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The interaction of high velocity bolides with dense planetary atmospheres is a critical issue in 
planetary sciences, e.g., the depletion of small scale craters on Venus, and the atmospheric break-up 
upon impact of Comet Shoemaker-Levy-9 fragments onto Jupiter, Tunguska, tektites, and dispersion 
of spherules in the K-T event. We have examined this issue using both code calculations and 
analytical models and have characterized the time scales and depths for bolide: 1) deceleration, 2) 
deformation and spreading, 3) shedding of mass by instabilities, and 4) disintegration by instabilities 
and subsequent stopping or impact. We have related our results to laboratory experiments, and 
planetary surface observations. 

The penetration of large bolides(radius = R) relative to the atmospheric scale height(1) into a 
dense planetary atmosphere can be described in terms of three regimes: 1) initial - prior to 
distortion, 2) compression and distortion, and 3) disintegration and stopping. 

Prior to Distortion. When the bolide enters the upper region of a planet's atmosphere it 
induces a high temperature shock wave in the gas in front of the bolide. The radiation and 
convective flow of the shocked atmosphere around the front melts and ablates material from the 
bolide. The high speed flow of the atmosphere tangential to the melted material drives surface-wave 
Kelvin-Helmholtz (K-H) instabilities that grow and shed melt droplets into the flow behind the body. 
These particles are micron-sized, as the fastest growing wavelengths of the K-H instabilities are 
microns in length. The relative mass loss for large impactors is small [I]. Wavelengths much shorter 
-1 micron are suppressed by the viscosity of the melt and do not grow --this is seen in the turnover 
in the curves in Figure 1. The time for K-H instabilities to form was calculated using the formulation 
of Keith and Banks [2]. For example, the time scale for various wavelength K-H instabilities to form 
is shown in Figure 1. 
Comnression As the bolide penetrates further into the atmosphere, the dynamic 
pressure in the shock wave in front of the bolide can exceed the strength of the impactor. Besides 
fracturing the projectile, the pressures can be sufficient to compress and distort the bolide. The 
compression occurring during the passage of the fracturing wave is dependent upon R,!. For large 
bolides impacting Venus and Jupiter the pressure rise during fracture wave propagation ( tfw = 
2R/Us ) is significant and the fracturing wave evolves to a strong shock wave that propagates at a 
velocity(Us), and the bolide is compressed in the region behind the shock wave(= Figure 2a). The 
impactor is also distorted by both the passage of the compressive-fracturing wave and by the action 
of the aerodynamic forces. These aerodynamic forces are greatest at the center of the fragment and 
give rise to the spreading and flattening of the bolide [3-61. The relative diameter was found in SPH 
calculations [7] to increase from unity to maximum of -4 for a 1 lan radius impactor and -1.7 for a 
5 km radius impactor (see Figure 2b). This distortion and flattening has been observed in laboratory 
experiments of breakup of liquid droplets by gas streams [8], and in code calculations [7]. 
Hydrodynamic instabilities prevent the projectile from expanding to the effective diameters that are 
as large as -20 times the undisturbed diameter predicted by models based only on inertial 
confinement [3]. 

Besides K-H instabilities, Rayleigh-Taylor (R-T) instabilities occur and these are driven by the 
deceleration of the bolide and by the aerodynamic forces. These instabilities occur near the center 
of the front of the bolide. The particles ejected in Figure 2a are believed to result from R-T 
instabilities. We show that the time for R-T instabilities to grow relative to the characteristic 

deceleration time, tdece l ,  is given by: tR-T / thl = { [ ~ / ( 2 d f ) ] ( h / R ) ~ ' ~  where 

f = en { Q / ( X ~ ) ) ( ~ ~ R / ( ~ , P ) }  and )r. is the instability wavelength, Cd the drag coefficient, Pa and 

pb the densities of the atmosphere and bolide. Ivanov et al. [9] observed that upon passage of 
impactor through the Venusian atmosphere that surface instabilities grow at the front of the projectile 
and limited the distortion of the projectile. Recently, Boslough et al. [lo] observed similar 
phenomena in their calculation of Comet Shoemaker-Levy-9 impact on Jupiter. 

Instabilities are driven by velocity differences between the atmosphere and the bolide surface 
and are most prevalent near the edge of the front face of the bolide. We show that the time for K-H 
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instabilities to grow relative to the bolide characteristic deceleration time is given by 

t ~ - H  1 tdgpl = ( 1 0 / ( ~ & ) ) ( ~ ~  1 qa)'I2(Rl 3 ( ~ /  R) (1 1 f )  where qa  and qb  are the viscosities 
of the atmosphere and the bolide. 

'Ihe final breakup of the bolide occurs when the instabilities having wavelengths on the order of the 
size of the bolide (m - 1) grow to large amplitudes. Referring to Figure 1, we see that growth rates 
for 1 ge scale K-H instabilities are on the order of 1 s'l for bolides 1 lon in radius and on the order "i of 10 s'l for 1 to 5 km radius impactors. The growth rates for R-T instabilities are also comparable 
to these values. Our SPH calculations show disintegration occurring at these time scales predicted 
from these growth rates (Figure 2). Shown in Figure 2c is final disintegration and the stopping of the 
disintegrated fragments. 

REFERENCES: 1. Bronshten V. A. (1983) Physics of Meteoric Phenomena D. Reidel Publishing Co., 
Boston, 356 pp. pp. 2. Keith J. C. and Banks N. E. (1990) Intl. J. Impact Eng., 10, 309-322. 3. Zahnle K. 
(1992) J. Geophys. Res. ,97, 10243. 4. Melosh H. J. (1989) Impact Cratering, A Geologic Process Oxford 
University Press, New York, 245 pp.. 5. Zahnle K. and MacLow M.-M. (1994) Icarus , submitted. 6. Vickery 
A. (1993) EOS ,74,291. 7. Takata T., et al. (1994) LPSC ,25, this volume. 8. Ranger A. A. and Nichols J. A. 
(1970) AIM Journal , 8, 1720-1722. 9. Ivanov B. A., et al. (1992) J. Geophys. Res. , 97, 16,167-16,182. 10. 
Boslough M. B., et al. (1993) Bull. Am Astron. Soc. , 25, 1045. 

1  I $  l o 4  l o 6  I O ' I O ~ ~ I O ~ *  
(1) Bolide Diameterllnrtability Wavelength 

Growth rate of Kelvin-Helmholtz instabilities as a function of the diameter of the impactor divided by the 
instability wave length. The curves are for impactor diameters of 1,2, and 10 km and the depth into the atmosphere 
is 300 km relative to the 1 bar level of Jupiter. Fie.. Smooth-Particle -Hydrodynamic (SPH) calculations of the 
penetration of a fragment of Comet Shoemaker-Levy-9 fragment into Jupiter's atmosphere. The diameter of the 
bolide is 10 km and the angle of enay is 40' from the zenith. Shown are the density fields at various times relative 
to the time the bolide penetrated to the 1 bar altitude. Dots indicate planetary atmosphere and triangles bolide SPH 
particles. 'Ibe times are 2.0, 5.0, and 21 see., respectively . 
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