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SUMMARY

A simple inelastic collision model of meteor-atmosphere interaction
is used and analytic relations for velocity, deceleration, size, and rela-
tive luminous magnitude of meteors are derived and expressed in dimension-
less parametric form. The analysis is compared with available quantitative
observations of meteor behavior and it is indicated that a large fraction
of the atmospheric bombardment energy is used in eroding meteor material.
The erosion from large, high-speed vehicles as they traverse the high-
altitude, free-molecule portion of the atmosphere is calculated, on the
assumption that the vaporization process is similar to that which occurs
for meteors. The maximum possible erosion does not create significant

mass loss.
INTRODUCTION

The science of aerodynamics is constantly expanding into realms of
higher speed flight. Already we are concerned with the problems associated
with design and operation of ballistic and satellite vehicles which will
traverse the atmosphere at velocities from 15,000 to 26,000 feet per
second. In the foreseeable future, vehicles will be designed to enter
gravitational-free space, and the problems which develop at speeds in
excess of escape velocity, 37,000 feet per second, will need to be con-
sidered. It has become clear that some of the most serious problems of
very high-speed flight will be due to the tremendous heating experienced
by the vehicle as it traverses the atmosphere during the final stages of
its flight. Unfortunately, the conditions experienced by such high-
velocity vehicles have been difficult to reproduce in the laboratory and
direct experiments in the atmosphere are costly. It is of interest, then,
to examine a natural phenomenon from which some pertinent data may be
deduced; namely, the travel of meteors through the earth's atmosphere.

The purpose of the present paper is: (1) to develop an analytical
description of the physical behavior of meteors, (2) to use this analysis
to calculate from observed meteor behavior the fraction of kinetic energy
of atmospheric impact which is utilized in vaporizing meteor material,
and (3) to deduce the amount of surface erosion which would occur on a
- vehicle traveling at high velocity through the upper atmosphere if the

same surface processes occur as on meteors.
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SYMBOLS

deceleration, ft/sec?

frontal cross-section area, ft2

heat capacity of meteor material, ft2/sec2 °R

density of meteor, slugs/ft3

average density of nonhomogeneous body, slugs/ft3

kinetie energy, f£t-1b

exponential integral function of wu, Jrllg? dx

acceleration due to earth's gravity at the earth's surface, ft/sec2
intensity of luminous radiation from meteors

mass of meteor, slugs

2

magnitude of luminous intensity (- 5 log I), also, molecular weight
of meteor material

reference magnitude (see eq. (23))

exponent on velocity in luminous intensity function (see eq. (18))

energy of vaporization per unit mass of meteor, ft2/sec2
) ’ 3y 1/3

effective radius of meteor, E?) s Tt

radius of earth, ft

distance of meteor travel, ft

time, sec

dimensionless velocity parameter, %%Z

velocity of meteor, ft/sec

volume of meteor, ft3

altitude above the earth's surface, ft

logarithm to the base e

logarithm to the base 10
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B atmospheric density scale factor, ft=1

o) ratio of average density to surface density, g

© fraction of kinetic energy change used to vaporize meteor material

6 angle of inclination to the vertical of the meteor path, radians

1 molecular weight of air particles

o density of atmosphere, 1b/ft3

o Stefan-Boltzman radiation constant, 1b/ft Geg sec

T luminous efficiency factor (see eq. (17))

® shape factor, <§% Ty %

X angle of inclination to the vertical of observer's line of sight,

radians

Y angle between meteor trail and observer's line of sight, radians
Subscripts

00 conditions at infinite altitude

o] conditions at the earth's surface

1 initial meteor conditions on entering the earth's atmosphere

& condition at the end point of meteor trail

m condition at point of maximum luminous intensity

THE PHYSICAL BEHAVIOR OF METEORS

Before proceeding with the analysis it will be helpful to review
briefly the past work on meteors and also some of their salient character-
istics which have been observed. This information will help to indicate
what approximations can reasonably be made in setting up a model of the
meteor-atmosphere interaction.

Much of the current interest in meteors is devoted to techniques of
observing radio-wave reflections from meteor trails (ref. 1) and research
in this field has not been particularly concerned with the physical
behavior and properties of the meteors themselves. However, a small group
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of investigators has advanced the physical theory of meteors following
the pioneer work of Lindemann and Dobson (ref. 2). The development of
the theory up to 1937 is well summarized by 5§ik (ref. 3) and Hoppe

(ref. 4), Since that time much of the work on meteor theory has been due
to Whipple (refs. 5 and 6). 1In particular, Whipple has been able to
deduce, from observed meteor behavior, upper atmosphere densities that
correlate well with the latest results from rocket research (ref. 7).

For the purposes of the present paper, a solution in closed analytic form
like that obtained by Hoppe (ref. 4) is the most convenient, though we
shall find it desirable to use somewhat different approximations.

Meteors are apparently of two types, composed either of an igneous
rock-like material or of a metallic nickeliferous iron (Grimminger,
ref. 8). Judging from the meteor fall-out at the earth's surface, stone
meteors outnumber the iron by a factor of about 10 (refs. 3 and 8). How-
ever, Opik reports that among observed meteor radiation spectra both types
seem to be equally prevalent and that perhaps the iron-type meteor is
merely less likely to survive passage through the atmosphere (ref. 3).
The estimated specific gravity and heat of vaporization for these two
meteor materials are as follows:

Specific Total heat of vaporization per

gravity unit mass from a cool state
Stonelike 3.4 TTx108 ft2/sec?
Ironlike T T7x108 ft2/sec2

The luminous intensity from meteors is a strongly increasing function
of meteor size; whereas, the frequency of meteors decreases rapidly with
size. Consequently, most of the meteors which are observed lie within a
limited size range. According to the size-frequency distribution table
cited in reference 8, visual meteors are generally from 0.0l to 1.0 centi-
meter (0.0003 to 0.03 ft) in diameter and 4x10™® to 4 grams (1078 to 107 1b)
in mass. The luminous trails from meteors appear in the altitude range
from about 40 to 150 kilometers (130,000 to 500,000 ft) (ref. 9) with
initial velocities from 11 to 73 kilometers per second (36,000 to 240,000
ft/sec) (ref. 10).

