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Pro
eedings of the IMC, La Palma, 2012 1Two-stage destru
tion of meteoroidsLidia EgorovaInstitute of Me
hani
s,Lomonosov Mos
ow State University, Mi
hurinsky Pr. 1, Mos
ow, 119192, Russiaegorova�ime
.msu.ruWe 
onsider the following s
enario for the destru
tion of a rather large meteoroid body. Duringits movement through the atmosphere, the meteoroid su�ers from aerodynami
 for
es, and getsrepeatedly 
rushed. We assume that in this �rst stage of fragmentation, the meteoroid is dividedinto several rather big pie
es. The resulting 
loud of fragments of unknown shape, size, and quantity
ontinues its path into the lower atmosphere. The se
ond stage of fragmentation 
onsists of the suddendestru
tion of a body into a 
loud of small parti
les and dust. Due to extremely high temperaturesat the surfa
e 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 Introdu
tionObservations of entries of bolides into the Earth's atmo-sphere prove their fragmentation and destru
tion in theatmosphere. Most meteoroids are destroyed by aero-dynami
 for
es (Ceple
ha et al., 1993; Ceple
ha andReVelle, 2005; Popova and Nemt
hinov, 2008). Thefragmentation 
ould o

ur in two di�erent ways. Oneway is progressive fragmentation, whi
h means that thebody breaks up into several parti
les. Alternatively, ameteoroid 
ould be destroyed into a 
loud of small dustparti
les. It is possible, however, that both fragmen-tation me
hanisms are at work for the same meteoroid(Ceple
ha et al., 1993). In this paper, we 
onsider su
ha two-stage destru
tion.2 Governing equationsAs usual, we assume that the movement of the mete-oroid is des
ribed by a standard set of equations in
lud-ing the equation for the movement of its 
enter of massand the equation of mass loss, whi
h 
an be written as
{

M dV

dt
= −

1
2ACDρgV

2;

QdM

dt
= −

1
2ACHρgV

3,
(1)with M the meteoroid's mass, V its velo
ity, A its 
ross-se
tional area, ρg the density of the atmosphere aroundthe meteoroid, CD the drag 
oe�
ient, CH the heattransfer 
oe�
ient, and Q the spe
i�
 heat of ablation(e�e
tive enthalpy). The opti
al 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 parti
le) 
an be found as

I = −τ
V 2

2

dM

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

3 Fragmentation and destru
tion ofmeteoroids in the atmosphereWe 
onsider the motion of a rather big body, and as-sume that the body breaks up into several rather bigpie
es at the �rst stage of its fragmentation. Theirshapes and sizes depend on the heterogeneity of theparent body. Further fragmentation of the 
loud of par-ti
les o

urs in a lower layer of atmosphere, where theaerodynami
 for
es in
rease. We assume that in the�nal stage the fragments break down into small pie
esand produ
e 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 subje
t to large thermal stresses, 
ausing an ad-ditional fragmentation into smaller pie
es that instantlyevaporate, 
reating the explosion.4 Duration and path length for ea
hparti
le of the fragmented bodyWithout loss of generality, we assume a spheri
al shapefor the fragments. Then, we 
an �nd the mass of theparti
le knowing its radius r and density ρb. Assumingthe resistan
e and heat transfer 
oe�
ients to be 
on-stant, we may derive the following from the equations(1) of momentum and mass loss:










V = V0

1+ 3
8
CD

ρg

ρb

V0
r0

t
;

r = r0e
−

1
6

CD
CH Q

(V 2
0 −V

2)
,

(3)with V0 and r0 the velo
ity and radius of the meteoroidbody upon entering the atmosphere.We assume that the parti
les emit light until sloweddown to a some 
riti
al velo
ity V∗ whi
h is no longersu�
ient to maintain the heat at the surfa
e of thebody. Hen
e, 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 Pro
eedings 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 in
rease in light intensity at the�rst stage of fragmentationIn the �rst stage, the size of the parti
le depends onthe parent body's heterogeneity, whi
h is random, aswas said before. We 
onsider that the meteoroid frag-ments are all spheri
al and have all the same size. Thisassumption allows us to 
al
ulate the brightening as aresult of the in
rease of the surfa
e area:
Ifr

I0
=

3
√

N, (6)with N the number of fragments.By the statisti
al theory of Weibull, the strength of thefragmented parti
les will in
rease (Popova andNemt
hi-nov, 2008). Knowing the strength of the fragmentedparti
les, one may derive the altitude of the se
ond frag-mentation, and hen
e also the path length and durationbefore the next fragmentation.We applied our theory for the SN94032 bolide (Popovaand Nemt
hinov, 2008) and the Ko²i
e meteorite fall(Borovi£ka, 2012) and the results were in good agree-ment with the observational data.6 Time and light intensity at these
ond (�nal) stage of fragmentationRapid destru
tion and evaporation of small fragmentsof the meteoroid 
auses the e�e
t of a thermal explo-sion. We 
onsidered the thermal explosion 
aused bythe rapid evaporation of the small fragments 
loud witha typi
al fragment size range (Egorova, 2012a; 2012b).The luminosity of the �nal �are was 
al
ulated as anintegral over the mass distribution:
IΣ(t) =

∫ 1

m∗

Nm0

d

dm0

(

−τ
V 2

2

dm

dt

)

dm0. (7)Here, we swit
hed 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 
al
ulated values of these parametersfor the SN94032 bolide (Popova and Nemt
hinov, 2008)and the Ko²i
e meteorite fall (Borovi£ka, 2012) are 
loseto the observed values, supporting our hypothesis of atwo-stage fragmentation.

7 Con
lusionsUsing analyti
al solutions and simple estimates fromthe physi
al theory of meteors, we 
on
lude that two-stage fragmentation 
an o

ur for rather bright �reballs.A
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