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FOREWORD

This report will be published in three sections. The present section is
devoted to a brief historical introduction to the problem and to some of the
theoretical aspects regarding meteors as sources of sound. Single body
ballistic entry with and without ablation present is considered under several
simplistic yet useful assumptions. The primary subjects of Parts 2 and 3
will be as follows.

Part 2. Temperature and Wind Refraction and Atmospheric Attenuation of
Meteor Induced Cylindrical Blast Waves.

Part 3. Theoretical Analysis of Existing Data on Meteor Induced Infra-
sonic Pressure Waves and Estimates of the Probability of Occurrence of Sound

Producing Meteors.



I. INTRCDUCTION

A. HISTORICAL ASPECTS

Over the last hundred years many spectacular geophysical phenomena have
attracted the attention of world scientists. Krakatoa and other volcanic
eruptions, numerous notilucent cloud displays, brilliant meteor showers and
aurora, and the Great Siberian Meteor of 1908 have.created much discussion
about the nature of our world and its place within the solar system.

Reports of the audible sounds produced by bright fireballs date back to
585 A.D. (Astapovich, 1951). The Great Siberian Meteor of 1908 was audible
over hundreds of miles and its effects were measured on sensitive microbarographs
as far away as Great Britain (Whipple, 1930). Apparently the Krakotoa eruption
was so powerful that atmospheric pressure waves associated with it were detected
after traveling around the globe more than once (Cook, 1969). These pressure
waves are commonly called infrasound. They are pressure waves of very low
frequency for which absorption of the signal is very small.

In the 1910-3%0 period, A. Wegener and F.J.W. Whipple reported on the
audible sounds produced by bolides, i.e., exploding meteors and attempts were
made to deduce information about the atmosphere from these observations
(Wegener, 1917; Whipple, 192%). These observations suffered from the fact
that meteor entry is a relatively short lived and unpredictable phenomena.

The recollections of startled observers regarding the audible part of the
phenomena which usually occurred several minutes after the visual sighting

were generally unreliable,.



In the 1940-60 period, the study of the effects of the atmosphere on the
propagation of infrasound had begun (Craig, 1965). By the end of this period
instruments capable of reliably recording atmospheric "events" were becoming
availlable. Over the last ten years or so many infrasonic "events" have been
recorded and cataloged and many of these have been studied extensively. To
our knowledge, very little has been done, however, regarding a systematic
study of the generation, propagation and the resulting detecﬁion of "sounds"
produced by meteors. The recent research of Tsikulin (1970) is apparently
the only major work to be found on this subject.

Sincévabout 1965, the infrasonic observatory operated by NOAA in Boulder,
Colorado has recorded at least three "events" which correlate well in time and
direction with large meteor entry into our atmosphere (Goerke, 1971). The
U.S. military bomb detection systems have recorded metgor "events" on very
sensitive microbarographs but most of this information remains classified
(Lowry, and Shoemsker, 1967; Gault, 1970). Other infrasonic signals from
meteors have also been recorded (Wilson, 1972). The only known audible recording
of a meteor was made by chance by Miss E. M. Brown in Northern Ireland in
1969 (Millman, 1970). This was associated with the Bovedy and Sprucefield
Meteorites which were subsequently recovered. These observations are discussed
in detail in Section VII (Part 3). 1In addition to these observations in the
atmosphere, many reports exist of air-coupled Rayleigh Waves reporded on
sensitive seismographs (LaPaz, 1958). These observations have been distinguished
from the more coventional P and S waves which would result from ground impact

of a large meteorite. While these observations have been noted on occasion by



seismologists the potential remains for indirectly studying the atmospheric
disturbance which generated the crustal motion. Simply expressed this type
of disturbance represents a wave traveling in the upper crustal layer of the
earth at the speed of sound in air induced by the air pressure oscillations
of the meteor shock wave. This slower speed of movement as compared to P and
S waves 1ls readily recognizable on a seismic recording.

Other than these observationg only the memoriés of startled observers
remain to relate to scientists their often confused recollections. It is

"

hoped that motivation for further study of meteor "sounds" will be stimulated

by the ideas expressed in this paper.

B. QUALITATIVE DESCRIPTION OF THE METEOR SOUND PHENOMENON

Before attempting to formulate the problem mathematically a few brief
qualitative statements regarding the "sounds" from meteors should be considered.
"Sounds" are defined here as the pressure wave effects produced by meteor
entry into the atmosphere. The range of frequencies involved is from a few
hundred Hertz down to about lO_5 Hertz (Millman, 1970; Whipple, 1930; Goerke,
1971). Thus the frequencies of interest include audible sound waves as well
as the lower frequency infrasonic, acoustic gravity and gravity waves. See V
(Part 2) for more precise definitions of these wave frequency regimes.

Meteor entry to the atmosphere at hypersonic velocities causes numerous
visual phenomena. The conventional "shooting star" meteors are generally
observed in a region of the atmosphere where the Knudsen number is large and

are completely destroyed by ablation and slowed down to very small velocities



long before a distinct shock wave can form (Opik, 1958). For those bright
fireballs which are able to survive to regions of the atmosphere where the
Knudsen number is small, a well-defined atmospheric shock wave is able to
form ahead of the body. This has been generally termed a bow shock wave (Loh,
1968). The passage of the meteor at hypersonic velocities through a medium
like the atmosphere produces many strongly nonlinear effects along and within
a certain distance of the atmosphere trajectory. Ionizatioh and dissociation,
as well as rotational and vibraticnal excitations of atmospheric and meteoric
species are produced and some of these effects are visible and/or instrumentally
recordable at ground level (Millman, 1968). Via the drag interaction between
the meteor and the atmosphere, energy is transferred into kinetic energy of
the rapidly expanding shock front, the gas along the path is heated, and
energy is transferred back from the very strong shock wave causing the body to
ablate, fragment or totally break up (or "explode"). This interaction will be
considered in detail in IVA (Part 2). Thus we are dealing with a very complex
phenomena when a metor survives into the continuum flow regime of the gaseous
envelope surrounding a planet. These phenomena are dealt with in great detail
in Bronshten's work (1964) with the notable exception of the shock wave and
subsequent sound wave propagation at large distances from the body. It is the
purpose of this paper to help delineate this poorly known area of meteor
regearch.

The following represents a brief summary of the observed audible sounds

from meteors.



First of all there have been reports of swishing or clicking ncises
heard either slightly before or during the visual sighting of the meteor. These
have been called ethaerial or electrophonic noise. Since the existence of
these noises 1s speculative and explanations which have been put forth are of
an electromagnetic nature (Barringer and Hart, 1949; Astapovich, 1951; Roming
and Lamar, 1963; Roming and Lamar, 1965), no other mention will be made of
them here.

Next a single sharp crack or multiple shocks may or may not arrive
depending on where the observer is with respect to the trajectory and depending
én the nature of the atmospheric temperature and wind structure aloft as well
as upon whether the meteor is fragmenting, etc. Undoubtedly local topographic
features causing reflections (i.e., echoes) to be set up at or near ground
level also contribute to the many types of audible observations which exist
(Wylie, 1932).

A rumbling effect is also commonly reported and is frequently compared
with the sounds produced by lightning discharges in thunderstorms (Wylie,
1932 Nininger, 1952; McKinley, 1961). It is felt that these effects are
related to dispersion, distortion, and attenuation of the propagating signal,
as well as to the location of the observer with respect to the meteor, but
their overall significance will be best understood after careful observations
utilizing audible and infrasonic pressure sensors are carried out. It is the
hope of the author that infrasonic detection systems can be set up in the
prairies of the U.S. to be used with the existing Prairie Network (for photo-

graphing bright fireballs) to learn more about the atmosphere as well as about



large meteoroids. The recent work of Donn, et al., 1972 shows that many such
stations could be utilized to probe the upper atmosphere. The use of these
stations to study many different types of atméspheric phenomena which generate
infrasound may someday be of great benefit to science,

Line source shock wave effects from meteors will be primarily considered
in this analysis. Lyubarskiy (1951), using data from 1328 observations (of
959 meteors), determined that for only 19% of the observations were meteors
reported to have displayed gross fragmentation effects. While these fragmen-
tation effects are interesting and important to the overall problem of meteor
acoustics; their theoretical treatment is complicated by such effects as:

(1) accurately knowing how much energy was 'released" (for the final bolide
explosion this is the kinetic energy remaining at that altitude); (2) the non
"point" source effects (if energy is deposited over a relatively short portion
of the overall trajectory); and (3) the altitude range over which this occurs
is a function of both the meteor (its composition, density, compressive
strength, entry velocity, shape, etc.) as well as upon the atmosphere. For
this reason further theoretical development én sounds from bolides is kept
minimal in this analysis. Note that in the Russian papers on this subject

the term bolide generally refers to bright fireballs and not specifically to

point source type exploding meteors.



