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An Analytical Study of Meteor Entry
JAMES A FAY,* W CRAIG MOFFATT,! AND RONALD F PROBSTEIN$

Massachusetts Institute of Technology, Cambridge, Mass

The paper analyzes the problem of the convective and radiative heat transfer and the re-
sultant ablation of meteors which enter the earth's atmosphere in the speed range of 20-70
km/sec and at relatively steep angles Analytical estimates are obtained for the continuum
radiative and continuum convective heating rates in multiply ionized gases assumed to be in
thermochemical equilibrium Shielding of both the convective and radiative heat transfer to
the surface as a result of vaporizing ablation is considered The conditions for peak heating
of the meteor are shown to be related to those for peak deceleration These conditions are
related in turn to the heating rates and the meteor ballistic parameter, from which the mass
of ablated material is then calculated The results show that radiative heating will become
more important than convective heating at altitudes below 25 km, at which point the shock
layer is optically thin Only for bodies having peak heating within a scale height above sea
level will the gas cap become opaque, and in this region the diffuse radiation approximation
for heat transfer is not applicable It is also shown that nonvaporizing bodies will not survive
with a small mass loss unless they are large enough to impact the earth before peak heating
Vapoi izing bodies between a fraction of a centimeter and several centimeters in radius will
survive with little change in mass, essentially independently of velocity or entry angle If
the ablation pioducts are opaque to the gas-cap radiation, bodies larger than 0 5 m may also
survive with little mass loss for enti y speeds in the lowei part of the range considered

Nomenclature

A = frontal area of meteor
c = velocity of light
CD — drag coefficient of meteor (1 in present calculations)
Cp = specific heat at constant pressure
e = magnitude of electronic charge
f = total heat transfer to meteor divided by QA
G = function defined by Eq (A2)
h = Planck's constant
Ah = heat per unit mass required to vaporize the material or

to melt it
H = stagnation enthalpy behind detached shock
K = thermal conductivity
k = Boltzmann constant
KR = radiation thermal conductivity, Eq (A12)
IP = Planck mean free path for continuum radiation, Eq

(A16)
1R = Rosseland mean free path for continuum radiation,

Eq (A10)
lv — photon mean free path, Eq (A9)
I* = atmospheric scale height at peak heating altitude
m = exponent of velocity in relation £ «pa>~nFco~~*n, Eq (2 8)
m = electron mass
mi = ion mass
M = mass of meteor (present calculations based on 3 2 g/cm3

density)
AM = ablated mass of meteor
n = principal quantum number
n = exponent of density in relation £ « p00~nV00~m

) Eq (28)
n = electron number density, number/cm3

Hi = ion number density
nm = a minimum quantum number, Eq (A5)
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p = stagnation pressure
q = stagnation-point heat-transfer rate (per unit area)
Q = total heat transfer (per unit area) to stagnation point

over meteor trajectory, Eq (211)
R = body radius and/or local radius of curvature at stagna-

tion point
t = time of flight of meteor in atmosphere
T = absolute temperature, °K
u — velocity appearing in inviscid velocity gradient du/dx

at stagnation point of body
Too = meteor velocity
x = parameter defined by Eq (AlO)
x = distance along body surface from stagnation point
y — distance normal to body surface
z = altitude
Z = total molal concentration, Eq (32)
Z — ionic charge in units of e (Appendix)
Z = average ionic charge, Eq (32)
dT = function of Ze, Eq (413)
A = shock-layer thickness at stagnation point and thickness

of a thin transparent gas slab
e = density ratio across shock, POO/PS
ev = energy radiated per unit volume, time, and frequency
rj = quantity which measures blowing effect of ablating

material, Eq (2 13)
t] = transformed y coordinate in boundary layer, Eq (44)
0 = ratio of ion-electron recombination energy to kT, Eq

(A3)
0 = inclination angle of meteor trajectory with respect to

horizontal
e = TIT
A = Spitzer function defined by Eq (4 14)
v = frequency of radiation
vi — ionization frequency, Eq (A4)
£ = ratio of stagnation-point heat-transfer rate q to energy

flux in freestream ̂ p^V^
p = density
o- = Stefan-Boltzmann constant
TV — photon mean free time
(j) = modified ballistic parameter defined by Eq (25)

Subscripts
B = with reference to blackbody radiative heating
c = with reference to convective heating
i = initial conditions on entry into atmosphere
R = with reference to continuum transparent radiative

heating
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5 = stagnation conditions and/or conditions behind normal
detached bow shock wave

w = wall conditions
oo = freestream conditions

Superscript
* = conditions at peak heating

I Introduction

INTEREST in the entry of meteoroids§ into the earth's
atmosphere by those engaged in vehicle planetary entry

studies has stemmed from the recognition that meteor ob-
servations could possibly aid in the understanding of re-
entry aerodynamic heating at very high speeds Since it is
presumed that meteoroids are of solar origin, then studies of
the entry phenomena associated with such bodies should
cover the speed range of interest for solar navigation Fur-
thermore, observations of meteors could provide information
under speed and enthalpy conditions which are, today, not
presently attainable under controlled laboratory conditions
These facts were recognized early and pointed out to those
engaged in high-speed vehicle re-entry studies by Hansen1

and Gazley 2 However, these authors essentially considered
only the smaller meteoric bodies in which the heating and
ablation are associated with free molecular conditions, where
the mean free path is large in comparison with the character-
istic meteor dimension An analysis of the heating and mass
loss problem for meteors, which included both continuum
convective heat transfer and gas radiation, along with con-
clusions regarding the vehicle re-entry problem, was given
in a paper by Riddell and Winkler 3 However, both the
convective and radiative heating rates that were used there
are open to question for meteor entry at velocities exceeding
20 km/sec, where the air in the gas cap can be multiply ion-
ized Nevertheless, many of the general concepts intro-
duced in this paper are of considerable interest