When the size distribution of meteors is considered, it can be seen
that most of them are in free-molecule flow at the altitudes where they
appear luminous. Lindemann and Dobson (ref. 2) stated the fundamental
processes that probably occur as the meteor streaks through the atmosphere:
The impact of air molecules heats the meteor surface, vaporized meteor
material collides with the atmosphere producing a trail of luminous radi-
ation and ionization, while the body of the meteor is decelerated rela-
tively slowly. The measurable line spectrum of this radiation consists
mainly of line emission due to impact excitation of the meteor atoms
(ref. 11), presumably because the ionization potentials for the meteor
atoms are considerably lower than for the atmospheric constituents
(ref. 12). Millman also reports no measurable evidence of nitrogen
ionization spectra or afterglow in meteor trails (ref. 13). However,




NACA TN 3962 5

Millman later observed some spectral lines of oxygen and nitrogen in the
infrared portion of a meteor spectrogram (ref. 14%), and Cook and Millman
(ref. 15) recently reported that bands of the neutral nitrogen molecule
may account for much of the background continuum present in a spectrogram
of a Perseid meteor. Thus, the atmospheric particles are probably excited
to the level of visible radiation to some extent.

Finally, about 3 percent of the meteors observed split into two or
more pieces in the upper atmosphere and nearly 10 percent show flares in
brightness, apparently due to crumbling or breakage of the meteor
(ref. 10). Most of the meteors, however, produce visible radiation that
rises and then falls in a continuous manner (ref. 16). The point of maxi-
mum light moves toward the end of the trail as the initial veloeity of the
meteor increases, being about 66 percent along the trail at velocities
near 30 km/sec (100,000 ft/sec) and about 81 percent along the trail at
72 km/sec (240,000 ft/sec)(ref. 5). .

The detailed processes that occur between meteors and the atmosphere
have not yet been deduced from the observable meteor phenomena. Therefore,
we will consider what clues to the nature of these processes may be gleaned
from laboratory experiments on sputtering and ion bombardment.

Meteor-Atmosphere Interaction

Recall that the typical meteor will be a small particle of iron or
stone which vaporizes and becomes luminous at altitudes where the mean
free path is large compared to the diameter of the meteor. Under these
conditions, the atmospheric particles strike with the full kinetic energy
due to the velocity of the meteor. Even at the minimum meteor velocity
of 37,000 ft/sec (Appendix A), this energy is considerably greater than
the binding energy of the meteor atoms. For example, a8t 37,000 ft/sec
a molecule of nitrogen has 18.2 electron volts kinetic energy; whereas,
the vaporization energy of iron is but 4,2 electron volts per atom. Con-
sider for a moment a body-centered collision between an air particle and
a meteor atom. If the collision is perfectly elastic, the atom kinetic
energy will gain a fraction of the air particle's kinetic energy given by

OB W(M/p)
E o [(M/un) + 117 o

where M 1is the atomic weight of the meteor material and W the molecular
weight of the air particle. For nitrogen molecule bombardment of iron

M/u is about 2, and thus the impact ablation of iron might be expected
when the energy of the nitrogen molecules is greater than 9/8 of the

atomic binding energy of iron, or 4.7 electron volts. Even if the colli-
sion were completely inelastic, it would deliver kinetic energy up to
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&R _ M/p 5
S 1T (8)

and the least kinetic energy of a nitrogen molecule required for ablation
would then be 9/2 the heat of vaporization per iron atom, or 18.9 electron
volts. It will be noted that impact energies of this order and greater
are experienced by meteors. However, this simple energy balance concept
apparently does not predict accurately the threshold of sputtering that
results from gaseous bombardment of solid surfaces. Wehner (ref. 17) has
measured the threshold of metal sputtering by mercury ion bombardment at
normal incidence to the surface. The threshold energies were generally
more than twice as large as needed to transfer an energy equal to the
atomic heat of vaporization by a completely inelastic collision, though

at grazing incidence, where the momentum gained by a metal atom from a
collision is more likely to be directed away from the surface, lower thres-
hold energies were detected. Wehner suggests that the elastic properties
of the solid determine that fraction of kinetic energy transferred by a
collision which is associated with momentum reflected outward from the
surface. In turn, it is only this energy which is effective in sputtering
the solid, while the remainder is dissipated as heat.

In addition to the kinetic energy of atmospheric bombardment, the
heat of formation of oxygen and nitrogen compounds at the meteor surface
is a possible source of energy for the ablation process. However, at
present there is little evidence that nitrogen compounds will be formed,
and the oxides have heats of formation which are generally small compared
to the bombardment energy (heat of formation of the iron oxides is about
2.8 electron volts per oxygen atom, for example). Therefore, it will be
assumed that the contribution of chemical energy to the vaporization of
meteors is small.

In view of the above considerations, it seems likely that the process
of meteor ablation changes with velocity as follows: Low velocity meteors
are probably vaporized mainly by thermal heating while at higher velocities
sputtering of meteor material would become the predominant ablation
process. If one generalizes from Wehner's measurements, the threshold
of sputtering of stone or iron by air molecules would be expected to occur
at a velocity about 56,000 ft/sec. Wehner (ref. 18) finds that the
sputtering yield is a linear function of the bombardment energy over a
considerable range above the threshold energy value. Keywell (ref. 19)
shows that the sputtering yield becomes nonlinear with bombardment energy
above 1000 electron volts. However, meteors never suffer bombardment by
particles of such high energy. For example, the 240,000 ft/sec maximum
velocity meteor is hit by nitrogen molecules having a relative kinetic
energy of 750 electron volts. Therefore, it will be assumed that meteors
with velocities from 56,000 to 240,000 ft/sec are ablated by sputtering
with a yield that is proportional to the bombardment energy.

