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Abstract.  The physics of hypervelocity impact into foams are of interest because of application to 
comet dust capture during flyby encounters.  Particles much larger than the foam cells behave as if the 
foam were a continuum, so that standard equations of fluid mechanics describe the effects of drag and 
ablation.  Calculations based on these arguments accurately reproduce experimental results. 
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INTRODUCTION 
 

A spacecraft passing through the coma of an 
active comet can capture cometary dust particles by 
allowing them to impact a low density material 
such as a foam, dissipating the kinetic energies of 
the particles over large volumes.  Since the physi-
cal processes involved in such impacts strongly 
affect the particles’ suitability for study, an under-
standing of those processes is important.   

A substantial literature exists concerning pene-
tration into continuous media, the most relevant 
being models of capture by low-density foams [1-
5].  Some of these models address only a subset of 
the phenomena active at the high velocities charac-
terizing the present problem. The more complete 
models are complicated, leaving open the need for 
a simple model designed to give an intuitive under-
standing of the relevant physics. 

 
 

THEORETICAL TREATMENT 
 

If we restrict our discussion to a regime where 
the impacting particle is large enough to see the 
foam as a very low density continuum, processes at 
high velocity can be described by concepts analog-

ous to fluid mechanics.  A bow shock wave (figure 
1) precedes the projectile.  The shocked foam flows 
around the projectile, separating from it at some 
point.  In the region of contact, a boundary layer, 
across which heat transport occurs, exists between 
the particle and the free-stream flow. 

 
Drag 

 
At high velocities, drag is due primarily to the 

pressure differential across the projectile. If we 
approximate the bow shock wave as a steady, nor-
mal planar shock wave, then the usual conservation 
laws apply [6]: 
 

( )0 1U U uρ ρ= −                                                 (1) 
 

1 0P Uuρ=                                                             (2) 
 

( )( )1 1 2
1 0 1 0 0 12 2E E P P V V u− = + − =                        (3) 

 
where U and u are the shock and particle velocities, 
in the rest frame of the unshocked foam, ρ is densi-
ty, P is pressure, V is specific volume, E is specific 
internal energy, and subscripts 0 and 1 refer to the 
unshocked and shocked states, respectively. 
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Figure 1.  Schematic of the present problem. 

 
The shock Hugoniot curve can often be de-

scribed by a linear U-u relation: 
 

0U C su= +                                                          (4) 
 

For very distended materials, C0 is typically 
small, so U ~ su and eqs. (1) and (2) become 
 

0 1H
s

s
ρ ρ=

−
                                             (5) 

 
2

1 0P U sρ=                                                         (6) 
 

The shock wave moves at the same speed as 
the projectile, so the shock pressure is related to the 
projectile velocity by equation (6). This pressure 
acts on the projectile surface forward of the flow 
separation point (assumed to be the maximum di-
ameter).  Past this point, the pressure is negligible 
and the pressure difference results in a net force 
decelerating the particle.  The form of equation (6) 
allows the usual equation for drag to be used: 
 

1 2
02D DF C U Aρ=                                                  (7) 

 
where CD ≈ 2/s is the effective drag coefficient and 
A is the cross section area of the particle.  In the 
absence of ablation, the equations of motion for the 
projectile are easily evaluated, giving 
 

1

0

2

D

mU t
C Aρ

−=                                                       (8) 

 

0

2 ln
D

mx t
C Aρ

=                                                       (9) 

where m is the projectile mass, t is time, and x is 
distance travelled.  A nonzero initial time t0 must 
be chosen to give the correct initial velocity. 

At low velocities, viscosity cannot be ignored 
and the foam builds up in front of the projectile 
instead of flowing around it.  We assume this hap-
pens when the Reynolds number drops to Re ≈ 
3000, at which viscous effects dominate, where 

 
( )HRe U u rρ η= −                                  (10) 

 
Here, r is the projectile radius and η is viscosity.  
At subsonic penetration speeds, a slug of com-
pressed foam, assumed to be conical with a half 
angle of 45˚ and the particle at the apex, forms 
ahead of the projectile with its base advancing at 
the effective sound speed, which we assume to be  
 

2eff BC C π=                                           (11) 
 
where CB is the bulk sound speed of the fully dense 
foam material.  The projectile stops when the wave 
stress, σ = ρ0uCeff, equals the macroscopic collapse 
stress, σf, of the foam cells. 
 

Ablation 
 

Projectile mass is lost by ablation, at a rate 
controlled by the heat flux into the ablating surface 
area, Aab, and an effective heat of ablation, Heff: 
 

( )ab
f a

eff

Adm K T T
dt H δ

− = −                                   (12) 

 
where K and δ are the conductivity and thickness 
of the boundary layer and Tf and Ta are the temper-
ature of the shocked foam and the ablating surface.  
It is customary to define a heat transfer coefficient 
CH ≈ K/δ, for which CH ∝ r-1/2  [7].  

