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Abstract—This paper examines the factors affecting the dynamics and mass loss of ablating bodies
during high-velocity motion. The dynamics and ablation of the body are interdependent since the rate of
mass loss depends on the velocity and since the deceleration is dependent on the ratio of mass to drag
area (m/CpA) which may change due to loss of mass and change of shape. The initial kinetic energy of
the body decreases due to both a loss of mass and a loss of velocity. The relative rates of mass loss and
velocity loss depend on the “efficiency’’ with which the energy lost due to fluidynamic drag is returned
to the body and absorbed in the ablation process.

The classic meteor case, where the flow is assumed to be of the free-molecule type with constant
heat-transfer and drag coefficients, is reviewed and presented in terms of general dimensionless
parameters which allow application to cases other than that of meteor atmospheric entry. This solu-
tion indicates a finite mass remaining after the deceleration, the magnitude of the mass relative to the
initial mass depending on the “efficiency” described above.

In general, cases with variable heat-transfer and drag coefficients require numerical machine
solutions (now in progress). However, analytic solutions for certain cases are possible and are
presented in this paper. An analytic solution is obtained for the specific variation of the heat-transfer
coefficient corresponding to a sphere with laminar convective heating in hypersonic flight at a constant
altitude. In this case, the increase of dimensionless heat-transfer coefficient due to decreasing body size
(thus effectively increasing the “‘efficiency’’) can result in a complete loss of mass during the deceleration
process.

For both this case and the meteor case, the velocity variation during the major part of the mass loss
differs only slightly from that for a body with an unchanging ballistic coefficient (im/CpA). This
approximation is used to formulate the analytic solution of a case which corresponds to the laminar
convective heating of a sphere in hypersonic re-entry—i.e. a large slow meteor or fireball. Due to the
dominant effect of the decrease in heat-transfer coefficient with increasing fluid density (thus effectively
decreasing the “efficiency”), the rate of mass loss is reduced and the final mass is appreciable com-

pared to the initial mass. The analytic results are compared with two well-observed fireballs.

NOMENCLATURE D;, initial body dimension;

A, cross-sectional frontal area of body; D, dimensionless body size;
Cp, aerodynamic drag coefficient; e, base of natural logarithms;
Cp,, initial value of drag coefficient; h,  altitude;
C_D, drag-coeﬁicient ratio = CD/CDi; H, effective heat of ablation;
Cu, dimensionless heat-transfer coefficient; H;, initial value of H;
Cu,, initial value of heat-transfer coefficient;; 1,  luminous intensity;
Ch, tatio = CyHi/(Cr,H); m,  mass of body;
D, characteristic dimension of body, chang- my,  initial mass of body;

ing dimension of body; m, dimensionless mass ratio = m/m;

n,  geometry parameter, see equation (6);

* This paper was presented at the Second All-Union 9, heat-?aDSfer rate to bOdy;
Conference on Heat and Mass Transfer in Minsk, u, ye}qmty of body;
4-9 May 1964. u;, initial velocity of body;
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i, dimensionless velocity ratio = uju;;
x, distance along path.

Greek symbols

a, reciprocal of density
{a = d Inp/dh);

A, dimensionless mass of air encountered
per unit cross-sectional area =
A(m[CpA)i;

¢,  dimensionless factor = Cg,uZ/(2Cp;H;);

p,  atmospheric density;

atmospheric density at sea level;

o, density ratio, p/pst;

g, flight path angle with respect to local
horizontal (positive for descent, negative
for ascent);

7,  luminous efficiency.

scale height

I. INTRODUCTION

For MANY years ballisticians have been con-
cerned with the motion of bodies in the Earth’s
atmosphere—bodies of constant shape, size, and
mass. With the advent of higher flight speeds
with large rates of aerodynamic heating, the
body may suffer a loss in mass due to surface
ablation and a consequent change in shape and
size. This effects a change in the ballistic co-
efficient with a consequent change in the body’s
dynamics and a corresponding change in the
subsequent aerodynamic heating and mass loss.
This coupling between the dynamics and ablation
introduces a number of complications into the
solution of the equations for the dynamics and
mass loss. While machine solutions are generally
necessary, analytic solutions have been possible
in a few cases. Notable among these is the case
of a body in a free-molecule flow (the typical
meteor case) which is simplified by the lack of
dependence of the aerodynamic drag and heat-
transfer coefficients on the size and shape of the
body. The solution to the meteor problem was
first obtained by Hoppe [1] and Levin [2]. As
Bronshten [3] has recently pointed out, larger
meteoric bodies penetrate deeper into the
atmosphere and consequently into the continuum
flow regime.

In this paper, the drag and heating relations
are developed in a general form and analytic
solutions for certain cases are presented.