The collision process could excite numerous energy modes besides the
dissolution of chemical bonds of meteor material, of course. The internal
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energy of the air particles might be excited, for example. However, the
rotational and vibrational energy levels are small compared to the colli-
sion energy and will be neglected. On the other hand, the ionization
potentials of the air are the same order of magnitude as the collision
energy, but here the low intensity level of air ionization spectra observed
in meteor trails indicates that this is not a major energy sink for the
collision process. Next the meteor itself may be heated to a high temper-
ature and radiate into space. It should be noted that the meteor need not
necessarily be heated for the sputtering process to occur, and indeed
there is evidence that some meteorites have been stopped by the atmosphere
without being heated above their melting points, according to reference 6.
Obviously heating is required, though, before the thermal vaporization of
low-velocity meteors can occur. But with either process, the surface
temperature will be limited to the vaporization temperature of the meteor
material. It is shown in Appendix B that heating to this temperature can
occur largely at altitudes above those where meteors are observed, and
that the possible radiation losses, in the interval where meteor ablation
is predominant, are small compared to the energy flux from the atmosphere.
Therefore it will be assumed that the kinetic energy lost in the collision
with the atmosphere is principally absorbed in the vaporization of meteor
material.

Now, the chemical potential being neglected, the maximum heat energy
available equals the relative kinetic energy of the atmosphere which
impacts on the meteor. This maximum is realized if the bombardment is
completely inelastic, in which case the vaporized meteor material and the
impinging air particles are emitted from the meteor surface with zero
average velocity. In the analysis which follows, the bombardment will
be assumed inelastic, so that we may deduce from meteor observations the
fraction of maximum possible energy which is utilized in vaporizing the
meteor. Moreover, it will be assumed that this fraction ¢ is a constant.
This is consistent with the observation that the yield is directly pro-
portional to bombardment energy for the sputtering process that is expected
to occur for high-velocity meteors. It is also consistent with the thermal
vaporization process expected for low-velocity meteors if the heat of
vaporization is considered constant, since then the mass vaporized is pro-
portional to the energy input. Of course, this fraction ¢ may be
different for the two processes.

Meteor Mechanics

With the above meteor-atmosphere collision model in mind, consider
a meteor of volume V and velocity v consisting of a homogeneous
material of density D. For convenience, we define an effective radius
r = (3V/hn)l/3. The meteor will intercept a mass of air per unit time
pnr2pv, where p 1is the atmospheric density and ¢ is the shape factor,

(hﬂ/3V)2/3(A/ﬂ), which accounts for any nonsphericity of the meteor; A
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is the frontal cross-section area of the meteor. Since no external forces
act on the meteor-atmosphere system, the total rate of momentum change
is zero.

)i dv

= pap SV g o
3 7r3D = Prr2pv 0 (3)

It will be noted that the rate of mass loss is not involved in this
expression since, by assumption, the mass vaporized leaves, on the average,
with zero velocity relative to the meteor. The vaporized material then
suffers no further momentum change until its next collision with an
atmospheric particle.

The rate of change of total kinetic energy of the meteor-atmosphere
system is

4E _ our2pv3 b av
i - + 3 nr3Dv It (4)

If the potential energy change due to the earth's gravitational field were

included, this would contribute a kinetic energy term E nr3Dvg cos 6

to the right side of equation (4). It will be shown later, however, that
this term can be safely neglected because, when the meteor becomes visible,
dtsh deceleration), dv/dt, is two magnitudes larger than g.

Note that from equations (3) and (4) the rate of change in the
systemfs kinetic energy is just

dE Prr2pv3
o= (5)

that is, the negative of the flux of atmospheric bombardment energy into
the meteor surface. By definition, a fraction ¢ of this energy is uti-
lized to vaporize meteor material. Let g be the heat of vaporization
per unit mass; then

¢ %% = UxDqr2 %% (6)

and by combination of equations (3), (4), and (6) there results

av _ 6q dr
VI Tt dat (7)

The variable u will be defined

_ by
= 159 (8)
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Then, if it be assumed that q and { are constants, equation (7) is
integrable to

b (9)

Now it will be assumed that the atmospheric density varies exponentially

5% = exp(-By) (10)

Where o, 1is the density at the earth's surface and p 1is the scale

factor chosen to fit the actual density over the range of altitude which
is of interest. The meteor will be taken to follow a straight line path
at an angle of inclination, 6, from the vertical which is not too large.

Then if s is the distance from the point of impact on the earth's surface

(see sketch (a)), the altitude y is approximately

y = s cos 6 el

Edge of atmosphere

/

Velocity, v,

: ds

Velocny, v =_W

Deceleration, o = v3¥
ds

Meteor

y~$s cos 8

Earth's surface
P =P,

s

Sketch (a)
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For nearly horizontal incidence, corrections for curvature of the atmos-
phere and of the meteor path will, of course, need to be included.

From equations (3), (9), (10), and (11) there develops

3@00 foo ful du
=20 exp(-Bs cos 6)ds = exp(u - u,) = 12
2r,D 5 o ( 1) u (12)

which integrates to

2r,pD cos 6

By + 1n
3%,

= 1n[ﬁz(ul) . f?(u)} (13)

The deceleration of the meteor is (sketch (a))

-1
-y v ay
B W= =V cO8 9(#;) (1k4)

where from equations (8) and (13)

dy _ tv dﬁ( ) | == = =
L. ) [m(ul) - El(u):l (15)

whence

= ElG,) - Fi(u)| (16)

The shape factor, @, has been carried along for generality so that
the equations may be used for bodies of arbitrary shape. It is exactly
unity, of course, for a sphere, and it is close to unity for any body
which is approximately equally thick in all dimensions. Moreover, the
time-averaged value of @ is also near unity for elongated or flattened
bodies that are tumbling. For these reasons ¢ will be presumed very
close to unity for the typical meteor.

