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Abstract–The capture of cometary fragments in aerogel by the Stardust mission is analogous to the
process of meteoroid deceleration in the Earth’s atmosphere. We present a simplified model for the
formation of the tracks formed in aerogel by hypervelocity impacts of cometary material. Using a
hydrodynamic approach to model this class of problem overcomes some of the errors associated with
previous semi-analytical models for track formation (Coulson 2009). The hydrodynamic models
developed allow the particle velocity, temperature and pressure to be calculated as a function of track
length within aerogel. A qualative description of how this model can be extended to the formation of
bulbous cavities using the Chapman-Jouquet theory is provided.

INTRODUCTION

Two methods of obtaining samples of cometary matter
have been successfully demonstrated, atmospheric sampling
using aircraft (Brownlee 1978) or balloons (Harris et al.
2001), and recovering material directly from a comet. The
Stardust probe (Brownlee et al. 2003) crossed the coma of
comet Wild 2 on January 2, 2004 (Brownlee et al. 2004) and
collected around 1,200 particles larger than 1 micron in
diameter (Burchell et al. 2008). 

Cometary material collected in the upper atmosphere at
altitudes of about 40 km have been decelerated from high
entry velocities ranging from 11–72 km s−1 to settling
velocities about cm s−1; for 10 micron sized cometary
fragments deceleration occurs at altitudes between 100 km
and 70 km above the Earth (Coulson 2002). Deceleration in
the atmosphere can cause intense heating (i.e., within ~100 K
of peak temperature) of ~1.0 s duration, raising the
temperature of 10 micron particles from ambient to 500–
2000 K (Coulson and Wickramsinghe 2003), depending on
particle composition and entry velocity. 

The samples obtained by the Stardust mission were
collected by exposing panels containing aerogel to the comet
as the probe crossed the comet’s coma (Brownlee et al. 2004).
The panels were 3 cm in depth and filled with low-density
(0.005 g cm−3 at the front face of each panel increasing
linearly to 0.05 g cm−3 at the rear face), highly porous aerogel
composed of silicon dioxide were deployed on the outside of the
probe to capture cometary particles ~10 microns. At capture, the
relative speed between the aerogel and the coma was 6 km s−1,

so the impact initial velocity of the particles onto the panels
would have been distributed around a mean of 6 km s−1.
Around 1,200 particles larger than 1 micron in diameter are
believed to have been collected by the aerogel (Burchell et al.
2008), while Hörz et al. (2006) estimate that at least 1,000
particles with diameters greater than 10 microns were captured.

Neither of the methods currently used to obtain
cometary samples are able to capture pristine material, both
atmospheric collection and trapping fragments in aerogel
causes intense heating for periods long enough to produce
permanent changes to the physical and chemical
composition of the particles. Due to these changes the
structures and compositions of cometary samples recovered
may not be representative of the unheated material. Intense
heating, even over microseconds, is sufficient to remove any
volatile molecules or fine structure that may be present in
pristine samples. In the absence of a method to recover
samples without exposing them to flash heating it is
necessary to determine what thermal heating and physical
stresses samples have been exposed to during capture.
Analysis of samples recovered by Stardust (Burchell et al.
2008) and those collected in the Earth’s atmosphere (Harris
et al. 2001) suggests that cometary particles are highly
heterogeneous and contain a mixture of volatile and
refractory material. Determining the thermal history of the
particle and the stresses on it during its capture are essential
to be able to infer the composition of the original particle
from the recovered sample. Previous work (Coulson 2009)
derived semi-analytical models that related track length to
particle temperature for samples decelerated in aerogel,
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these models reproduced the results of experiments
conducted by Hörz et al. (2008) that impacted
hypervelocity, solid particles into aerogel. These semi-
analytical models are highly sensitive to uncertainties in the
initial conditions such as velocity, particle radius, density
and the drag coefficient, with the error in the velocity
proportional to the velocity. So for hypervelocity impacts
~km s−1, the errors can be significant. 

In their work, Hörz et al. (2008) collided solid, metallic
(aluminium oxide) spheres with diameters ranging from
35  µm to 105 µm into aerogel. Hypervelocity impacts of
these particles produced cone shaped tracks in the aerogel.
Studies of the samples recovered by Stardust show some two-
thirds of the hypervelocity impacts of small particles onto the
surface of aerogel produced roughly cylindrical cone-shaped
tracks ranging from 10−9 m to 10−4 m in length, with initial
diameters about 3 orders of magnitude greater than the
original particle diameter. The particles that produced these
tracks are referred to as Type A particles (Trigo-Rodríguez
et al. 2008), the reminder of the impacting particles
disaggregated producing cavities within the aerogel are called
Type B particles which consist of a cavity, followed by a track
with a residue of the original particle at its end, and Type C
particles which consist of a cavity without a terminal track
(see Fig. 1 and Figs. 2–4). These three track types have
analogous meteoroid tracks; e.g., meteoroids have been
observed that abruptly disintegrate in the Earth’s atmosphere,
leaving smaller, denser particles that carry on descending
(Coulson 2003), are the equivalent of Type B tracks. 

