, adjusted for
L5° 32" LO" latitude,

2

g = go<;§2> s (P-2)

the expression for geopotential becomes

H - 5‘2( rZ>, (P-3)

G r+7Z

where g and r have the values 9.80665 m sec™2

ly, as indicated in Section 2.1.

and 6,356,766 m, respective-

2. Lambert Series Method

In Appendix N, another expression for g in terms of Z for latitude
L5° 32! LO" was developed from Lambert's general alternating power series.
This specific expression is

38

g =cq - col + c5z2 - cuZB + c5z“ - a (P-k4)
where

c; = 9.806,65 (exact) m sec~2,

cp = 30,854.18g x 10710 m® sec“gé

cy = 725.387 X 10745 m™L sec” s

¢y = 15.1689 x 1070 n~2 sec—z,

Gy = .29696 x 10725 m™? sec”?,

Z is in meters, and
g 1s 1in meters sec™2,
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When this expression for g is intreoduced into Eq. (P-1) the expression fer
H becomes

B A A 7, Z 7 "
H=21 [ci/P az - cgjo 747 + cé/P 7247, - c%/o 274z + czio Z dzu.o.] (P-5)
G (8} (o] (9] Q (]

where H i1s in standard geopotential meters.

Performing the 1ndicated integration one obtains

H=S1lg  S242,95,3 Ch b S5.5 -6
" Z = + e 7 = A = % . (P-6)

where the coefficients of the various powers of Z have the following numer-
ical values:

gi ='§f%%gf%% = 1.0 exact

°5 _ 17208 % 107 = 2h.65, x 10717
% 3 x 9.806,65 el

o 29646 x 10725

il

= .006 e
5¢ 5 x 9.806,65 iyt = L0

Hence one obtains
H =2 - 1,573.1254 x 1071022 + 2k.65. x 1071227

L

- 386,644 x 10707 + .006,054; x 107%727-...  (P-T)

99

(where the exponents have been selected for convenience when Z is expressed
in units of 10° meters).
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Evaluating the five defined terms of Eq. (P-7) for various altitudes
yields the data presented in Table P-I. An examination of the logarithms
of successive terms of the series evaluated for particular altitudes shows
that the absolute magnitudes of successive terms fall off very nearly at a
constant rate, or, in other words, the logarithmic decrement of successive
terms is very nearly constant. Examples of this nearly constant logarith-
mic decrement, Alog, are given for 1,000, 300, and 100 km.

Alt. 1,000,000 m 300,000 m 100,000 m
Term # Loglo Term A log Logyy Term Alog LOglO Term A log
1 6.000,00 547712 5.000,00
.803,2h 1.326,11 1.803,2k4
2 5.196,76 4.151,01 3.196, 76
.80k, 84 1.587, 78 1.80L,84
3 k.391,92 2.823,29 1.391,92
.80k, 55 1.327,43 1.80k4,55
L 3.587,37 1.495,86 9.587,37
.805,16 1.331,6k 1.805,16
5 PsT02,21 ‘ .16k,22 7708, 21

NOTE: Underline indicates non-significant digits.

3. Extension of the Lambert Series

The departure of the logarithmic decrement from linearity is less than
one half of one percent over the five available terms for the altitudes dis-
cussed. On the average, the differences between the logarithms of successive -
terms increase very slightly with increasing term number. It is not unrea-
sonable to assume that this pattern of logarithmic decrement with slowly in-
creasing differences might continue for a considerable number of additional
terms in the series. Employing this pattern, the values of the njnth term
of Eq. (P-7) for 1,000, 300, and 100 km are 3.6 x 107+, 4.9 x 10°°, and
3,6 x 10“10, respectively, in standard geopotential meters.

Estimated values of the 6th, 7th, 8th, and 9th terms of Eq. (P-7) for
various altitudes may also be determined graphically by plotting the loga-
rithms of the various terms as functions of term number, and connecting
those points corresponding to each specific altitude as in Fig. P-1. These
lines are then extended linearly to higher term numbers as in the dashed
line portion of Fig. P-1l. The estimated values of terms 6, 7, 8, and 9 of
Eq. (P-7) determined graphically on a figure three times as large as Fig.
P-1 are given in Table P-II. Graphically determined values of the ninth
term of Eq. (P-7) for altitudes of 1,000, 300, and 100 km differ from the
three computed values given above by less than 10 per cent.

A replotting of the data of Table P-I in terms of the value of each

186



term of Eq. (P-7) as a function of altitude is given in Fig. P-2. The es-
timated values for the 6th, T7th, 8th, and 9th terms of the equation come
from Fig. P-1. Figure P-2 clearly shows the contribution which each term
in the series makes to the value of geopotential of a given geometric alti-
tude. Figure P-2 demonstrates that for errors in geopotential of less than
.1 m', the five term version of Eq. (P-7) may be used only to altitudes of
about 280 km, neglecting the possible limitations due to significant fig-
ures.