Ablation at the relevant size scale requires 
very low viscosity, so ablation is assumed to occur 
at the 1 bar boiling point, with a heat of ablation 
equal to the enthalpy difference of the gas at the 
ablation temperature from the solid at 298 K.  At 
large scales, flow of molten projectile material may 
dominate, lowering the values of Ta and Heff.  For r 
smaller than relevant phonon and photon wave-
lengths, inefficient coupling may reduce CH. 
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CALCULATIONS AND DATA 
 

An important experimental data set exists for 
aluminum spheres impacting polystyrene foams [8-
10].  While not realistic representations of cometa-
ry dust particle impacts, these data allow the model 
to be tested as a basis for extrapolations to the re-
gime of relevance to dust impacts. 

Calculations were performed for aluminum 
spheres impacting polystyrene foam with a density 
of 16 kg/m3.  Foam and aluminum properties used 
are given in Table 1.  The value of s is extrapolated 
from fits to data for higher foam densities. 

To crudely account for reactions in the foam, 
we allow depolymerization followed by decompo-
sition to benzene and acetylene.  We use a Mur-
naghan form for the principal isentropes of the po-
lymer and decomposition products: 

 

( ) ( )0 0 1SK
S S SP K K V V

′−⎡ ⎤′= −⎢ ⎥⎣ ⎦
                (13) 

 
which, when V>>V0, becomes PS ≈ -KS0/KS´.  The 
shock temperature is given by 
 

0

0

H

H S
f

H V

P PT T d
C

ρ

ρ

γ ρ
γρ ρ

−= + ∫                       (14) 

 
where γ is the Grüneisen parameter.  KS0 and KS´ in 
expansion are assumed to be the 1 bar values.  The 
behavior of γ is poorly known, so we assume γ ≈ 
constant, using the ultrasonic value for the polymer 
and thermodynamic values for other species.  A 
high-T heat capacity of 1k/bond + 3k/molecule is 
used.  We approximate the extent of reactions by: 
 

1 2

2exp
2

i
i i

tr

Hw w
u E−

⎛ ⎞− Δ≈ ⎜ ⎟−⎝ ⎠
                            (15) 

 

tr j j
j i

E w H
<

= Δ∑                                         (16) 

 
where w is the mass fraction reacted and ΔH is the 
enthalpy of the reaction (at 1 bar and 298 K) that 
gives those products.  We also assume that the 
properties of a given mixture of  polymer and prod- 

Table 1.  Foam and Projectile Properties. 
Foam ρ0 16 kg/m3 

 s 1.338 
 Ceff 1208 m/s 
 σf 0.172 MPa 
Aluminum ρ 2712 kg/m3 
 Ta 2791 K 
 Heff 4.241 MJ/kg 
References: 10-16 

 
ucts can be obtained by mass-weighted mixing of 
the individual values of V0, V0/γ, V0/KS0, CV, and 
V0(KS´-1).  Table 2 gives the properties used. 
 

Comparison with experimental data 
 

Figure 2 shows the results of the calculations, 
along with the experimental data.  The figure 
shows that the model can accurately describe the 
extent of ablation as a function of the impact speed 
and particle size.  Most of the curvature in the data 
and the model in figure 2b is due to the fact that CH 
∝ r-1/2.  We use CH = CH0/r1/2, with CH0 = 5.75×105 
Wm-1/2K-1.  The model gives approximately the 
correct stopping distances and the correct qualita-
tive features, but detailed agreement is not very 
good, indicating the need for improved understand-
ing of the low-velocity behavior. 

 
 

DISCUSSION 
 

Our model does well predicting the extent of 
ablation with CH0 as the sole adjustable parameter.  
Stopping distance, which depends strongly on low-
velocity behavior, is less well predicted.  De-
creased recovery efficiency for smaller projectiles 
indicates that capture of small particles is difficult.   
 

Table 2.  Shocked Foam Species Properties 
 Poly-

styrene 
Styrene Benzene + 

C2H2 
ρ0 (kg/m3) 1046 909 745.9 
KS0 (GPa) 3.768 1.668 0.4957 
KS´ 8.5 7.658 7.6345 
γ 3.08 1.017 0.488 
CV (J/kgK) 1357 1517 1677 
ΔH (MJ/kg) 0 0.7873 2.3493 
η (Pa⋅s) a 976 2.98×10-5 2.98×10-5 
References 11,17-20 18,21-23 11,18,21-23 
aLimit from Vogel-Tammann-Fulcher equation fit 
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Figure 2.  Comparison of model with data.  (a) Mass 
fraction recovered as a function of impact velocity;       
(b) Mass fraction recovered as a function of radius. 
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