The Stardust probe collected its samples at a solar
distance of 1.86 AU, at this range the ambient temperature of
aerogel is approximately the ambient black-body temperature
(212 K) and its mean free path is of the order of its pore
diameter ~10−8 m. The mean free path of the aerogel is several
orders of magnitude lower than that of the radius of the
cometary fragments captured by Stardust, which were
typically between 10−5–10−4 m. Under these conditions the
aerogel can be considered as a continuous fluid surrounding
the particle and its deceleration can be described by treating
both the particle and the aerogel as fluids (Coulson 2006).
Conversely, for a 10 micron diameter particle incident at the
top of the Earth’s atmosphere, the mean free path of air
molecules is about a centimeter so that deceleration must be
modelled as a sequence of discrete particle interactions
(Coulson 2002). 

The interaction between the aerogel and a hypervelocity
particle is not well understood and determining the pressure,
temperature history of the particle’s trajectory presents a
difficult problem in hydrodynamic modelling (Dominguez
2004). The impact of porous cometary fragments into
highly-porous aerogel further complicated modelling the
capture process, energy is expended in the compression of
porous structures reducing the maximum peak temperature
of both the particle and aerogel during the impact. 

In this work, we use the Burgers equation as the starting
point for studying the propagation of shock waves through
matter compressed by high-velocity impact. A solution to the
Burger equation is derived for low viscosity media to
determine the shape of the shock profiles. The shock velocity
is calculated from the Rankine-Hugoniot relation to
determine the depth of penetration of a hypervelocity particle
into the aerogel. The shock velocity and depth of compression
are used to calculate the length of Type A tracks in aerogel
and this is extended to a qualitive description of the formation
of Type B and C tracks. 

COMPRESSION WAVES IN COLLIDING BODIES

The traditional starting point for studying compression or
shock waves propagating through a continuous medium of
viscosity v is the Burgers equation, 

(1)

where , and ∆ is the Laplacian operator.

Since the non-linear term on the left-hand side is similar
to the convective term in the Navier-Stokes equation, the
Burgers equation provides a convenient description for the
generation of shocks in continuous media. The equation is
parabolic when the non-linear term or the viscosity (v)
dominates, otherwise it is hyperbolic (Zhang et al. 2009).
Physically, in the hyperbolic region, the convective term
transfers energy to smaller length scales, as time progresses
and in the inviscid case (v = 0) forms discontinuities.

In one-dimension the Burgers equation reduces to 

(2)

for t ≥ 0, x ∈ , v > 0.
Numerous methods have been proposed to obtain

solutions to the one-dimensional Burgers equation such as the
Cole-Hopf transformation, the homogenous balance method
and others (see Deng 2008 for a recent summary). Rather than
seek a global solution to Equation 2, we will confine
ourselves to seeking a local solution in the region v → 0+.
For strong shocks, e.g., those propagated by hypervelocity
impacts, the magnitude of the viscosity is usually small
compared with impact speeds of km s−1. By the method of
characteristics solutions to the inviscid Burgers equation

(3)

lie on the caustics 

(4)

Within the region v → 0+, we make the substitution 

(5)
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This substitution transforms Equation 2 to

. (6)

Integrating with respect to X produces

(7)

where A is a constant of integration. Suppose the that the
shock is located at X = Xs in the medium, then the boundary
conditions for the velocity of the medium a long way in front
of the shock is

(8)

and the velocity of the medium a long way after the shock is

. (9)

Integrating Equation 7 with respect to X and applying
Equations 8 and 9 as boundary conditions gives an expression
for the speed of the medium as a function of x and t.

(10)

where the speed of the shock travelling through the medium is

. (11)

Equation 10 is the classical Taylor shock-profile and Equation 11
is the Rankine-Hugoniot condition associated with mass
conservation (Chapman et al. 2007). By confining the
solution domain to the region v → 0+ we have derived a local
solution to the viscous Burgers equation consistent with the
Rankine-Hugoniot jump condition. 

From considering Equation 2, the rate of decay of kinetic
energy is equal to

. (12)

For a hypervelocity, cometary fragment incident onto the
surface of an aerogel panel, at the moment of impact a
compression wave is generated in the cometary fragment that
travels from the leading edge of the fragment in the opposite
sense to its direction of travel. Similarly, a compression wave
is formed in the aerogel moving from the point of impact
along the direction of travel. 

By evaluating the shock profile given by Equation 10 for
the shock waves generated in the aerogel and the fragment it
should be possible to use Equation 12 to determine the amount
of energy deposited through each and hence calculate the
temperature profile produced in both. In practice, a solution of

Equation 10 requires us to calculate the velocity in each
medium u as a function of the viscosity vi and the boundary
condition displacements , where i is equal to 1 for
the fragment and 2 for the aerogel. For porous, heterogeneous
materials such as aerogel and cometary fragments assigning
bulk properties such as viscosity is complicated and can
introduce large errors into calculations. 