CARL GAZLEY JR.

II. ANALYSIS
Aerodynamic heating and ablation
The heating rate to the body can be expressed
as

q = CnA % p® {1

where Cy is a dimensionless heat-transfer co-
efficient and is the fraction of the kinetic energy
of the air (relative to the body) intercepted by
the body which reaches the body surface as heat.
The rate of mass loss due to ablation may be
approximated by the use of the “effective heat of
ablation”, H, which absorbs the effects of the
various factors affecting the interaction between
the flow about the body and the body surface.
This is defined as
dm ¢

& TH 2

where ¢ in each of these equations is the heating
rate which a non-ablating body would experience
under the same flight conditions. The effects of
the ablation in sometimes reducing the heat input
is absorbed in H. The rate of mass loss is then
-— dm:CHA § pu® (3
H de 2777
It is now useful to introduce a new independent
variable, the mass of air encountered per unit
frontal area during the flight (made dimension-
less through division by the initial ballistic
coefficient)

_ Jpudt
(m/CpA)
It is also convenient to introduce the di-
mensionless parameters

. m
m=

mi
. u
i=--
U
_— Cp
“r=c,
~— CaH:
"= Cu,H
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A
1; = A_i
¢ — _CH 1 u‘2
2Cp, H;
Then equation (3) becomes
dm —
—a%==¢cHAa2 @

The dimensionless drag and heat-transfer
coefficients may vary appreciably during a body’s
flight—the variation being due to both changes
in the flow regime and in the shape of the body.
Furthermore, the effective heat of ablation, H,
will change with both the flow regime and the
heating rate. Figure 1 shows schematically how
these parameters may vary with altitude [8].
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F1G. 1. Schematic variation of the dimensionless heat-
transfer and drag coefficient ratios.

Body geometry

We shall consider a body of uniform density
and arbitrary geometry having a characteristic
dimension, D, which varies due to ablation. For
example, a randomly spinning sphere undergoing
ablation will suffer a decrease in diameter, Its
mass is

T
™=z ps D3
and its frontal area is

m
=- D2
4D.

H.M.—4R
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The resulting mass—area ratio is

m 2
a=3mPD

and the relation between mass and mass—area

ratio is
. 9r (m\3
M= 16p2\4)
In general, for other geometric shapes, the mass
is proportional to a power of the changing

dimension _
m = D" )

and the mass—area ratio is directly proportional
to the changing dimension

= D.

a3

Thus the mass and area are related

o= An/(n-1)

rh n
m (A-) . (6)
These relations evolve from the fact that
ablation occurs on the forward-facing surfaces
and is approximately proportional to frontal
area [see equations (3) and (4)]. Values of the
exponent n are given in Table 1 for various
simple geometries.

and

Table 1
n Geometry
1 Rectangular solid moving

normal to one face, or
cylinder moving axially

2 Cylinder moving normal
to axis
3 Spinning sphere, or cone

moving axially

Deceleration

The deceleration experienced by the body may

be expressed in terms of the aerodynamic drag
coefficient

du CpA

e _ b 2
ds m%Pu

M
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This equation neglects any gravitational accelera-
tion which, for the velocity regime being con-
sidered, is negligible compared to that due to
aerodynamic drag. Writing this equation with
(u2) as the dependent variable

d(?)  CpA
dd ~ m P

and introducing the dimensionless variables
gives

us

8

For a constant ballistic coefficient, CpA/m == 1,
this equation can be integrated directly to
give
Ing2= — 41
or
= exp [— 4/2] &)

This will not be recognized as the familiar
solution for ballistic re-entry into an isothermal
atmosphere [4, 5] when it is noted that

A = pCpA[(am sin 6).

In the case of motion at a constant altitude,
A = px/(m/CpA), i.e. A is directly proportional
to x, the distance traveled. It is perhaps useful at
this point to develop the significance of the
parameter A = | pu dt/(m/CpA);, which is the
ratio of the mass of gas encountered by the body
per unit frontal area in ratio to the body’s
(initial) mass per unit drag area. As indicated by
equation (9), the velocity has been reduced to
about 61 per cent of its original value when
A = 1. At A = 2, the velocity has been reduced
to 1/e of its original value. This parameter can
be considered qualitatively as a dimensionless
mean free path. A non-ablating body can
effectively penetrate a gas mass equivalent to a
value of 4 somewhat greater than unity (say
four or five). However, in the present case, we
are concerned with a body whose size and mass
are varying due to ablation and the integration
of equation (8) can only be accomplished if these
variations are taken into account. Combining
the variations in mass and area by means of
equation (6) gives

e

CARL GAZLEY JR.

and equation (8) can be expressed as
du?