The analytic description of meteor mechanics is concluded in equa-
tions (8), (9), (13), and (16). These equations uniquely prescribe the
size, velocity, and deceleration of a meteor as a function of altitude
in terms of the initial size, the initial velocity, the density, the
specific vaporization energy of the meteor material, and the energy
fraction (. It will be noted that the meteor properties enter the equa-
tions in dimensionless parameters, so that a series of universal curves
will describe the behavior of all meteors. Figure 1 presents the size
parameter ln(r/rlL which equals the velocity parameter u - u;, as a
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2r,pD cos 6

3Ppo
as a function of this same

function of the altitude parameter By + In Figure 2 pre-

af

sents the deceleration parameter
6qgB cos 6

altitude parameter.

It will be noted that the solution for meteor size (eq. (9)) is
identical with that obtained by Hoppe (ref. 4) if the atmosphere particle
collisions with the meteor are perfectly inelastic and ¢ is taken as
unity. The altitude-velocity relation (eq. (13)) is also similar to Hoppe's
solution, but the velocity parameter is introduced by the exponential
integral function Ei(u) rather than by the function Ei(-u) (i.e.,

00
:/F e’xx—%ix) as given by Hoppe. As a result of this difference, Hoppe
u

predicts that the meteor is eroded to a limiting size with about one half
the initial mass, whereas equation (13) predicts almost complete vapori-
zation of the meteor during its deceleration in the atmosphere (see

fig. 1). (The Ei(uy) - Ei(u) function does have an inflection point
near u = 1 which limits the erosion, but normally before this point is
reached the meteor has been reduced to less than one molecule and the
solution loses physical significance.)

Luminous Radiation From Meteors

A description of meteor behavior is hardly adequate without some
account of the luminous radiation produced by the meteors. The processes
involved are complex and probably cannot be described accurately by a ‘
simple functional relation. However, it is still desirable to find a |
simple relation that will describe the essential gross features of the
phenomenon. For this purpose it has usually been assumed (refs. 3 and 5)
that the intensity of luminous radiation, I, produced is proportional to
the flux of kinetic energy into the atmosphere due to the vaporized meteor
material.

v2 (17)

SIE|
&g

5

However, it is clear that luminous intensity cannot be strictly propor-
tional to this kinetic energy flux, since it is observed that most of the
radiation comes from de-excitation of meteor atoms. This means that the
first collision or two which excite the vaporized meteor atom are the
important ones, and the excess kinetic energy carried away from these
collisions by the atmospheric particles is relatively ineffective for
producing luminous radiation. As expected, then, the proportionality
factor T 1is not a constant. Opik (ref. 3), concludes that it will vary
approximately linearly with velocity.

For the present paper it will be assumed that the luminous intensity
is proportional to the rate of mass loss and to a function of velocity
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that may be approximated by v2p'1, where p 1s a constant. Then,
dm _2p
~ = 18
T iy (18)

The mass loss per unit path length can be expressed

dm _ 4mr3D dr

3 - v & =2

while from equations (3) and (7)

dr __ Eppvs
dt = 8qD (20)

Combining equations (18), (19), and (20) and transforming to the variable

u, one obtains
I ~<P< >Ppr2 uP (21)

The definition of the magnitude of luminous intensity is (ref. 20)

-
=& log I (22)

so that

= = 2 2 9 _ -0 =
M=M BT In ¢ry2 + p 1n R By (up ~u) +(p+1)nu

(23)

where the constant M' absorbs all other constants and sets the reference
level of the magnitude. 1In parametric form equation (23) becomes

oE log[—(rlB) D cos 0 (C >P]

= - E_Iﬁ—ia {}n [Ei(uy) - Ei(u)] - ug - 2(uy ~u) + (p + 1)In ﬁ}

(24)
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where the reference magnitude has been assigned zero value. This magnitude
parameter is shown as a function of the altitude parameter in figure 3.

To determine the minimum magnitude (meximum luminous intensity),
equation (23) is differentiated with respect to u

u

-g- 1n 10 & - {u exp (-u)[Ei(u,) - E_i(u)]}_l- g e B e

For large velocities, the term (p+l)/u will be small. Then dM/du will
be approximately zero when

exp(-uy ) [Ei(uy) - Ei(um)] = 2—}& exp(up - up) (26)

The function exp(-u)Ei(u) approaches u~! for large u so that a
further approximation is

=1

exp(uy - um) = %

£ |

It can be seen from the solution of equation (27) that wuy will be close
to u,, so that

u; - up = 1n % (28)

Equations (24), (26), and (28) can be used to arrive at

Mp + £ log[( > cos 6} - g p log %% (29)

where again all constants not shown are collected in the reference magni-
tude M'.

