THE PHYSICS OF METEOR ENTRY

Mary F. Romig

April 1964

P-2902






THE PHYSICS OF METEOR ENTRY

Mary F. Romigw

The RAND Corporation, Santa Monica, California

ABSTRACT

A survey is made of recent papers on the physics of meteor entry.
The various regimes of luminous flight are defined, and present tech-
niques for obtaining the mass and density of meteoroids are critically
discussed. The effect of the assumed mode of heat transfer on the
mass loss is shown for two recent fireballs. A relatively simple
method for estimating original mass and velocity is presented. It is
evident from this paper many questions remain to be answered, particu-
larly those concerning radiation from the gas and ablated material,
before the entry of objects larger than'those which produce telescopic

meteors can be successfully analyzed.
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NOMENCLATURE

(cgs units)
cross-sectional area
reference areas, Eqs. (20) and (37)
drag coefficient
heat transfer coefficient
diameter of light streak
integrated zero-magnitude intensity
kinetic energy
drag force
altitude
enthalpy
zero-magnitude light intensity
density parameter, Eq. (19)
magnitude
mass
power
heat tramnsfer rate
effective heat of ablation or wvaporization
radius
Reynolds number
time
temperature (OK)

velocity



Greek

Subscripts

B =

BL =

SL =

-iy=

inverse scale height

angle between flight path and horizontal

function denoting second-order effects, Eq.

mean free path

density

entry parameter, Eq. K23)
luminous efficiency factor
luminosity coefficient

ballistic parameter = 2m & sin Y/CDA

body

boundary layer

end of luminous flight
photometric

reflected

stagnation

sea level

conditions at entry

(%)



I, INTRODUCTION

Meteors have always been of casual interest to the aerodynamicist,
for the typical meteor is often used as a classic example of hyperve-
locity flight in free-molecule flow. Unfortunately, the example has
become stereotyped to the extent that even very bright meteors, or
fireballs, which penetrate deep into the atmosphere, are sometimes
assumed to experience free-molecule flow. Recently, however, some
aerodynamicists have turned toward the field of meteor entry as a
means of deducing information about forthcoming problems associated
with entry from super-orbital missions. It is quite likely that these
papers will also contribute much toward filling the breach which pres-
ently exists between the fields of meteor astronomy and aerodynamics.

While a natural laboratory such as this is relatively inexpensive
and abundant in subjects, it has shortcomings. The experiment is ob-
viously uncontrolled. The ambient conditions are not well-defined
(compared to flight in ballistic ranges, for example). The mass and
the shape of thé object are not known, nor is the density of the me-
teoric material (unless an associated meteorite is found). The veloc-

ity and deceleration can be accurately deduced only if the flight is

photographed or observed with radar. The velocities encountered are
at their lowest—higher than those associated with near-space re-entry.
Meteors do provide, however, a glimpse of flight under conditions

which cannot easily be duplicated in terrestrial laboratories.

It is intended in this paper to survey briefly the present status
of the physics of meteor entry. Since meteors range in size from the
very small to the very large, and in velocities from 11 to 72 km/sec,
it will be necessary at the outset to define the flow regimes, and to
illustrate the importance, as far as the kinetic energy deposition is
concerned, of assuming the correct flow regime for solution of the
dynamical equations. The primary objective in such a solution is to
determine the mass and density of the object, and the various methods
presently in use will be discussed. The effect of various assumptions
(primarily those concerning heat transfer) on the mass loss will be

shown for the entry of the P¥ibram and Meanook meteors.



II. THE FLOW REGIMES

If the deposition of kinetic energy by the meteoroid into various
‘observable' forms were known, the task of the meteor physicist would
be relatively simple. It would then be possible, for example, to
measure the radiated light and velocity and deduce the mass, if it
were known how much of the kinetic energy were deposited in the form
of light. This approach is, in fact, one which is used quite commonly.
However, the theory is based on concepts associated with free-molecule
flow: the relative kinetic energy of the intercepted air particles is
transferred to the body in the form of heat, and the material ejected
from the surface produces light and ion pairs upon collision with am-

(M (2)

bient air particles. It is estimated that the kinetic energy

lost by the body is deposited in the form of heat: 1light: dionization
in the ratio 104: 102: 10. The total power dissipation for a Per-
seid, for example, is on the order of 100 megawatts. This theory
predicts that very little of the energy is radiated in the form of
light, and even less is given up to ionization.

To illustrate the partition of kinetic energy loss, one can

write a power balance

-dEk

d = r—
ac FgV = 5%

—;-v —+mv—v; E-(PB+P +PA) (1)

The sink term PB represents the heat transferred to the body, and con-
tains the latent heat of the surface material, The radiative term PR
contains energy radiated (over the entire spectrum) from the gas, sur-
face and ablated material. The last term is the energy dissipated
into the ambient air, and accounts for the production of ions and
electrons.

As a body of given size penetrates into the atmosphere it will
encounter three general flow regimes as shown in Fig. 1. As a con-
venience for later discussiomns, the pertinent dimension is taken to
be the radius of a sphere, although the criteria of Fig. i apply

equally well to arbitrary shapes with typical dimension RB. The
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boundaries indicated in Fig. 1 are tentative, and for that reason are
indicated by shaded regions. The mean free path variation used in
preparing Fig. 1 was obtained from Ref. 3.

The highest altitude regime is the free-molecule regime, and is
generally denoted by the inequality 7\/RB >> 1. Under these circum-
stances, ambient air particles in the region of the body collide with
the body rather than with themselves, so that there is maximum energy
transfer from the free stream to the surface. As the ambient density
increases, or as the body begins to vaporize (or sputter), the parti-
cles leaving the surface will begin to interact with the incoming air.

First-order collisions between reflected and incoming air parti-

cles shield the body from direct impact, and lower the term PB in Eq.
(1). Specifying that the local Knudsen number associated with the
reflected particle 13(4)

Kr er

L - > 1 (2)

Ry ﬁRBv

we can obtain approximate lower bounds to the free-molecule regime.
This is shown in Fig. 1 for diffuse reflection from a cool wall

(Vr << v), for 11 < v < 72 km/sec. Unfortunately, little is known
about the reflection of air particles from iron and stone when the
impact energy ranges from 102 to 103 electron volts. If the reflec-
tion were more specular, this boundary would move to lower altitudes

(%)

for a given velocity and radius. Levin states that the reflection
from stone and iron meteoroids is different, and that the air mole-
cules rebound from iron with a larger velocity than the thermal ve-
locity. Therefore, one could neglect shielding effects for iron
meteoroids to much lower altitudes (those indicated by the dashed
line in the transition zone). Levin's curve for stone meteoroids
agrees roughly with the upper boundary of Fig. 2.