~dda

In general, numerical integration [with simul-
taneous solution of equations (4) and (8)] is
necessary; however, an analytic solution is

possible for the case where Cy/(CpH)is constant.
This is described in the next section.

= Cpa¥(m)- 1. (10

Analytic solution for constant C/Cp
While considerable variation in the heat-trans-
fer and drag coefficients and in their ratio can
occur if the body moves through widely different
regimes of gas density and body velocity or if the
body suffers large changes in size and shape,
there are a number of occasions where a solu-
tion for constant Cg/Cp is useful. The meteor
case is an example—small bodies decelerating in
the upper atmosphere in the free-molecule flow
regime. An analytic solution for this case was
first obtained by Hoppe [1] and Levin [2] and
will be presented here in terms of the general
parameters, ¢ and .
Eliminating the variable /1 between equations
(4) and (8) gives
dinm Cy
= é & {1y
Providing the combination of parameters on the
right-hand side of this equation is constant (i.e.
Cu/Cp = 1), direct integration is possible and
gives
Inm= — ¢(1 - a2
or
m = exp[—¢ (I - a2)]. (12)

It is interesting to note that, for this case, the
mass variation is dependent only on the velocity,
the initial velocity, and the parameter ¢. Equa-
tion (12) is shown graphically in Fig. 2 (for
convenience ¢/n is used and the curves shown
correspond to n = 3) and it will be noted that a
finite mass remains at the end of the deceleration

ms = exp —¢.
Inserting equation (12) into equation (10) gives

diz -
- d’il = Cpiaexp [p/n(l — )]
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FiG. 2. Variation of mass with velocity for constant
Cu/Cp (n = 3).

or in integral form
a a
_ J-e_x?i(ﬂ;l___w = exp [¢/n]JGd/1.
0

1

With the additional assumption of constant drag

coefficient (Cp = 1), this can be integrated to
yield

Acexp (¢/n) = Ei (q—:) —E (i:: aZ) (13)
where Ej( ) is the exponential integral
Fix) = I “_Pixﬁx

— 0

While equations (12) and (13) are applicable
only to those cases where Cy/Cp, = 10 (e.g. the
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meteor case where Cg = Cp = 10 because of
free-molecule flow or the case of a body such as
a hemisphere-cylinder moving at a constant
altitude), the results are qualitatively similar to
those for more complex cases. Because of this,
they will be examined in some detail so as to give
a physical feeling for the processes occurring and
so as to provide a standard of comparison.

The variations of velocity and of mass with the
parameter A are shown in Fig. 3 for several
values of ¢/n. It is seen that as ¢/n increases, the
deceleration and mass loss are shifted to smaller
values of 4. For ¢/n = 0, there is no mass loss
and the velocity variation reduces to equation (9).
The variation of the mass-velocity ratio is shown
in Fig. 4 and it is seen that for small values of
¢ the velocity loss predominates while the larger
values of ¢ result in a relatively large mass loss
before the deceleration becomes appreciable. It
will be remembered that ¢ = Cx,u2/(2Cp,H;) is
essentially the product of two ratios: Cg,/Cp;
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Cu/Cp (n = 3).
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F1G. 4. Variation of mass—velocity ratio with 4 for
constant Cx/Cp (n = 3).
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is the fraction of the drag energy which reaches
the body as heat, and (42/2)/H; is the ratio of
the specific kinetic energy initially possessed by
the body to the energy necessary to ablate it.
The product is thus essentially a ratio of the
energy available for ablation to that required for
ablation and can be considered as an efficiency of
ablation. For high ablation efficiencies, mass loss
tends to be the dominant process; for low
efficiencies, deceleration is dominant.

Perhaps the best physical feeling for the
relative importance of these competing processes
is realized from Fig. 5 which presents lines of
constant mass ratio and velocity ratio in the
¢—A plane. In this plane, the process proceeds
along a horizontal line—i.e. a constant value of
¢. For very small values of ¢ there is seen to be
only a small mass loss with a velocity variation
essentially the same as the solution for constant
m/CpA, indicated by the broken vertical lines at
the bottom of Fig. 5. At larger values of ¢, the
mass loss becomes more severe with a consequent
greater deceleration. For still larger values of
¢, essentially all of the mass loss takes place
before any appreciable deceleration occurs;
thereafter, deceleration is severe and takes place
in a very small distance—i.e. in a small range of
A.

At large values of ¢ where severe mass loss
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FiG. 5. Solution for constant C#/Cp. Lines of constant
mass ratio correspond to n = 3.
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occurs before any appreciable deceleration,
considerable simplification in the solution results.
Thus for ¢ > 1, 4 < 1,

m =~ exp [-¢A].