If the viscosity of a material is small compared with the
shock velocity and material displacement, discontinuous
shock waves with a profile given by Equation 10 result from
impacts with the material. In the next sections we obtain the

cuX uuX+ vuXX=

A cu 1
2---u2+ + vuX=

lim u X( ) u Xs
+( ) u= = ∞X +∞→

+

lim u X( ) u Xs
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−
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2
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Fig. 1. Schematic drawings of track types identified from analysis of
Stardust samples. Type A tracks are formed by cometary fragments
with a high proportion of inert material to volatile material, typical
Type A tracks have a residual particle mass at the end of the track.
Type C tracks are formed by capture of volatile materials in aerogel
which explode creating a cavity. Type B tracks are mixture of volatile
and inert material, the volatile material creates the cavity, while the
inert part of the fragments is responsible for the track at the end.

Fig. 2. Example of a Type A impact from Stardust cometary aerogel
tray (Level 3 images). Typical track (C038-T7) (Burchell 2008). 

u∞ i,
+ u−∞ i,

−,



1424 S. G. Coulson

speed of the shocks produced in the aerogel and in the
fragment and use this to calculate the length of the Type A
tracks observed in aerogel. 

SHOCK VELOCITY IN COLLIDING BODIES

To calculate the shock speed we make use of empirically
derived Equations of state that give the shock velocity U as a
function of the particle speed up. The simplest Hugoniots give
U in terms of a polynomial of up. 

(13)

where i = 0,1,2.. . The coefficients ai are determined
empirically. For example the Hugoniot for aluminium oxide
is

U = a0 + a1up (14)

where a0 = 5.328 × 10−3
 and a1 = 1.338 (Marsh 1980). 

For porous particles such, as aerogel and cometary
fragments, the Hugoniot differs from that for a solid medium
as extra energy is required to compress the voids in the
particle. Several approaches have been developed to treat the
compression of porous materials such as the simple-locking
or snow-plough model (Trigo-Rodríguez 2008) and the
porous-alpha model (Jutzi et al. 2008). 

In the simple-locking model the porous material is
assumed to be a porous matrix of solid particles. This matrix
is considered to have no strength and the only parameter
required to describe the compression of the material is a
compressibility factor, k, defined (Trigo-Rodríguez 2008) as

(15)

where ρ0 is the density of the solid particles, and ρ1 is the
density of the porous matrix. For the aerogel used in the
Stardust mission, the uncompressed aerogel density varied
linearly, assuming an average uncompressed density of ρ0 =
20 mg cc−1 and ρ1 = 2500 mg cc−1, hence k = 0.992 (Trigo-
Rodríguez 2008). For a comparison between track length
models based on averaged density aerogel and linearly
varying density aerogel see Coulson (2009).

The aerogel used on the Stardust mission had a crushing
strength of 12.4 KPa (Coulson 2009), in comparison typical
pressures of hypervelocity impacts of micron-sized particles
generate pressures ~109 Pa. So for impacts at velocities of about
km s−1, the simple-locking model can be considered a
sufficient approximation for the behavior of aerogel during
impact collisions.

The porous-alpha model assumes that the porous
material does have intrinsic strength, so that force is required
to compress the material. The pressure within a shocked,
porous material is 

P = f (ρs , E) (16)

where f is the Equation of state for the shocked material,
which is a function of two parameters, the density of the
shocked, solid material ρs and the internal energy, E, which is
assumed to be the same in both the porous material and the
solid material. This assumption allows the pressure to be
written as a function of the un-shocked, porous material

P = f (ρ, E) (17)

where ρ is the density of the shocked, porous matrix.
Since the pressures are equal at impact, the pressure can

be written as function of a dimensionless parameter α, where

(18)

Fig. 3. Example of a Type B impact from Stardust cometary aerogel
tray (Level 3 images). Typical track (C049-T1) (Burchell 2008). 

Fig. 4. Example of a Type C impact from Stardust cometary aerogel
tray (Level 3 images) (Burchell 2008). 
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Herrmann (1969) gave the relationship between the
pressure and α as,

(19)
α0 is the ratio of the unshocked, porous material to the
unshocked solid material. A is a parameter that describes
the compaction of the material and can be determined from
the Hugoniot of the solid material. If α0 = 1, the porous-alpha
model reduces to the simple-locking model. 

Using the simple-locking model to determine the
Hugoniot of the aerogel and the porous-alpha model to derive
a Hugoniot of the cometary particle, it is possible to calculate
the speed of the shocks generated in both materials during a
hypervelocity collision. The highly heterogeneous nature of
cometary particles means that the shock velocity of the
cometary particle will be highly sensitive to changes in the
composition of the particle. As a simplification, rather than
attempt to model the impact of an actual cometary particle
with aerogel, we will consider the case of solid, aluminium-
oxide spheres impacting into porous aerogel at hypervelocity
speeds. The experiments of Hörz et al. (2008) measured the
track-lengths of such impacts and provide a test of the model. 

Consider a solid Al2O3 sphere travelling with initial
speed v, parallel to the x-axis, incident on a slab of aerogel, at
rest relative to the x-axis. On impacting with the aerogel,
shock waves are generated in both the sphere and the aerogel.
If the sphere is travelling in the sense of the x-axis, the shock
in the aerogel travels in the direction of v (right going with
respect to x); while the shock in the sphere travels in the
direction of – v (left going with respect to x).