The transitional regime contains those flows which are difficult

(6)

to treat analytically. Here the shockwave begins to form, and

viscous and conductive effects in the shock layer are important.
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Boundary layer flow, in which the usual continuum theory applies and
the shock is nominally a discontinuity, is approached through the zone
marked "second-order effects" in Fig. 1. According to Van Dyke(7) the
stagnation point heat transfer can be written in terms of the continuum

theory as

E_g__ = 1+ {vorticity + curvature + slip + temperature jump}e (3
B.L.

where the terms in the bracket denote secondsorder corrections to the

boundary layer equations, and are on the order of 1. When

1 1/2
-R—e— < .01 (4)
s
there is less than 1 per cent difference in the heat transfer. The
lower shaded zone in Fig. 1 was obtained from normal shock calculations
(8)

for air in thermodynamic equilibrium and a viscosity which varied

1/2

as TS Since radiative effects on the shock structure were also
neglected, the extent of this zone is highly qualitative. If, for
example, the air were not in equilibrium, the temperature TS would be
higher and second-order effects would occur at lower altitudes for the
same radius and velocity. On the other hand, if the effect of radia-
tion from the shock layer were to decrease the temperature TS (and in-
crease the free stream temperature) the curves would move up into the
present transition zone.

During the progression from,free-molecule to continuum flow the
heat transfer term P_ in Eq. (1) will gradually decrease, and the last

B
term, P,, will increase as the shockwave becomes more well-defined. A

A)
large portion of the energy radiated from the shock at these veloci-
ties will be in the ultraviolet, producing 0; and electrons in front
of the shock by photoionization. The associated halo is believed to

1 (9)

from the ionized trail. The radiative term PR should increase because

be the cause of radar 'head echoes as distinct from reflection

of the contributions from shock-heated air and recombination in the

wake. In this connection it is interesting to note that most of the



(10)

meteor spectra discussed by Kramer, et al., show a strong unre-
solved system due to the nitrogen first positive group. This radia-
tion was also seen during the entry of the Meanook fireball(ll) and a

(12)

fireball of -9" in the Soviet Union. In the latter the usual lines
due to ionized elements were absent, and the radiation was due only to
metallic atoms and the molecular mnitrogen. These nitrogen bands have
been seen previously only in connection with the faster Perseids(13)
at much higher altitudes. Perseids have also exhibited the OI line
at 77742 and several multiplets of NI.(14’15) The oxygen may be due
to stony meteoric material, but the nitrogen is almost cerﬁainly due
to air radiation, (perhaps from recombination radiation in the waké).
As yet, there is no analytic technique of predicting the relative
magnitude of these power terms for the lower flow regimes; it is only
in the free-molecule regime that the ratios are established. It is of
importance, therefore, to determine which flow regime is valid when
the entry of a meleor is analyzed. Figure 2 shows the altitudes of

luminous flight for meteors of various brightness. (These are denoted

in Fig. 1 as a function of size, from the designation established by

Whipple and Hawkins.(16)) Over 300 photographic meteors, of brightness
ranging from magnitude of -3 to +3,“ were statistically analyzed by
(17)

Hawkins and Southworth. It is seen from Fig. 1 that these objects

experience luminous flight in near free-molecule flow if they are less
than one centimeter in radius. At the other extreme, the average lum-

inous flight regime for fireballs (magnitude -3 to -20) encompasses

(18))

the entire gamut of flows. (These data were obtained from Olivier.

(11,19)

Two trajectories of photographed fireball entries are also shown

on Fig., 2. These will be discussed in some detail later.

“One zero magnitude intemsity is equivalent to 2.73 x 1071t kw/m2

at 100 km altitude. 1In general, = -2.5 Logypl, where /{is the pho-
tographic magnitude and I is the light intensity in units of zero mag-
nitude.
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III1. THE RELEVANT EQUATIONS

The dynamical equations are usually written in terms of the aero-

dynamic coefficients as

R (5)
dt 2m
and
A
d_m -— - Ci pv (6
de 2Q )
where gravitational effects are neglected. The heat transfer coeffici-

ent CH can include contributions from convection and radiation. Usu-
ally, the density variation is assumed to follow an exponential law,

p = pSLe_ah (7)
where 1/o is a scale height which can be variable.

It is well-known that if the ballistic parameter ® = (2m @ sin Y)/
(CDA) is assumed constant, Eq. (5) can be solved and the altitude of
peak deceleration can be found. The general practice is to let the en-
try angle, drag coefficient and scale height be constant. All of these
are valid assumptions at altitudes from about 100 km to that altitude
where the body begins to decelerate appreciably. Therefore a constant
¢ during entry implies that m/A is constant as the body melts. Equiv-
alently, any change in a characteristic dimension (such as the radius
for a sphere) must be small in order for the following solution to be
valid.

Integration of Eq. (5), with the use of Eq. (7) and the relation-
ship dh/dt = -v sin Y, yields

(8)

= exp

1
©|°

VO'IJ



The altitude of peak deceleration is reached when ufu_ = .607.
If the heat transfer coefficient is constant, maximum heating

occurs when

o av| _ _1 =
% 3 or when p ®/3 €))

(20)

Fay, Moffatt and Probstein show that if the heat transfer coeffici-

e
w

ent is written

C,~p v (10)

(11)

If the density at maximum heating, given by Eq. (11), is less than 20,
peak heating occurs at higher altitudes than peak deceleration.