7

il‘l
12

-4

During the major deceleration where 5 ap-

proaches its limiting value (i —>exp —¢,
i~ 0)
¢ e
”/1 = L. (15)

These limiting solutions are apparent in Fig. 5 at
the upper left where the lines of constant mass
(shown for n = 3) have a slope of minus one.
In this region it will be noted that the body can
only penetrate a gas mass corresponding to
A = 1/(¢/n).

Equations (12) and (13) are frequently applied
to the meteor case for the estimation of Jumi-
nous intensity variation [2].
dm) w

1=T(~~d—t 5 (16)

where T is the so-called luminous efficiency.*
Here we will consider only the conditions for a
maximum intensity. Differentiating equation (16)
with respect to /1 and equating to zero gives

Sdin#? 1 dp  dlnsm -0
37dd Todd T A T
For the case of meteor atmospheric entry
dp_ p
d/l - [1

and the other terms may be evaluated from
equation (12) and (13). The resulting condition
for maximum absolute luminosity is [6]

4P [— ¢/n (1 -~ a*)]
52+ (n— 1) (¢/n) i
(’;-z)l,'n

“spre—nEme 7

For low values of ¢, this simplifies to
A =04 and i = 0-818

* The luminous efficiency can be assumed to be a
function of velocity; this modifies slightly the conditions
for maximum luminous intensity.
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and for large values of ¢
¢4 ~ 1:07 and m =~ 0-34 (for n = 3).

The condition for maximum luminous intensity
is shown in Fig. 5 by the broken line.

Analytic solution for Cg = (D)2

In the case of convective laminar ablation of a
sphere moving at high velocity in a gas of uni-
form density (e.g. motion at constant altitude),
the heat-transfer coefficient increases as the size
of the sphere decreases:

Cy = (D)1
or
Cr = ().

The drag coefficient is assumed to remain
constant. Then equation (11) becomes

dInm .
—a = emYs
which when integrated
m dm at )
E
1 1

yields

m= [1 — %(1 — ﬁz)] 6. (18)

Just as in the solution presented in the previous
section, the mass ratio is seen to depend only on
the parameter ¢ and the velocity ratio. It will
be noted that this relation results in a limiting
mass ratio for ¢ < 6

L ¢)6
im m = (1 —=].
a—0 - 6

For ¢ > 6, the mass ratio becomes zero at a

velocity ratio
6
1—-).
( ¢)

The velocity variation may be determined by
substituting equation (18) in equation (8)

as 2
—amﬁ=P—§“—Wﬂ

lim g =

m—»0
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and integrating
A @ 1 ¢ 2
_ = =112 — g2 =2
Jd/l jﬁz[l 6(1 u)] daz.
0 1

The result is
A= (l —265)2(— lnﬂz)—l—%( 1 —265) (1—a?

id 1 —a4 19
+ 2501 — 9. (19)
The results of equations (18) and (19) are shown
in Fig. 6 in the same format as the previous case
in Fig. 5. Comparison of these two figures
indicates that the increase of heat-transfer co-
efficient due to decreasing size has an appreciable
effect only near the end of the motion where it
results in slightly smaller values of the di-
mensionless depth 4. Furthermore, while a
finite mass always results in the previous case,
here a zero mass can result for the larger values
of ¢ (see above).

The conditions for maximum luminosity for
this case (shown by the broken line in Fig. 6) are
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FiG. 6. Solution for Cx/Cp = 1/+/D. Lines of constant
mass ratio correspond to n = 3.
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For small values of ¢ this simplifies to

A=04 and a=08I8

just as in the previous case. For large values of ¢

61~ 1-09 and m ~ 03
which differs only slightly from the previous

case.

Approximate analytic solution for Cu =X/
V(DW(4)

For the two previous cases, an examination of
Figs. 5 and 6 indicate that the major part of the
mass loss occurs before the velocity has deviated
appreciably from the simple solution for

m/(CpA) = 1—i.e. a velocity variation given by
©)

This suggests the use of this velocity variation
in approximate solutions for more complicated
variations of the heat-transfer and drag co-
efficients. A case of interest is the convective
laminar ablation of a sphere in atmospheric
entry where

ek Kk
T V(D)) (s A

i.e. tends to increase with mass loss and to
decrease with increasing gas density. The value
of k in this expression corresponds approxi-
mately to 4/ at the point where Cg = 1. Thus
k depends on, for example, the body size, the
angle of atmospheric entry into the atmosphere,
etc. With this variation of Cg and with the
velocity variation given by equation (9), equa-
tion (4) becomes

i = exp [« 4/2]

V() exp (—4)
= gk IR

and integrating yields [7, 8]

