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Abstract-Trajectories of particles under the effects of both lift and drag are found to depend on a 
dimensionless transport parameter (K), the ratio of the lift to drag coefficients (CdC 0), and the launch 
angle. If CL/Co = 0, the trajectory is the same as those given in literature and if K increases, both 
the maximum horizontal distance and the maximum height of the trajectory are reduced. If CdCo f 
0, the trajectory is greatly influenced by the lift coefficient CL, particularly for large values of Kand 
high launch angles. The trajectory with the effect of lift may differ greatly from the trajectory without 
lift. In fact for large values of Kand high launch angles and conditions of positive lift (against gravity), 
a looped trajectory can result. Such highly distorted trajectories occur for particles below a narrow 
size range for given launch conditions. These theoretical results may have application to trajectories 
of certain fractions of ejecta from an impact event. Current understanding of the impact process 
suggests that the most likely rotational sense of ejecta passing through an atmosphere results in 
negative lift, thereby accentuating previously published effects of drag. Positive lift for the same 
sense of rotation can occur only if sufficiently large dispersions in velocities exist between individual 
ejecta and a two-phase flow of impact-generated/released volatiles and debris or a pseudo-fluid created 
by much smaller size debris. Although such details in the ejecta flow field are as yet poorly understood, 
the derived lift/drag effects suggest that trajectories may be complex for sufficiently small ejecta or 
for certain large ejecta. 

I. INTRODUCTION 

In the study of ejecta transport from impact craters, ejecta particles are typically 
assumed to be non-interacting. Whether or not the ejecta particles interact, the 
trajectories of the particles help to define the emplacement sequence of the ejecta. 
The trajeq:ories of the ejecta particles depend on: (1) the initial velocity vector 
of the particles, (2) the gravitational acceleration of the planet (on which we study 
the ejecta transport), and (3) the aerodynamic forces on the ejecta particles due 
to the atmosphere or the effective atmosphere through which the particles move. 

In most studies of the ejecta trajectories, only drag forces are considered (Sher-
wood, 1967; Schultz and Gault, 1977, 1978; Tauber et al., 1978). The assumptions 
of negligible lift and non-interaction between ejecta are reasonable for the first 
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order evaluations of possible aerodynamic effects on ejecta emplacement. How-
ever, differentially decelerated ejecta implied by these results indicate that ejecta 
interactions are not only possible but probable, thereby necessitating the further 
inclusion of lift. Ejecta interactions within the ejecta flow field are also probable 
during the late-stage crater formation when material properties may become im-
portant for creating large velocity dispersions in the ejecta flow (Schultz, 1978). 
The present study is the first attempt to show the possible effects of lift on 
individual ejecta trajectories. Such effects may be significant in altering the clas-
sical view of ejecta emplacement because the trajectories with lift may differ 
greatly from those without lift. 

There are two cases where the lift force will occur on the ejecta particles: 
(i) If the shape of the particle is elongate (Fig. 1), a lift force will result when 

the body moves at an angle of attack a:: with respect to the resultant velocity 
vector q of the body, and 

(ii) If the particle has both translational and rotational velocities (Fig. 2), a lift 
force may be produced. This is known as the Magnus effect (Prandtl, 1952). 

For the lift force Land the drag force D, it is convenient to introduce the lift 
coefficient CL and the drag coefficient Co as follows: 

(1) 

where pis the density of the atmosphere through which the particle moves; q = 
(u2 + v2)½ is the magnitude of the relative velocity vector of the particle with 
respect to the atmosphere and u = q cos 0 and v = q sin 0 where 0 is the angle 

y 

Fig. 1. Lift (L) and drag (D) on an elongate body. 
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L 

D 

Fig. 2. Magnus effect on a rotating body. 

of the velocity vector q with respect to the horizontal surface of the planet, i.e., 
x-axis, and the gravitational acceleration vector g is in the minus-y direction 
(Fig. 1) and A is the reference area for the definition of the force coefficients CL 
and C 0 • 

During the formation of an impact crater in an atmosphere, very small decel-
erated particles may float in the atmosphere for a long time, thereby behaving 
like an ash flow (Pai et al., 1972). As a result, the density of the mixture of the 
atmosphere and the ash (an effective atmosphere) may be much larger than the 
density of the atmosphere alone without the ash. In general, the density of the 
atmosphere is a function of the altitude from the surface of the planet and it 
decreases with increase of the altitude. In order to show some essential effects 
of the lift, we assume in this paper that the density of the effective atmosphere 
is a constant unless specified otherwise. However, we will give one example of 
the effect of the variable density of the effective atmosphere which shows that 
qualitatively the effect of lift in the variable density atmosphere is the same as 
that of a constant density atmosphere. Similarly, we consider the gravitational 
acceleration g of the planet as a given constant. This means that the maximum 
height of the trajectory of the particle is much smaller than the mean radius of 
the planet considered. 