In addition to Eqs. (5) and (6), an empirical relationship is of-~
ten used. This is based on the free-molecule concept that a known por-
tion of the kinetic energy dissipation is radiated in the form of 1light
(see, e.g., Eq. (1)). ©Neglecting the deceleration in Eq. (1), wé can

write

1 o oam

dac "2V T (12)

(21)

According to Verniani, the photographed spectra of meteors show

that the kinetic energy lost by deceleration does not contribute to

the light. Then the luminosity equation is written

“In order to be strictly correct Eq. (10) should include a
characteristic body dimension to some power; however, in accordance
with the assumption that m/A = constant, the variation in body dimen-
sion is neglected in deriving Eq. (11).
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2
v

ala
18

I = -3 (13)
where T is the luminous efficiency factor. That the light intensity
should be proportional to the ablation rate is clear. The dependence
of I on the velocity is less straightforward; essentially, the spec-
tral distribution of the light will vary with the velocity. The re-
lationship, however, will probably be quite complicated. It is gener-

ally agreed to express a part of this dependence by letting T vary as

some power of the velocity. Most evidence indicates that

To= TV (14)
so that
am _ 2 L
T - 73 (13)
o v

provides an additional equation for the mass determination. The fac-
tor T is called a luminosity coefficient.

The gas cap radiation was neglected in this discussion of luminos-

’ Zi
ity. According to Verniani(21) this neglect is justified since the

only experimental evidence of such radiation indicates it is important

(11)

only in the red and infra-red regions, while the meteors used for

the deduction of T, were photographed in blue emulsion. While it is

true that only the N, first positive bands have been seen on meteor

2
spectra, a great deal of gas cap radiation is known to occur in the

(22)1'

blue and ultraviolet, which may not be detectable on the particu-
lar instruments used for observing meteors. Such gas cap radiation
is of importance in determination of the heat transfer as well as the
production of light. It is also entirely possible that the nitrogen
bands reported in Refs. 11-12 were due to recombination radiation in
the wake rather than collisional excitation in the shock.(23)zr
Even though any gas cap radiation occurring at the lower wavelengths

will not be observable on spectral plates, it still participates in the

a . . 4 3 .
The units of T, are zero magnitude sec /gram cm”, where I is the
luminosity in units of zero magnitude.
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energy balance of Eq. (l). Furthermore, this radiation is a function
of air density (if the air is in equilibrium) as well as velocity.
Other factors affect the meteor luminosity, in particular the composi-
tion and shape. It is difficult to expect Eq. (15), or equivalently,
a single value of Too to be universally applicable to the entry of all
types of meteors.

Some of these shortcomings in this empirical approach have been
recognized by meteor physicists. The uncertainty in To (due primarily
to composition and fragmentation) can be as large as two orders of

(16)

magnitude. A critical summary of recent work on the functional

form of T may be found in Ref. 21. Several estimates of T are given

() . °

in Table 1. The standard value deduced by Jacchia is also quoted.

(25)

McCrosky and Soberman measured a value for Ty at 10 km/sec using
results from a Trailblazer rocket carrying a small iron pellet. Assum-
ing that all the luminosity in the range 3500—50002 was produced by
iron line emissions, they obtained lower limits for To which are also
given in Table 1.

Equations (5), (6), and (15), along with a suitable density vari-
ation, provide the framework for the determination of mass. In general,
the velocity, deceleration, path angle and light intensity are known as
functions of altitude (or time). The unknowns, besides the mass, are
the aerodynamic coefficients, heat of vaporization or melting (a func-
tion of body material) and cross-sectional area. It will be generally
assumed in the following discussion that the drag coefficient is con-
stant, either assuming the free-molecule value of CD = 2 or the New-
tonian value of CD = 1. This assumption does not take into account the
"reverse jet effect" of vaporizing moleculﬁzé)whose momentum tends to

increase CD above the free-molecule value.



ESTIMATES OF THE LUMINOSITY COEFFICIENT

12w

Table 1

Source Restrictions Ts
Jacchia (24 v > 20 km/sec 47 x 10712
Cook, et al{'g27) RB < 1lcm

Stone .26 % lO-19
Iron .76 x 10-19
McCrosky RB = 2 cm
.and Sobermani(zs); v = 10 km/sec
Iron (93% Fe) 4 x 10717
Stone (15% Fe) 2 x 10712
Cometary (1% Fe) 0 x 10-21
(20% Fe) 6 x 10717
Verniani.(zn 0 x 1071
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IV, METHODS OF SOLUTION

A survey of the literature shows that several techniques are
presently used to determine meteoric mass and density (see, e.g.,

(28) (29) or Whipple

Ref. 5, the summaries in Astapovich, Bronshten,
and Hawkins(16)). The problem of primary importance is to determine

a mass-loss law as a function of velocity, altitude (or density) and
body size. To do this, one can use empirical results (i.e., Eq. (15)),
extrapolate presently-known formulas for heat-transfer, or derive new
equations. The first of these is employed extensively in reducing
meteor data, and is generally referred to as the photometric approach.

Photometric Analysis. Let us take Eq. (15) and define the quan-

tity

T
m = ?9 m (16)

as the photometric mass., It has the units 0 mag sec4/cm3. If the end

mass is negligible, then

m = [ L ae (17)

This assumption is valid for those faint meteors which do not penetrate
to low altitudes. Combining Eqs. (5) and (16), we define the mass

parameter K as

2
- v
K = - 173 e (18)
P dt
or
£
4mp2/3 2>/3 pB2/3
K = = (19
To CDA T 1/3 C_ A
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ats

where the reference area A  is related to the cross-sectional area by

A = A"‘mz/3pB'2/3 (20)

(For example, A% = 1,21 for a sphere and 1.50 for a cube). Writing the
dynamic equation in this form is convenient since K will be constant -
if TO and CD are constant - as long as the body maintains the same
shape. This is probably a better assumption than assuming the coeffici-
ent ¢ to be constant, especially if considerable mass is lost during
entry. Since all quantities on the right-hand side of Eq. (18) are
known, K can be determined readily from Egqs. (17) and (18). If To is
known and an assumption is made as to the shape of the body, the meteor
density is given by Eq. (19). The mass, of course, can be obtained in-
dependent of K from Eq. (17).

Some experimentally-determined values of K are shown in Table 2.
Whipple(30) used recent values of To to obtain meteor densities of 0.4
g/km3. This value may not correspond to any particular composition,
but rather illustrates the mean of densities associated with photo-
graphic meteors. It should be pointed out that not all cometary meteors

(27)

have the low value of K given in Table 2; Cook, et al., analyzed
two such meteors, one of which yielded log K = 6.79. This meteor was
slow, however, and penetrated to 40 km, and probably was not in free-
molecule flow during all of its luminous flight.

