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Introduction:  Crater-scaling relationships are
used to predict many cratering phenomena such as
final crater diameter and ejection speeds. Such non-
dimensional relationships are commonly determined
from experimental impact and explosion data [1].
Almost without exception, these crater-scaling
relationships have used data from vertical impacts
(90˚ to the horizontal). The majority of impact
craters, however, form by impacts at angles near 45˚
to the horizontal [2, 3]. While even low impact angles
result in relatively circular craters in sand targets [4],
the effects of impact angle have been shown to
extend well into the excavation stage of crater growth
[5].   Thus, the scaling of oblique impacts needs to be
investigated more thoroughly in order to quantify
fully how impact angle affects ejection speed and
angle.

In this study, ejection parameters from vertical
(90˚) and 30˚ oblique impacts are measured using
three-dimensional particle image velocimetry (3D
PIV) at the NASA Ames Vertical Gun Range
(AVGR) [5, 6]. The primary goal is to determine the
horizontal migration of the cratering flow-field center
(FFC). The location of the FFC at the time of ejection
controls the scaling of oblique impacts. For vertical
impacts the FFC coincides with the impact point (IP)
and the crater center (CC). Oblique impacts reflect a
more complex, horizontally migrating flow-field.  A
single, stationary point-source model cannot be used
accurately to describe the evolution of the ejection
angles from oblique impacts [7].  The ejection speeds
for oblique impacts also do not follow standard
scaling relationships [8]. The migration of the FFC
needs to be understood and incorporated into any
revised scaling relationships.

A Moving Flow-Field Center: A generic model
can be created for the horizontal migration of a FFC
as the crater grows during an oblique impact (Figure
1). The projectile first strikes the target surface at the
impact point (IP).  However, the final crater will be
centered at the crater center (CC). Since oblique
impacts impart a horizontal momentum component to
their subsurface flow fields, the instantaneous FFC
location migrates downrange from the IP to the CC,
along the initial projectile trajectory as documented
in overlapping failure patterns of strength-controlled
targets [9].

At any time, the instantaneous FFC will be
located a distance d from the CC. If the CC is the true

horizontal location of the instantaneous FFC (as is
the case for vertical impacts), then the measured
azimuth with respect to the CC (φCC) and the azimuth
with respect to the instantaneous FFC (φFFC) will be
the same.  However, if the CC does not correspond to
the instantaneous FFC, then the amount by which the
two measured azimuths differ can be used to
determine the separation between the instantaneous
FFC and the CC, d:
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where xe is the average ejection position with respect
to the CC (Figure 2).

Method: 3D PIV allows the measurement of
three-dimensional velocities of ejecta particles in a
horizontal cross-section of the ejecta curtain located
slightly above the target surface.  The three-
dimensional location and velocity of the particles
fully define their entire ballistic trajectories in a
vacuum.  The intersection of these ballistic
trajectories with the target surface yields ejection
parameters such as ejection speed, angle, position,
and azimuth around a defined FFC.  For this study,
the FFC is initially defined to be located at the CC for
both vertical and oblique impacts. The azimuths of
the particle locations above the target surface as well
as the azimuths of the extrapolated ejection position
are calculated with respect to the CC.  For oblique
impacts, the azimuths of ejected particles differ from
the azimuths of the same particles in flight, implying
a separation between the CC and the instantaneous
FFC (Figure 3).

By fitting a curve of the form of equation 1 to the
azimuth data for the oblique impact, the value of d
can be determined.  The new instantaneous position
of the FFC is located a distance d from the CC
uprange along the projectile trajectory. For the
30˚ impacts, the instantaneous FFC locations plot
between the IP and the CC, indicating that the best-fit
FFC for different moments of crater growth during
oblique impacts is indeed migrating horizontally
(Figure 4).

Scaling Oblique Impacts: The location of the
FFC at any given time needs to be incorporated in
order to properly scale oblique impacts. The
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instantaneous FFC becomes the reference point for
determining the apparent crater radius for different
curtain segments.  This apparent crater radius can
then be used in standard ejecta scaling relationships
to address their applicability to oblique impacts.

While it has already been shown that oblique
impacts cannot be modeled as a single, stationary
point source, some of the simplicity of the point-
source model might be retained if the point source is
allowed to migrate.  Furthermore, it may be
necessary to model oblique impacts with two or more
interacting point sources in order to account for the
differences between the uprange and downrange
ejecta dynamics.
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Figure 1. Geometry and variables used in this study.
The shaded circle represents the locations of particles
ejected at a given moment of crater growth and
measured using 3D PIV. xe is the average distance
from the CC to the ejected particles and d is the
distance from the CC to the instantaneous FFC.

Figure 2.  FFC azimuth plotted vs. CC azimuth as
given by the model in Equation 1 for different values
of d/xe = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0.

Figure 3. 3D PIV data from a 30˚ impact showing
variation in azimuths of the same ejecta particles at
the target surface and while in flight in the ejecta
curtain. This indicates that the instantaneous FFC is
not located at the CC.  In this case, d/xe = 0.4.

Figure 4. 30˚ data showing the locations of the
instantaneous FFCs as determined from 3D PIV
measurements. Note that the FFCs fall between the
30˚ IP and measured CCs along the projectile
trajectory (as in Figure 1).

Lunar and Planetary Science XXXV (2004) 1529.pdf


