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Proeedings of the IMC, La Palma, 2012 1Two-stage destrution of meteoroidsLidia EgorovaInstitute of Mehanis,Lomonosov Mosow State University, Mihurinsky Pr. 1, Mosow, 119192, Russiaegorova�ime.msu.ruWe onsider the following senario for the destrution of a rather large meteoroid body. Duringits movement through the atmosphere, the meteoroid su�ers from aerodynami fores, and getsrepeatedly rushed. We assume that in this �rst stage of fragmentation, the meteoroid is dividedinto several rather big piees. The resulting loud of fragments of unknown shape, size, and quantityontinues its path into the lower atmosphere. The seond stage of fragmentation onsists of the suddendestrution of a body into a loud of small partiles and dust. Due to extremely high temperaturesat the surfae of the fragments and in the gas around them, all of the meteoroids an melt in a shortperiod of time. This phenomenon appears to the observer as a terminal �ash.1 IntrodutionObservations of entries of bolides into the Earth's atmo-sphere prove their fragmentation and destrution in theatmosphere. Most meteoroids are destroyed by aero-dynami fores (Cepleha et al., 1993; Cepleha andReVelle, 2005; Popova and Nemthinov, 2008). Thefragmentation ould our in two di�erent ways. Oneway is progressive fragmentation, whih means that thebody breaks up into several partiles. Alternatively, ameteoroid ould be destroyed into a loud of small dustpartiles. It is possible, however, that both fragmen-tation mehanisms are at work for the same meteoroid(Cepleha et al., 1993). In this paper, we onsider suha two-stage destrution.2 Governing equationsAs usual, we assume that the movement of the mete-oroid is desribed by a standard set of equations inlud-ing the equation for the movement of its enter of massand the equation of mass loss, whih an be written as
{

M dV
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= −
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2;
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3,
(1)with M the meteoroid's mass, V its veloity, A its ross-setional area, ρg the density of the atmosphere aroundthe meteoroid, CD the drag oe�ient, CH the heattransfer oe�ient, and Q the spei� heat of ablation(e�etive enthalpy). The optial luminosity is propor-tional to the kineti energy of the meteoroid mass andis due to the intensity of the ablation. The luminosityof the body (or partile) an be found as

I = −τ
V 2

2

dM

dt
, (2)with τ a dimensionless oe�ient of luminosity (Ce-pleha et al., 1993; Borovi£ka et al., 1998).

3 Fragmentation and destrution ofmeteoroids in the atmosphereWe onsider the motion of a rather big body, and as-sume that the body breaks up into several rather bigpiees at the �rst stage of its fragmentation. Theirshapes and sizes depend on the heterogeneity of theparent body. Further fragmentation of the loud of par-tiles ours in a lower layer of atmosphere, where theaerodynami fores inrease. We assume that in the�nal stage the fragments break down into small pieesand produe a light �ash known as a �thermal explosion�(Egorova and Lokhin, 2010; Egorova, 2012a; 2012b).This means that the fragments are in a hot loud andmay be subjet to large thermal stresses, ausing an ad-ditional fragmentation into smaller piees that instantlyevaporate, reating the explosion.4 Duration and path length for eahpartile of the fragmented bodyWithout loss of generality, we assume a spherial shapefor the fragments. Then, we an �nd the mass of thepartile knowing its radius r and density ρb. Assumingthe resistane and heat transfer oe�ients to be on-stant, we may derive the following from the equations(1) of momentum and mass loss:
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(3)with V0 and r0 the veloity and radius of the meteoroidbody upon entering the atmosphere.We assume that the partiles emit light until sloweddown to a some ritial veloity V∗ whih is no longersu�ient to maintain the heat at the surfae of thebody. Hene, we may derive the duration of the emis-sion from (3):
t∗ =

8(V0 − V∗)ρb

3V0V∗ρgCD

r0. (4)
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2 Proeedings of the IMC, La Palma, 2012The path length of the meteor will then be
L =

∫ t∗

0

V dt =
8

3

r0ρb

ρgCD

ln

(

1 +
V0 − V∗

V∗

)