Perhaps the clearest perspective of the status of the aero-
dynamic heating problem and the role it plays in the ob-
servation and survival of meteoric bodies has been presented
in a series of papers by Alien 4~6 Again, however, the de-
tailed heating considerations applied in these papers are
applicable to the slower meteors so that their use in the range
of higher-speed entry and the resulting conclusions which one
can draw must be investigated

In this paper the purpose of the authors is to analyze the
problem of the convective and radiative heat transfer and
the resultant ablation of meteors which enter the earth's
atmosphere in the speed range of 20-70 km/sec This latter
speed is approximately the earth-approach speed which a
body may have and still be a member of the solar system
In connection with the heating and ablation considerations,
the restricted survival problem of determining the size of
meteors that lose only a small fraction of their mass before
impact will also be considered Although no fundamentally
new concepts are set forth, nevertheless certain ideas on
radiative and convective heating in multiply ionized gases,
not heretofore applied to the problem, are presented The
approach used permits an essentially analytical study, in
contrast to most previous works, which are primarily nu-
merical In this way, the problem is readily put into a form
where physical properties different from those employed here
readily may be taken into account

As is well known, meteoric bodies range in size from minute
dust particles to asteroids, and the mode of convective heat
transfer to these bodies will be determined by the character-
istic size of the object in relation to the appropriate local mean
free path of the surrounding atmosphere In the present
paper we shall be concerned only with the case of continuum

heat transfer, in which the appropriate mean free path is
small in comparison with the characteristic length As will
be shown in the following section, an important quantity
in determining meteor behavior and survival is the altitude
and stagnation conditions for the peak rate of heat transfer
to the body The larger the size of the body when it enters
the atmosphere, the lower will be the altitude at which the
peak heating takes place Now it can be shown that, for
bodies whose characteristic dimension is larger than about
1 mm, this altitude for peak heating always occurs at a con-
dition where the convective heat transfer is determined by
continuum characteristics We therefore shall not be con-
cerned with free-molecular entry conditions, which, for the
present paper, implies bodies whose size on entry is less than
about 1 mm We would point out, however, that it is only
in the free-molecule case where the collision of the air mole-
cules with the surface molecules is directly proportional to the
rate of removal of mass, a common assumption made by me-
teor physicists 7

In the broad sense, all meteors survive to the earth If
they are large enough, the total amount of heating will have
been insufficient to ablate the entire mass On the other
hand, if they are of an intermediate size, where appreciable
mass loss takes place, eventually they will reach an equilib-
rium in a free-molecule condition, although they may be very
small (clearly, smaller than the previously mentioned size
of 1 mm) In our considerations of survival, we shall re-
strict our dynamical analysis to those meteors that lose only
a small fraction of theii total mass during entry, so that the
meteor size remains essentially unaltered to impact Such
an analysis can be readily generalized to variable massif;
however, it is felt that the present survival definition will
cover a wide enough class of bodies, particularly those
configurations of most interest to the re-entry vehicle designer

Ihe entry angle of a meteoroid into the earth's atmosphere
can range from vertical to very shallow Since most meteors
enter at relatively steep angles, in the analysis which follows
we shall make the assumption that the entry angle is steep
Such bodies experience high heating rates for times which are
short in comparison with their atmospheric transit time

In our analysis we shall consider the meteor to be essentially
spherical Alien4 has shown that a sphere is probably a good
approximation for calculating the entry dynamics and heat
transfer for most meteors Although the density of the
meteor is not known a priori, for purposes of illustration we
shall here consider the meteor as having the density of stone
Iron meteors, having somewhat higher density, would not
differ greatly in ballistic performance The major differ-
ence between these materials is probably their ablation char-
acteristics, and the ten-to-one preponderance of stonelike
meteors falling to the earth's surface may reflect the differ-
ence in the dependence of the mass loss on the effects of
vaporization

Perhaps the strongest restriction to be placed on the calcu-
lation of the appropriate thermal properties and convective
and radiative heat transfer is the assumption that the flow
is in thermodynamic and chemical equilibrium For the
peak heating altitudes considered, where the flow can be
treated as a continuum, the assumption may be a reasonable
one

Because the peak heating rates are so large, the heat input
to the body is taken to appear as ablation of the surface, and
the internal temperature of the body is assumed to remain
essentially unchanged Alien6 has pointed out, however,
that the stonelike materials, because of their low thermal

§ A meteoroid becomes a meteor on entering the atmosphere
and a meteorite when it strikes the earth's surface

If Such calculations are being carried out by one of the present
authors (W C Moffatt) The assumption of a constant body
size leads to somewhat increased heat transfer rates, and there-
fore somewhat larger body sizes can survive The over-all
results and trends of the present analysis are not expected to
be changed
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conductivity, may not be able to withstand the high surface
thermal stresses resulting from the heating rates and, as a
result, may spall In this case, not only will vaporization
not occur but some of the material could enter the boundary
layer in the solid state without having been heated This
type of local failure can be progressive, a condition which in
fact seems to be a common occurrence with large stony me-
teors and results in meteor flaring We will not attempt to
answer the question of spalling here, and we will assume, for
lack of more detailed information, that the ablation limits are
defined by melting on the one hand, and vaporization on the
other The actual convective heating mode is taken to be
laminar, since the Reynolds numbers at peak heating are
generally very low