Reduction of Experimental Data

The following properties of meteor behavior have been measured:
velocity v and deceleration a at altitude y, the end point altitude
Ve of the meteor trail, the altitude yy at which the intensity of lumi-
nous radiation is a maximum, the magnitude of maximum luminous intensity
Mn, and the angle of inclination 6 of the meteor path. The end point
altitude will prove useful because it is essentially dependent only on
the initial velocity and size of the meteor (see figs. 1 and 3)i  Ror
large velocities where u; is large compared to unity Ei(ue) << Ei(u,),
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and a good approximation is, according to equation (13)

2B8r1D cos 6

exp(-BYye) = >
o

exp(-uy )Ei(uy) (30)

Then from equations (13), (16), and (30)

Ei(u) = Fi(uy)[1 - exp(Bye - BY)] (31)

and

2a,

exp(-u)Ei(u) = 5 oos BvE

[1 - exp(By - Bye)] (32)

Equation (32) may be solved for u by graphical or numerical means; the
kinetic energy fraction ¢ is determined from the definition, equa-

tion (8); and wu, is calculated from equation (31). The unknowns 13
and D cannot be separated, but an estimate of D can hardly be off more
than a factor of 2 or 3 so the initial size r; is determinable within
the same factor. The product r,D is calculated from equation (30).

At very high velocities where both wu,; and u are large compared to
unity, the data may be reduced analytically from the approximations

2 &
u s 208 OV 1 exp(py - pye)]™ (33)
u; - u = In[l - exp(By, - BY)] (34)
riD * 22200 exp(-pye) (35)
1’ % 55 cos § F Bye 2

With r,D and u, determined from the above equations, the exponent
p of the luminous intensity velocity function (eq. (18)) may be deter-

r.D\®
mined. The sum Mp +-% log(?al;> cos 8 1is plotted as a function of
o

log u,/t, and according to equation (29) the slope will be -2.5p. It may
be noted that the intensity seen by the observer on the earth's surface
will be inversely proportional to the square of the distance from the
meteor to the observer, ye/coszw, where VY is the angle of inclination of
the observer's line of sight. In addition, the meteor trail is a line
source with apparent brightness which varies inversely with cos X, where
X is the angle between the meteor trail and the observer's line of sight.
Thus, the minimum magnitude will be
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M= = 2 1 Ym Y’
m= -3 og| Iypcos Xm ?EE;:Ei (36)

and it is this quantity which should be used to test the relation given
by equation (29).

EXPERIMENTAL DATA AND DISCUSSION OF RESULTS

It is disappointing that most of the observed physical behavior of
meteors which is reported in the literature is merely descriptive or very
incomplete. The one exception is a table of quantitative measurements
of height, velocity, deceleration, and luminous magnitudes for a group of
about 20 meteors which is presented by Whipple (ref. 5). The pertinent
data from this group of measurements are abstracted in table I, except
for meteor 505 data which have been omitted because this meteor broke into
distinct fragments and is atypical. Also shown in table I are the values

3
calculated for ¢, ui/t, riBD/py, and Mm + % log(féﬁ?> cos 6. The two
o

separate sets of observations for meteor 663 are inconsistent, and only
the calculations based on the first set of observations are included. In
these calculations the following constants were used: pL = 8.02 km
(26,300 ft), q = 7.2 km2/sec®(77x108 ft2/sec®), and po = 1.29x1072 gm/cm>
(0.00238 slug/ft®). The mean value and root mean square deviation for ¢

D\3
which fits these data is 0.89 * 0,67. The values of Mnp + % log<$%gj> cos 6
o

are plotted as a function of log ul/§ in figure 4. The linear regression
giving the least mean squares fit to these data is also shown in figure Ly
and has a slope -5.77, whence p takes the value 2.30 according to equa-

tion (29).

The luminous efficiency factor T (eq. (17)) varies as the (2p-3)
power of velocity according to the notation of equation (18). Thus the
value of 2.30 for p corresponds to T proportional to v1le6, This
variation is somewhat stronger than the linear function propocsed by Opik.
However, it will be noted from table I that almost all of the data avail-
able have a strong central tendency around vi = 35 km/sec (115,000 ft/sec)
and therefore these data are not really suitable for accurately determining
the slope. A group of cbservations on some slower meteors and on some very
high-speed meteors is needed to anchor the end points of the best linear
fit. Such data could very well yield a value for p of 2, which would
give the linear relation of T with velocity proposed by Opik. The point
of maximum light intensity moves nearer the end of the meteor trail as
velocity increases according to the relationship shown in figure 3. This
position was determined for a heat of vaporization per unit mass of 77x106
ftz/secz, assuming that meteor light is detectable over a range of 6
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magnitudes. The relation with velccity is shown in figure 5 along with

the observaticns of J. F. Foster as reported in reference 5. The choice
of maximum detectable magnitude is somewhat arbitrary, of course, as it
depends on the sensitivity of the detector. The maximum intensity position
alsc depends on meteor size and path inclination as well as on velocity.
The curve on figure 5 would be displaced upward for a more sensitive
detector, and downward for larger meteor size and smaller path inclination
angle.

The calculated meteor performance characteristics agree, at least in
a qualitative sense, with observed meteor behavior. For example: (1) the
appearance of meteors is predicted in the proper range of altitudes; (2)
the luminous intensity curves rise and then fall, as observed, with the
maximum progressively nearer the end of the trail as velocity increases;
and (3) the meteors exhibit nearly constant velocity throughout most of
their path until the end where they are highly decelerated and rapidly
vapcrized in a short interval of altitude and time. Whipple (ref. 7) was
able to integrate the meteor equations numerically for the determination
of atmospheric density by taking advantage of this characteristic that
velocity is nearly constant over a wide range of altitude.

Since the absolute values of the meteor characteristics are not imme-
diately perceptible from the parametric relations shown in figures 1, 2,
and 3, the performance of a typical meteor was calculated. An iron sphere,
0.01 foot in radius, entering the atmosphere at zero inclination was chosen
to represent this typical meteor and a value of 0.9 was used for €. The
resulting size, velocity, and deceleration are shown as functions of
altitude in figures 6, 7, and 8.