[, K js&g@l?d/l 12
ne i ! |

where the integral (shown in Fig. 7) may be
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[ A
FI1G. 7. Value of the integral j???lz/ i~ d-1.
N,
Y]

approximated for A small (say /1 < 0-02) as

exp (—A) ;
J ’\'\";/—1’"* d./l —_ 4.\ 11
0

and for /1 large (say A > 2) as
oA
—A
|22 =
\/’ /1

The resulting mass variation, along with the
assumed velocity variation is shown in the
¢ — A plane in Fig. 8. For this comparison, k&
was chosen as 0-005, corresponding to Cx = 1 at
an altitude of about 100 km. It is apparent that
the effects of the decrease in the dimensionless
heat-transfer coefficient due to increasing gas
density dominate and result in appreciably
lower rates of mass loss than in the previous
cases discussed. Conditions for maximum
luminosity for this case correspond to

kzé exp (—A) 4 41

4= 22
54 m 1 (22)

and are shown by the broken line in Fig. 8. For
small ¢, equation (22) simplifies to

A =02 and = 0905
and for large ¢ to

éy/A ~97 and m = 027
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FIG. 8. Solution for Cr/Cp = kjv/Dv/A (k = 0-005).
Broken line shows conditions for maximum luminosity.
Lines of constant mass ratio correspond to n = 3.

If the results of Fig. 8 are presented in terms
of the average ablation efficiency from 0 to 4,

pr— 4 —

(BB

(]

instead of the initial value (¢/n), they become
almost identical to the results for constant
Ca/Cp shown in Fig. 5 for the region of major
mass loss and major deceleration. This indicates
that the analytic results for constant Cu/Cp may
also be used as an approximation for cases where
the ratio varies appreciably. For the case of a
body with variable Cz/Cp, the path of the body
in the ¢~ plane is no longer a horizontal line—
but rather a line following the variation of the
average value (from 0 to A) of (¢/n)(Cr/Cp)
with A. This is illustrated by the arrows in
Fig. 9.

While this approximation will obviously fail
in the final stages of the deceleration and mass-
loss processes, it is useful for the tentative
evaluation of cases where large variations of
Cr/Cp are expected. Machine computations are
underway for various types of Cyx and Cp
variations in order to test the validity of the
approximation.
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FIG. 9. Approximate general solution for variable Ca/Cp.
Broken line shows conditions for maximum luminosity.
Lines of constant mass ratio correspond to n = 3.

II. APPLICATION TO LARGE METEORS

The meteor analysis for constant Cg/Cp pre-
sented in the previous section has been applied
by a number of authors to meteor data for the
determination of atmospheric characteristics,
high-velocity heat transfer, etc. {2, 3, 6]. In a
previous paper [6], the author demonstrated
that several unique features of the results shown
in Fig. 6 could be exploited to determine meteor
characteristics: (1) the initial variation of
velocity with altitude is relatively independent of
¢ and can be used to determine the meteoroid’s
initial ballistic coefficient (m/CpA);, and (2) the
velocity ratio at which the maximum luminous
intensity appears is indicative of the value of ¢,

For larger meteoric bodies, where variation in
the ratio C/Cp is to be expected due to changes
in flow regime and changes in the ablation
mechanism, the approximate results indicated
in Fig. 9 offer interesting possibilities. They
indicate that the meteoroid’s initial ballistic
coefficient may be determined by the velocity
variation with altitude and that the average

value of the ablation efficiency, (¢/n)(Cx/Cp),
may be determined approximately from the
velocity at maximum intensity.

Two recent well-observed meteors [9, 10} will
be used as examples. Their velocity variation
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with altitude, as determined photographically,
is shown in Fig. 10. The arrows indicate the
points of maximum luminosity.

The initia] variation of velocity with altitude
may be used to determine the initial entry
velocity and the ballistic coefficient. The initial
variation of velocity may be approximated by
[see equation (14)]

2
(—"-) ~T— A
U;

/

Noting that, for atmospheric entry, the para-
meter A is
p—r Cod

a msin 0
it can be seen that plotting u2 vs p yields #2 as the
intercept and m/CpA from the initial slope
(using the scale height, «~! from a standard
atmosphere [11] and the measured value of the
path angle, 6). This is shown for the two meteors
in Fig. 11 and the resulting numerical values are
indicated in Table 2. The determination of
initial velocity and ballistic coefficient allows a
representation in terms of the dimensionless
parameters # and A, shown in Fig. 12. Com-
parison with the analytical results in Fig. 3
indicates good qualitative agreement with the
theory.

The location of the points of maximum
luminous intensity for these bodies on the ¢4
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F1G. 11. Meteor data plotted to determine initial velocity
and ballistic coefficient.