Finally, we shall make several assumptions regarding
radiative heat transfer In the first place, we take the
radiative heat transfer from the body to be small in com-
parison with the heat transferred to it This is easily shown
to be the case for the present problem Furthermore, the
radiation cooling behind the shock wave is considered suffi-
ciently small so that we may apply the Hugoniot conditions
there This assumption is also readily justified from the re-
sults So far as the radiant heat transfer from the gas cap
to the body is concerned, this heat transfer is taken to be that
associated with the air alone and not the vapor or even pos-
sibly solid particles themselves As two limits which would
correspond to "radiation blowing" we will consider the ma-
terial in the vapor state from the body as leaving the opacity
of the medium unaltered on the one hand and on the other
making the boundary layer opaque The ablated material
is assumed not to be excited sufficiently so as to materially
increase the radiative heat input to the body ** Although
the calculations will be carried out for continuum radiation,
a comparison with appropriate line radiation estimates will
be made

II Integrated Heat Transfer and Ablated Mass

An estimate of the total heat transfer to a body entering
the earth's atmosphere at steep angles can be made by notic-
ing that the heat-transfer rate reaches a local peak at the
point where the decreasing velocity more than counter-
balances the effect of the increasing density (see, e g , Ref
8, p 7), and that the heating rate may be integrated on either
side of this maximum under the assumption of constant body
size and re-entry angle 9 The flight conditions for peak
heating are related to, but not necessarily identical with,
those for peak deceleration In what follows, we determine
the conditions for peak heating for any given heating rate,
relate them to the ballistic parameter (M/CnA), and deter-
mine the mass of ablated material consonant with the simpli-
fying assumptions

Ignoring the gravitational attraction, which is justified for
large decelerations at steep angles, the deceleration of a body
of mass M and frontal area A, having a drag coefficient CD, is

MdVjdt = -% (21)

in which pm is the atmospheric density and Fco the flight
velocity Assuming a straight-line trajectory near peak
heating, inclined at an angle 6 with the horizontal, the time
rate of change of altitude z becomes

dz/dt = - Fco sin0 (22)

To a good approximation, the atmospheric density varies
exponentially with z, with a scale height /*, determined by
the altitude of peak heating f t

_______ d InpcoAfe = -I//* (2 3)
** This assumption is contrary to the free-molecular situation,

where the ablated mass is a strong radiator
f t The range of I* for 0 < z < 90 km is approximately 7 km <

Z* <12km

By combination of Eqs (2 1-2 3), we find

where

== 2M sin0/pJ*Cz>A

(24)

(25)

If M sin0/(7z>A is a constant along the trajectory, ffthen Eq
(2 4) may be integrated to give

= exp{(l - [Pco/pro*])/</>*) (26)

the superscript asterisk denoting conditions evaluated at peak
heating

Whatever the cause of heating, the stagnation-point heat-
transfer rate q will be some fraction £ of the energy flux in
the freestream:

q = ip-Fco^ (2 7)

£ will be determined by the mode of heating (convection or
radiation), body size and shape, and the stagnation-point
conditions that are related to the flight conditions by the as-
sumption of equilibrium thermochemistry behind the bow
shock Following Chapman,9 we therefore propose that this
detailed knowledge of the heat transfer (to be derived below)
can be related to the flight conditions by a proportionality
of the form

£cCp ro-^Fao~™ (28)

For example, for free-molecule flow, n = m = 0, whereas both
Chapman9 and Loh8 suggest n = J and m = 0 for ballistic
missile re-entry conditions

In addition, whenever both convection and radiation are
both important (but not necessarily simultaneous) contribu-
tors to the heating, we propose that the heat inputs of the
form of Eqs (2 7) and (2 8) can be determined separately
and then added to obtain the total heating For any mode
of heating, the proportionality constant of Eq (2 8) does not
affect the flight conditions at peak heating but does, of
course, determine the magnitude of the peak heat-transfer rate
and, in this manner, also the amount of ablation The body
size and shape do not affect the value of m and n for any
mode of heating, but do determine the relative importance
of these various modes

By combining Eqs (27) and (28), the condition that q
have a maximum is found to be

d InVJd lnPco = (1 - ri)/(m - 3) (29)

But Eq (2 4) relates the logarithmic derivates of F and p at
peak heating, so that the value of 0* is thereby determined to
be

= (3 - m)/(l - n) (210)

For the cases of free-molecule or ballistic missile conditions
considered previously, <£* is 3 or 6, respectively For the
meteor entry conditions considered in this paper, it is found
below that <£* lies between 1 and 20 For maximum decelera-
tion, POD Fa>2 must be a maximum according to Eq (2 1),
and so also would be q if n = 0 and m = I Thus <£* = 2
would give identical flight conditions for peak deceleration
and heating For </>* > 2, peak heating occurs at higher alti-
tudes than does peak deceleration