A refinement to this technique is often used when, as in the above

case, the end mass is not negligible. Then Eq. (17) is replaced by

mo-m = [ —I3dt' (21)
v

Eqs. (6) and (15) can be combined to eliminate the rate of change of

the mass, yielding

— L
6 2/3
pv m

(22)

~1a
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Table 2

VALUES OF DENSITY PARAMETER K

Source loglOK (cgs) Comments
Jacchia %% 6.403 log Ty = -18.19
Whipple(SO) 6.321 log T, = -19.42 (stone
cube, CD = 1.22)
Cook, et a1(27) 6.61 log T, = ~18.71 (stone
sphere, C_ = 2)
D
6.91 sphere, CD =1
6.29 cometary composition (low-
density)
where
C
H
g = —-— (23)
CDQ

and where K is given by Eq. (19). The mass mp, and the parameters o
and K are all functions of time. The system to be solved is under-
specified since there are only three equations and four unknowns (mp,
m_ , 0 and K). Although it is not clear from their paper, Millman and
Cogk(ll) evidently assumed that (0/K) was constant toward the end of
the trajectory, whence Eqs. (21) and (22) give ¢ and K.* If the ratio
(c/K) is not constant then some other procedure (perhaps assuming K is
constant in Eq. (18)) must be followed, such as in Ref. 27. Either
approach is, in the writer's opinion, less satisfactory than one in
which the complete system, including Eq. (23), is used to determine
the mass. Of course, this implies that CH’ CD’ and Q must be known

functions of m, p, v and the meteoroid composition. Before discussing

o 3
Contrary to the statement in Ref. 11, a plot of (©/K) /2 versus

(mp—mp ) does not determine both (0/K) and m_ ; it will only yield (©/K)
e — Pe

versus m_ .

SRR T
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some recent papers in which this is done, two more methods for esti-
mating mass will be mentioned. These are the dynamical and kinetic

approaches to the problem.

Dynamical Approach. In free-molecule flow, the coefficients CH

and CD are assumed to be constant. In this case, we can divide Eq.

(5) by Eq. (6) end integrate from entry conditions to get

g 2 2
-3 s - v

= e (24)

where ¢ is given by Eq. (23). This technique has been used by
Gazley,(3l) (32,33) i

great Sikhote-Alin meteorite, by Ceplecha for the PYibram meteorite

and by Bronshten, in his work on Tunguska and Kaalijarv.(34’35) But

by Fesenkov, n his analysis of the entry of the

(19

it is clear that the mass variation obtained from Eq. (24) is not
realistic for objects which penetrate to low altitudes; this fact is
so stated by Ceplecha(lg) and Bronshten.*

The coefficient ¢, which enters into both Egs. (24) and Eq. (6)
in the form UCD, has been measured in connection with several meteor
programs to find a mass-luminosity law for the distribution of meteors,
or to determine the atmospheric density at high altitudes. Jacchia(36)
showed that o depended on thé integrated brightness of the meteor and
attributed the velocity-dependence which 0 showed to flaring or frag-
mentation. The reason for this is evident if Eqs. (5) and (6) are

written in differential form. Then

8l
&g

o = (25)

<
mlm
rtld

The numerator is a photometric quantity

ofa
v

"Private communication from V. A, Bronshten.
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I

2
1ldm _ ﬁv T (26)
me-l-J __Zdt
TV

If m, is negligible, if the luminous efficiency coefficient is con-

stant over the trajectory, and if an average velocity is used, then

1 dm I _ I
mde T E (27)

t J'Idt

(36) The total brightness is a

which is the form used by Jacchia.
function of all the objects which make up the meteor luminosity; the
dynamic motion, obtained from rotating shutter cameras, is a function
primarily of the largest pieces. Hence ¢ essentially reflects the
measurement technique, and as such will vary with it. In his book

(5)

Levin tried to show that o varied because of aerodynamic reasons,
as one would intuitively expect because of shielding effects on the
heat transfer coefficient. The correlation (assuming that CH'V pVRB)
was not successful. Later, (37) he showed from the data of Ref. 17
that the luminous path length decreased as the maximum luminous in-
tensity increased, and that Eq. (27) was not valid for the mass-lumi-
nosity variation. The data also indicated that most meteors fragment.
The effect of fragmentation in an aerodynamic sense on CH/CDQ
has not been determined. However, Gazley's value of ¢, estimated for
selected photographic meteors from the variation of velocity with al-
titude up to peak luminosity, corresponded to an accommodation co-
efficient of about one. The values quoted by Jacchia, tabulated also
in Table 3, correspond to an accommodation coefficient 10 times higher.
It is evident that ¢ does not represent the actual aerodynamic varia-
tion of CH/CDQ, but also includes energy contributions due to crumb-
ling, fragmentation, and perhaps air radiation. TFor this reason, the
values of g given in Table 3 are most useful in providing order-of-
magnitude estimates for the mass variation.

It is also of interest to show the velocity law when the mass is

variable. Inserting Eq. (24) into Eq. (5) and integrating, we obtain
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Table 3

VALUES OF ENTRY PARAMETER ©

Average 2 5
Source Velocity km/sec| o (sec”/cm ) Comments
Levin(s) -- 2 x lO_12 strong shielding
-- 6.3 x 10-12 weak shielding
Jacchia(Bé? 17 9.14 x 10_12 based on Super-Schmidt
i measurements
22.5 7.78 x 10712
27.3 6.61 x 1072
31.8 5.76 x 10712
36.7 6.04 x 10712
44.3 5.14 x 107
56.3 4.61 x 10712
| 65.3 4.69 x 10712
Bronshteﬁ(zg) 7 2 0x 10-]'2
10 4 x 10712
14 .6 x 10712
17 .8 x 10712
20 9 x 10712
Bronshten‘zg). -- ,10—]'2
Gazley(3l) Co-- 4ox 10712 estimated at peak
~luminosity of photo-
graphic meteors
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AST e
I

- Ei

2
= v

2

o 2
= Vv

| ] (28)

2e

where Ei is the exponential integral. Notice that it is necessary to
assume the parameter ¢ constant in order to integrate; ¢ may be evalu-
ated at entry, whereupon ¢ = @ _, or we may assume that CDA is constant
(8) only

if o = 0, although it is necessary to use a constant ballistic parame-

at some other specified value. Equation (28) reduces to Eq.

ter for both solutions. In this sense Eq. (28) is mnot really self-
consistent, since ¢ will vary if o > 0.

