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DYNAMIC FRAGMENTATION OF A COMET IN THE JOVIAN ATMOSPHERE. B. A. 
Ivanov, Institute for Dynamics of Geospheres, Moscow, 117939 and H. J. Melosh, Lunar and 
Planetary Lab, University of Arizona, Tucson, AZ 85721. 

The expected impact of comet Shoemaker-Levy IX (SLIX) on Jupiter in late July 1994 is simulated with 2D 
hydrocode to study the dynamic fragmentation of a body during its flight through the Jovian atmosphere. 
Preliminary results predict the disruption of a 10-km ice sphere into fragments with dimensions of 250 to 500 m at a 
depth of approximately 70 km below 1 bar pressure level. 

Introduction. The expected collision of the Comet Shoemaker-Levy IX with Jupiter [I] has generated a great deal 
of interest since it may be possible to observe the event [2,3]. The effects of the impact on Jupiter's atmosphere 
depend strongly on the energy transfer from the incoming comet to the atmosphere, which in turn depends on the 
comet's deformation during its flight through the atmosphere. 

We used the SALE code [4] modified by Melosh et al. [5] to compute the history of dynamic fragmentation of 
SLIX cometary fragments during their flight through the Jovian atmosphere. To try to bracket the uncertainties in 
the SLIX composition [3] we simulated the collision of both basalt and ice bodies. The same parameters as in [61 
were used in both the equation of state and in the Grady-Kipp model of dynamic fragmentation. 

Initial model parameters. We assume initially spherical basalt and ice projectiles with diameters of 10 km. The 
initial velocity is 60 W s .  The angle of entry is 45 degrees, so the projectile's height decreases at a rate of 42.4 M s .  

To describe our results we use "geographical" coordinates: a spherical projectile has a "south pole" at the center 
of the leading edge and a "north pole" at the center of the trailing edge. The atmospheric flow moves from "south" to 
"north" with respect to the projectile. 

In these preliminary computations the atmospheric gas flow around the projectile is not simulated directly by the 
hydrocode. The external pressure is defined at the projectile surface according to a theoretical formula: the 
stagnation pressure, Psbg, at the "south pole" decreases as Pstag*SIN(LATITULIE). At the "equator" the pressure 
falls to zero. Zero pressure is applied to the entire "northern" hemsphere. The standard ideal gas equation describes 
the value of the stagnation pressure: Pstag is proportional to the density of the ambient atmosphere and the square of 
the descent velocity at a given instant of m e .  

The height, h, is measured from the 1 bar pressure level, which we take to be positive above and negative below 
this level. We use a simplifkd model of the Jovian aanosphere that includes an isothermic atmosphere above the 1 
bar level with a scale height H1=23.66 km, and an isentropic atmosphere below with a scale height Hk77.44 lan. 
A density of 0.17 kg/m3 at h=O gives a rather good fit to more realistic models of the Jovian atmosphere. Thus the 
atmospheric density, pa, is described as 

Pa = 0.17 exp (-h/H1) Odr<400 km 
pa = 0.17 ( l -hh12Y.~~ h<O. 

Calculations begin at the height of 400 km, where Pstag is low enough to produce only elastic strain in the body. 

Ice projectile. The first manifestation of disruption occurs at 5 sec at a height of 190 km, where Psbg is about 0.5 
bar. The velocity of bulk sound waves in the model ice is about 2.9 W s ,  so the time for an acoustic pulse 
reverberation is about 7 sec. This means that disruption begins under non-equilibrium conditions--the acoustic waves 
are not fast enough to adjust the body's entire volume to the increasing external pressure on the leading hemisphere. 

Disruption begins at the body's surface between 30"s and 60's and propagates into the body as a series of cracks. 
The azimuthal tensile stress is the maximum, so the first cracks seem to be radial ones which "slice" the body into 
"orange sections". A natural drawback of an axisymmetric hydrocode is that is gives a poor representation of such a 
crack, so the following results have a qualitative character. 

Using the statistical approach developed in [5,6], the characteristic dimension of the first "sections" is estimated 
as 350 m, which is comparable with the size of a computational cell (about 500 m). 