For spherical meteors having a density of 3 2 g/cm3 (which
is typical of stony meteors) and CD = 1, the relationship be-
tween body radius R and ambient density and altitude at
peak heating has been plotted in Fig 1 by using Eq (2 5) and
choosing a range of values of 0* The local scale height

tt For a sphere M/CnA is proportional to the radius The
constancy of M sinO/CnA, therefore, implies no great change in
body radius
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Fig 1 Altitude for peak heating as a function of ballistic
parameter at various values of </>* [cf Eq (2 5)] The values
shown for R sin0 correspond to a spherical body with a

density of 3 2 g/cm3 and CD = 1 0

Z* and density as a function of altitude were determined from
Ref 20

The total stagnation-point heat input Q may be obtained
by integrating the instantaneous rate q along the trajectory:

qM dVm

CDA (211)

in which Eq (21) was used to convert the integral on time
to one on velocity, V^i being the initial velocity upon entry
Since the major contribution to this integral comes from an
altitude variation of one scale height on either side of peak
heating, we shall assume that ^M/CnA has a constant value
over the range of integration which is equal to its value at
peak heating, so that by use of Eqs (2 6) and (2 7) the
integral of Eqs (2 11) becomes, with pmi = 0,

Q = i exp(2/>*) (2 12)
Neglecting the heat radiated from the body or stored in the

body compared with the heat transferred to it, the latter
then will be absorbed by ablation In accordance with the
usual assumptions regarding ablation,8 the total ablated mass
AM is related to the total heat transfer Q by

AM = fQA/[Ah + J??(Foo*)2] (2 13)§§

in which / is the ratio of total heat transfer to the product of
stagnation-point heat input (Q) times frontal area (A)} Ah is
the heat per unit mass required to vaporize the material or
to melt it, and 77 is -§- for a vaporizing laminar boundary layer10

or zero for a nonvaporizing layer It If In the case where the
material vaporizes, Ah is taken to be the sum of the heat of
vaporization, the heat of fusion, and the heat capacity of the
material, calculated in the present analysis for a temperature
rise to melt of 1800 °K (This value of Ah would be approxi-
mately that corresponding to sublimation as well) If the
material only melts, then Ah is the sum of the heat of fusion
and heat capacity of the material only

§§ According to Eq (2 13), although the effective heat of ab-
sorption of the ablating material Ah + rj(Vm*)2/2 increases with
velocity, the ablated mass also increases with velocity, since the
heat transfer increases more rapidly than (Foo*)2

1f1fThe quantity 77 measures the blowing effect of the vaporiz-
ing material in reducing the heat input to the solid surface of
the body

The value of f for 77 has been determined for lower-speed
ablation processes, and we suppose it to be approximately
correct at meteoric velocities Whether the ablation process
is fundamentally different at very high velocities is, of course,
open to question and can only be resolved by further studies
For example, the spalling of stony meteorites would not only
require 77 = 0, since there is no blowing effect, but also would
reduce Ah to be less than its value for melting

The effect of boundary-layer "blowing7' also might be pre-
sent in the case of radiant heating, provided the boundary-
layer material was opaque to the incident radiation so that
the net heat to reach the solid surface would have to be
conducted through the boundary layer For this reason, we
have included this possibility in the subsequent study of
radiant heating by setting 77 = -f for an opaque, vaporizing
boundary layer This point is discussed further at the end
of Sec V

By combination of Eqs (2 12) and (2 13), the fractional
mass loss becomes

AM
M 77 + [2AV(K>*)2] (214)

Of course, if AM/M, calculated in this manner, were found
to be close to or larger than unity, then the initial assumptions
regarding the constancy of %M/CDA used in Eqs (2 6) and
(2 11) are no longer valid, and Eq (2 14) is no longer meaning-
ful However, Eq (2 14) does provide a consistent criterion
for nearly intact survival, say AM/M $ J, which implies that
the body radius does not change by more than 20% This
is sufficiently close to the constant body radius required for
all the integrations so as to make Eq (2 14) a reasonably good
estimate of the mass loss

III Equilibrium Stagnation-Point
Properties

As a first step in the quantitative estimate of meteor dy
namics and thermodynamics, an altitude-velocity diagram
(Fig 2) was prepared, covering the complete velocity range
for bodies originating within the solar system (10-70 km/sec,
approximately), and altitudes from sea level to 90 km The
stagnation temperature (T8, °K), electron density (ne, num-
ber/cm3), and average ionic charge (Ze) shown are for equilib-
rium air behind a stationary normal shock with an upstream
velocity corresponding to that shown on the abscissa

The freestream density variation with altitude was found
using the 1959 ARDC Standard Atmosphere,20 and the
equilibrium thermodynamic properties behind the shock were
computed from the data of Ref 12 using the hypersonic
approximation that

Hs (3D
in which H8 and p are the stagnation enthalpy and pressure,
respectively Equations (3 1) are sufficient to define com-
pletely the equilibrium thermodynamic state within the
shock layer From Ref 12, the temperature, density, and
molal composition may be found directly The average
ionic charge Ze was found from

Ze = (Z - 2)/2 p = pZRT (3 2)
where Z is the total molal concentration as given by the
perfect gas law

IV Convective Heat Transfer

Examination of Fig 2 reveals that for velocities in excess
of about 20 km/sec the shock-heated air in the stagnation
region may be treated as a multiply ionized gas The de-
tailed treatment of convective heat transfer from such a gas
is a problem of considerable complexity; however, a number
of assumptions can be made which render the problem tract-
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Fig 2 Equilibrium stagnation
temperature Ts ( K), electron
number density ne (cm~3), and
average ionic charge Ze for a
blunt body as a function of
flight velocity and altitude
Thermodynamic data were

taken from Ref 12

10 20 30 40 50
VELOCITY (KM/SEC)