The velocity law where a constant K is used assumes a different
form because the variable mass enters Eq. (18) only to the 1/3 power.

Integration here yields

p _ 1 —7-.é_ 2 - ’_

oy —— = 5 | F (6 vm) - E (29)

m sin Y ov

N =
;3

oK

2e

By virtue of its definition (Eq. (19)) K is independent of any change

*
in dimension as long as the shape (or C_A ) remains constant. There-

D
fore Eq. (29) is more self-consistent than Eq. (28), but neither is
valid when o varies greatly.

Kinetic Approach. For meteors which do not decelerate appreciably

during luminous flight, it can be assumed that the specific kinetic

energy loss during flight is determined by the initial value. This
technique was suggested by Gazley.(31) From Eq. (5)
C_ A
d 2 D 3
3 V)~ - -;rimpvg (30)
and, from Eq. (7),
2
C.A v
d 2 D ®©
dp vy o= - m o sin vy (31)
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Equation (31) can be integrated to yield
= 1 -——op
5 0 (32)

Equation (32) is a linear equation in known functions v2 and p with un-
known coefficients yf and $_. These can be determined by curve-fitting
the measured values., Figure 3 shows examples of this procedure for ob-
taining the initial mass and velocity. Most of the examples were taken

(1) Two recent fireballs are also shown in Fig. 3. The

from Gazley.
linear behavior of v2 and p is followed in both cases until the bodies
decelerated greatly. Although it does not show on this scale, the
Meanook meteor was already decelerating when the first measurements
were made. This method appeared to be quite successful in predicting
the mass of the P%ibram meteorite, as discussed later.

New Techniques, Undoubtedly, some of the objects analyzed by the

above techniques are experiencing continuum flow. This is certainly
true in the case of the fireballs. One can therefore question the
validity of the photometric approach, in which To is obtained from
meteor measurements, or the dynamic approach, in which ¢ is assumed
to be constant and is also obtained by photometric methods.

There are essentially two solutions to the problem of finding the
mass under these conditions., The first consists of an extrapolation
of known hypersonic heat transfer laws to higher velocities. An em-
pirical luminous-efficiency equation may or may not be used here. The
second techmnique consists of predicting new heat transfer equations
for the higher wvelocities.

27)

Cook, Jacchia and McCrosky carried out an extensive analysis

of the heating, ablation and vaporization of iron meteors. Using con-

(38)

stant-density stagnation heat transfer to a sphere, in the form

| 1/2
C, = 2.26/ Res‘~ (1'6 X) (33)

" | R
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and the response to such heating from a melting or vaporizing iron
sphere, they estimated bounds on the radius for both a rotating and
nonrotating body. The same analysis using free-molecule flow gave
upper bounds for the radius when the height corresponding to the onset
of ablation was specified., Somewhat the same technique was employed
by Cook,(39) for a stony oblate spheroid rather than an iron sphere.
The meteoric stone was assumed to ablate in a glassy manner, similar
to tektites. Cook inferred from this work that a recent slow meteor
which penetrated to 48 km passed from ablation by melting and spraying
to vaporization and back to melting during its luminous flight. The
onset of evaporation in free-molecule flow has also been studied re-
cently by Ceplecha and Padevet.(4o)
An analysls simllar to Cook's was independently performed by

41) . . . .
Chapman and Larson( ) in their work on the origin of tektites. How-
ever, more realistic values for the stagnation heat transfer were used

than in Ref. 27 and 39. That is,

0.15
o - -9 _ 2220v L 5 34

L e LR

This equation is well-established by both analytical solutions of the

full boundary-layer equations(42)
(43)

and experimental correlations in
shock tubes up to 10 km/sec. The equation does not, however, ac-
count for ionization or radiation effects. (These are not important
for small, slow, objects like tektites). Chapman also utilized the

. . (44)
experimentally-determined formula

C = (35)

for the transition zone heat transfer coefficient, where CH is given

by Eq. (34) and CHFM is the free-molecule value at any Reynolds number.
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Riddell and Winkler(45) evaluated the heat transfer to bodies
with low values of m/CDA. These objects lose all of their kinetic
energy before impacting the earth. Radiation losses were taken into
account when the equilibrium stagnation-point conditions were computed.
The authors showed, under the assumption that mass losses were small,
that 20 per cent of the available kinetic energy was absorbed by a body
entering at 42.6 km/sec., Since this conclusion invalidated the assump-
tion of negligible mass loss, they performed an analysis of the entry
when the mass varied. A constant value of ¢ = 8.34 x 10—12 was used,
based on measurements of meteor luminosity and deceleration reported
by Whipple.(46)
km/sec to 42.6 km/sec, implied that objects in the range .5 cm to 50m

The results of their study, at velocities from 18.3

would experience mass loss in excess of 20 per cent.

Fay, Moffatt and Probstein(zo)

also studied the problem of sur-
vival of meteor entry velocities. It was assumed that the ballistic
parameter ¢ was constant at a value determined by the altitude of peak
heating. The total ablated mass was found as a function of the inte-~
grated heat input. The assumption that $ = constant implied that the
mass loss due to ablation be a small percentage of the mass at peak
heating in order for the analysis to be self-consistent. Radiative
effects were not considered in the shock calculations, but were in-
cluded in the heat transfer.