IT. ATMOSPHERIC MODELS

A. FOR METEOR ENTRY DYNAMICS

In order to study meteors as a sound source, models of both the atmosphere
and the meteor itself need to be developed. In this section models of the
atmosphere for both the meteor entry dynamics as well as for the resulting
atmospheric sound propagation are considered.

It is well known that in a hydrostatic isothermal atmosphere both density

and pressure decrease with increasing altitude in an exponential manner (Craig,

1965):
o(z) = o expl-z/H)
p(z) = p_ exp(-z/H) (1)
where
ST atmospheric density at the ground
pO = atmospheric pressure at the ground
z = altitude above the ground
H = constant scale height of this isothermal atmosphere
p = pressure at an altitude z
p = densgity at an altitude z

These relations allow calculations of parameters such as the mean free

path and the Knudsen number as a function of altitude; i.e., Kn = x/de; for



meteor Model 1

where

A= A exp[z/H] = mean free path of the isothermal hydrostatic
model atmosphere

A = value of A at z = o (ground level)

d = meteor diameter at the altitude where the drag force balances
the weight of the body

See Section III for more detail.
If, instead of assuming a constant temperature hydrostatic atmosphere, an
atmosphere of constant scale height gradient is chosen, then the density and

pressure are given by:

~ o' \-(1+1/a")
o(z) = p (1 +—2)
o
3 a' \-(1/a’)
p(z) = p(1 -+ 2) (2)
o
where
, H . .
o = '6; = sgcale height gradient
HO = ground value of the scale height
H = HO + o'z = scale height as a function of altitude

(Note: in the limit as o' » 0, equation (2) reduces to equation (1).)

For the meteor entry dynamics the additional refinement of (2) has a
very small effect on the results. From 100 km downward it is a reasonable
approximation as far as entry dynamics is concerned to assume an isothermal

hydrostatic atmosphere. It will be seen shortly that for the study of ducting



of meteor sounds it 1s primarily the nonuniformity in the temperature and
wind structure which produces refractive multipath propagation. For that
aspect of the problem the inhomogeneity of the medium must be known in great
detail. See Table 1 for the model isothermal hydrostatic atmosphere used for
the meteor entry dynamics. See Figure 1 for a comparison between this model
and other nonisothermal models. The mean molecular weight, M, was assumed
constant and equal to 28.97 g/mole at all altitudes for this model. At

altitudes below about 160 km this is a reasonable approximation (Craig, 1965).

B. FOR SOUND PROPAGATION

When considering the effects of the inhomogeneity of the atmosphere on
meteor sound propagation, the chief parameters of interest are the vertical
variations of the temperature field and of the horizontal winds. Except for
the initial very strong shock wave effects, what we basically consider is the
sound propagation structure of the atmosphere.

For the mean or climatological temperature structure, the U.S. Standard
Atmosphere Supplements (1966) were used to deduce the seasonal variations of
the vertical temperature field. These have been converted to phase velocities
using the relation C = (y RT/M)l/2 and are shown in Figure 2. In this
expression, y is the ratio of the specific heat at constant pressure to the
specific heat at constant volume; R is the universal gas constant; T is the
temperature of the gas (in degrees absolute); and M is the mean molecular
weight of the gas. The climatological information on winds was taken from

Batten (1961) and from the CIRA 1965 International Reference Atmosphere.



See Figure 3. There was no attempt to make a general study of vertical tem-
perature and wind field changes as a function of time on a scale smaller than
a month. In Section VII (Part 3), when specific fireball sounds are considered,
attempts are made to consider the most realistic temperature and wind field
information available for the time and day of the "event." If this information
was not avallable climatological data was used as the next best approximation
to what the actual temperature and wind profiles were. Thréughout all of the
analyses the atmosphere was considered to be horizontally stratified, i.e.,
horizontal temperature and wind gradients as well as vertical wind motions
were assuﬁed to be nonexistent.

The climatological information on temperature and wind was then tabulated
in layers of 10 km in thickness. In IVC (Part 2), a simple approximate
method of transferring between the isothermsl model used for meteor entry
dynamics to the climatological nonisothermal model is presented.

The assumption of a horizontally stratified atmosphere is often made for
gsound propagation studies. The troposphere is probably not well modeled by
this assumption especially near the surface in the atmosphere boundary layer
where the winds are not géostrophic and meteorological disturbances and storms
are present. In the stratosphere and mesosphere the approximation is more
justifiable since, generally, only small vertical winds are believed to exist.
The temporal variations present in the troposphere as well as the spatial
variations generally make this approximation a poor assumption except for
short propagation distances. The general applicability of this model to the

lower thermosphere is also assumed to be valid.
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III., METEORS AS SOUND PRODUCERS

In this section meteors are considered as sound producers. Two models
are developed. In the first model, ablation of the entering meteor is not con-
gsidered. For the second model ablation is assumed to proceed at an exponential
rate utilizing the o parameter. It will be seen in IIIB, that the first model
is just a special case of the second. For both models the range of the ex-
tremes of all important variables in the dynamical problem will be considered.

These extremes are:

Meteor Entry Velocity: 11L.2 < VE < 73.2 km/sec

Meteor Density: 0.30 < < 7.70 g/cm?

PR

Meteor Radius: 0.05 < < 500 em

“nE
Entry Elevation Angle: 10° <6 < 90° (vertical entry)

It was assumed throughout that CD’ the drag coefficient, is exactly unity.
Variations of this parameter as a function of the flow regimes at the high me-
teor Mach numbers involved are small (Groves, 1957). Changing CD by a factor
of 2.0 changes the altitude of maximum deceleration by at most 3-L km. The pos-
sible values of the o parameter were discussed recently in a paper by McCrosky
and Ceplecha (1970). For the relatively large sizes of meteors ultimately used

. —— -12 2, 2
for this study an upper limit of 5+ 10 sec /cm was chosen. It should be
pointed out, however, that for similar body sizes a relatively large range of
values has been reported (McIntosh, 1970). This fact is reflected in the ef-

fective model discussed in IIIC. While accuracies differ in obtaining o from

11



luminosity data, the range of values reported may result from trying to apply
a reasonably simple theory to this most complex phenomena. While in reality

6 = f(VE) prior to entry (Wood, 1961), it was assumed during the calculations
that for any possible entry velocity, any value of © was possible. In both
models a single spherical body which entered the atmosphere on a ballistic
trajectory was assuméd; i.e., no forces are assumed to be acting normal to the
meteors trajectory during entry. In addition for both models the plane paral-

lel atmosphere approximation was utilized.

A, MODEL.l - BALLISTIC ENTRY WITHOUT ABLATION

Following Allen and Eggers (1958) and Groves (1957), the velocity profiles
of nonablating objects with ballistic trajectories in the earth's atmosphere
were calculated. A hydrostatic isothermal atmosphere was assumed for the entry
dynamics. The entering meteor is in effect considered as a blunt body in aero-

dynamic terms (Tsikulin, 1970).

mdV 1 2

= _ : - = A

T mg sin 6 5 oV CD (3)
dz dz 4V

== = Vi = = 27

at SIRO T W @ (1)
dm

— = 0

at (5)

where

meteor mass

=
]

<
It

meteor velocity

12



g = acceleration due to gravity

p = atmospheric density
2 .

A = mwr = meteor cross sectional area
m

z = altitude (increasing upward)

t = time variable

Since for this problem the range of entry velociﬁies is known, Grove's
technique utilizing the energy conservation principle prior to atmospheric
entry was not needed. Accelerations will take place in the vicinity of the
earth so that entry velocities will exceed slightly the range of velocities
just given but this effect is quite small in general except for the slower me-
teors (Cosby and Lyle, 1965). Entry was assumed to take place at an altitude
z' along the trajectory where the drag force balanced the weight of the body.
This range of entry altitudes (calculated for the extremes of entry density,
velocity, entry angle, and size of a single spherical body) was obtained by

the use of the following relationship:

where

ne sin 6 bo r g sin ©
p* = ﬁ—————ln = m m
A
CD 3 CD

(for a sphere)

Following Groves (1957) two other altitudes of interest are also readily

calculated assuming p* is constant. These are:

15



p(z'") p*

1l
N0

p(z''") = p*

where z'' 1s the altitude at which the maximum rate of energy deposition occurs,

'' is the altitude at which the maximum deceleration occurs.

and z'

There is one finél altitude that serves to bound the straightline portion
of the meteors trajectory. This has been termed z''''. It is readily calcu-
lated as the altitude at which the deceleration of the body is once again zero.
Between z' and z'''' the trajectory is a straightline (to a first order approxi-
mation).