60 80

able The heat flux to the wall may be written as

q = -Kw(c)T/c)y)w (41)

where Kw is the thermal conductivity of the gas at the wall,
and (&Tfby)w is the temperature gradient at the wall If it
is assumed that the electrons and ions are in equilibrium at
the same temperature, that the composition remains constant
through the boundary layer,*** and that the perfect gas
law applies, the expression for this stagnation-point heat
transfer to the wall may be written as13

where

(du\~\'\U/J
> ES T/TS

__

(43)

(44)

In these relations, Cp and T are the gas specific heat at con-
stant pressure and temperature, respectively, and du/dx is
the gradient of the velocity parallel to the surface in the
inviscid flow external to the boundary layer The subscripts
s and w refer to stagnation and wall conditions, respectively

The stagnation-point velocity gradient (du/dx) appearing
in Eqs (4 2) and (4 4) is given by the Newtonian approxima-
tion as

(du/dx) = (2p/P)ll*/R

where

(45)

(46)

e = PJp (4 7)

and R is the radius of curvature of the body at the stagnation
point The Newtonian approximation is empirically valid
for sphere-like bodies 14

For an ionized plasma,17 K varies as T7572, so that

K/K = 05/2

Equation (4 2) may then be rewritten as

(48)

(49)

To evaluate the temperature gradient at the wall, we
introduce the simplification that the boundary layer across

implies that the gas is not deionized at the body
surface For the stagnation conditions considered the thermal
enthalpy and ionization enthalpy are about equal, so that the
heat transfer would be higher if deionization occurs

which the heat is transferred is an essentially inviscid thermal
layer This results from the fact that, in a multiply ionized
boundary layer, the high electron mobility leads to a high
thermal conductivity (and thus low effective Prandtl num-
ber), so that the thermal boundary-layer thickness is large
compared to the viscous layer thickness Since the flat plate
and stagnation-point laminar boundary-layer energy equa-
tions are equivalent for inviscid flows, the results of a nu-
merical integration of the former performed by Jepson15 may
be used to evaluate the wall-temperature gradient appearing
inEq (49)

This analysis shows that

[d^(d6/dr])]w = 038 (410)

For a more general expression for this term, see Ref 16
In dimensionless form, the stagnation-point convective

heating is thus given by

= 064 J . K,

where CP may be conveniently found from

C9 = %(k/mi)(i + Z )

(411)

(412)

in which k is Boltzmann's constant and m* the ionic mass
For the present calculations, the thermal conductivity K

was found using Spitzer's expression for a fully ionized
plasma17

where

K = 4 67 X 10

A =

cal
Z InA sec-cm-°K (413)

(414)

and in which e is the magnitude of the electronic charge, and
dT varies from 0 22 to 0 52 as Z varies from one to infinity 17

A comparison of the results of Eq (411) can be made
with the more detailed calculations of Kemp and Fay 13

Such a comparison is shown in Fig 3 for FOT = 20 km/sec,
where £ *(sin#)~1/2 is plotted (solid line) as a function of
logR sin# Here the density and altitude, which correspond
to the values of R sinfl in the abscissa, are obtained from the
peak heating curves of Fig 1 The curve of 0* = 5 in Fig 1
corresponds to the case of peak convective heating, as will
be shown in Sec VI The calculations of Fay and Kemp
include the effects of deionization and atomic recombination
on the wall, giving higher heat transfer than the present
approximation, which ignores these effects No equivalent
calculations for higher flight velocities have yet been reported
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Fig 3 Dimensionless radiative and convective heat-
transfer rates at peak heating as a function of body size
for Foo = 20 km/sec The altitude scales on the abscissa
correspond to the curves of Fig 1 Shown for comparison
are line radiation estimates of Armstrong et al 22 (com-
pare with %R* sin0) and the results of a more exact calcula-
tion of the convective heat flux by Kemp and Fay13 [com-

pare with £c* (sin0) ~1/2]

V Radiative Heat Transfer from Air Gas Cap

For equilibrium stagnation conditions at velocities in excess
of 20 km/sec there will be no molecular species, but only
ions (singly or more ionized) and electrons in the air gas
cap The radiation will consist of spectral lines of the
various ions which may be appreciably Stark-broadened18

at high electron densities, and a continuum due to free-
bound and free-free transitions of the electrons colliding with
ions Since the integrated line emission is proportional to
the ion density while the continuum emission is proportional
to the product of ion and electron densities, the ratio of the
latter to the former increases with increasing density

It is convenient to consider two extreme cases for which it is
possible to calculate limits of radiant heat transfer For a
transparent gas, there is no reabsorption of the emitted radi-
ation within the gas sample For the continuum radiation,
it is therefore sufficient that the photon mean free path lv
be much greater than the shock-layer thickness A Under
such conditions, the radiant heat transfer to the body at the
stagnation point qR is one-half the total emission, as deter-
mined in Eq (A17) of the Appendix:

qR = 2(7

(51)

where the Planck mean free path for the continuum radiation
IP is given by Eq (A18) of the Appendix and where A is taken
equal to E/10 (see Sec VI) The values of lp so calculated
for stagnation conditions at Vm = 20 and 70 km/sec are
plotted in Fig 4 as a function of altitude By comparison
with the curves for body radii having peak heating at the
same altitude, it can be seen that the condition for a trans-
parent nose cap lp > A obtains for body radii less than about
1m It will be shown in Sec VI that the curve $* « 1
corresponds to peak transparent radiative heating