It is obvious from table I and figures 4 and 5 that the experimental
data are not sufficiently refined to provide a good quantitative check on
the analysis. This scatter in results is typical of meteor data taken at
the present state of the art. Table I shows, for example, that independent
observations of the same meteor sometimes result in rather different decel-
erations and end-point altitudes. The velocity measurements are probably
subject to the least error, but it has been recognized that deceleraticns
are particularly difficult to measure (ref. 21). This is because the
decelerations are very large and change rapidly as shown in figures 2 and 8.
Figure 8 also shows that the gravitational acceleration is negligible com-
pared to the atmospheric deceleration over most of the meteor path, as was
assumed in the analysis.

Very likely more precise data would fit the analysis with considerably
less scatter. However, some of the variance is probably due to differences
between individual meteors which have not been taken into account. For
example, the values of q and { are probably somewhat different for the
stonelike and ironlike meteor material. It would be expected, then, that
precise data might group into two categories, one for each type of material,
(The predicted performance characteristics of stonelike meteors duplicate
those shown for iron meteors in figures 6, 7, and 8 except that all events
occur at slightly higher altitudes due to the decrease in meteor density
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(see eq. (13)).) Also, the values deduced for ¢ would likely shift in
the velocity range where the erosion process changes from vaporization

to sputtering. In addition to the above differences, some meteors appar-
ently crumble or spall rather than vaporize evenly (ref. 10) and this will
result in a high value for ¢, which can be greater than unity. This is
indeed the case for some of the meteors listed in table I. For the purpose
of this paper, the total mass loss is the significant factor, and it does
not matter whether this lost material is in a completely vaporized state

or in molecular clusters. From this viewpoint, the most important quanti-
tative result derived from the fit of data to the analysis is that ¢ is
the order of unity. It is concluded then that atmospheric bombardment
erodes material from the surface of meteors with relatively high efficiency.

EROSION OF LARGE BODIES IN THE UPPER ATMOSPHERE

Vehicles made for travel through the upper atmosphere will generally
move at considerably lower velocity than meteors. TFor example, the veloc-
ity of a satellite vehicle in altitude equilibrium is given by

R

= E—I—K§Z§Y (37)

where g is the gravitational acceleration at the earth's surface and

R the radius of the earth. Thus, the satellite will travel slower than
the minimum velocity meteor by a factor of about AJE. Ballistic type
vehicles will be designed to travel even slower. Therefore, it cannot

be concluded that these large, man-made vehicles will be eroded by atmos-
pheric bombardment with the same efficiency as meteors. However, it seems
likely that the meteor theory will set an upper limit on the erosion rate,
and it will therefore be of interest to calculate this limit.

The vehicles being considered will be much larger than a representa-
tive meteor and continuum flow conditions will exist up to somewhat over
300,000 feet altitude. Therefore, the meteor erosion model will only apply
to these vehicles at altitudes in excess of this, and the vaporization
which may occur at lower altitudes should be calculated from the heat
transfer to the vehicle which is predicted by continuum aerodynamic theory.
In addition, the vehicle will generally not be homogeneous. The inhomo-
geneity of the structure can be accounted for by defining an average
density D = 8D where D is the density of the surface material. Then D
replaces D in equations (3) and (4) but not in equation (6). The solu-
tion then proceeds in exactly the same form as before except that the param-
eter u now becomes &¢v®/12q. However, for bodies with mass-to-surface
ratio as great as that of a probable man-made vehicle, this solution 1is
more complex than necessary. Such bodies are not decelerated appreciably
in the upper atmosphere and terms with the factor dv/dt may be neglected.
In other words, the kinetic energy change of the body is negligible
compared to the change in kinetic energy of the atmosphere. Then
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dE _ Qmr3pvS

= - (38)

where, as before, r is defined as (3V/4x)Y2 and ¢ is the shape factor.
Consistent with the meteor analysis, a fraction { of this energy is
assumed to vaporize surface material.

¢ & = lodar? & (39)

For an exponentially scaled atmosphere, equations (38) and (39) lead
to

ar Ptv3po R
® - exp(-By) (ko)

Equation (40) can be integrated after expressing the trajectory and
velocity as functions of time. A reasonably good estimate of erosion rate
is obtained by considering a vehicle entering the atmosphere at constant
velocity and angle of incidence, since the change in both velocity and
incidence due to gravitational acceleration is small and the drag forces
are negligible within that portion of the atmosphere with which we are
concerned. Then noting that

_ 4y
% = v o5 @ (41)
equation (40) integrates to
Pt v2pg ‘
ry = r = m———————s— expl(- Lo
1 G50 e B p(-By) (42)

The amount of erosion which will occur on vehicles which have pene-
trated the atmosphere to 360,000 feet altitude is shown in figure 9 as a
function of velocity for a variety of surface materials. It can be seen
from figure 9 that this erosion will be small and will probably not be
serious in terms of strength or mass loss. The principal effect might be
to create sufficient roughness so that turbulent-flow heat transfer would
be experienced by the vehicle during its descent through the lower, con-
tinuum atmosphere. The heat transfer during this portion of the trajectory
could thus be increased by an order of magnitude. In addition, high sur-
face polishes for the purpose of reflecting radiation could be rendered
ineffective by the high-altitude, free-molecule bombardment ablation. The
answers to these conjectures are among the important problems which need
to be solved by further research if we are to appreciate the practical
limitations of high-altitude flight. In any event, the choice of a surface
material with a large gD product should minimize the erosion, according
to equation (42).
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Substituting equation (37) in (40) gives the rate of surface loss

from a satellite
dr olp gR e
S e (0] xp( -

at 8aD [1 + (y/R)] exp(-py) (43)

The surface loss rate of a satellite is plotted in figure 10 as a function
of altitude, again for various surface materials. If the shape factor o
and energy fraction { are considered near unity, it can be seen that a
satellite which is to persist for about one year with less than 0.0l-inch
surface erosion should orbit at altitudes greater than 800,000 feet.
Satellites will, in general, have to travel at altitudes much higher than
this anyway so that aerodynamic drag will not influence their orbit.
Therefore, it is concluded that ablation of the satellite will probably
not be detrimental to its function, but might influence the chance of suc-
cessful recovery of the vehicle, due to the effect of surface conditions
on heat transfer during entry into the atmosphere.