They determined the stagnation point convective heat transfer for
a multiply-ionized gas in thermodynamic equilibrium. The boundary
layer composition was assumed to be constant (deionization did not
occur at the wall). The Newtonian velocity gradient was used, and
the temperature gradient at the wall was found by assuming that the
thermal boundary layer was large. This is a result of the high elec-
tronic thermal conductivity or low Prandtl number. A higher heat
transfer would result if recombination and deionization occurred at
the wall. The radiative heat transfer was calculated for the extremes
of a transparent and an opaque gas. Continuum radiation was assumed
to occur (it was found that line radiation heating exceeded continuum
heating only for small bodies in which convective heating was domi-

nant).
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Their results indicated that the convective and radiative heat
transfer coefficients were nearly independent of velocity for
20 = v < 70 km/sec; radiative heating became important at altitudes
below 25 km when the shock layer became optically thin., The mass-loss
analysis showed that a non-vaporizing body will not survive {(&m/m > 0.5)
unless it is large enough to experience peak heating above sea level
(for a vertical entry, the radius must be larger than 10 meters). A
minimum occurred in the mass loss as a function of radius when convec-
tion and transparent radiation heating were equal. TFor vaporizing
bodies, survival is ensured if the radius lies between a fraction of
a centimeter and several centimeters. If the ablating material is
opaque this size range is somewhat larger. The entry of very small
bodies was not considered in Ref. 20.

Bronshten also discussed the problems encountered during the en-
try of large bodies. His book(zg) presents a comprehensive survey of
the literature, both Soviet and Western, on the temperature and density
in the shock layer, the effect of radiation on the shock structure,
relaxation effects and heat transfer. The latter includes both radia-

tive and electronic contributions; the usual convective heat transfer

is based on the work of Fay and Riddell(42> for a dissociated gas.



~25-

V., EXAMPLES

We have selected two recent fireballs which were fortunately pho-
tographed during entry to illustrate the various theories of Section-
IV. The first is the Meanook fireball, which will only be discussed
briefly because of the excellent summaries in Refs. 11 and 47.

Meanook. The Meanook fireball was observed photographically in
1952 at the Meanook (Canada) Meteor Observatory. No associated mete-

(11)

orite was found, Millman and Cook discussed the reduction of data

and the spectrum, and presented values for the mass variation and the

(24)

coefficients K and ¢ based on the data and on Jacchia's value of
TS (log TO = -18.19) . The peak zero-magnitude luminous intensity was
over 1000, corresponding to a maximum zenith magnitude of about -7.5.
The methods used to derive the mass were based on the photometric
technique, discussed in Section IV.

Allen and Yoshikawa(47) took the data of Ref. 11 and obtained
values for the mass variation under the assumption that the object
was in continuum flow. A portion of the luminosity was assumed to be
due to gas-cap radiation, although the analysis shows (again using
Jacchia's value of TO) that the difference between total radiation and
gas-cap radiation is small. However, it is possible that the authors
underestimated the contribution from the gas cap, since they assumed
the air was in equilibrium. Further, the observed luminosity was ob-
tained from measurements in the spectral range from .36 - .664, whereas
the actual radiation from the shock at high velocities contains impor-
tant contributions in the ultraviolet. This is especially true if the

(22)

air is not in equilibrium. It is not presently known how much light
this nonequilibrium radiation would produce, or whether the emitted
light would be more in the ultraviolet or the visible. If it were in
the ultraviolet it would essentially be "lost" since it would be ab-
sorbed before reaching the spectrograph. BEven so, it would still form
a part of the kinetic energy lost by the meteoroid, and should be taken
into account. Therefore, the question of the applicability of Eq. (11)

and its associated value of To must remain unanswered until further

experiments on the radiation from strong shocks are performed.
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Although Allen and Yoshikawa did not compare their results for
the mass variation of Meanook with those of Millman and Cook, we
thought it would illustrate quite well the differences in the various
theories. Allen and Yoshikawa assumed the body was a sphere, and de-
duced (on the basis of the luminosity) that the density was about that
of water or less. Figure 4 was prepared from these facts and the vari-
ation of pBRB given in Ref. 47. 'Jacchia's value of T, was used to
convert the photometric values of Ref. 11 into actual mass. In addi-
tion, we calculated m/m_ from Eq. (543, using a value of 0 = 2,22 x 10—12
(the mean of the measured values d% Ref. 11 during the early part of

the trajectory) and also the value 10-12 from Bronshten.(zg)h

(See
Fig. 2 for the velocity variation of the Meanook meteor). In these
calculations we assumed that m = 1270 grams, the value found in Ref.
11, Allen and Yoshikawa(46) did not give a value for m.

Figure 4 shows that the variation of mass with altitude is quite
different for the photometric and continuum models, although the two
curves appear to converge at lower altitudes. (Actually, an extrapo-
lation of the curve of Ref. 47 to lower altitudes yields a final mass
that is a factor of 10 higher for that case). The original mass at
entry appears to be higher for the photometric analysis, but it is
difficult to verify this since the body was already decelerating and
losing mass before the fireball came into View of the meteor camera.
The assumption of constant 0 used in Eq. (54) shows quite well in the
two curves of Fig. 4 that it is not probable that this parameter is a

~-12

constant; Ref. 11 indicates that ¢ varied from 1.87 x 10 to 8 x 10"12

as the object entered. s

(31)

The dynamical method of Gazley was used to estimate the origi-
nal mass. Since the body was already decelerating, it was necessary

to calculate é'from the deceleration and to extrapolate to the entry
conditions (p » 0, v~ v_, dv/dt » 0). On this basis, with the fur-
ther assumption that the body was a sphere of density Pg = 1 g/cm3, we
estimated m = 1096 grams, which is in rough agreement with the trend
of both curves.

We also see from Fig. 4 that if low values of 0 are used in Egq.

(24) one might overestimate the mass at the end of heating. This
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would be a serious error if one were searching for an associated mete-
orite. (It is also possible to overestimate the value of the original
mass by this method)f(¥9>rﬂr

P¥ibram; 7The meteorite fall near P¥ibram, Czechoslovakia, on 7
April 1959, is the only other case where the entry of a brilliant fire-
ball was photographed with detail sufficient for the determination of
a trajectory. Furthermore, four specimens of the original meteorite
were recovered, thus providing a unique opportunity for the simultane-
ous study of the structure of the meteorite and also its behavior in
the atmosphere.

The PYibram fireball 'entered' at 19730™20°0T when it became visi-
ble as an object of -0.6" (absolute) on the plates of meteor cameras
at stations Ond¥éjov and P¥Eice, 40,388 km apart. The Ond¥éjov cam-
eras were equipped with rotating shutters and the velocity and decel-
eration could, in theory, be determined. Unfortunately the images
were badly overexposed so there is an extreme amount of scatter in the
data. It was not possible to obtain realistic values of the deceler-
ation.