For line radiation, an upper limit is found by assuming no
reabsorption at the line centers, and calculating the total
emission from known or estimated oscillator strengths A
calculation of the latter type by Armstrong et al22 is com-

pared in Fig 3 with the continuum emission given by Eq
(51), the comparison being made at values of A and p^* deter-
mined by the peak heating analysis (see curve for <£* = 1
in Fig 1) It can be seen that the maximum line radiation
heating (triangular points in Fig 3) exceeds the continuum
radiation heat transfer (£B* sin0) only for small bodies for
which the convective heat transfer (£c*) is the major heating
mechanism, and that the line and continuum heating are
about equal at the altitude for which the gas cap becomes
opaque to continuum radiation Thus the upper and lower
limits of transparent radiation are defined for peak heating
conditions, but only an analysis of the line-broadening effects
can determine under what conditions the upper limit can be
reached

The opposite extreme of an opaque gas also lends itself
readily to analysis For continuum radiation, if the photon
mean free path is sufficiently small, the radiation thermal
conductivity KR, as given by Eq (A12), may be used in place
of Ks in Eq (4 11) of the convective heat-transfer analysis
in order to find the heat transfer due to diffusion of radiation
However, this is correct only if the Rosseland mean free
path,f ff Eq (A14), is less than the boundary-layer thick-
ness, computed in the usual manner, but with KR replacing
the gas kinetic thermal conductivity Computing 1B from
Eq (A 14) in the Appendix, we have found that this condition
never obtains for bodies which are small enough to experience
peak heating above sea level Since survival is usually
assured for bodies larger than this, the radiation conductivity
limit is not pertinent to our study {{{

There is a range of conditions for which the photon mean
free path is less than the shock-layer thickness, but larger
than the calculated radiation boundary-layer thickness
(This situation is quite analogous to the hypersonic rarefied
gas flow for which the kinetic mean free path behind the bow
shock is smaller than the shock-layer thickness, but larger
than the computed viscous-layer thickness) Under these
conditions, an upper limit to the radiant heating is clearly

10 20 30 40 50 60 70 80
ALTITUDE (KM)

90

Fig 4 The Planck mean free path for continuum radia-
tion (If) at stagnation conditions compared with the body
size having peak heating at the same altitude (Curves of

R sin0 were taken from Fig 1 )

ftt For stagnation conditions, the Planck and Rosseland mean
free paths are approximately equal

ttt Although line radiation decreases IE below the value for
the continuum alone, it is less important at the high densities
which are needed for the opaque limit to be reached Conse-
quently, we expect that it would not significantly alter the value
of In used in arriving at the conclusion given
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Table 1 Values of H,, m, and </>* foi convective and radiative
heat-ti ansfer modes

Mode n m <£*

Laminar convection
Transparent radiation
Blackbody radiation

0 33
-0 79

0 79

-0 37
0 7

-1 0

5
1 2

19

the blackbody limit:

= 20- (52)

which has been plotted in Fig 3 for peak heating conditions
For blackbody radiation this coriesponds to <£* » 20, as
will be shown in Sec VI This opaque limit and the trans-
parent limit of the continuum radiation of Eq (51) are
equal at lp = 2 A Although a smooth transition from one
limit to the other could be devised along the lines suggested
by Probstein,19 we have not considered such a refinement
The peak convective and radiative heating are also plotted
for Fa, = 70 km/sec in Fig 5 The curves of Figs 3 and
5 bear out the original assumption of small radiation cooling
behind the bow shock

VI Heat Fluxes at Peak Heating

It can be seen from Eqs (4 11) and (5 1) that the convective
and transparent radiative heat fluxes have an explicit de-
pendence on the body size R (In the latter case, the shock-
detachment distance A is approximately eR for a spherical
body 14) If, however, only the peak heating region is con-
sidered, there is a direct correspondence between R and p^*
(and hence altitude) for constant 0* as shown in Fig 1, so
that £c* and £R* may be computed as functions of altitude for
selected values of 0* and velocity The values of n and m
which determine the proper value of 0* to be used for a par-
ticular mode of heating, according to Eq (2 10), can be
found by noting that

d In
-^ m (6

CD 2

8 -

0 1 2 3
LOG R SIN 9 (METERS)

10 20 30 40 50 60 70 80 90
i l l i i i i I I
0 10 20 30 40 50 .60 70 80

I I I
0 10 20 30 40 50 60 70

ALTITUDE (KM)

5

** 20

** 5

** .

Fig 5 Dimensionless radiative and convective heat-
transfer rates at peak heating as a function of body size
for Fco = 70 km/sec The altitude scales on the abscissa

correspond to the curves of Fig 1

V 20KM/SEC
6 90

30 20 10
LOG R(METERS)

Fig 6 Fractional mass loss for vaporizing hody as a
function of body size for vertical entry and Fco = 20 km/sec
The physical properties of the body are those used in

Fig 1

As a typical case, the spherical body used in the calculations
of Fig 1 was considered, with e = -^Q- so that A = R/10
Values of £ *, £#*, and £T* were computed for 20 and 70 km/
sec over an altitude range from sea level to 90 km and foi
several assumed values of </>* From these results, and noting
that

]nR\ (62)

it was possible to find n, m, and the appropriate value of 0*
for each mode of heat transfer The results are shown in
Table 1