I, Comparison of the Three Methods

The values of geopotential in standard geopotential meters for various
geometric altitudes are given in Table P-III. Values designated by H are
computed from the simple Eq. (P-3). Values designated by H¥ are computed
from the five defined terms of Eq. (P-7). Values designated by H** are
those resulting from the estimated nine-term version of Eq. (P-7). The
values of the differences H - H*¥, H - H**, and H*¥ - H** are also given in
Table P-ITI. The difference H - H** is of particular interest, since it
indicates the amount of error in geopotential altitude incurred by using
the simple Eq. (P-3) instead of the nine-term version of Eq. (P-7). (Below
100 km altitude the error is less than 0.1 m'.)

5. Limitation of the Five Term Lambert Series Due to Numbers of Terms

Because of the increase of centrifugal acceleration with altitude which
is not accounted for in Eq. (P-3), the departure between the value of H
from Eq. (P-3) and the value from Eq. (P-7) is expected to increase with
altitude. The reversal of the trend resulting in smaller departures (i.e.
smaller values in H - H¥) above 800 km suggests the inadequacy of the five-
term version of Eq. (P-7). The difference H - H** involving the nine-term
version of Eq. (P-7) continues to increase to altitudes well over 1000 km.
A graph of the various differences is given in Fig. P-3.

6. Limitations of the Five Term Lambert Series Due to Significant Figures

An analysis of the values and number of significant figures of terms 2,
3, 4, and 5 of Eq. (P-7) as listed in Table P-I indicates the limitations
which the number of significant figures of each term place upon the computed
value of geopotential. The results of this analysis are presented in Fig.
P-4, Below 10 km altitude, the number of significant figures in term num- .
ber 2 is seen to limit the accuracy of Eq. (P-7). From 10 km to about
5,200 km altitude, term number 3 limits the accuracy of the equation, pro-
vided a sufficient number of terms is employed so that the number of terms
does not limit the accuracy at some altitude below 3,200 km.

Te Combined Limitations of the Lambert Series

The minimum numerical error obtainable with the existing five-term ver-
sion of Eq. (P-7) is given as the three-segment curve A of Fig. P-5.
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Segment a represents the limitation due to significant figures of term 2;
segment b represents the limitation due to significant figures of term 33
while segment c represents the limitation due to the termination of the
series after term 5. Line B of that same graph represents the minimum nu-
merical error incurred in using the simple equation for geopotential, Eq.
(P-3). This error is determined from the values of H - H¥*. The differ-
ence between these two curves (given more accurately by values of H - H¥

in Table P-III) shows that for altitudes between 10 and 500 km, an improve-
ment of only one significant figure in geopotential altitude is obtained by
switching from Eq. (P-3) to the presently available form of Egq. (P-7).

8. Requirements Which the Extended Lambert Series Must Meet

In order to obtain the ten significant figure accuracy desirable for
standard atmosphere computations at altitudes of 300, 500, and 1,000 km;
three, four, and eight additional terms, respectively, must be developed
for Eq. (P-7). Also, the following numbers of significant figures should
be available for the several coefficients:

Alt. 300 km 500 km 1,000 km
Term # Number of Sig. Fig. Number of Sig. Fig. Number of Sig. Fig-.
2 9 9 10
5 { 8 9
L 6 7 8
P > 6 I
6 3 5 T
7 2 L 6
8 1 2 P
2 1 N
10 %
11 2
12 2
13 1

These requirements reflect back directly upon Lambert's general expres-
sion for g as a function of Z and ¢; i.€0,

g =cq = (ap + by cos @)z + (a3 + bz cos 2¢)z.°
= (ay + by cos 2¢)Z5 + (a5 + bg cos 2¢)Zu

. e + ees (ref. 38)(P-8)
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To meet the above requirements for latitude 90°, the coefficients a,, axz,
a); «+. 8, and by, b3, by, ... b, of Eq. (P-8) must have numbers of sighif-
icant figures graphlcally esulma%ed to be the following:

Alt. 300 km 500 km 1,000 km
n an bn ap bp a,, bn
2 9 71 9 T 10 7
3 ¥ 5 8 6 9 7
L 6 3 7 L 8 5
5 5 3 6 L T 5
6 3 1 5 3 T 5
7 2 L 2 6 L
8 1 2 1 5 L
9 1 h 3

10 3 3

11 g B

18 2 B

13 11

To meet standard atmosphere requirements at latitude 45° 32' LO", the num-
ber of significant figures requlred for b, would be one to two less than
required for the case when ¢ 90°. 1In any case, b must have enough sig-
nificant figures so as not to invalidate the accuracy of ap.

9. Conclusions

This analysis is strictly mathematical and does not consider whether it
is physically possible to obtain the required number of terms or the neces-
sary accuracy in Eq. (P-4) or Eq. (P-8). If no substantial imprevement of
Eq. (P-7) is physically possible through a better expression for the accel-
eration of gravity in Eq. (P-4) or Eq. (P-8) and if one must resort to ar-
bitrary definitions as in the standard sea level pressure, then it is sug-
gested that Eq. (P-2) for g be retained by definition, in which case geo-
potential is given by the simple Eq. (P-3), sufficiently accurate for most
engineering purposes. Only a study of Lambert's unpublished method for the
development of Eq. (P-8) will suggest the course to follow.
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NUMERICAL ERROR IN STANDARD GEOPOTENTIAL METERS
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