The entry was determined by Ceplecha(lg)

to occur at 97.8 km, with
an entry velocity of 20.886 km/sec. The inclination of the trajectory
seen from Ond¥ej0v (where the object passed almost overhead) was esti-
mated to be 43° to the horizontal. The intensity of light from the
fireball was brilliant; it rose almost exponentially to an estimated
—l9m'(absolute) until an altitude of 54 km was reached. At this point
the body apparently began to break up, for at 44 km, a piece was ob-
served to separate. Eventually 17 individual trails were recorded.
Only four stones, however, were recovered, with a combined mass of
5.8 kg. The density of the stone was given at 3500 kg/m3.

A comprehensive study of the entry, the dispersion, and the re-
covered pieces of the P¥ibram meteorite is presently being conducted
by the Astronomical Institute of the Czechoeslovak Academy of Sci-

(19,48-50)

ences. The methods utilized in their study of the entry and

their estimates of the original size of the body are, however, based
partially on the formulae developed for the entry of small’meteoroidé

less than one cm in diameter.(5’16)
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To obtain the original velocity and mass, Ceplecha used the fol-

lowing expression

-1/3
1
Cph Ve My °sL| -bh
v = v_ + 5 sin Y e ’(36)
where A' is a shape coefficient
-2/3

A' = Am, (37)
and a1 is sea level density. Referring to Eq. (5), we see that Eq.
(36) is an approximate solution with an exponential atmosphere of

scale height 1/b. (It is also assumed in this solution that the mass
and shape factor are constant and the velocity changes are slight, so
that vzzx v,v. Only the latter assumption is valid for certain over
the early portions of the trajectory. ‘Notice also the approximation
that In vzlyfzw In v/v_). The observed velocities were used in a
least-squares curve-fit to Eq. (36) to obtain values of the coefficients
v_, b and the term in brackets. Of these, only the latter is dependent
on relatively unknown factors: the drag coefficient and the shape fac-
tor. If these quantities are assumed known, then the value of mass at
entry is obtained. Assuming A' = 0.525 for a spherical shape of

3.500 g/cm3 density, Ceplecha obtained the values of initial mass given
in Table 4.

There are several reasons why we are hesitant to accept these
values of initial mass. The scale height used in Eq. (36) becomes,
through the curve-fit, quite arbitrary and is unrelated to any real
atmosphere. Furthermore the values quoted for the constants, when
substituted into Eq. (36), do not yield the graph of v versus h shown
by Ceplecha in Fig. 8 of Ref. 19. We are also unable to verify these
values of m_  using the cited values for the constants. Thus there is
either an error in the values given for the curve-fit, or an error cx-
ists somewhere in the representation of the data.

Because Ceplecha was concerned primarily with those meteorites
which were unrecovered, he made several estimates of the mass at sep-

aration and at the end of the luminous flight. It is of interest to
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compare the various results which he obtained. These, taken with the
masses quoted above, also indicate a large spread between the values
of initial mass and mass at the separation point.

The first technique used by Ceplecha yields dynamical masses.

Here the velocity is assumed to follow the dependence

2 -1/3
1
2o 2 (38)
b = e b sin Y Pp = Pe

where b and e refer to the separation point and end-point to the lumi-
nous flight for the 17 trails. A solution of the heat transfer equaé

tion along with the above equations yields (see Eq. (24))

C
H 2 2
0.217 ES (Vb - ve)
In me/mb = = ) (39)

The drag coefficient was estimated from the shapes of the meteorites
which were found; the heat transfer was computed by a method not ref-
erenced by Ceplecha. For the end of trajectory No. 1, which should
correspond to the biggest piece (which was not found) Ceplecha obtained

masses of 70 kg and 100 kg for G, = 1.4 and 0.86, respectively. The

sum of masses for all 17 trails ?eads to only about 78 and 108 kg, in-
dicating that about 90 per cent of the mass was lost during luminous
flight (if one accepts the values for m given earlier). This would
occur only if the body experienced free-molecule heating over the
luminous trajectory.

These dynamical masses wére then compared with those found by
measuring the diameters of the light images on the plates. Ceplecha
asserted that a relationship should exist between the diameter or
width of the light streak on the plates and the actual size of the
body.(19’49) Whether this asseftion is indeed true is not pertinent
to this discussion. It should be pointed out, however, that the image

size is not only a function of the brightness of the target but also
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on the sensitivity and exposure of the film and the dispersion and
diffraction of the light near the target. 1In the case of the Treysa
meteorite the apparent diameter at maximum light was about a kilome-

ter, but the stone itself was only 36 cm wide; even visual estimates

(51)

are probably affected by overexposure.
The meteorites which were found were used to establish the em-

pirical relation

a = 630m " (40)

where d is in cm and m, in grams. This equation is supposed to hold
for h ~ 30 km and masses in the range of .1 to 10 kg. Equation (40)
gives masses at the end of luminous flight on the order of only 13 kg
for the main trail at the end of its track on the plate; the mass of
the main trail right before the separation is 150 kg. The total mass
at the end of the photographed light is on the order of 160 kg.
Ceplecha attributes this large disagreement to any combination of the
following reasons: CH is not constant, the velocity Ve is a function
of meteorite mass, the coefficient in Eq. (38) is not constant, and
the diameter of the trail could depend on p and v as well as m, . For
these reasons, he stated that "we must consider all the mass determi-
nations of this paper as roughly preliminary estimates...".(lg) A
further paper of the series to be published by the Astronomical Insti-
tute will evidently be concerned with the above items.

The problems encountered by Ceplecha are unfortunately present
in nearly every attempt to obtain meteorite masses by making simpli-
fying assumptions in solving the basic equations. Furthermore, al-
most every method devised to estimate mass depends on a more accurate
description of the deceleration than that which is yielded by Ceplecha's
paper.