Using (3) and (4) and the assumption of a hydrostatic isothermal atmosphere
for the altitude region below z' where the weight of the body (i.e., the effect
of gravity) is small compared to the resistance forces the atmosphere offers
against being compressed, (3) can be rewritten as (Allen and Eggers, 1958):

C_A
av D -z /H
— Vsino = P’ Z/}
ol o

4 2 m

2
Dividing by V and rewriting pO as pO/Hg we get:

v _ 1 o -z/H
v 2 \mg sin mg sin O

but p* = mg sin e/CDA

1Y
@ _ 1%\ 1 -
Tl 2<:p;> 5 © dz (6)

1k



Above z' assume V = VE = constant

Below z' integrate (6) as follows

' =
[ e -
*
VE \Y 2 p¥ H -
v 1% [-z/H  -z'/H
In— = -= - [e -e
VE 2 p¥

therefore

e e

E 2 p*

Velocity profiles were then calculated using the above formula for a range
of p* values and VE values. See Figures L-L3,

The Knudsen number of the problem was considered next. For this model,
with p* constant, the body size was considered constant and the mean free path
(that of the ambient neutral gas was used here) was calculated for the isother-
mal atmosphere. See Figures L44-51 for z', z'', z''"', z'''"' and Kn = 0.05
versus rmE for this model. At the altitude at which Kn = 0.05, the bow shock
is detached from the meteor and slightly ahead of it. Following the reasoning
of Grad (1959), this distance will be on the order of several mean free paths.

Note from these figures that for the larger bodies bow shock waves can be
generated before the luminosity associated with the meteor entry (as seen at
the ground) begins. Here we are assuming that significant luminosity begins
near and below the altitude at which dV/dt is first zero, i.e., the work done
against drag above z' is very small compared to the total energy associated

with the meteor. Published luminosity data on meteor entry only involve
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altitudes where the meteor was decelerating in the atmosphere (Jacchia, 1967).
Thus this assumption appears to be reasonable, While we have not allowed for
mass loss in this model (in a somewhat artificial manner), it has been shown
by Riddell and Winkler (1962) that the larger the meteor is at entry, the
better the approximation expressed in equation (5) becomes.

From these simplé calculations certain conclusions can be drawn concerning
meteors as line source sound producers. From the range of extremes used there
is no situation where a single spherical body of rmE==O.O5<3nand of relatively
low density will ever penetrate to an altitude where Kn is small. In fact the
e 0.5 cm case is still on the borderline. For this model then it seems
that for the range of dynamical extremes considered a body must be at least as
big as 1 cm in diameter in order to reach an altitude where Kn is small and
still be moving fast enough to generate a distinct bow shock wave. It has
been assumed throughout that at an altitude where Kn = 0.05 the pressure gra-
dient developed across the bow shock is much larger than other pressure gra-
dients that may exist in the flow. This assures that the shock wave is well
developed (Groves, 1957). To be sure this is only an approximate criterion.
The cases which have been removed from consideration using this model cover

8 12
meteors whose initial kinetic energies range from ~10 - L4.2.10" ergs. See

Tables 2 and 3 for all of the dynamical possibilities involved.

16



B. MODEL 2 - BALLISTIC ENTRY WITH EXPONENTTAI, ABLATION

While Model 1 predicts the maximum penetration of a single spherical
body, Model 2 attempts to predict the minimum penetration. Here the parameter
p* is replaced with pi exp[-(o/6)(V§ - Vg)] (following Bronshten, 196k4) and o
is determined from meteor photographic detection stations. The alternative of
a generalized variable p* presents itself, but the complications involved in
applying the basic equilibrium thermodynamics as a function of the various flow
regimes (and whether laminar or turbulent conditions prevail) seem very for-
midable. Such calculations have been carried out recently (Baldwin and Sheaffer,
1971), however, these calculations are not as generalized as might be desired.

While p* has been observed to vary linearly, exponentially or to remain
constant over portions of the trajectory, it may vary in a generally complicated
manner (Allen and James, 196k4). It is felt that an exponential decay of mass
for a single spherical body will represent a reasonable upper bound (i.e., mini-
mum penetration depth) to the ablation problem when considering meteors as
sound producers. It is to be noted that for o = O, this case reduces to that
of Model 1 identically.,

There 1s the question: At what velocity does ablation cease? McCrosky
has suggested 3 km/sec as a reasonable value (McIntosh, 1970). For the ray
theory refraction analysis in Sections IVB and C (Part 2), we have assumed a
cylindrical blast wave line source model of the meteor-atmosphere interaction
over a portion of the straightline meteor trajectory. TFor this analysis then
we are considering line source meteor sound generation only at space flight

velocities. See Section IVA (Part 2) for more details on this. We are thus

17



avoiding at the moment sound generation at the lower Mach numbers including
the dark flight portion of the meteors trajectory (at and below the altitude
region where ablation ceases). Not only do fhe present meteor models become
less realistic at these lower velocities, (where external pressure on the fron-
tal face of the meteor can become so excessive that gross fragmentation or
total break-up effects can readily occur), but the "explosion" analogy eventu-
ally breaks down and the sonic boom output of a rapidly decelerating body (or
bodies) must be considered. Note that sonic boom theory is a linear theory
(with cumulative nonlinear correction terms) for propagation of initially weak
acoustic disturbances (Hayes, 1971). The cylindrical blast wave model to be
discussed in IVA (Part 2) is a nonlinear theory resulting in the case of en-
tering meteors from the very large entry Mach numbers (Lin, 1954),

At and below z'''' the rapidly curving trajectory introduces more compli-
cations as the meteor rapidly approaches Mach 1 (for a given altitude of in-
terest where V(z) = c(z)). Below the altitude region where equation (24) can
no longer be satisfied (see IVA, Part 2), the "instantaneous" energy release
approximation is no longer suitable and the nonsteady flight of possibly many
bodies each with an attached Mach cone interacting in a complex fashion over a
rapidly curving path must be considered. Thus while we are considering dynamics
of meteor entry throughout the entire range of velocities as a function of al-
titude (including simple ablation theory), we are only using those portions of
each meteor's entry for which the "explosion" analogy is realistic. See Sec-
tion VIIT (Part 3) for additional comments on the transition region where

neither model is strictly applicable.
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It is an observational fact that only very bright fireballs have been re-
ported to generate audible sounds at altitudes where the meteor was still lumi-
nous (Wylie, 1932). It has been suggested that sonic booms generated during
dark flight are an additional indicator that a given bright fireball has pene-
trated deeply enough so that survival of a meteorite is likely (McCrosky, 1970).
It is hoped that continuing studies in this area of research may help predict
Jjust how frequently infrasound might be recordable by ground based pressure
sensors from the many bright fireballs which have been photographed by the
Prairie Network.

With the above paragraphs in mind, equation (3) is rewritten as (following

McCrosky and Ceplecha, 1970):

av 1 .2 dm
— = in® - —pVCA-fw—
3t me s 2 PV at (8)
where
w = velocity of the ablation products with respect to the meteor

-1 < f <1 and for isotropic ablation f = O.

For the reverse rocket effect £ > O (Levin, 1956)

For this analysis we have assumed f to be exactly zero.

Equation (4) remains the same as before and equation (5) becomes (following
Bronshten, 196L4):
- V2
m

5 (9)
A\ .

2
dm - E ApV5 v
dt 2Q
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where

Q@ = heat of ablation of the meteor
E = thermal conductivity of the meteor
Vm = velocity at which ablation ceases
K .
g = —— = ablation parameter
CDQ

Equation (7) is now rewritten as (with p* replaced by

g, .2 2 ] mg sin ©
* - - * = !
o exp[ ; (VE V)| where 2 CDA evaluated at z')
Hemp(a?/e)L = [*L o, E vg] L -2/,
T P v 2Dt *Plg 'l ®

Again above z', it is assumed that V = Vg = constant.

Therefore, for z < z'

51 (79 - E(e2/9 ~
_ _

12 ool D lerp(-2/) o2 /1]

This can be rewritten as:
- 0 .2 0
2p* i =V - Eil = V2
Y s N N6 )
z = =-H\Inle + —— exp -g VE 3
L (10)

where Ei is the exponential integral (Erdelyi, 1953).

Note that the exponential ablation expressed in equation (10) comes di-

2
rectly from equation (9) after substituting for V.  from equation (8).
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For small values of the argument of EI, note that the following approxi-

mation becomes applicable (McIntosh, 1970), i.e., for o V?/6 S 0.5
J

2

Ei(oV-/6) =~ tn V- + g v

J J J

Bronshten has utilized the velocity at which ablation ceases, Vm’ explic-
itly in his equations. The alternative which we have used here is to assume
Vm is zero but calculate V(z) for Model 2 only down to that velocity at which
ablation i1s assumed to cease. For our calculations this velocity is assumed
to be 3 km/sec. Below the altitude at which this cccurs the dark flight tra-
jeétory is assumed to exist such that m/A remains constant as before in Model
1. Below z'''' a variable 6 problem with m/A constant has to be considered.
The rigorous inclusion of Vﬁ =3 km/sec in the above set of equations produces
a correction factor to be applied to the results we have given here. For
Vm =3 km/sec this correction factor is generally quite small and has been neg-
lected (see Bronshten, 1964).

Equation (10) is then solved for z as a function of V and velocity pro-
files are then constructed as before. This data is also plotted in Figures
L-43, See Figures 52-59 for z', z'', z''"', z''"', and Kn = 0.05 versus r o
for this model. Here Kn = x/dm where dm decreases in an exponential manner.
For these figures the various parameters are plotted versus the initial meteor
radius, Lo (at z'). See IIIC for additional comments on these figures.