Table 2
- '*(' o
Time Velocity Altitude Angle § .C ])A;? i
Meteor (s) (km/s) (km) (deg) Comment (g/em?)
Pribram [9] 0 20-887 88-594 43° Appeared at 97-8 km 762
0-85806 20-864 76-289
0-85602 20-860 76-318
1-73230 20-838 65-837
2-49383 20-773 52970
269203 20-717 50-164 Broke up at about 40 km
3-06758 20-459 44-858
Meanook [10] 0 17-42 67-59 60-2 i
1-0 16:58 5271 Flare at 0-8 s 561
1-4 15-45 47-12
1-8 1310 42-11 Broke in two at 175 s
20 11-28 3998
22 916 38-21 Flare at 2-08 s
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map may be accomplished both from the values
of i and A at that point. This is shown in Fig.
13. For both the Pribram [9] and Meanook [10]
meteors, the corresponding values of 7 and 4 are
in good agreement with the analytical results

and allow determination of (¢/n)(Cx/Cp). There
is seen to be a large difference in the resulting

values of (¢/n)(Cx/Cp), a difference which is
probably due to differences in body material.
The Pribram meteor [9] is a classic case—
since it is the only large meteor observed photo-
graphically of which pieces were recovered after
impact on the earth. The material was deter-
mined to be a chrondrite stone having a density
of about 3-5 g/cm3. Using the determined
ballistic coefficient, (m/CpA); = 76-2 g/cm?2 and
assuming a spherical shape and a drag co-
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efficient Cp = 1 yields an initial mass of 64100 g
and a diameter of 32-7 cm. A total mass of about
7000 g was recovered and it was suspected [9]
that one of the larger pieces was not found. It
thus appears that more than 10 per cent of the
original body survived atmospheric entry. Since
the mass at maximum luminous intensity is about
one third of the initial mass (see Fig. 13), it
appears that the path of the body in the ¢
plane must have been downward with a slope
close to minus one—as indicated by the
arrow in Fig. 13. This trend can be rationalized
by the expected reduction of the convective
component of the heat-transfer coefficient with
increasing gas density and of the radiative
component with decreasing body size [8].
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Résumé-—Cet article examine les facteurs affectant la dynamique et la perte de masse de corps pré-
sentant une ablation pendant un mouvement 4 grande vitesse. La dynamique et ’ablation du corps
sont interdépendantes, puisque la vitesse de perte de masse dépend de la vitesse et puisque la décéléra-
tion dépend du rapport de la masse au produit de la surface du maitre-couple par le coefficient de
trainée (m/CpA), qui peut changer a cause de la perte de masse et du changement de forme. L’énergie
cinétique initiale du corps décroit a la fois 4 cause de la perte de masse et de la perte de vitesse. Les
vitesses relatives de perte de masse et de perte de vitesse dépendent du ‘“‘rendement” avec lequel
Iénergie perdue due a la trainée aérodynamique est retournée au corps et absorbée dans le processus
d’ablation.

Le cas classique du météore, oli on suppose que I’écoulement est du type moléculaire libre avec
des coefficients constants de transport de chaleur et de trainée, est passé en revue et présenté en
fonction de paramstres sans dimensions qui permettent 'application a des cas autres que celui d’une
entrée d’'un m3téore dans I'atmoasphére. Cette solution indique qu’une masse finie reste apres la
décélération, la grandeur de la masse relative a la masse initiale dépendant du “rendement’ décrit
ci-dessus.

En général, les cas avec des coefficients variables de transport de chaleur et de trainée demandent
des solutions numériques a la machine (actuellement en cours). Cependant, des solutions analytiques
pour certains cas sont possibles et sont présentées dans cet article. On obtient une solution analytique
pour la variation spécifique du coefficient de transport de chaleur correspondant & une sphére avec un
échauffement par convection laminaire en vol hypersonique & altitude constante. Dans ce c¢as, I'aug-
mentation du coefficient sans dimensions de transport de chaleur due a la diminution de la taille du
corps (augmentant ainsi effectivement le “rendement’) peut aboutir & une perte compléte de masse
pendant le processus de décélération.

A la fois pour ce cas et le cas du météore, la variation de vitesse pendant la majorité de la perte de
masse differe seulement légérement de celle pour un corps avec un coefficient balistique (m/C; A}
invariable. Cette approximation est utilisée pour formuler la solution analytique d’un cas qui cor-
respond a I'échauffement par convection laminaire d’une sphére dans la rentrée hypersonique——
¢’est-a-dire un grand météore a faible vitesse ou une boule de feu. A cause de I'effet deminant de la
décroissance du coefficient de transport de chaleur avec 'augmentation de la densité du fluide
(diminuant ainsi effectivement le “rendement”), la vitesse de perte de masse est réduite et la masse
finle est appréciable comparée a la masse initiale. Les résultats analytiques sont comparés avec deux

boules de feu observées convenablement.