Applying the simple-locking model to the aerogel, the
Hugoniot Equation becomes (Trigo-Rodríguez 2008)

. (20)

Using Equation 14 for the Hugoniot of the Al2O3 sphere, the
shock speed in negative x direction of the sphere is

. (21)

The pressure is given by

, (22)

At the moment of impact, the pressure on the aerogel and the
sphere are equal; therefore equating the pressures in Equation
22, using the shock velocities in Equation 20 and Equation 21
gives,

(23)

Solving the quadratic in vp gives two solutions, if 

. (24)

these solutions are real and distinct if , for all real
values of a0. For the values of a0 and a1 given in Equation 14
for aluminium oxide, Equation 23 yields two real and distinct
solutions. Note that this condition is independent of the
densities of the materials and using the simple-locking model
for the aerogel means that Equation 24 only depends the
Equation of state parameters of the impact material. These
solutions correspond to the particle velocity and the rarefracted
velocity. From entropy considerations, we consider that up < v.
Using Equations 20 and 21, the shock velocities for the
aerogel and the sphere can be obtained. 

Figure 5 shows the pressure verses particle velocity
Hugoniots for aluminium oxide spheres of density 4 g cm−3,
impacting into 0.02 g cm−3 density aerogel with an initial
velocity of 6.1 km s−1. The particle velocity is equal to
5.75 km s−1, disregarding the 6.5 k ms−1 solution from
considering the entropy of the system, gives shock
velocities (relative to the x-axis) in the aerogel and the
sphere of 5.76 km s−1 and −0.47 km s−1, respectively. 

The shock waves generated during impact transfer
energy to the aerogel and the sphere, heating as well as
compressing them. For a 35 µm diameter aluminium oxide
sphere impacting into aerogel at 6.1 km s−1, the change in
kinetic energy is ~1.86 × 10−5 J, if the particle velocity after
the collision is 5.75 km s−1. Using the expression for the loss
of kinetic energy given in Equation 12 and the obtaining the
width of the shock from Equation 10, the viscosity of the
aerogel can be estimated as

4 × 10−5 < v < 2 × 10−8. (25)

Hence the aerogel can be considered as inviscous, i.e., v → 0+;
this is consistent with the assumption made in above and
confirms that the shocks generated during the impacts are strong
shocks with a velocity profile of the form of Equation 10.

Impacting solid copper spheres into hydrocarbon foam
at speeds of ~2 km s−1, Trucano and Grady (1995) found
that, for strong shocks, the internal energy gained by the
shocked material is approximately equal to its gain in kinetic
energy. Assuming equipartition of energy between the
impactor and the aerogel implies that for an aluminium
oxide sphere impacting into aerogel at 6.1 km s−1, the gain
in internal energy of the aerogel is ~4.67 × 10−5 J. If the
particle velocity of the aerogel is after the shock is 5.75 km s−1,
this means that the mass of aerogel compressed by the shock
is 2.82 × 10−9 g.

The gain in the internal energy by aerogel, after the
shock is

. (26)

For silica aerogel, the specific heat capacity Cp ~ 700 J
kg−1 K−1, so that the temperature of the aerogel is raised to
>2 × 104 K during the impact. This temperature is more than
an order of magnitude greater than the vaporization
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temperature for aerogel (2000 K). The mass of aerogel that
could potentially be vaporized is 1.10 × 10−8 g, an order of
magnitude greater than the mass of aerogel compressed by the
shock; this implies that the mass of aerogel heated by the
shock is vaporized on impact. 

From considering the one-dimensional heat equation, the
skin depth of aluminium oxide is equal to 

(27)

where the specific heat capacity, Cp ~ 880 J Kg−1 K−1 and
the thermal conductivity, K ~35 W m−1K−1. So that the skin
depth is ~0.003 m, so micron-sized aluminium do not
maintain temperature gradients and heat transfer from the
sphere can be assumed to be solely by radiation. By energy
balance, the energy emitted by the sphere is equal to its
half loss of kinetic energy, assuming equipartition of
energy between the sphere and the aerogel. Hence by
Wein’s law 

 (28)

so that the rise in temperature for the aluminium oxide sphere
is ~800 K. 

TRACK FORMATION IN AEROGEL

The series of collisions between the sphere and the
aerogel described above form a track in the aerogel. Let us
consider the Type A shaped tracks that make up the majority
of the track lengths observed in the Stardust aerogel and were
typical of those obtained from impacts of aluminium oxide
spheres (Hörz et al. 2008). On analysis of Type A tracks

residue from the impacting particle were found along the
sides of the track and at the end of the track. 