Since o = E/CDQ and K and Q are hard to determine, it seems that if the

meteor composition were known a priori that the overall problem would be sim-

pler. The detailed calculations of Baldwin and Sheaffer (1971) were accomplished
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assuming that the composition was known and consisted of a relatively high
density object (~3 gm/cmB). This assumption conflicts with the conclusions
reached by McCrosky and Ceplecha (1970). @Q is a function of the various flow
regimes and also depends on the size and composition of the meteor in that the
exact ablation mechanism must be known. For this reason and other reasons
discussed earlier, ohly one value of ¢ was used in the computations. This
value was considered a constant independent of velocity, composition or body
gize, It is felt with some degree of confidence that this case should repre-
sent the maximum allowed ablation for a single spherical body. Actual meteor
observations can be interpreted as being reasonably well bounded by these two
models. In general, however, real meteors in the size range we have considered
have velocity and drag profiles which appear more similar to the Model 2 re-
sults than to those of Model 1 (Allen and James, 1964). Model 1 does represent
a lower boundary of penetration, however. As stated before, the complete
thermodynamic treatment of survivable body sizes in terms of a generalized
variable p* is most formidable and due to the extreme nonlinearity of the prob-
lem the results at best are only very approximate.

It is an observational fact that most of the fireballs observed by the
Prairie Network have entry velocities below about 20 km/sec (McCrosky, et al.,
1968). Extreme high values of about 35 km/sec have been observed, however.
There are at least two explanations of this fact. The first is that these
brighter fireballs represent a different class of bodies than‘those which have
been classically observed with the Super Schmidt cameras (the conventional

so-called "shooting stars," McCrosky, 1970). Another explanation is that
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ablation is so significant for velocities in excess of about 30 km/sec that
deep penetration into the atmosphere of a large massive body is highly improb-
able (Martin, 1955). The predictions of simple ablation theory (equation (10))
are consistent with this explanation. In fact both of these explanations may
be correct. Perhaps it is also true that the relatively small number of large
bodies (2 10 m in diameter) present in the solar system which encounter the
orbit of the earth in space do not frequently possess large (> 30 km/sec) rela-
tive velocities with respect to the earth., Such speculations appear endless.
We have chosen then to have an arbitrary velocity cut off of 30 km/sec for the
initial entry velocity for Model 2. We have also implicitly assumed that above

Zl

the total mass loss is insignificant., Only near and below z' (where it is
assumed that the body and its surroundings become luminous) is mass loss as-
sumed to be of importance.

The velocity profiles generated (for both Models 1 and 2) provide much
useful information about meteors as sound producers. First of all they bound
the altitude regions from which acoustic rays are generated (via known Knudsen
numbers and Mach numbers). See Tables 2 and 3 and Section IVC (Part 2). Sec-
ondly, they provide information regarding the distance scale of the strong
shock wave region of the pressure pulse. This information is obtained in IVA
(Part 2) using a cylindrical blast wave model of the meteor bow shock wave
(following the numerical work of Lin, 1954, Plooster, 1968, and the observa-
tional work of Few, 1969).

Two other points should also be noted. Kn for Model 2 is similar to that

used in Model 1 except that the meteor radius changes via the assumed known
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changes in the meteors cross-sectional area A. The new value of A used at
progressively lower and lower altitudes does not include the ablation products
removed from the meteor. These products are'assumed to be quickly transferred
to the meteor's wake (whether they may be plasma, gaseous, liquid or solid).

This variation of the meteor's cross-sectional area can be expressed as:

where
AE = value of the meteor's cross-sectional area at z'

Similarly, the variation in r can be expressed as:
m

The above expression comes directly from the variation:
* = * g (V2 V2)
LA R -

expressed earlier.

This later expression reduces to the above rm(z) expression if pm = me =
constant, while p* is proportional to pmrm. See IIIC,

In classical meteor theory, shape factors have been included. Here, the
specific choice of a spherical shape has been made. Using other reasonable
shapes will not change the entry dynamics greatly (Baldwin ana Sheaffer, 1971).

The survival of a given meteor, however, does depend on the fraction of the

energy deposited into the atmosphere which is able to cause ablation of the
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body. This energy flow depends on many factors during entry (shape factors
among them) and is presumably far more complex than any theoretical calcula-
tions which have yet been used to modél it.

From a more general viewpoint, however, the audible observations of sounds
from meteors at close range are likely to be greatly affected by the shape of
the body (or many bodies). Many irregular shaped bodies produce wider Mach
cones than are predicted by simple sonic boom theory. As a result a complex
series of shock wave arrivals may occur (Chamberlin, 1968; Millman, 1970).

From the results of Model 2 the additional cases which have been removed
from consideration cover meteors whose initial kinetic energies range from
M.E-lOl2 to 7.5-101)-L ergs., oSee Tables 2 and 3 for additional comments on all
the dynamical possibilities involved. Note that © and me must be specified
in addition to entry kinetic energy values before a judgment can be made on
the dynamical possibilities for bow shock generation. The term, removed from
consideration, in the case of Model 1 is appropriate while Model 1 represents
the maximum possible penetration. In the case of Model 2 it must be recalled
that the value of o was chosen as strictly an upper limit. Thus for 0 <o <
5-1£Ylgse02/cm2 the entry kinetic energies which are not dynamically possible
cover the range ~lO9 - lO15 ergs. If a smaller upper limit had been chosen

for o, the largest entry kinetic energy given above, for which a distant bow

shock is not possible, would be reduced.
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C. EFFECTIVE METEOR LINE SOURCE MODEL

This effective meteor model thus allows for single body ablation with
0<o< 5-10-12. The region of interest is bétween the upper and lower alti-
tude bounds imposed by the velocity profiles of the two meteor models for the
two assumed density extremes. It is within these bounds (with certain other
restrictions to be seen in Part 2) that the "explosion" analogy will be used
to study the sounds generated by the meteor atmosphere interaction. See
Figures L4-43., Tt now remains to test the allowed dynamical possibilities to
see under what conditions pressure waves can reach ground level, at measurable
intensities. This will be discussed in IVC and V (Part 2).

There are two interesting interpretation problems which arise when using
the simple ablation theory which should be noted at this point. In the formu-
lation of Model 1, p* has been held constant (i.e., o = 0). While p* is pro-
portional to pmrm primarily (the variations in g, sin 6, and CD being small
between z' and z''''), a constant p* value can be interpreted as:

(1) p, = comstant, r = constant

(2) p decreasing, r increasing

m

(3) p increasing, r decreasing
m m

Within certain limits, including a detailed knowledge of the inner struc-
ture of the meteor, all three of the above may be dynamically possible. Fur-
ther, the large range of pm used causes an interpretation problem when specif-

ically considering the velocity-altitude profiles. The altitudes z', z'', z''"',

1Tt

and z all depend on p*. In addition, z' and z'''' depend on VE. Thus,

analysis of the velocity altitude profile will enable us to determine only the
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product pmrm. pmrm always appears as an inseparable product in the dynamical
equations. If the density and radius of an entering meteoroid can change
during entry (such as in (2) and (5)5, the interpretation of r is difficult
even if p* is constant. Thus, for the factor of twenty-five density variation
allowed, a subsequent factor of twenty-five is allowed for rm when interpreta-
tions using p* are made. Thus, as can readily be seen in Figures hh-59, a
low-density, high-velocity meteor can have nearly the same value of z' as a
high-density, low-velocity meteor. All of these arguments neglect the possible
gross fragmentation or total break-up phenomena which fall into the category
of an n body physical theory of meteors. Throughout this analysis only single
body theory has been considered.

The other interpretation problem involves the case where o % 0. In this

situation the mass variation with altitude of the entering meteor can be ex-

pressed as:

where
mE = meteor mass at z'

Note that for Model 2 (o % 0) this, and the other similar expressions relating
an exponentially decreasing variation for A, rm, and p* are valid only until
V(z) = 3 km/sec. Below this velocity a constant m/A problem is again encoun-
tered (with o = 0), but with a rapidly changing 6 due to the ever increasing

effects of gravity (below z'''').
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2
While this exponentially decreasing variation is proportional to OVE, the

range of oandVﬁ values used again produces an interpretation problem. If a
z(V) curve is interpretated in terms of o # O; only if VE is known can the
value of ¢ be determined with any degree of confidence.

The rate of ablation then using single body simple ablation theory is de-

o] 2 2
termined by the inseparable product 'g (V_ -V ). While this rate depends on

E
V; the interpretation problem is not as difficult as it was for the constant
p* situation. The fact that an upper limit of 30 km/Sec has been set on VE
limits the possible o values that can be reasonably used, however, Again we
are limited to a single body interpretation of the phenomena. This interpre-
tation is probably optimum for denser meteors and large body sizes at moderately
low altitudes (before total break-up occurs due to the tremendous pressures im-
posed on the frontal face of the meteor).

