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AN ANALYTICAL MODEL OF METEOROID ENTRY INTO PLANETARY ATMO- 
SPHERES* D. A. Crawford, Sandia National Laboratories, Albuquerque, NM, 87185. 

Understanding the mechanisms of kinetic energy loss during meteoroid traversal of planetary 
atmospheres is crucial for understanding the development of fireballs and plumes that were 
observed during the impact of Comet Shoemaker-Levy 9 on Jupiter [I] and entry events in Earth's 
atmosphere[2]. Analytical models of the deceleration, ablation, deformation and breakup of mete- 
oroids during passage through planetary atmospheres have been proposed and refined by many 
researchers [3-71. Here, a modified ablation model is proposed that properly satisfies conservation 
of energy during the ablative process and can be reconciled with observations of terrestrial mete- 
ors. A new analytical hydrodynamic deformation model, based on an observation of O'Keefe et al. 
[S], compares favorably with numerical simulations performed using the CTH shock-physics code 
[9]. Coupling the new hydrodynamic model to the modified ablation model yields a model that 
describes meteoroid entry over a wide range of velocities and spatial scales. 

Fig. 1. Schematic diagram of the analytical entry 
model that explicitly models the development 
and behavior of an ablative vapor layer. The 
increased interaction cross section, n(r+x12, due 
to the presence of the vapor, accommodates 
energy conservation during the ablative process 
while retaining the large energy deposition rates 
of previous models. The thickness of the vapor 
layer, which changes dynamically as the impac- 
tor penetrates, is a function of impactor compo- 
sition, the temperature at the bow shock and the 
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opacity of the vapor and atmospheric gases. 

A body entering a planetary atmosphere at hypervelocity produces a parabolic bow shock 
(Fig. 1). The irreversible heating at the bow shock is radiatively coupled to the meteoroid surface 
causing vaporization of the meteoroid materials. Because the energy required to remove a unit 
mass from the surface of the body is much greater than the heat of vaporization, a vapor layer 
forms and thickens. The coupled differential equations that describe the evolution of the vapor 
layer and the deceleration and hydrodynamic deformation of the meteoroid are written as: 

m- = - 2 dv C d n ( r + x )  pvsece 
dz 2 (1) 

where m, v, r, pb, 0, z ,  Qo, andA are the mass, velocity, radius, density, entry angle, altitude, heat 
of vaporization and average molecular weight of the entering body; p is atmospheric density; 
Csl, C,-0.5 and Ch-0.1 are drag, mass-loss and heat-transfer coefficients; x and T, are the 
thickness and temperature of the vapor layer; R is the gas constant and ko-0.2 is a constant 
describing the growth rate of a Kelvin-Helmholtz instability which 'flattens' the body[lO]. 
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Equations (1) - (4) are numerically integrated to describe the deceleration, ablation, vaporiza- 
tion and hydrodynamic deformation experienced by an entering body. The hydrodynamic defor- 
mation rate constant, kO, is calibrated against CTH simulations (which did not model radiative 
ablation) by independently integrating Equations (1) and (4) and keeping x = 0 (Fig. 2). Because 
the radiant energy that drives vaporization at the surface of the meteoroid must propagate through 
the vapor layer from the bow shock, growth of the vapor layer will stop once its thickness reaches 
a critical value [lo] and the layer becomes optically thick. For large objects such as Shoemaker- 
Levy 9, this occurs at hlgh enough altitude to affect the dynamics at low altitude (Fig. 3). For 
small meteoroids, Equation (3) is self-limiting and the vapor layer will reach an equilibrium thick- 
ness (typically 5- 10 times the radius of the meteoroid) before the opacity limit is reached. 
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Fig. 2. Energy deposition from 1- and 3-km ice fragments entering Jupiter's atmosphere. The solid curves without 
symbols are from CTH simulations [9] and are labeled with the resolution of the calculation (represented by the num- 
ber of zones across the radius, R25 and R50). Results of the analytical model (ko=0.2) are superimposed (open cir- 
cles). The 'pancake' model of Zahnle and Mac Low (stars) places the peak energy deposition slightly higher [7]. 

Fig. 3. Energy deposition curves 
from the analytical model for 125- 
2000 m diameter ice fragments - 

E entering the Jovian atmosphere. 200 : 
The change of slope at an altitude of 4 
100 krn occurs when the vapor layer . 100 1 
becomes optically thick and appears 2 
at about the same location as deter- 
mined by Zahnle and Mac Low [7]. 
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