To model the formation of Type A tracks, we assume that
half of the kinetic energy lost by the particle during the collision
is transferred to the aerogel. Following Trucano and Grady
(1995), we assume that there is equipartition of energy between
the increase in kinetic energy and internal energy of the aerogel.
Making the simplification that the shock waves propagate
isotropically through the aerogel, each collision disturbs a
hemispherical shaped volume of aerogel. Analysis of the
Stardust tracks (Trigo-Rodríguez 2008) suggests that this
assumption is valid for hypervelocity shocks. As the shock
waves move through the aerogel they displace the aerogel away
from the path of the particle. The volume of aerogel displaced is 

(29)

where ∆u2 is the difference between the square of the velocity
before and after the collision of a sphere of radius as. If the
volume of aerogel displaced by the shock is a hemisphere, its
radius is 

(30)

so that the distance the sphere travels before it next encounters
the aerogel is given by Equation 30. On encountering the
aerogel a second time, the particle loses kinetic energy, the
change in particle velocity is given by Equation 23, where up is
the particle velocity after the collision. 

Further sphere, aerogel collisions produce shocks that
displace hemispheres of aerogel of radii given by Equation 30,

Fig. 5. The pressure/particle velocity Hugoniots for aluminium oxide spheres of density 4 g cm−3, impacting into 0.02 g cm−3 density aerogel
with an initial velocity of 6.1 km s−1. Where the two curves intersect corresponds to the particle velocity at collision and refraction.
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so that the total track length is given by

. (31)

The summation is terminated when the particle comes to rest,
this is considered to be the point where the pressure exerted
by the particle is lower than the tensile strength of the aerogel
(1.24 × 104 Pa), this corresponds to a particle velocity of
~1 ms−1. 

Figure 6 shows the velocity profiles for 35 µm, 60 µm
and 105 µm diameter aluminium oxide spheres decelerating
in an aerogel of constant density. Table 1 compares the track
lengths calculated from Equation 31 with experiments
conducted by Hörz et al. (2008). The calculated track lengths
are consistent with the measured lengths to within 10% for all
three sphere diameters. 

After the initial collision with the surface of the aerogel,
further shock waves are generated in the aluminium oxide
sphere and the aerogel due to subsequent collisions within the
aerogel and reflected shock waves. The time interval between
the first and second aerogel/sphere collision is ~7 × 10−9 s.
For ~35 micron diameter spherical particles, shock waves
would take ~10−6 s to traverse the particle, this is much
greater than the time between successive collisions, so that
the new shock waves generated by collisions compress the
particle before the reflected shocks can return.

The shock wave generated by the initial impact in the
aerogel travels ahead of the sphere, compressing the aerogel.
During the second and subsequent collisions the aerogel can
be considered to be already compressed and the shock
velocity generated by each collision can no longer be
adequately described by Equation 20. Similarly, the leading
edge of the spherical particle is already compressed by the
initial collision to a higher pressure and so the Hugoniot used
in Equation 14 is no longer applicable. 

To construct a new Hugoniot for the subsequent shocks,
an Equation of state is needed for the sphere and the aerogel.
There are several methods for calculating Equations of state
from an initial Hugoniot, such as the Linear Grünieisen
Equation of State. These methods typically require
knowledge of properties of the material such as the coefficient
of expansion. For heterogeneous or porous materials such as
aerogel, these properties are poorly defined which makes
applying these methods difficult. During the early collisions
between the sphere and the aerogel, the kinetic energy
transferred to the aerogel is sufficient to completely vaporize
the volume of compressed aerogel, the errors from assuming
that the aerogel is uncompressed before impact are likely to
be small.

The creation of Type A tracks in aerogel can be modelled
using the Rankine-Hugoniot equations to determine the speed
of the shocks and the transfer of kinetic energy, the formation

of Type B and C tracks is due to the impact of fragments
containing volatile materials (Trigo-Rodríguez 2008), for
which the Equations used above are no longer valid. The
behavior of volatile materials under the action of strong
shocks can be modelled using the Chapman Jouget theory
where the energy from a shock wave causes an instantaneous
change in the chemical composition of the material, i.e.,
a detonation. In the Chapman Jouget theory, we have a
detonation wave propagating with velocity D instead of a
shock wave propagating with velocity us. 

Consider a volatile material moving at hypervelocity, v,
impacting onto a mass of aerogel, from Equation 22, the
pressure on the surface of the aerogel at impact is

. (32)

For the volatile material, the pressure can be written as

(33)

where the detonation velocity D, can be calculated by
considering the change in energy of the volatile material during
the impact. When the volatile material is in the Chapman
Jouget state, the material behind the shock is fully reacted, the
condition for this to happen is that the pressure on the material
than the Chapman Jouget pressure. When P = PCJ, the change
in energy (internal and kinetic) of the volatile material is

(34)

where ρCJ is the density of the material when P = PCJ. Q is the
specific chemical energy of the volatile material, this energy
is liberated by the passage of the shock. The turnip shaped
cavities observed in B and C type tracks are excavated by this
release of chemical energy displacing or vaporizing the
aerogel.

In volatile materials the passage of the shock wave raises
the temperature of the material so that chemical reactions
occur. The chemical energy released is the sum of the
difference between the heats of formation for the products of
the reactants and the products of all the reactions that are
initiated by the shock wave.

(35)

The exact value of Q is strongly dependent on the specific
chemical reactions initiated by the shock wave. Pristine
cometary fragments such as those captured by Stardust are
rich in organics and nitrates which undergo exothermic
reactions at the shock pressures experienced during
hypervelocity impacts. 