Zusammenfassung—Diese Abhandlung untersucht die Umstdnde, welche die Dynamik und den
Massenverlust von Korpern beeinflussen, wenn sich diese mit sehr hoher Geschwindigkeit in der
Atmosphire bewegen und abschmelzen. Die Dynamik und das Abschmelzen des Korpers stehen
untereinander in Beziechung, weil der Massenschwund von der Geschwindigkeit und die Verzégerung
von dem Verhiltnis Masse zu Widerstandsfliche (m/CpA) abhingt, denn der den Widerstand
verursachende Querschnitt kann sich sowohl durch Verdnderung in der Form als auch durch den
Massenverlust dndern. Die bezogenen Werte von Massenschwund und Geschwindigkeitsabnahme
sind durch den “Wirkungsgrad” bedingt, mit welchem die durch den Stromungswiderstand verloren-
gegangene Energie wieder in den Korper zuriickgefithrt und durch den Abschmelzprozess absorbiert
wird.

Der klassische Fall des Meteors, wo man eine Stromung freier Molekiile mit konstanter Warme-
ibergangs- und Widerstandszahl annimmt, wird @iberpriift und in Termen mit gebrauchlichen dimen-
sionslosen Paramstern wiedergegeben. Damit ist die Anwendung auf Fille, die anders geartet sind als
das Auftreffen eines Meteors auf die Atmosphire, moglich. In dieser Ldsung treten eine endliche
Masse auf, die nach dem Abbremsen iibrigbleibt und der Betrag der Masse bezogen auf die An-
fangsmasse, welche von dem oben bezeichneten “Wirkungsgrad™ abhéngt.

Im allgemeinen verlangen Fille mit verdnderlichen Wirmeibergangszahlen und Widerstands-
koeffizienten numesrische Losungen durch Rechenmaschinen (jetzt im Fortschreiten begriffen). Es
sind jedoch auch analytische Losungen fiir bestimmte Fille moglich und hier aufgefithrt. Fiir die
spezifische Anderung der Wirmeiibergangszahl, die bei einer durch laminare Konvektion geheizten
Kugel im Hyperschallflug in konstanter Hohe auftreten wiirde, ergibt sich eine analytische Losung.
In diesem Fall kann das Anwachsen der dimensionslosen Warmeubergangsza.hl verursacht durch
die abnehmende Grosse des Versuchskorpers (der “Wirkungsgrad” wird erhoht) einen volligen
Massenschwund beim Verzégerungsvorgang ergeben.

Fiir diesen Fall, wie auch fiir den des Meteors, unterscheidet sich die Anderung der Geschwindigkeit
wihrend des grossten Teils des Massenschwundes nur unbedeutend von der fiir einen Korper mit
einem unverinderlichen ballistischen Koeffizienten (m/C,4). Diese Ndherung wird dazu verwendet,



DECELERATION AND MASS CHANGE OF AN ABLATING BODY

eine analytische Losung fiir einen Fall aufzustellen, der dem Wiedereintritt einer Kugel in die Atmos-
phire entspricht, die dabei mit laminarer Konvektion beheizt wird und sich mit Hyperschallgeschwin-
digkeit fortbewegt, d.h. ein grosser, langsamer Meteor bzw. eine Sternschnuppe.

Wegen des vorherrschenden Einflusses der Abnahme der Wirmeiibergangszahl bei steigender
Dichte der Atmosphire (der ‘“Wirkungsgrad” wird verringert), wird die Massenverlustsrate herab-
gesetzt und die noch vorhandene Masse mit der Anfangsmasse in einer Abschitzung verglichen.

Die analytischen Ergebnisse werden mit zwei genau beobachteten Sternschnuppen verglichen.

AunoTamua—B [aHHON cTaThe paccMaTpHBATCA (GAKTOPH, BIMAIONME HA IHHAMUKY K
TIOTEPIO MACCH A0OUPYIOIIMX TeJ P ABH:KEHHH ¢ GO0 CKOPOCThIo. [IMHAMKMEA U a0JANEA
TeJIa B3aMMOBABUCHMBL, IIOCKOJIbKY HHTEHCHBHOCTb MOTEPH MACCHL 3aBHCHUT OT CKOPOCTH I
TIOCKOJIBKY TOPMOHEHIE 3aBHUCHUT OT OTHOIIEHMA MACCH K IuIomiagn conporusienusa (m/CpA),
KOTOpafA MOMeT MBMEHATHCA M3-334 HOTEePHM Macchl M M3MeHeHMA (opMBl. OTHOCHTENbHAA
MHTEHCUBHOCTH IIOTEPH MACEHl M CKOPOCTU 3aBHCHT OT @QEKTHBHOCTH®, ¢ KOTOPOH IOTEpH
BHEPIHH B34 CYET TUAPOANHAMUYECKOTO COMPOTHBIEHHA BO3BPAIIAETCA K TEIXY U IOTJIO-
u@aeTcA mpu abiaAnuu.