Overall it appears that if the magnitude range of me could be decreased
or the composition or internal structure of the meteor were known, the inter-
pretation difficulty could be considerably reduced. In Section VII (Part 3),
m will be estimated (at least for one region of each fireball's entry) after
assuming the body's shape, density, and velocity at that point. With further
ray tracing effort in the future we hope to reduce the velocity uncertainty
so that primarily only the shape and density need be knowh in order to esti-
mate the meteor's mass. Thus well documented meteor sound observations will
be shown to be potentially wvery useful.

One additional subject should be clarified. This involves the definition

of the Knudsen number for the effective model considered. At the lower bound
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of penetration thereis no problem since<ﬁnhas been considered constant (as has

o ) throughout the entry. Once Kn = 0.05 has been reached, Kn continues to be-

m

come smaller as A decreases wWith decreasing altitude. In addition certainp e
m

r and © combinations are not dynamically possible in terms of hypersonic
velocity remaining with Kn = 0.05. See Table 2. TFor o % O problems begin

to arise, however. First of all A has been calculated (for both models) for

a neutral gas as if the meteor were not present. Thée neutral gas heating must
increase A. This increase is limited, however, by the fact that the density
ratio across the shock front can (theoretically) never exceed six for a diatomic
gas (Plooster, 1968)., It is assumed, in general, that the local plasma effects
have a very short relaxation time. Hence they do not greatly influence the
shock wave formation and subsequent propagation beyond certain scaled distances
from the trajectory. See IVA (Part 2). The success of the classical blast
wave theory (as applied primarily to point explosions) in describing explosive
phenomena supports the latter assumption. However, we have used dm as the
characteristic length to define Kn and EH. Perhaps once the shock has been
well established a different length scale should be used. In the case of

o = 0 this may be an effective distance across the bow shock at a few body
diameters behind the meteor. In the case of ¢ % O the ablation products in
combination with the primary body (with both still traveling at hypersonic

velocities) may produce a new effective length scale. These remarks are made

in an attempt to understand the Knudsen number variation in the case o f 0.

g

6

which dm decreases can under certain circumstances exceed the rate at which A

2

While for this case dm is proportional to exp[- (VE - Vg)], the rate at
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decreases (with decreasing altitude). For 0 < o < 5.10‘12 secg/cm2 and for

15 < VE < 50 km/sec, EE can actually increase with continually decreasing al-
titude before or even after Kn = 0. 05 has been reached. Whether or not this
can actually physically occur depends on many factors as has been discussed.
Fortunately as will be seen the larger rE is, the less important this in-
creasing Kn is, while the turn around altitude region occurs at very small
values of Kn (NlO_5 or less). Only for rmE S 5.0 cm is this phenomena even
possible (for Kn to become greater than one to ten after it has reached 0.05).
See Table 2 for more comments on this. As will be seen inV (Part 2), when con-
sidering ground based measurement of these signals only for rmE 2 5.0 em will
measurement be likely (at certain distances and altitudes from the meteor) in
terms of acoustic energy output and wave frequency absorption. Thus the prob-
lem of more precisely defining Kn for a body whose size is decreasing exponen-

tially is no longer as vital to the overall problem as it may have seemed.
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Figure 1. Atmospheric density as a function of altitude.
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Figure 4. Meteor velocity as a function of altitude (o = 0, solid curve;
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Figure 5. Meteor velocity as a function of altitude (o

0, solid curve;
o = 510712 sec?/cm?, dashed curve), ryp = 0.05 cm, © °

90°, oy = 0.3 g/cmd.
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Figure 6. Meteor velocity as a function of altitude (o = 0, solid curve;

o = 5-10"12 secg/cme, dashed curve), ryp = 0.05 cm, 6 = 70°, g, = 7.7 g/cmd.
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Figure 7. Meteor velocity as a function of altitude (o = 0, solid curve;
o = 510712 sec?/em?, dashed curve), rym = 0.05 cm, 6 = 70°, g, = 0.3 g/cm.
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Figure 8. Meteor velocity as a function ot altitude (o = 0, solid curve;
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Figure 9. Meteor velocity as a function of altitude (o = 0, solid curve;
o = 510712 gec?/cm?, dashed curve), ryp = 0.05 cm, © = 40°, p, = 0.3 g/cm?.
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Figure 10. Meteor velocity as a function of altitude (o = 0, solid curve;
o = 510712 secg/ch, dashed curve), ryp = 0.05 cm, 6 = 10°, g, = 7.7 g/cm?.
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Figui*e 11. Meteor velocity as a function of altitude (o = 0, solid curve;
o = 5-10"12 sece/cmz, dashed curve), ryp = 0.05 em, 6 = 10°, p, = 0.3 g/cm’.
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Figure 12. Meteor velocity as a function of altitude (¢ = 0, solid curve;
o= 5-10'12 secg/cmg, dashed curve), rpp = 0.5 cm, 6 = 90°, Oom = 77 g/cmB.

L7



150

i Soi
1401~ pme=03gm/cm®
, p¥ =193:10?
130+ 12 dynes/cm?
120
11O—
47
100—
90— 7"8 Zm_‘
Z(km) I
un /
80-% | ___ -7
le
Z'" H "t
70— ‘Z ] _ 2"~ 7 ~
7/ 7 — 7 7
/ [
60+, Kn=0.05
/ —
z"4, Kn=0.05, V.= 11.2km/sec
50 (L1}
Z 7
40—
30—
20—
10— Kn =0.05, V¢ =30km/sec
0 | | | | | | |
IO 20 30 40 50 60 70732
V (km/sec)

Figure 13. Meteor velocity as a function of altitude (¢ = 0, solid curve;
o = 5-10"12 secg/cmg, dashed curve), ryp = 0.5 cm, 6 = 90°, pp = 0.3 g/cmB.
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Figure 1hk. Meteor velocity as a function of altitude (o = 0, solid curve;
g = 510712 secg/cmg, dashed curve), rpn = 0.5 ecm, © = 70°, pp = 7.7 g/cud.
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Figure 15. Meteor velocity as a function of altitude (o = 0, solid curve;
o = 5°10°12 secg/cmg, dashed curve), ryp = 0.5 ecm, © = 70°, p = 0.3 g/cmd.
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Figure 16. Meteor velocity as a functioh of altitude (o = 0, solid curve;
o = 5-10"12 sec?/cm?, dashed curve), rop = 0.5 cm, © = 40°, pp = 7.7 g/cmd.
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Figure 17. Meteor velocity as a function of altitude (o = 0, solid curve;
0 = 510712 sec?/cm?, dashed curve), rpp = 0.5 cm, © = 40°, gp = 0.3 g/emd.
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Figure 18. Meteor velocity as a function of altitude (o = 0, solid curve;
o = 510712 sec?/cm?, dashed curve), ryp = 0.5 cm, © = 10°, pp = 7.7 g/cmd.
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Figure 19. Meteor velocity as & function of altitude (o = 0, solid curve;
g = 5-1071° sec?/cm?, dashed curve), ryp = 0.5 cm, © = 10°, py = 0.3 g/cmd.
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Figure 20. Meteor velocity as a function of altitude (o = 0, solid curve;
o = 5:10712 gec?/cm?, dashed curve), rpp = 5.0 cm, © = 90°, p, = 7.7 g/cmd.
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Figure 21. Meteor velocity as a function of altitude (¢ = 0, solid curve;

o = 5-10712 secE/cmE, dashed curve), rpp = 5.0 cm, 8 = 90°, op = 0:3 g/cm.
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Figure 22. Meteor velocity as a fu_nctioh of altitude (o = 0, solid curve;
o= 5-10-12 secg/cmg, dashed curve), rpp = 5.0 cm, 6 = 70°, oy = T-7 g/cmd.
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Figure 23. Meteor velocity as a function of altitude (o = 0, solid curve;
0 = 5:10712 sec/cm?, dashed curve), ryp = 5.0 ecm, © = 70, p, = 0.3 g/cm’.
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Figure 24. Meteor velocity as a function of altitude (o = 0, solid curve;

g = 5-10712 secg/cmg, dashed curve), rpp = 5.0 cm, 8 = L0°, p, = 7.7 g/cmd.

29



150

fme =9.0cm
140 6 =40°
Pme=03gm/ecm3
| pZ=124-103
130 — z'+ E dynes/cm?
120 —
4 z'
1O
oo— tZ
90—
_ Kn8Kn=005—
80— \
Z(km) n m
70— zaz Kn=005,V_=30km/sec
Ll
60 2" )
y4 "
y [
// \_Zm
lell
a0t
ZIIII
30
20—
10
0 l I | | | 1 ||

10 20 30 40 50 60 70732
V(km/sec)

- Figure 25. Meteor velocity as a function of altitude (¢ = 0, solid curve;
o = 5-10712 gec?/cm?, dashed curve), ryp = 5.0 cm, © = L0°, gy = 0.3 g/cmd.
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Figure 26. Meteor velocity as a function of altitude (¢ = 0, solid curve;
g = 510712 sec?/cm®, dashed curve), rogp = 5.0 cm, © = 10°, py = 7.7 g/cm.
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Figure 27. Meteor velocity as a function of altitude (¢ = 0, solid curve;
g = 5’10']'2 secg/cme, dashed curve), rng = 2.0 cm, & =10°, p, = 0.3 g/cmB.
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Figure 28.
o= 5"10'12 secg/cme, dashed curve), ryE = 90.0 cm, © = 90°, oy = 7.7 g/cm5.