Because of this, we decided to obtain estimates of the original
mass using several relatively crude methods., The first is the kinetic

technique of Eq. (32), which should yield good results for a body

which does not decelerate. The second is a least-squares curve fit
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using Eq. (8) with ¢_ and u as unknowns. These results are compared
in Table 4 with the values quoted in Ref. 19. From these calculations,
which should yield values similar to those of Ref. 19, it appears that
the mass estimated by Ceplecha is in error by a factor of 10.

Another interesting technique to estimate m can also be used
when the velocity changes are slight. This is to fit the known ve-
locity variation by inserting an assumed mode of heat transfer in Eq.
(6). (This is the equivalent of assuming a comnstant ballistic coef-
ficient in Eq. (5)). In order to integrate Eq. (6), we assumed that

C,. was determined by the entry velocity v_, R, and p. If anything,

tEis will overestimate the heating to the bod?. Since the exact mode
of heating is not known, we picked the following cases: (a) laminar
convective cold wall heating, Eq. (34), and (b) radiative heat trans-
fer for a transparent grey gas.(52> Cooling by ablation or by vapor-
ization was also considered. Under these conditions, Eq. (6) can be

integrated to obtain the radius R, as a function of density, and the

results, when inserted in Eq. (5)? permit integration of that equation
to yield v as a function of density and origimal radius. Our calcu-
lations showed that the mode of heating which best fit the observed
velocity variation was laminar with vaporization. The initial mass
agreed well with the estimate from Eq. (32) that RB«v 16.5 ecm. The
curves of Ref. 20 would indicate, however, that a body of this size
would experience equal amounts of convective and radiative heating,
and it is at this point that the sum of the two is a minimum, Their
curves for mass loss, applied to the P¥ibram meteorite, indicate that
if the body were vaporizing, only 10 per cent of the original mass
was lost up to the time of peak heating.

We are therefore faced with a contradiction of sorts. It appears
from geveral analyses that the meteorite did not lose appreciable mass
during early entry. However, the light emission was so great that the
object must have been quite large, or alternatively, lost considerable
mass which subsequently emitted radiation. It has not been possible
for us to carry out a photometric analysis of this entry, although it

would have been preferable to obtain other independent estimates of

the original mass.
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Table 4

v
THE INITTAL MASS OF THE PRIBRAM METEORITE

Initial Mass (kg)

Source Comments
Ceplecha(lg) 700 CD =1
2000 CD = 1.4
L 5000 CD = 2.0
Eq. (8) 60 Six-pointed weighted
least squares curve
fit using data of Ref,
19, spherical shape,
o € =1
Eq. (32) 68 Six~point least-squares

fit, spherical shape,

CD =1
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VI. CONCLUSIONS

This survey has indicated that contemporary analysis of meteor
entry takes essentially two different forms. The success of the em-
pirically-based approach of the Smithsonian group, illustrated by the
Meanook study,(ll) depends on an accurate value for the efficiency
with which kinetic energy is transformed into light over a given spec-
tral range. Studies in recent years, summarized in Ref. 21, show that
the luminous efficiency factor can vary by more than two orders of
magnitude. Some of this is due to differences in meteoroid composition-
and shape, but some is undoubtedly due to fragmentation and gasrradi—
ation. For example, nonfragmenting meteocrs apparently produce light
more efficiently than do those that crumble. Fireballs, on the other
hand, would have to be twice as dense as meteors in order to have the
same luminous efficiency.(21)'

The other method of solving the entry equations is to make certain
assumptions about the variation of the aerodynamic coefficients during
entry. This approach was used extensively in Europe and the Soviet
Union. Because it is necessary to know the size of the body in order
to use the correct drag and heat transfer, this technique also has
limitations. The masses and densities calculated on this basis are
not likely to agree with those calculated using the photometric method;
the former are for an integral body while the latter are derived from
bodies which may or may not fragment in flight.

It is natural to ask which of these methods holds more promise
for the analysis of the entry of larger objects. For many reasons,
it is unlikely that an ewmpirical approach will be successful. The
primary objections to the use of a luminous efficiency for the deduc-
tion of mass are the following. If the gas cap radiation does contrib-
ute to the light, the intensity and spectral distribution will be a
function of the velocity, ambient density, and radiating volume, which
is proportional to the body size. If the gas cap radiation does not
contribute to the measured light (perhaps because it is in the ultra-
violet) it still contributes to the heat transfer, which determines

the luminous ablated mass. What is measured, then, will still be a
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function of body size, ambient density and velocity (as well as com-
position).(SB) Furthermore, the radiation from ablated mass in con-
tinuum flow can be of different structure than that which takes place
near a vaporizing meteor where the ablated mass encounters a high-en-
ergy airstream (see, e.g., Ref. 12).

Although we feel that the aerodynamic approach (Refs. 20, 29,
41, 45, and 47) is more promising, there are many outstanding prob-
lems remaining before such methods can be used with confidence. The
most significant problem is directly connected with the radiation dur-
ing entry. It is still not clear how objects which are suspected to

G

be as small as the ﬁ%ibram meteorite, or Treysa, or even Meanook
(which was never found) can produce what both the eye and camera would
interpret as an exceedingly large, brilliant, pear-shaped ball of
fire. This radiation cannot come from the body itself since the melt~-
ing temperatures are quite low. It is only after peak heating and
deceleration occur that the body radiation would be evident. If, as
suspected, the gas cap radiation does not peak in the visible regions
of the spectrum, the light must be due to ablated mass. Under normal
circumstances this mass is confined to the viscous flow regimes. Omne
would expect therefore that the largest amount of this radiation would
be from the wake and boundary layer and not from regions far from the
body (see, e.g., Ref. 53).

Thus if the "fireball" effect is not an optical phenomenon, it
ig difficult to explain using our present knowledge of gas dynamics,
unless the ultraviolet radiation from the shock produces fluorescence
of the ambient air. This is, however, pure conjecture, since the
nature of gas cap radiation at velocities in excess of 10 km/sec has
not yet been experimentally studied. Additional work is also neces-
sary in the area of radiation-coupled flow fields and heat transfer
in ionized gases before the aerodynamic approach to the entry prob-
lem rests on a firm structure.

For the entry of small objects, such as those which produce the
photographic meteors of Fig. 2, use of the empirical luminous effici-
ency technique appears most promising, especially if controlled ex-

periments such as those of Ref. 25 are continued.
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