For a specific chemical reaction, the velocity of the
detonation wave, D, can be estimated using gas pressure laws.
At the point of impact, the pressure on the aerogel and the
material are equal, so equating Equations 32 and 33 gives a
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quadratic for the particle velocity

(36)

where .

As in the calculation of the Type A tracks, the kinetic
energy lost by the impacting material can be obtained; by
adding the value of Q obtained from Equation 35, the total
energy that is available to vaporize or displace the aerogel can
be found. 

From making measurements of actual Stardust tracks
Brownlee et al. (2008) derived an empirical formula relating
the length of track (L) to it volume (V ), for Type B tracks the
formula can be approximated as

V = 0.0072L3. (37)

Around 49% of Type B tracks have typical lengths of ~mm,
while 49% have typical lengths of about a centimeter
(Brownlee 2008), Equation 37 implies that for most Type B
tracks their volumes should range between 7.2 × 10−12 m3 and
7.2 × 10−9 m3. Assuming an average density of uncompressed
aerogel ρ0 = 20 mg cc−1, this equates to a mass of aerogel
between 1.44 × 10−10 kg and 1.44 × 10−7 kg. The vaporization
energy for aerogel at ~2,000 K is ~33.6 × 106 J kg−1 (Trigo-
Rodríguez et al. 2008), so that the energy required to excavate

the Type B tracks by vaporization of the aerogel is between
~4.84 × 10−3  J and 4.84 J.

Vaporization of aerogel is not the only mechanism for
excavating the Type B and Type C tracks found on the
Stardust panels, displacement of aerogel may also play a
significant part in the creation of bulbous cavities. For a the
2 × 4 × 3 cm3 blocks of aerogel used on Stardust, the increase
in density of the aerogel required to form Type B cavities is
less than 5%, this is insignificant compared with the increase
in density generated by the compression of the shock wave
passing through the aerogel. Anderson (1998) gives the
resistive strength of aerogel as 

. (38)

This implies that the energy required to compress typical
volumes of aerogel found in Type B tracks ranges from
~1.41 × 10−4 J to ~1.41 × 10−1 J; i.e., approximately an order
of magnitude less than the energy required if the cavities are
formed by vaporization. 

From calculating the pressure of the vapor cloud formed
by the expansion of volatile gases Trigo-Rodríguez et al.
(2008) have argued that the expansion of gases plays only a
minor role in the excavation of Type B and Type C tracks;
however, this is to ignore the chemical energy released from
compression of organics at shock pressures greater than the
Chapman-Jouquet pressure. Typical volatile reactions
involving nitrate bearing organics release energies of ~10 MJ
to 100 MJ per mol. For a ~100 micron diameter particle
composed of a organic material with an average density of
~1000 mg cc−1 and an assumed upper limit of relative atomic
mass of 100, if the value of Q in Equation 35 is 100 MJ per
mol, this gives an energy release of ~0.6 J, sufficient to
excavate a Type B track with length about a millimeter by
vaporization or a longer (~cm) track by a combination of
vaporization and displacement. 

Typical cometary fragments such as those encountered
by Stardust are most likely to be a heterogeneous composition

Fig. 6. Velocity profiles for 35 µm, 60 µm and 105 µm diameter aluminium oxide spheres impacting into 0.02 g cm−3 density aerogel with an
initial velocity of 6.18 km s−1, 6.04 km s−1, and 6.10 km s−1, respectively.

Table 1. The total track lengths for Al2O3 spheres impacted 
into 0.02 gcm−3 aerogel as measured by Hörz et al. (2008); 
compared with lengths calculated from Equation 31, with 
the density of Al2O3 spheres set to 4 g cm−3.

Particle 
diameter 
(µm) 

Initial 
velocity 
(km s−1) 

Measured 
track length 
(mm) 

Calculated 
track length 
(mm) 

35 6.18 17.52 18.62
60 6.04 34.57 31.93

105 6.10 61.05 55.87
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of volatile organics and ices embedded in a matrix of inert
silicate or carbonaceous materials. In the formation of a Type
A track the cometary fragment is mostly made up of inert
material, the value of Q from any volatile material is small
compared with the energy transferred to the aerogel by the
shock wave. The resulting track formed is due to the
displacement of the aerogel by the shock wave, with some
vaporisation during the initial collisions between the particle
and the aerogel. The particle also experiences some ablation
and vaporisation due to the high temperatures generated. A
residual mass of particle is found at the end of the track when
the pressure falls below the tensile strength of the aerogel.
Examination of Stardust tracks have found residues of
cometary fragments on the walls of Type A tracks and a
residual mass at the end (Brownlee 2006). 