Meteor velocity as a function of altitude (¢ = 0, solid curve;
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Figure 29. Meteor velocity as a function of altitude (o = 0, solid curve;
o = 5210712 sec2/cn?, dashed curve), ryp = 50.0 cm, & = 90°, op = 0.3 g/cmd.
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Figure 30. Meteor velocity as a function of altitude (o = 0, solid curve;
o= 5'10'12 secg/cme, dashed curve), rpm = 50.0 cm, © = 70°, py = 7.7 g/cmd.
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Figure 31. Meteor velocity as a function of altitude (o = O, solid curve;
o = 510712 sec?/cm?, dashed curve), rygp = 50.0 emy, © = 70°, o = 0.3 g/cmd.
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Figure %2. Meteor velocity as a function of altitude (o = 0, solid curve;
o = 510712 gec?/cm?2, dashed curve), ryp = 50.0 em, 6 = L0°, oy = 7.7 g/cmd.
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Figure 33. Meteor velocity as a function of altitude (0 = 0, solid curve;
o'= 5°10712 sec?/cm?, dashed curve), ryp = 50.0 em, © = 40°, g = 0.3 g/cmd.
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Figure 3L. Meteor velocity as a function of altitude (¢ = 0, solid curve;
o = 510712 sec?/cm?, dashed curve), rpp = 50.0 cm, © = 10°, g, = 7.7 g/cmd.
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Figure 35. Meteor velocity as a function of altitude (0 = 0, solia curve;
5 = 5°10712 sec?/cm?, dashed curve), ryp = 50.0 cm, € = 10°, Py = 0.3 g/emd.
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Figure %6. Meteor velocity as a function of altitude (o = 0, solid curve;
o = 5-10712 sec®/cu2, dashed curve), rp = 500.0 cm, © = 90°, py = 7.7 g/cmd.
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Figure 37. Meteor velocity as a function of altitude (o0 = 0, solid curve;
g = 5'10'12 sece/cmg, dashed curve), g = 500.0 cm, © = 90°, Py = 0.3 g/cm3.
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Figure %8. Meteor velocity as a function of altitude (o = 0, solid curve;
¢ = 5-10712 sece/cmg, dashed curve), rpp = 500.0 cm, © = 70°, pp = 7.7 g/cm.
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Figure 39. Meteor velocity as a function of altitude (o = 0, solid curve;

o = 5°10"12 gec?/cm?2, dashed curve), ryp = 500.0 cm, & = 70°, g, = 0.3 g/cmd.
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Figure 40. Meteor velocity as a function of altitude (0 = 0, solid curve;
o = 510712 secg/cmg, dashed curve), rpp = 500.0 cm, © = L0°, oy = 7.7 g/cmd.
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Figure L41. Meteor velocity as a function of altitude (¢ = 0, solid curve;
o = 5-10712 sec?/cn2, dashed curve), rop = 500.0 em, © = L0°, g = 0.3 g/cm.
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Figure 42. Meteor velocity as a function of altitude (¢ = 0, solid curve;
o = 5+10712 sec?/em®, dashed curve), ryp = 500.0 cm, © = 10°, pp = 7.7 g/em?.
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Figure W4, z', z'', 2z''', z'"'""", and Kn = 0.05 as a function of altitude and
initial meteor radius with m/A constant (¢ = 0), 8 = 90°, p, = 7.7 g/cmB.
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Figure 45. z', z'', 2''', z''""'  and Kn = 0.05 as a function of altitude and

initial meteor radius with m/A constant (o = 0), 6 = 90°, Oop = 0.3 g/cmB.
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Figure 46. z', z'', z''', z'''"', and Kn = 0.05 as a function of altitude and

initial meteor radius with m/A constant (o = 0), & = 70°, oy = 7.7 g/cmd.
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Figure 47. z', z'', z''', 2'"'', and Kn = 0.05 as a function of altitude and

initial meteor radius with m/A constant (¢ = 0), 6 = 70°, p, = 0.3 g/emd.
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Figure 48. z', z'', z''"', z'''"', and Kn' = 0.05 as a function of altitude and

initial meteor radius with m/A constent (o = 0), © = 40°, p, = 7.7 g/cmd.
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Figure 49. z', z'', z''', z''"'', and Kn = 0.05 as a function of altitude and

initial meteor radius with m/A constant (o = 0), © = L0°, g = 0.3 g/cmd.
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Figure 50. z', z'', z''', z'''"", and Kn = 0.05 as a function of altitude and
initial meteor radius with m/A constant (¢ = 0), & = 10°, Pp = 77 g/cmB.
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0 = 90°, o = 1.7 gfon.
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Figure 53%. z', z'', z''"', z''"'", and Kn = 0.05 as a function of altitude and
initial meteor radius with m/A decreasing exponentially (o=5-10"12 sec?/cm?),

& =90°, p, = 0.3 g/cmB.
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Figure 54. =z', z'', z''', z'''', and Kn = 0.05 as a function of altitude and

initial meteor radius with m/A decreasing exponentially (o=5-1
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Figure 55. z', z'', z''', z'''', and Kn = 0.05 as a function of altitude and

initial meteor radius with m/A decreasing exponentially (¢=5-10"12 sec®/cm?),

© = T70°, p, = 0.3 g/cmd.
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Figure 56. z', z'', z''', z'''', and Kn = 0.05 as a function of altitude and
initial meteor radius with m/A decreasing exponentially (o=5-10"12 sec?/cm?),
© = L40°, o, = 7.7 g/cm.
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initial meteor radius with m/A decreasing exponentially (o=5-10"1¢ secg/cmg),
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Figure 58. z', z'', z''', z''"'"", and Kn = 0.05 as a function of altitude and
initial meteor radius with m/A decreasing exponentially (g=5'10"12 secg/cm2),

6 = 10°, p, = 7.7 g/cwd.
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TABLE 1

Isothermal Model Atmosphere Data

OO 0O OO OO OO0 DO OO0 OOC O OO0 OO0 OO OOOOCOoOO0O

95

Altitude Pressurg Densit Mean Free Path
(km) (dynes/cm?) (g/cm ) (cm)
.000E 00 0.101E 07 0.140E-02 0. 781E-05
.100E 01 0.887E 06 0.122E-02 0.892E-05
.200E 01 0. 776E 06 0.107E-02 0.102E-04
. 300E 01 0.679E 06 0. 938E-03 0.117E-04
.400E 01 0.594E 06 0.821E-03 0.133E-04
.500E 01 0.520E 06 0. 719E-03 0.152E-04
.600E 01 0.455E 06 0.629E-03 0.174E-04
. 700E 01 0. 398E 06 0.550E-03 0.199E-04
.800E 01 0. 349E 06 0.482E-03 0.227E-04
. 900E 01 0. 305E 06 0.422E-03 0.259E-04
.100E 02 0.267E 06 0. 369E-03 0.296E-04
.110E 02 0.234E 06 0. 323E-03 0. 339E-04
.120E 02 0.205E 06 0.283E-03 0. 387E-04
.130E 02 0.179E 06 0.247E-03 0.442E-04
.140E-02 0.157E 06 0.216E-03 0.505E-04
.150E 02 0.137E 06 0.189E-03 0.577E-04
.160E 02 0.120E 06 0.166E-03 0.659E-04
.170E 02 0.105E 06 0.145E-03 0. 753E-04
.180E 02 0. 919E 05 0.127E-03 0.861E-04
.190E 02 0.804E 05 0.111E-03 0. 984E-04
.200E 02 0. 704E 05 0.973E-04 0.112E-03
.210E 02 0.616E 05 0.851E-04 0.128E-03
.220E 02 0.539E 05 0. 745E-04 0.147E-03
.230E 02 0.472E 05 0.652E-04 0.168E-03
.240E 02 0.413E 05 0.571E-04 0.192E-03
.250E 02 0.361E 05 0.499E-04 0.219E-03
.260E 02 0. 316E 05 0.437E-04 0.250E-03
.2T70E 02 0.277E 05 0. 382E-04 0.286E-03
.280E 02 0.242E 05 0.335E-04 0.327E-03
.290E 02 0.212E 05 0.293E-04 0. 373E-03
. 300E 02 0.186E 05 0.256E-04 0.426E-03
. 310E 02 0.162E 05 0.224E-04 0.437E-03
. 320E 02 0.142E 05 0.196E-04 0.557E-03
. 330E 02 0.124E 05 0.172E-04 0.636E-03
. 340E 02 0.109E 05 0.150E-04 0.727E-03
. 350E 02 0. 953E 04 0.132E-04 0.831E-03
. 360E 02 0.834E 04 0.115E-04 0.949E-03
. 370E 02 0. 730E 04 0.101E-04 0.108E-02
. 380E 02 0.639E 04 0.882E-05 0.124E-02
. 390E 02 0.559E 04 0.772E-05 0.142E-02
.400E 02 0.489E 04 0.676E-05 0.162E-02
.410E 02 0.428E 04 0.591E-05 0.185E-02
.420E 02 0. 375E 04 0.518E-05 0.211E-02
.430E 02 0. 328E 04 0.591E-05 0.241E-02
.440E 02 0.287E 04 0.453E-05 0.276E-02
.450E 02 0.251E 04 0. 347E-05 0. 315E-02
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.460E 02
.470E 02
.480E 02
.490E 02
.500E 02
.510E 02
.520E 02
.530E 02
. 040E 02
.550E 02
.560E 02
.570E 02
.580E 02
.590E 02
. 600E 02
.610E 02
.620E 02
.630E 02
. 640E 02
. 650E 02
.660E 02
.670E 02
. 680E 02
.690E 02
. 700E 02
.710E 02
. 720E 02
. 730E 02
. 740E 02
. 750E 02
. 760E 02
. 770E 02
. 780E 02
. 790E 02
.800E 02
.810E 02
.820E 02
. 830E 02
. 840E 02
.850E 02
.860E 02
.870E 02
. 880E 02
.890E 02
. 900E 02
. 910E 02
. 920E 02
. 930E 02
. 940E 02