. (5)5 The inrease in light intensity at the�rst stage of fragmentationIn the �rst stage, the size of the partile depends onthe parent body's heterogeneity, whih is random, aswas said before. We onsider that the meteoroid frag-ments are all spherial and have all the same size. Thisassumption allows us to alulate the brightening as aresult of the inrease of the surfae area:
Ifr

I0
=

3
√

N, (6)with N the number of fragments.By the statistial theory of Weibull, the strength of thefragmented partiles will inrease (Popova andNemthi-nov, 2008). Knowing the strength of the fragmentedpartiles, one may derive the altitude of the seond frag-mentation, and hene also the path length and durationbefore the next fragmentation.We applied our theory for the SN94032 bolide (Popovaand Nemthinov, 2008) and the Ko²ie meteorite fall(Borovi£ka, 2012) and the results were in good agree-ment with the observational data.6 Time and light intensity at theseond (�nal) stage of fragmentationRapid destrution and evaporation of small fragmentsof the meteoroid auses the e�et of a thermal explo-sion. We onsidered the thermal explosion aused bythe rapid evaporation of the small fragments loud witha typial fragment size range (Egorova, 2012a; 2012b).The luminosity of the �nal �are was alulated as anintegral over the mass distribution:
IΣ(t) =

∫ 1
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)

dm0. (7)Here, we swithed to dimensionless parameters by nor-malizing the largest mass to 1. Solving (7) allows us to�nd the intensity and the real duration of the �nal �are.We found that the alulated values of these parametersfor the SN94032 bolide (Popova and Nemthinov, 2008)and the Ko²ie meteorite fall (Borovi£ka, 2012) are loseto the observed values, supporting our hypothesis of atwo-stage fragmentation.

7 ConlusionsUsing analytial solutions and simple estimates fromthe physial theory of meteors, we onlude that two-stage fragmentation an our for rather bright �reballs.AknowledgementsThis work reeived �nanial support from FASI, stateontrat 02.740.11.0615 and RFBI 11-01-00504.ReferenesBorovi£ka J. (2012). �The Ko²ie meteorite fall: atmo-spheri trajetory and fragmentation from videosand radiometers�. In Gyssens M. and RoggemansP., editors, Proeedings of the International MeteorConferene, Sibiu, 15�18 September 2011, IMO,page 14.Borovi£ka J., Popova O. P., Nemthinov I. V., SpurnýP., and Cepleha Z. (1998). �Bolides produed byimpats of large meteoroids into the Earth's atmo-sphere: omparison of theory with observations�.Astron. Astrophys., 334, 713�728.Cepleha Z. J., Spurný P., Borovi£ka J., and KelíkováJ. (1993). �Atmospheri fragmentation of mete-oroids�. Astron. Astrophys., 279, 615�626.Cepleha Z. J. and ReVelle D. O. (2005). �Fragmenta-tion model of meteoroid motion and radiation inthe atmosphere�. Meteoritis & Planetary Siene,40, 35�54.Egorova L. A. (2012a). �Modern models of meteoroidfrature�. In Asher D. J., Christou A. A., AtreyaP., and Barentsen G., editors, Proeedings of theInternational Meteor Conferene, Armagh, 16�19September 2010, IMO, pages 25�27.Egorova L. A. (2012b). �E�et of 'terminal explosion'�.In Gyssens M. and Roggemans P., editors, Proeed-ings of the International Meteor Conferene, Sibiu,15�18 September 2011, IMO, pages 19�21.Egorova L. A. and Lokhin V. V. (2010). �Destrutionmodels for the bodies entering a planetary atmo-sphere�. In Proeedings of the International Con-ferene �Asteroid-Comet Hazard, St.-Petersburg,2010, Nauka, pages 222�227.Popova O. P. and Nemthinov I. V. (2008). �Bolidesin the Earth atmosphere�. In Adushkin V. V.and Nemhinov I. V., editors, Catastrophi EventsCaused by Cosmi Objets, Springer, pages 131�162.