In the model described here Type B or C tracks are
formed by cometary fragments with a high enough amount of
volatile material so that the amount of chemical energy Q
liberated by the shock is much greater than the energy
transferred to the aerogel by the shock wave. This release of
energy occurs within ~10−9 s, creating an expanding gas of
chemical reactants, the pressure generated contributes to the
displacement of aerogel creating the cavity. If the expansion
of gas occurred at the surface of the aerogel, the cavity formed
would be approximately hemispherical, it is the forward
motion of the particle into the aerogel during the vaporization
that forms the oval shaped cavity. The fragments that form
Type B tracks contain a significant proportion of inert
material that can survive the extreme temperatures (>20,000 K)
and pressures (>10 GPa) that occur in the formation of the
cavity. The inert part of the fragment forms a track on the end
of the cavity similar to the formation of the Type A tracks
described above. 

Here the temperature of >20,000 K, refers to the shock
temperature, consistent with Anderson’s (1998) estimation of
a shock temperature for aerogel of 11,600 K. The question of
what temperature the impacting particle is raised to and over
what time scales is complicated by the fact that for the
temperature to be defined, the particle and the aerogel must
be in local thermodynamic equilibrium; for particles
vaporizing on time scales ~microseconds, it is uncertain if
thermodynamic equilibrium is achieved. Hydrodynamic
modelling by Anderson (1998) suggests that impacting
particles are heated to the shock temperature on impact and
maintain temperatures above 5,000 K for durations between
~0.75 µs and ~3.5 µs. By assuming that radiation was the
major source of heat loss from the impacting particles to the
aerogel, Coulson (2009) derived maximum temperatures for
aluminium oxide particles in the 10 micron range of
~1,800  K and ~1,600 K for carbonaceous particles of the
same size. These temperatures are an order of magnitude
lower than the shock temperature and would permit the
survival of a fraction of minerals e.g., olivine with their
crystal structure intact. 

CONCLUSION

The model derived in The section on track formation in
aerogel reproduces Type A track lengths that agree to within
10% of the experimental results obtained by Hörz et al.
(2008). These experiments were very much a simplification
of the conditions that occurred during the Stardust mission,
the aerogel was of a constant density, compared with Stardust
where its density increased linearly with track length; and the
impacting particles were homogenous spheres of aluminium
oxide. The hydrodynamic model developed here can be easily
modified to take account of the variable density in the
Stardust aerogel. 

Previous work (Coulson 2009) has developed semi-
analytical models that calculate the length of Type A track;
these were highly sensitive to the parameters such as particle
density, radius and drag coefficient. The error in the particle’s
velocity in the aerogel being proportional to the velocity, so
that within these errors a wide number of initial particle sizes
or densities agree with the results of experiment. In contrast,
although the hydrodynamic model developed in this current
work requires a priori knowledge of a Hugoniot for the
cometary fragment, the sensitivity of the calculation of track
length is not as sensitive as the parameters of the earlier
models. 

Future work will examine Hugoniots and Equations of
state for aerogel, ideally with theoretical calculations backed
by experiment. As yet no experiments have been able to
reproduce the bulbous cavities seen in Type B and type C
tracks. Accelerating volatile rich materials in light gas guns
damages the samples before impact with aerogel, making any
correlation between experiment and the Stardust tracks
difficult (Trigo-Rodríguez et al. 2008). 

An alternative series of experiments to test the suitability
of the Chapman-Jouget theory as a model of cavity formation
in aerogel is possible. A sample of a volatile substance (either
in gas or liquid form) encased in a solid sphere of aluminium
oxide sufficiently thick so that the acceleration pressure
generated in the gas gun does not cause the volatile material to
explode may provide a suitable analogy for the impact of
volatile cometary fragments into aerogel.

 Both the hydrodynamic model developed to describe the
formation of Type A tracks and the application of the
Chapman-Jouquet theory to the formation of Type B and C
tracks can also be used to model the fragmentation of
cometary fragments in the Earth’s atmosphere. The Equations
derived in the sections above can be easily modified to take
account of the variation of the density of the Earth’s
atmosphere with altitude. As with modelling impacts into
aerogel, semi-analytical models used to describe the break up
of meteoroids are highly sensitive to uncertainties in the
initial state of the meteoroid as it enters the atmosphere. The
use of hydrodynamic models can reduce the errors caused by
these sensitivities.



1430 S. G. Coulson

Acknowledgments—The author would like to thank Prof.
Mark Burchell for his comments and advice, and the reviewer
for his helpful suggestions that have improved this paper. 

Editorial Handling—Dr. John Bradley

REFERENCES

Anderson William W. 1998. NASA/CR-1998-207766; NAS 1.26:
207766 Technical Report.

Brownlee D. E., Hörz F., Newburn R. L., Zolensky M., Duxbury
T. C., Sandford S., Sekanina Z., Tsou P., Hanner M. S., Clark
B. C., Green S. F., and Kissel J. 2004. Surface of young Jupiter
family comet 81 P/Wild 2: View from the Stardust spacecraft.
Science 304:1764–1769.

Brownlee D. E., Tsou P., Anderson J. D., Hanner M. S., Newburn
R. L., Sekanina Z., Clark B. C., Hörz F., Zolensky M. E., Kissel
J., McDonnell J. A. M., Sandford S. A., and Tuzzolino A. J. 2003.
Stardust: comet and interstellar dust sample return mission.
Journal of Geophysical Research 108, E10, 811.