=peieleleloll=eajololaolo oo loo N Jo e N e No e NoNoNoloNoNoNoloNeReNoRoRoNoRoRoRo N ol R e R R o R e o)

.220E 04
.192E 04
.168E 04
. 147E 04
.129E 04
.113E 04
. 987E 03
.864E 03
. 756E 03
.662E 03
.5T79E 03
.507E 03
.444E 03
. 388E 03
. 340E 03
.297E 03
.260E 03
.228E 03
.199E 03
.174E 03
.153E 03
.134E 03
.117E 03
.102E 03
.896E 02
. 784E 02
. 686E 02
.600E 02
.525E 02
. 460E 02
.402E 02
. 352E 02
. 308E 02
.270E 02
.236E 02
.207E 02
.181E 02
.158E 02
.139E 02
.121E 02
.106E 02
. 929E 01
.813E 01
.711E 01
.622E 01
.545E 01
.477E 01
.417E 01
. 360E 01

TABLE 1
(con't.)
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. 304E-05
.266E-05
.233E-05
.204E-05
. 178E-05
.156E-05
.136E-05
.119E-05
.104E-05
. 915E-06
. 800E-06
. 700E-06
.613E-06
.537E-06
.470E-06
.411E-06
. 360E-06
. 315E-06
.275E-06
.241E-06
.211E-06
. 185E-06
.162E-06
.141E-06
.124E-06
.108E-06
. 948E-07
.830E-07
. 126E-07
.635E-07
.056E-07
.487E-07
.426E-07
. 3T3E-07
. 326E-07
.286E-07
.250E-07
.219E-07
.191E-07
.168E-07
. 147E-07
.128E-07
.112E-07
. 983E-08
.860E-08
. 753E-08
. 659E-08
.576E-08
.505E-08
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. 315E-02
.411E-02
.470E-02
.537E-02
.614E-02
.701E-02
.801E-02
. 916E-02
.105E-01
.120E-01
.137E-01
.156E-01
.178E-01
.204E-01
.233E-01
.266E-01
. 304E-01
. 347E-01
. 397E-01
.453E-01
.518E-01
.092E-01
.676E-01
. T73E-01
.883E-01
.101E -0Q
.115E 00
.132E 00
.151E-00
L.172E 00
.197E 00
.225E 00
.257E 00
.293E 00
. 335E 00
. 383E 00
.437E 00
.500E 00
.571E 00
. 653E 00
. 746E 00
. 852E 00
. 974E 00
.111E G0
.127E 01
. 145E 01
.166E 01
.190E 01
.217E 01



. 950E 02
. 960E 02
. 970E 02
. 980E 02
. 990E 02
.100E 03
.101E 03
.102E 03
.103E 03
.104E 03
.105E 03
.106E 03
.107E 03
.108E 03
.109E 03
.110E 03
.111E 03
.112E 03
.113E 03
.114E 03
.115E 03
.116E 03
.117E 03
.118E 03
.119E 03
.120E 03

Note:
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. 320E 01
. 280E 01
. 245E 01
.214E 01
.187E 01
.164E 01
.144E 01
.126E 01
.110E 01
. 962E 00
. 842E 00
. 737E 00
. 645E 00
.565E 00
.494E 00
.432E 00
. 378E 00
. 331E 00
.290E 00
.254E 00
.222E 00
.194E 00
.170E 00
.149E 00
.130E 00
.114E 00

TABLE 1

(con't.)

.442E-08
. 3866E-08
. 338E-08
.296E-08
.259E-08
.227TE-08
.198E-08
.174E-08
. 152E-08
.133E-08
.116E-08
.102E-08
.891E-09
. 7180E-09
.683E-09
.598E-09
.523E-09
.458E-09
.401E-09
. 351E-09
. 307E-09
.268E-09
.235E-09
.206E-09
.180E-09
. 158E-09

COO0OOCOCOO0ODOODO0OOCO OO OOOOLOOOOOODOO

. 248E 01
.283E 01
. 323E 01
. 369E 01
.422E 01
.482E 01
.551E 0]
. 630E 01
. 719E 01
.822E Q1
. 939E 01
.107E 02
.123E 02
. 140E 02
. 160E 02
. 183E 02
.209E 02
. 239E 02
.273E 02
. 312E 02
. 356E 02
. 407E 02
.465E 02
.532E 02
. 607E 02
. 694E 02

For the above values, E, with its associated sign and two digits,

refers to the positive or negative power of ten which each value
is to be multiplied by.



TABLE 2

RESULTS OF ENTRY DYNAMICS CALCULATIONS

=0 sl 22 Initial
. ) PnE 0 Vg = 11.2 - V° ;5i1 > S$C /_cm 5 Kinetic R .
ase (cm) (g/cmﬁ) (0) 73.2 i) . B =3 Energy Comments
{km/sec) (km/sec) (km/sec) {ergs)
1 0.0 7.70 0.0 X -- -- 2.5109 - A
=05 . 90. 1.1-10M1
2 0.05 7.70 90.0 - X - 2.5-109 B
3 0.05 7.70 90.0 - -- X 1.8-1010 B
L 0.05 0.30 90.0 X -- -- 9.9-107 - ¢
4. 2109
5 0.05 0.30 90.0 - X - 9.9-107 B
6 0.05 0.30 90.0 -- -- X 7.3108 B
7 0.05 7.70 70.0 X - -- 2.5+109 - A
1.1-1011
8 0.05 7.70 70.0 -- X -- 2.5+109 B
9 0.05 7.70 70.0 - - X 1.8+10%0 B
10 0.05 0.30 70.0 X - -- 9.9-10 - c
L, 2:109
11 0.05 0.30 70.0 - X -- 9.9-107 B
12 0.05 0.30 70.0 - -- X 7.3+108 B
1% 0.05 7.70 40.0 X -- - 2.5'107 - D
1.1-101
i 0.05 7.70 40.0 - X - 2.5-109 B
15 0.05 7.70 40.0 -- -- X 1.8+10%0 B
16 0.0 0.30  40.0 X -- -- 9.9+107 - c
L.2:109
17 0.05 0.%0 40.0 - X -- 9.9-107 B
18 0.05 0.30 40.0 - -- X 7.3.100 B
19 0.05 7.70 10.0 X - -- 2'5.1051- c
1.1°10
20 0.05 7.70 10.0 -- X -- 2.5-109 B
21 0.05 7.70 10.0 - - X 1.8-10%0 B
22 0.05 0.30  10.0 X -- -- 9.9-107 - C
: : ’ L.2:109