Hunaccnueckuit ciydait Mereopa, Ifie IPeANONAraioT, YTO NOTOK ABJIAETCA CBOGOTHO-
MOJIEKYJIAPHEIM HPH MNOCTOAHHBIX KOB(PPUIMEHTAX TeII000MEeHA M COMPOTUBJIEHUA, Ie-
PECMOTpEeH U MpeACTaBieH B BHAe 00muX (Ge3pasMepHLIX NAPAMETPOB, KOTOPHE MO3BOJAIOT
NPUMEHATh JAaHHBIA aHaJu3 JJA JPYTUX CIydaeB, 4 He TOJbKO KIA CIYYaA BXOMIAEHMS
MeTeopa B atMocepy. OTO pelieHHe faeT KOHEYHYIO MACCY, OCTABRIIYIOCA TIOCIIE TOPMOMKEHUA,
BEJIMYMHY MAcCCHl OTHOCHTEJIbHO HAYaJIbHON Macce B 3ABHCHUMOCTH OT BBHUIEYKABAHHOMN
«@PPeKTUBHOCTH .

B oGwem, ciryyau mepeMenHHX KOBPQUIMEHTOB TEMI000MEHA M COMPOTUBIEHUA TPeOYIOT
YMCIEHHBIX PeIlleHuil HA 9IeKTPOHHO-CYETHO! MaIluHe (B HACTOSIIEE BPeMS 5TH BHYMCJICHUA
npoussoparcA). OAHAKO, aHATMTHYECKHE PeIleHNA HEKOTOPHX CIyYaeB BOBMOMKHE! M IIpef-
CTABJIEHH B JAHHOH cTaThe. [lomyueHo anannTayeckoe petlieHne AaA u3MeHeHuA Koadduumenta
TENA000MeHa, ANA I1apa TpH JAMMHAPHOM KOHBEKTHBHOM HATDeBe NPH TUIIEP3BYKOBEIX
HOJIETaX C MOCTOAHHOR BHICOTON. B aToM ciryuae yBenmuenne Gespasmeproro roaddunmenta
TeTI000MEHA 32 CYeT YMEHBIICHUA PA3MePA Tella (TAKUM 00pA30M, BHAYATETBHOE YReIuIeHne
«(QPERTHBHOCTHY) MOMKET IPUBECTM K IIOJIHOM MOTEpPE MACCH NP TOPMOMKEHMIH.

Hak B aToM ciyuae, Tak u B cIyyae MeTeopa, M3MEHEHHE CKOPOCTH B TedeHHe OCHOBHOILO
TIePMOJA TIOTePU MACCHL TOIBKO CIIETKA OTINYAETCA 0T TOT'0 IIEPUOMIA [JIs1 TeIIA C HEM3M eHAOIEeMCSA
Samnmcrndecknm koodduunentom (m/Cpd). D10 NpnbIImKeHNe NPUMEHATIOCH A (OPMYIH-
POBAHIA AHAIUTHYECKOTO PEIIEHUA AIIA CIAYYas, COOTBETCTBYIOIETO IAMUHAPHOMY KOHBEKTH -
BHOMY Harpesy IIapa IpHM BOSBPAIEHUM B aTMOcepy ¢ IMHEPSBYKOBOH CKOPOCTBIO T.e.
OYeHb MeJJIeHHOro MeTeopa. 3a CYeT OCHOBHOTO BJIMAHUA YMEHBUICHAA KOdPPHIMEHTA
TeII000MEHa TPH YBEAWUWBAOIIEHCA IIOTHOCTM MOTOKA (TAKWM 00pAa30M, BHAYUTENLHO
YMEHBIIAIIEHCH «PPEeKTHBHOCTH?) CKOPOCTH TOTEPH MACCH YMEHBIIAeTCA, H KOHEYHAs
Macca CpaBHHMA C HAYaJIbHON. AHATMTHYECKHe Pe3yJbTATHL CPABHEHHl ¢ Pe3yJIbTATAMIL,

HOJYYeHHBIMM Il IBYX XOPOWIO HAGIIOZAEMBIX METEOpOB.
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