The full disruption of the ice body is achieved around 11 sec at the height of -70 km (Pstag is around 3 GPa). The 
size of the most probable fragment varies from 500 to 250 m. The internal motion of the deforming body has a 
maximum velocity of 500 mls. Most of the projectile is disrupted by tension; only several cells failed by shear in 
compression. 

Due to full disruption and an increased ambient atmospheric density the body begins to deform faster after 11 s. 
The computationwas halted at 15 sec (h=-240 km) when the Lagrangian grid failed to describe the body 
deformation. A non-Lagrangian grid may be needed in the future to describe the final deceleration and explosion of 
the body. 
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Basaltic projectile. Being much stronger, a basaltic projectile begins to disrupt at 9 sec at a height of 18 lan. The 
bulk sound speed for basalt is around 4.3 kmls, and the reverberation time is around 4.6 s. So before disruption 
begins stress waves can travel twice from the "south" to "north" pole and back. The result is a closer approach to 
equilibrium conditions inside the body in comparison with ice. In the "southern" hemisphere the external pressure 
creates compressive stresses that prevent tensile disruption. The first "cracks" appear close to surface in the 
"northem" hemisphere (latitude around 45N). 

Several code runs reveal a correlation between the point where the disruption begins and the Poison ratio of the 
projectile material. This point needs to be elaborated further; our first impression is that a low Poison ratio shifts the 
position of the first crack toward the "equator". As with ice, the first cracks in a basalt sphere are meridional. The 
size of the "sections" are computed to be around 3 km, which is larger than a cell dimension (- 500 m), so an 
axisymmetric 2D hydrocode fails to describe quantitatively the further disruption ("orange sections" may be intact 
inside while all the ring cells are fully damaged in the computational grid). In the future this fault may be partially 
compensated with a more sophisticated damage description. A 3D code would be a better solution of the problem. 

Quantitatively, a range of fragments sizes from 100 m to 3 km has been calculated. The body is fully disrupted at 
16 s at height of -300 km, where stagnation pressure is about 30 GPa. Only the "northern" hemisphere is disrupted in 
tension, while the material in the "southern" hemisphere fails by shear in compression above the shear strength limit 
(about 1 GPa in the first model run). 

The calculation was halted at 17 sec, when the body diameter increased approximately by a factor of two. The 
relative internal motion had a maximum velocity of 1 W s .  

Venus test. The impact crater population on Venus allows us to test the model of dynamic disruption described 
above. According to [7] the minimal projectile diameter which strikes the Venusian surface as a single body is about 
0.8 km for a vertical impact. Using the same code as for Jupiter (except the atmospheric model) we calculated the 
vertical flight of a basaltic sphere with a diameter of 1 km through the Venusian atmosphere with an initial velocity 
20 M s .  The disruption pattern demonstrates that a 1-km basaltic body is very close to the actual limiting diameter. 
Smaller bodies seem to strike the surface as a cluster of separated fragments. In the future multiple craters on Venus 
may be used to calibrate the dynamic fragmentation model. 

Possible role of acoustic vibrations. In several test runs with a decreased damping of numerical instabilities in the 
code, we observed an avalanche growth of damage initiated by internal "waves". This qualitative result presents an 
interesting possibility for the real event. If a real body is not an ideal sphere, the gas flow around the rough body 
surface may generate noise (well known to all air passengers). The tension phase of a sound wave may locally 
accelerate fracture growth, increasing the damage. A change in bearing capacity may result in the localization of 
deformation, further accelerating the damage growth at a given point. The acoustic "noise" field may thus increase 
the level of damage in comparison with previous estimates. 

Possible role of structural inhomogeneities. If the projectile has some initial damage (for example, from previous 
impacts or tidal disruption) the disruption may be governed by this pre-damage structure. In this case weak planes 
may localize the new accumulated deformations. At the qualitative level it may increase the fragment size. Future 
simulations with statistically distributed pre-damaged zone may give quantitative estimates. 

Conclusion. Numerical simulation of the SLIX comet's fragmentation in the Jovian atmosphere may produce better 
constraints for impact energy release, which are important for the observational predictions of the event. 
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