98



TABLE 2 (Continued)

c=0 _ _lo—lQ 2, 2 Tnitial
Ty OmE o Vg =1.2- i~511 — [en = Kimetie
Case  (em) (glem®) (%) 73.2 =12 Vg =3 Bnergy ent
(km/sec) (km/sec) (km/sec) (ergs)
2% 0.05 0.30 10.0 -- X - 9.9-107 B
ol 0.05 0.30 10.0 - - X 7.3:108 B
12
2.5-10%2 -
25 0.50 7.70 90.0 X - o 1.1-10th E
26 0.50 7.70 90.0 - X - 2.5-1012 F
27 0.50 7.70 90.0 -- -- X 1.8°10%7 G
10
9.9-10%° -
28 0.50 0.30 90.0 X - - L o lol2 E
29 0.50 0.30 90.0 -- X -- 9.9-10-0 H
30 0.50 0.30 90.0 -- -- X 7.%-1011 B
12
2.5:10%2 -
31 0.50 7.70 70.0 X - -- 1.1-10tk E
22 0.50 7.70 70.0 - X - 2.5-1012 F
33 0.50 7.70 70.0 -- -- X 1.8-102 G
10
9.9-1010 -
3 0.50 0.30 70.0 X - -- b 10l E
35 0.50 0.30 70.0 - X - 9.9+1010 I
36 0.50 0.30 70.0 - - X 7.%-10+1 B
12
2.5-10%2 -
37 0.50 7.70 40.0 X -- -- Ryl E
38 0.50 7.70 40.0 -- X - 2.5+10%2 J
39 0.50 7.70 40.0 - - X 1.8-1017 B
10
9.9-10%0 -
Lo 0.50 0.30 4o.0 X - -- b 21012 E
L1 0.50 0.30 40.0 -- X - 9.9-10%0 B
L2 0.50 0.20 40.0 - -- X 7.3-10M B
12
2.5-10%2 -
L3 0.50 7.70 10.0 X - - Lol E
L 0.50 7.70 10.0 -- X - 2.5:10%2 K
45 0.50 7.70 10.0 -- -- X 1.8°10%7 B
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TABLE 2 (Continued)

0 =0 o102 ? e Initial
g OmE o Vg o= 1.2 - o5 i~5i1 > Sic [em = Kinetic
Case (em)  (gfem®) (%) 73.2 BT T 200 gy OMMENTS
(km/sec) (km/sec) (km/sec) {ergs)
10
9.9-1010 -
L6 0.50 0.30 10.0 X - -- b 201012 A
W7 0.50 0.30 10.0 - X -- 9.9-1010 B
L8 0.50 0.30 10.0 - - X 7.3°1011 B
1al5
2.5:10% -
Lo 5.0 7.70 90.0 X -- -- 1.1-1017 E
50 5.0 7.70 90.0 - X -- 2.5°10%7 L
51 5.0 7.70 90.0 - - X 1.8-10% M
1010
9.9-10%° -
52 5.0 0.30 90.0 X -- -- L 5o 1015 E
5% 5.0 0.30 90.0 - X - 9.9-10%3 N
5l 5.0 0.30 90.0 - - X 7.3 10t 0
2.5-1010 -
55 5.0 7.70 70.0 X - -~ l.l'lOl7 E
56 5.0 7.70 70.0 -- X - 2.510%5 L
57 5.0 7.70 70.0 - -- X 1.8-10%6 M
1ok
9.9+10%7 -
58 5.0 0.30  70.0 X -- -- L. 21010 B
59 5.0 0.30 70.0 -- X - 9.9-1012 N
60 5.0 0.30 70.0 - - X 7.3-10%4 0
) . 2.5:1015 -
61 5.0 7.70 0.0 X - 17107 E
62 5.0 7.70 L0.0 -- X -- 2.5-102 P
63 5.0 7.70  40.0 -- -- X 1.8-1016 QQ
9.9-1012 -
64 5.0 0.30 40.0 X - -- b pe10l5 E
65 5.0 0.30 40.0 - X - 9.9-101% Q
66 5.0 0.%0 40.0 -- -- X 7.%- 1014 R
1015
2,510 -
67 5.0 7.70 10.0 X - - L7107 E
68 5.0 7.70 10.0 - X -- 2.5-10%2 s
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TABLE 2 (Continued)

c=0 o = 5.10—12 secz/cme Tnitial
Cas "mE PnE o Vg = 1.2 - o sy o g  Kimetde ok
ase (cm) (g/cm?) (°) 73.2 E . E =3 Energy omment s
{(km/sec) (km/sec) (km/sec) {ergs)
69 5.0 7.70  10.0 -- -- X 1.8-10%0 T
1013
9.9-1017 -
70 5.0 0.30 10.0 X -- - L 2 1ol5 E
71 5.0 0.30 10.0 - X -- 9.9-101 U
72 5.0 0.30  10.0 - -- X 7.3 1014 B
N . 2.5-1018 -
7% 50.0 7.70 90.0 X TR0 E
" 50.0 7.70 90.0 - X -- 2.5-1018 v
75 50.0 7.70 90.0 -- -- X 1.8-1019 W
16
9.9-10%° -
76 50.0 0.30 90.0 X - -- L.0-1018 E
77 50.0 0.30  90.0 -- X -- 9.9-1016 X
78 50.0 0.30 90.0 -- -- X 7.3.10L7 Y
18
_ . 2.5-10'0 -
79 50.0 7.70 70.0 X 7 1020 E
80 50.0 7.70 70.0 - X -- 2.5-1018 v
81 50.0 7.70 70.0 - - X 1.8-10%9 W
16
9.9-10%° -
82 50.0 0.30 70.0 X - -- Lo 1ol E
8% 50.0 0.30 70.0 -- X - 9.9-1010 X
8l 50.0 0.30 70.0 - - X 7.3.10L7 z
1018
2.5°1018 -
0.0 . . - -
8 5 7.70 40,0 x 71020 E
86 50.0 7.70 40.0 - X - 2.5-1018 AA
87 50.0 7.70 40.0 - - X 1.8-1019 BB
16
9.9-10%° -
0. . ) - -
88 50.0 0.30 40.0 X b 21018 E
89 50.0 0.30 40.0 -- X - 9.9-10%0 ce
90 50.0 0.30 40.u -- - X 7.3 107 D
18
2.5-10%° -
o1 50.0 7.70 10.0 X - -- 1620 E
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TABLE 2 (Concluded)

0=0 o = 510" sec?/on ~ Tnitial
Tk P 0 Vg = 1.2 - — Kinetic
Case (cm) (g/cm5) °) 73.2 Ve = 11.2 Vg = 30 Energy Comments
(km/sec) (km/sec) (km/sec) (ergg)‘
92 50.0 7.70 10.0 -- X - 2.5°10'8 EE
93 50.0 7.70  10.0 - -- X 1.8-10%9 FF
16
9.9+1010 -
ok 50.0 0.30  10.0 X b 21018 E
95 50.0 0.30 10.0 - X - 9.9-106 e
96  50.0 0.3 10.0 - -- X 7.3.10%+7 HH
Note:

For all additional cases comment E applies except where ¢ f o, VE has & maximum upper limit
of %0 km/sec, i.e., for ryE = 500.0 cm, regardless of g,y or 8, supersonic velocities are

always dynamically possible over certain altitude ranges.

Ten-meter dismeter meteors are

rare enough so that listing of their specific altitude ranges of interest does not seem ap-

proprisate.

For more details on their rarity see Section VI (Part 3).

their specific altitude ranges of interest, see Figures %6-43.
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Comment Code for Table 2

Dynamically possible for 11.2 < Vg < 73.2 km/sec; for drag coefficient,

CD’

of 2.0, only possible for Vg > 20 km/sec

Supersonic velocities do not exist in an altitude region where Kn < 0.05

There is no value of Vg for which supersonic velocities remain to an al-
titude region where Kn < 0.05

Dynamically

possible

possible for Vg > 60

Dynamically

Dynamically

Dynamically

Dynamically

possible
possible
possible

possible

namically possible

Dynamically
dynamically

Dynamically
Dynamically
Dynamically
Dynamically
Dynamically
Dynamically
Dynamically
Dynamically
Dynamically

Dynamically

possible
possible

possible
possible
possible
possible
possible
possible
possible
possible
possible

possible

for 11.2
km/sec

Vg < 73.2 km/sec; for Cp = 2.0, only

for 1.2 < Vg £ 73.2 km/sec

from 66-4L km altitude
from 62-57 km altitude

from 58-56 km altitude; for Cp = 2.0, it is not dy-

from 58-56.5 km altitude; for Cp = 2.0, it is not

from 66-35 km altitude
from 6L4-45 km altitude
from 8%5-15 km altitude
from 8%-38 km altitude
from 8%-39 km altitude
from 62-60.5 km altitude
from 8%-18 km altitude
from 83-42.5 km altitude
from 82.5-65 km altitude

from 83-28.5 km altitude
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BB

cC

DD

EE

FF

GG

HH

QQ

Dynamically
Dynamically
Dynamically
Dynamically
Dynamically
Dynamically
Dynamically
Dynamically
Dynamically
Dynamically
Dynamically
Dynamically
Dynamically
Dynamically
Dynamically

Dynamically

possible
possible
possible
possible
possible
poésible
possible
possible
possible
possible
possible
possible
possible
possible
possible

possible

from

from

from

from

from

from

from

from

from

from

from

from

from

from

from

50-49.5 km altitude
82.5-52 km altitude
100 km-ground level
100-19 km altitude
100-22.5 km altitude
100-43 km altitude
100-4%.5 km altitude
100-2 km altitude
100-22.5 km altitude
100-25.5 km altitude
100-46.5 km altitude
100-12 km altitude
100-32 km altitude
100-35 km altitude

57-56.5 km altitude

from 40-39.5 km altitude
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