Brownlee D. E. 1978. In: Cosmic dust. Chichester: Wiley. pp. 295–
336.

Burchell M. J. 2004. Panspermia today, International Journal of
Astrobiology 3:73–80.

Burchell M. J., Fairey S. A. J., Wozniakiewicz P., Brownlee D. E., Hörz
F., Kearsley A. T., See T. H., Tsou P., Westphal A., Green S. F.,
Trigo-Rodríguez J. M., and Dominguez G. 2008. Characteristics of
cometary dust tracks in Stardust aerogel and laboratory
calibrations. Meteoritics & Planetary Science 43:23–40.

Coulson S. G. 2009. On the deceleration of cometary fragments in
aerogel. International Journal of Astrobiology 8:9–17.

Coulson S. G. 2006. The effect of backscattering on the drag force
acting on sputtering bodies, Monthly Notices of the Royal
Astronomical Society 372:735–740.

Coulson S. G. and Wickramasinghe N. C. 2003. Frictional and
radiation heating of micron-sized meteoroids in the Earth’s upper
atmosphere. Monthly Notices of the Royal Astronomical Society
343:1123–1130.

Coulson S. G. 2003. The composition of the Y2K meteor.
Astrophysics & Space Science 283:275–281.

Coulson S. G. 2002. Resistance of motion to a small, hypervelocity
sphere, sputtering through a gas. Monthly Notices of the Royal
Astronomical Society 332:741–744.

Chapman S. J., Howls C. J., King J. R., and Olde Daalhuis A. B.
2007. Why is a shock not a caustic? The higher-order Stokes
phenomenon and smoothed shock formation, Nonlinearity 20:
2425–2452.

Deng X. 2008. Travelling wave solutions for the generalized

Burgers–Huxley equation. Applied Mathematics and
Computation 204:733–737.

Dominguez G., Westphal A. J., Jones S. M., and Philllips M. L. F.
2004. Energy loss and impact cratering in aerogels: Theory and
experiment. Icarus 172:613–624

Harris M. J., Wickramasinghe N. C., Lloyd D., Narlikar J. V.,
Rajaratnam P., Turner M. P., Al-Mufti S., Wallis M. K., and
Hoyle F. 2001. The detection of living cells in stratospheric
samples. Proceedings of SPIE 4495:192–198.

Herrmann W. 1969. Constitutive equation for the dynamic
compaction of ductile porous materials. Journal of Applied
Physics 40:2490–2499.

Hörz F., Cintala M. J., See T. H., and Nakamura-Messenger K. 2008.
Impact experiments with Al2O3 projectiles into aerogel (abstract
#1391). 39th Lunar and Planetary Science Conference.
CD-ROM. 

Hörz F., Bastien R., Borg J., Bradley J. P., Bridges J. C., Brownlee D.
E., Burchell M. J., Chi M., Cintala M. J., Dai Z. R., Djouadi Z.,
Dominguez G., Economou T. E., Fairey S. A. J., Floss C., Franchi
I. A., Graham G. A., Green S. F., Heck P., Hoppe P., Huth J., Ishii
H., Kearsley A. T., Kissel J., Leitner J., Leroux H., Marhas K.,
Messenger K., Schwandt C. S., See T. H., Snead C., Stadermann
F. J., Stephan T., Stroud R., Teslich N., Trigo-Rodríguez J. M.,
Tuzzolino A. J., Troadec D., Tsou P., Warren J., Westphal A.,
Wozniakiewicz P., Wright I., and Zinner E. 2006. Impact features
on Stardust: Implications for comet 81P/Wild 2 dust. Science
314:1716–1719.

Jutzi M., Benz W., and Michel P. 2008. Numerical simulations of
impacts involving porous bodies. I. Implementing sub-resolution
porosity in a 3D SPH hydrocode. Icarus 198:242–255.

Marsh Stanley P., ed. 1980. Los Alamos series on dynamic material
properties. Berkeley: University of California Press. 

Noguchi T., Nakamura T., Okudaira K., Yano H., Sugita S., Burchell
M. J. 2007. Thermal alteration of hydrated minerals during
hypervelocity capture to silica aerogel at the flyby speed of
Stardust. Meteoritics & Planetary Science 42:357–372.

Tillotson T. M. and Hrubesh L. W. 1992. Transparent ultralow-
density silica aerogels prepared by a two-step Sol-Gel process.
Journal of Noncrystalline Solids 145:44–50.

Trigo-Rodríguez J. M., Dominguez G., Burchell M. J., Hörz F., and
Llorca J. 2008. Bulbous tracks arising from hypervelocity
capture in aerogel. Meteoritics & Planetary Science 43:75–86.

Trucano T. G. and Grady D. 1995. Impact shock and penetration
fragmentation in porous media. International Journal of Impact
Engineering 17:861–872.

Xiao Hua Zhang, Jie Ouyang, and Lin Zhang 2009. Element-free
characteristic Galerkin method for Burgers’ equation.
Engineering Analysis with Boundary Elements 33:356–362.


	Introduction
	Compression Waves in Colliding Bodies
	Shock velocity in colliding bodies
	Track formation in aerogel
	Conclusion
	References