The computed values of £c*, £^*, and £#* corresponding to
the appropriate value of 0* are shown in Figs 3 and 5 as
functions of R sin0 for Vm = 20 and 70 km/sec, respectively
Also shown on the abscissa are the altitudes of peak heating
for the associated value of R sin0 at </>* = 1, 5, and 20
Thus, the maximum convective, transparent, and blackbody
radiative heating for a particular R sin# will occur approxi-
mately at the altitude given by the <£* = 5, 1, and 20 coordi-
nates, respectively

Using the results presented in Figs 3 and 5, calculations
of the fractional mass loss given by Eq (2 14) were made for
several cases The body was assumed to be stone-like,
with a value of Ah for vaporization of 1 89 and 0 459 kcal/g
for melting,§§§ a density of 3 2 g/cm3, and a drag coefficient
of unity The value of £* used was the sum of the radiative
and convective contributions, the former being the trans-
parent or blackbody value depending upon whether the
altitude was, respectively, above or below that altitude at
which A = lp/2 For each velocity and entry angle, three
regimes were considered: 1) no vaporization, and hence no
blowing (77 = 0), 2) vaporization, with transparent ablation
products (77 = •§• for the convective contribution and 77 = 0 for
the radiative contribution), and 3) vaporization with opaque
ablation products (77 = •§- for both contributions) The re-
sults of these calculations are shown in Figs 6-8 In each

§§§ The heat capacity of the material was based on a tempera-
ture rise to melt of 1800 °K and a specific heat of 9 X 106 erg/g
The heat of fusion was taken as 0 072 kcal/g, and the heat of
vaporization as 1 43 kcal/g (see Ref 7, p 161)
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V 70 KM/SEC
6 90

0
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I 2 -

14 —

50 40 30 20 10
LOG R (METERS)

10

Fig 7 Fractional mass loss for vaporizing body as a
function of body size for vertical entry and Vm — 70 km /sec
The physical properties of the body are those used in

Fig 1

case, the left-hand portion of the curve corresponds to those
body sizes whose peak heating is predominantly convective,
and the central portion between the peaks to those for which
transparent radiation is dominant At the largest values of
R, lp at the peak heating altitude becomes smaller than A, and
the radiative heating (and therefore &M/M) corresponds to
that given by the blackbody limit

VII Discussion

From the curves for the radiative and conductive heat-
transfer coefficients plotted for homogeneous stony meteors
in Figs 3 and 5, we may conclude that the convective and
transparent radiative coefficients are practically independent
of velocity, at least in the range of 20-70 km/sec In addi-
tion, from the relative magnitudes of the transparent radia-
tive coefficient and the convective coefficient, we can also con-
clude that radiation heating will only become important at
altitudes below 25 km, at which point the shock layer is
optically thin Only for bodies having peak heating within
a scale height above sea level will the gas cap become opaque,
and, even in this region, the diffuse radiation approximation
for heat transfer to the body is not applicable for reasons
mentioned in Sec V

Of more direct significance are the mass loss calculations
that have been carried out using the computed heat-transfer
coefficients These results are shown for vaporizing bodies
in Figs 6 and 7 for vertical entry at 20 and 70 km/sec, and
in the case of 20 km/sec also for entry at 30° in Fig 8 The
ordinate on these curves is the relative mass loss Since the
meteor radius is assumed to be approximately constant during
entry, the results can be considered meaningful for AM/M
less than, say, f, although, even for larger values of AM/M,
the curves do give an indication of the relative mass loss
One of the interesting general features of the results is the
relatively weak velocity dependence (between 20 and 70
km/sec) for the surviving ablating bodies, as well as the
relatively small effect of entry angle (so long as it is suffi-
ciently steep)

Although not shown on Figs 6-8, the calculations indicate
that the nonvaporizing body will not survive, in the sense
that we have defined survival, unless it is large enough not
to experience peak heating above sea level (see Fig 1) In
order to survive a vertical entry within our terms of reference,
a nonvaporizing body must be larger than about 10 m This

conclusion is not substantially changed by a different entry
angle

The minimum in the mass loss curves of Figs 6-8 occurs
at the point where convection and transparent radiation
heating are equal This minimum is sufficiently low to in-
sure survival of bodies between a fraction of a centimeter
to several centimeters in radius, essentially irrespective of
velocity or entry angle If an ablating boundary layer is
opaque, the size range for survival is somewhat increased,
and more so at the higher speeds Figures 6 and 8 also indi-
cate that, if the ablation products are opaque to the gas-cap
radiation, then bodies larger than 0 5 m may also survive for
entry speeds between 20 and 40 km/sec The survival of
very small bodies (fraction of a millimeter) is determined
by free-molecule processes not considered here, whereas very
large bodies (greater than 10 m) will survive by virtue of
failing to pass through peak heating above sea level

The failure of nonvaporizing bodies to survive may, to
some extent, account for the large ratio of stone meteors to
iron meteors found on the earth's surface if it is assumed that
the former vaporize whereas the latter do not Of course,
the distinction between metallic materials which melt with-
out vaporizing and glassy materials which vaporize with
little melting is one derived from ballistic-missile velocity
ablation experiments, and may not exist under conditions of
higher velocity Furthermore, the possibility of spalling
of stone meteors may also be important in this comparison