CONCLUSIONS

1. An analysis based on the assumptions that the atmospheric bombard-
ment of meteors is inelastic, and that a constant fraction ¢ of the bom-
bardment energy is used in vaporizing meteor material, qualitatively
predicts the size, velocity, and deceleration of meteors as a function of
altitude in terms of the initial size, the initial velocity, the density,
the specific vaporization energy of the meteor, and the energy fraction €.
The relative magnitude of luminous radiation from meteors is also in
qualitative agreement with observation.

2. The behavior of meteors can be correlated conveniently in terms
of dimensionless parameters. The size, velocity, deceleration, and the
luminous magnitude parameters are functions of the altitude parameter which
are uniquely determined by the initial velocity parameter.

3. The quantitative agreement between meteor theory and observation
is erratic due mainly to the scatter in the observed data, particularly
in the deceleration and end-point altitude measurements. However, the data
do indicate that meteors are efficiently eroded by the atmosphere bombard-
ment; that is to say, the energy fraction € is the order of unity.

Yk, Observations of meteor behavior which are more self-consistent
are needed in order to detect effects of different meteor materials and
of different erosion processes that may occur for high and low velocity
meteors. In addition, more observations on very high velocity meteors
and on very low velocity meteors are required to determine the dependence
of luminous intensity on velocity.
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5. Vehicles traversing the upper atmosphere in free-molecule flow
conditions at meteor velocities will not suffer noticeable loss of mass
or strength by ercsion. Further research is needed to determine whether
such erosion might create sufficient surface roughness so that the
vehicle would not efficiently reflect radiant energy and would experience
turbulent-flow heat transfer during its descent through the lower,
continuum atmosphere.

Ames Aeronautical Laboratory
National Advisory Committee for Aeronautics
Moffett Field, Calif., Jan. 2, 1957
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APPENDIX A
MINIMUM AND MAXIMUM VELOCITY OF METEORS

Consider first a meteor accelerated from infinity by the earth's
gravitational field ir the absence of any perturbing bodies. Then the
change in kinetic energy of the meteor equated to the change in potential

energy is

v2 - v 2 i 3 gR? i gR (A1)
2 \4:(y PR £ 1+ (y/R)

where g is the gravitational acceleration at y =0 and R dis the radius
of the earth. The atmosphere is exceedingly thin compared to the radips
of the earth, so the entrance velocity of the meteor into the atmosphere
is given approximately by neglecting y/R compared to unity in equa-
tion (Al). All meteors at infinity which are initially moving away from
the earth will never be collected and the minimum velocity meteor will

be that which falls through the gravitational potential from an initial
velocity relative to the earth which is close to zero.

Now the meteor can be slowed down in its fall from infinite altitude
by a collision with another body (collision includes, of course, a change
in orbit due to attractions by other bodies). However, it can be seen
from equation (A1) that the effect on the minimum velocity will be negli-
gible unless the collision occurs within the range y/R less than about
50. The chance of a collision is small within this range and will be neg-
lected. Thus the minimum velocity with which meteors will enter the
atmosphere is normally Jjust the escape velocity from the earth's surface.

() =~2gR = 37,000 ft/sec (A2)
If meteors should originate outside the solar universe it is expected
that they would have a statistical distribution of velocities from the
minimum velocity up, due to their orbiting collisions with other mass con-
centrations throughout space. If, however, the meteors originate within
the solar universe or from a near portion of this galaxy which is traveling
gbout the same speed as our solar system, then the maximum velocity meteor
would normally be one that is intercepted by earth as it falls dnte the
sun from rest at infinity and from a direction opposite to the earth's
velocity vector. The escape velocity from the sun at the earth's orbit
is 138,000 ft/sec and the earth's velocity in this orbit is 100,000 ft/sec.
The fall through the earth's potential adds about 3,000 ft/sec to the
velocity, so meteors of solar origin could enter the atmosphere at veloci-
ties up to 240,000 ft/sec. Meteor velocities do, in fact, cut off at
about 73 km/sec (240,000 ft/sec) (ref. 10).
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APPENDIX B
HEATING OF METEORS AND RADTATION LOSSES

Meteors which enter the atmosphere with a low velocity (from 36,000
to 56,000 ft/sec) are probably vaporized by thermal heating rather than
by sputtering. In this case some of the energy flux received from the
atmosphere will be required to heat the meteor up to vaporization tempera-
ture. Neglecting radiation losses and assuming that initially all of the
incident energy flux is transformed into heat (see ref. 22) which diffuses
uniformly throughout the meteor, we can express the energy equation:

Qrr2pv® L osp, dv _ _ b spe dT
4 $ s 1reDv & =3 DC s (B1)

where C dis the heat capacity of the meteor material. The momentum
equation remains the same

N

3 T D 5¢ + prrZpv 0 (B2)
and with equation (Bl) leads to
dv daT
sl — B
, "o w (83)
whence
v2 - V2
= - oeit - Ty) (Bk)

For an exponentially scaled atmosphere, equation (B2) becomes

5?3;,]3 % = Ppo exp(-ps cos 0) (B5)

and, for the initial portion of the trajectory where the meteor is not
yet vaporizing, r 1is constant so that equation (B5) may be integrated to

§Ve 3Ppo F B6
= Vi = L4prD cos 6 exp(-By) (E8)
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Equations (B4) and (B6) lead to

he(T - Ty) _ e exp<} 3Ppg e-sf> (B7)
V,2 2BrD cos 6

The exponential argument is very small for the values of By being con-
sidered, so that equation (B7) is approximately equivalent to

Le(T - 1) _ 3Peo " B8
vlz 2BrD cos 6 exp(-Fy) e

and the altitude at which a meteor of radius r will reach a temperature
EENdstgdiven by

2

30p v
1n rD 6 = 1n|=220 L B
By + 1n rD cos [ R Tl)] (B9)

It is found that the size and velocity of the meteor predicted by the
analysis have suffered very little change from their initial values at
the altitude where T reaches vaporization temperature, and therefore
only a small lag in time and altitude should be needed for heating the
meteor. This can be seen from equation (13), where for large values of
u the approximation Ef(u) ~ u~l exp u dis used

By + In rD cos 6 = - 1n ——EE——[l - exp(u - ul)] (B10)
3Ppous

It follows from equations (9), (B9), and (B10O) that the radius which is
predicted for an eroding meteor corresponding to the altitude where the
meteor should be heated to a temperature T, is

For ¢ and { mnear unity, C(T - T;) = 16x10® ft2/sec2, and q = T7x10°
ftz/secz, values which are appropriate to the vaporization of iron, for
example, this change is less than 7 percent. It is expected, therefore,
that the correction to the analysis needed to account for the heating lag
will be small.

When the meteor heats up it also suffers losses by radiation which
have been neglected. The rate of loss by radiation will be
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23—; = Lhnr2eoT* (B12)

where € 1is the emissivity of the meteor surface and o the Stefan-
Boltzmann constant. The energy flux received from the atmosphere is

dE  onrpve

== o A e Bl

= 5 (B13)
and the ratio of radiation loss to incident energy flux is

dE  @pov3 exp (-BY)

For € and ¢ about unity and T about 5hOOO R, this ratio is very small
compared to unity at the altitudes where significant erosion occurs. Even
for the very lowest velocity meteors, vy = 37,000 ft/sec, this ratio is
less than 6 percent at altitudes of meteor activity. Therefore it is
concluded that the correction to the energy equation needed to account for
radiation losses 1s also small.
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TABLE I.- OBSERVED AND CALCULATED METEOR CHARACTERISTICS

Observed data from reference 5

Calculated data

Meteor 2 5 u a, 18D 3
number g_m T{Ien km/sec k_m/Sec2 cos © —Mm 1C u'l/C ;Eoégc” -[Mm Sy % lo@(%@) COs 9]
6ho 82.4 | 73.8 30.65 2.28 0.815 | 2.6 |1.00 [11.3 519 22.84
6ho Tl 38 29.79 8.40 Shlsy |26 || e || L 2.03 29802
651 8.3 1 .1 36.56 1.09 978 | 2.8 [2.25 |15.6 4.83 20.20
660 58.9 | 48.1 13.26 Jho2 562 ¥ 3.2 |2,36] 2.2 | 32.48 14,98
660 62.9 | 47.1 15 17 ST .682 | 3.5 1.0k| 2.9 | 19.62 16.72
663 |114.7 |109.4 79.69 .3k 23 koo | 2.07 1 Th.2 2.18 26.23
663 | 99.5 | 9%6.8 | 68.43 ;30 OTh | 3.7 === | =-- e -—-
670 ik I el @) 23.88 2.07 65 | .8 |2.29 . 7.1 T8 20.47
689 91.8 | 83.4 61.19 1O 734 | 4.6 .21 [ Lk.3 6.05 22,47
) 82.4 | 73.8 30.65 2.42 815 | 2.6 | .9k |11.k 2.07 22.95
6L 7T A 3.8 29.79 8.90 2815 |h2.6 | .87 i1k 5 1.93 23.18
697 80.5 | 68.4 32.09 3.82 ~aal Al Ese B o2 (laee e L5 2l
697 75.0 | 68.4 33.9 1050 Sraul b2 | e L e 1.99 23. 44
705 86.7 | 55.9 30.65 .60 .660 | 3.8 | .13 [10.8 3.20 22.96
705 T8.5 | 55:9 30.20 1,56 660 1°3.8 | wlh |23k 3.54 22.63
705 69.7 | 55.9 28. 47 TRkl 660 | 3.8 | .11 |10.9 202 S350
705 61.7 | 55.9 23.65 1951 660 | 3.8 | 18 | 10.0 4,01 22,23
710 80.6 | 67.6 21005117/ 1t 765 ool 1l 90 68 | 107 2.81 20,16
710 R RS ( 28. 44 70 o ok VS MR 0 R 0 [ TR 1.79 22.63
712 7.4 | 63.5 29,20 Tl .897 | 4.6 [ .68 [10.0 s 22,45
6Lz 0.2 | 63.5 28.10 4.5 39T B 688 o8 S0t e SElS 21.90
727 e || s 3531 1.6 SBEIL | LS ks || Al 3.97 19.7h
730 73.4 | 58.1 35.96 2.k .968 | 4.3 | .38]15.3 6.73 20.72
733 925 | 8.7 38.32 13 L768 | 4.2 11.69 |[17.2 2,92 2k, 39
736 kB e 36.05 152 880 [1.711.06 |15.3 4,39 19.53
736 81.5 | 70.5 36.05 1.78 880 1.7l .90 |15.5 3.76 20.03
778 T7.0 | 64,6 33.25 2h60 9518303 i | 13,4 3.70 29,30
T78 T77.0 | 64.6 33.25 2.26 SHEE | Side o | sl T 21.82

1(0.89 + 0.67)mean value of ¢
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Figure 9.~ Surface erosion on a vehicle, which has penetrated the atmos-
phere to an altitude of 360,000 feet as a function of initial
velocity, for various surface materials.
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Figure 10.- Erosion rate of a satellite as a function of altitude for
various surface materials.
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