The preceding results concerning survival do not agree
with those of Riddell and Winkler,3 who indicate that meteors
whose radius on entry is in the range of 0 5 cm to about 50
m will not survive in the sense we have been referring to A
direct comparison of the results of the present analysis with
those of Alien4 6 is not possible, as his calculations were pre-
sented for velocities lower than those here

An interesting analysis of the Meanook 132 meteor data
by Alien and Yoshikawa5 showed that the mean body radius
(assuming 1 g/cm3 body density) decreased from about 6 to
3 cm between 70 and 44 km, at which point the meteor broke
into pieces This approximately ten-to-one reduction in
mass (AM/M ~ 0 9) is consistent with the curve of Fig 8
for a vaporizing body with a transparent boundary layer,
assuming that R = 6 cm

If deceleration and luminosity data on meteors that do
survive were available, a much more detailed comparison
with the data of both the present and other theories would be
possible In particular, much information as to the validity
of the present theory could be determined from peak heat-
ing (which may be associated with peak luminosity) and peak
deceleration data In addition, the recovery of such meteors
would provide one more piece of added information that
presently does not exist in connection with meteor records

Appendix: Planck and Rosseland Mean
Paths for Continuum Radiation

Free

The energy radiated in free-free and free-bound collisions
of electrons with hydrogen-like ions, in a plasma having a
Boltzmann electron velocity distribution of temperature T,
is given by Brussard and van de Hulst23 as

32?r /27rmV/2

V kT )

where

and

'- = (\ + 26 f] n-*<P'n*
\ nm

2x2 TO e4

(Al)

(A2)

(A3)
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and in which e is the energy radiated per unit volume, time,
and frequency, v is the frequency, m is the electron mass,
e the electronic charge, Ze the ionic charge, m and n are the
ionic and electron number densities, n is the principal quan-
tum number, and 0 is the ratio of ion-electron recombination
energy io kT If we define an ionization frequency Vi by

= 2ir m = 6 kT (A4)
then the smallest quantum number nm defining the lower limit
in the sum of Eq (A2) is an integer such that

nm
2 £ Vi/v (A5)

In Eq (Al), the Gaunt factor23 is assumed to be unity
Menzel and Pekeris25 have suggested an approximation to

the sum in Eq (A2) which consists in replacing it by an in-
tegral with a limit given by the equality of Eq (A5) As
pointed out by Brussard and van de Hulst,23 this smoothing
of the spectral variation of ev is a good approximation for all
frequencies if JiVi <£ kT, but otherwise only for frequencies
for which hv <$C kT The approximation becomes

20 '
(fl/n* /»oo f9/n*
r_ ^ 26 I -—

ft3 Jnm n3 dn

^ e

^ eh*/kT _ x t f v > p i (A6)

in which the equality of Eq (A5) was used when nm > 1, but
nm = 1 for v > Vi Equation (A2) is then approximated by

G c^ 1
=* exp[-AO -

iiv <Vi

A mean free time for a photon rv may be defined as the
ratio of the equilibrium energy density of the radiation field
to the energy radiated, ev) or

" ~~ c*(eh*/kT - I

The photon mean free path lv becomes

I = crv

3m c to'

(A8)

4n
(3m kT\"
\ 2w J

•ehv/kT _ !)-i£-i (A9)

The Rosseland mean free path IR is defined by21 25

1 ^) /* oo 7 T^PX

ls = ̂ Jo (e*-l)*dx <A1°)
where

a; = W&77

This definition results from observing that the radiation ther-
mal conductivity KR, which is given by24

8whv*

becomes the Rosseland value for a gray gas of mean free
path 1R:

KR = 16(er!T«fe)/3 (A12)
where

a s= 27r^4/15 h*c2 (A13)

when Eq (A10) is substituted in Eq (All)
Inserting Eq (A9) into Eq (A10), 1R becomes

I*
45 x7exdx

\
6mkT\112 /•«> x7e*c

TT / Jo (^ - (A14)

^IH If Menzel and Pekeris25 do not remark on the variation of
G with v when v > vi

V 20KM/SEC
9 30

30 20 10
LOG R (METERS)

Fig 8 Fractional mass loss foi vaporizing body as a
function of body size for 0 = 30° and Vm = 20 km/sec
The physical properties of the body are those used in

Fig 1

provided that G = 1 for all values of v Since the contribution
to 1R for v > Vi is exponentially small, this approximation,
which removes Vi as an argument in 1R, is quite accurate The
definite integral in Eq (A 14) has a value of 22 6

For a thin transparent slab of gas of thickness A, the rate
of energy loss per unit area and frequency in both directions,
e A, is

Sir (A15)

by virtue of Eq (A8) Defining the Planck mean free path

15 /•«
~~ ~̂4 Jo

dx
e* - 1

the integration of Eq (A 15) over all frequencies gives

C °° 4A I e dv = r AoT4
Jo ip

Substituting Eq (A9) into Eq (A16), lp becomes

kT

l]lp

20 n mZ*e*h* \ 2 J

with the result that

1R = 0

(A16)

(A17)

(A18)

(A19)
Equations (A 14) and (A 18) for 1R and lp differ somewhat

from the expressions of Pappert and Penner21 for an equilib-
rium multiply ionized plasma They first averaged lv over
the equilibrium population of species and then over fre-
quency, arriving at a result which does not differ from the
preceding by more than a factor of 2 if Ze, is interpreted as the
average charge per ion The numerical values also agree,
within the same accuracy, with the continuum calculation of
Armstrong et al22 Equation (A14) is identical to that de-
rived by Menzel and Pekeris 25
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