II. FUNDAMENTAL EQUATIONS AND THE IMPORTANT NON-
DIMENSIONAL PARAMETERS 

The trajectory of a particle is governed by the following equations of motion: 

du . 0 0 m- = - L sm - D cos 
dt 

(2) 

dv 0 . 0 m- = L cos - D sm - mg 
dt 

(3) 
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where t is the time and m is the mass of the particle. We define an effective length 
l of the particle by the following relation: 

m = pp Al 

where PP is the density of the particle and 

l = volume of the particle 
A . 

(4) 

(5) 

It is convenient to transform Eqs. (2) and (3) into non-dimensional form by 
introducing the following non-dimensional quantities (with a star*): 

U V t X y 
u* = U

0 
; v* = VO ; t* = Uo/g ; X* = U~/g ; y* = U~/g (6) 

where u0 is the initial x-component of the velocity vector q of the particle. 
Substituting Eq. (6) into Eqs. (2) and (3), we have the non-dimensional equa-

tions of motion of the particle as follows: 

- = - K(u* 2 + v* 2 )½ _!:v* + u* du* (C ) 
ili* Co 
dv* (CL ) -- = K(u* 2 + v* 2)½ --:--u* - v* - 1 
dt* Co 

where 

(7) 

(8) 

(9) 

is the transport parameter which is one of the most important parameters in our 
problem. 

Eqs. (7) and (8) should be solved with the initial conditions: 

Vo t* = O; u* = 1; v* = vt = - = constant. (10) 
Uo 

After u*(t*) and v*(t*) are obtained from Eqs. (8) to (10), the location of the 
particle is found by the following integration: 

(t* 
x* = xt + Jo u* dt* (11) 

Jt* 
y* = yt + 

0 
v* dt* (12) 

where x~ and yt are respectively the values of x* and y* at t* = 0. 
We have three important non-dimensional parameters which determine the tra-

jectory of the particles, i.e., K, CdCo and vt. 
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III. NUMERICAL RESULTS AND DISCUSSIONS 

Numerical results have been obtained for the following values of K, CdCo and 
vt: 

K = 0, I, 3, 5, 7, 9 
CdCo = 0, 0.5, 1.0, 2.0, 3.0 
vt = 0.125, 0.25, 1.00. 

Some of the typical results of the trajectories of the particles are given in Figs. 
3 to 10. It should be noted that these trajectories correspond to hypothetical 
conditions of a stable, uniform atmosphere with a single launch position. Con-
sequently, they are not intended to represent actual trajectories of ejecta from 
an impact event. Further discussion of applications is deferred to the following 
section. 

In Figs. 3 and 4, we have two cases without lift effect, i.e., CL/C 0 = 0. The 
trajectories are similar to those well known in the literature (Schultz and Gault, 
1978). For K = 0, vacuum conditions exist and the trajectory depends on vt only. 
As K increases, the maximum horizontal distance and the maximum height of 
the particle decreases. Both the maximum horizontal distance xt and the maxi-
mum height depend on the value of vt which are the well known results. 

In Figs. 5 to 9, the effects of lift are given. The trajectories of the particles are 
different from the well-known shape without lift, particularly where CdCo and 
Kare large. 

0.6 

0.5 

0.4 

y* 
0.3 

0.2 

0.1 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 
x*~ 

Vo = I 0 
Uo • 

CL = 0.0 
Co 

• 
p • = CONSTANT 
pp 

1.6 1.8 2.0 

Fig. 3. Trajectories of particles without lift effect for 14° launch angle (v 0 /u0 = 0.25) and 
different values of the dimensionless transport parameter, K. 
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0,04 

t 0.03 
* y 

0.02 

0.01 

0 

V 
_Q_ = 0 25 u . 

0 

CL 
-=00 C . 

D 

:: = CONSTANT 
p 

x*-
0.5 

Fig. 4. Trajectories of particles without lift for 45° launch angle (vt = 1.000) and different 
values of the dimensionless transport parameter, K. 

Figure 5 shows trajectories of particles with various values of K and low lift 
coefficient CdCo = 0.5, and vt = 1.00. In this case, the shape of the trajectory 
remains similar to those of Figs. 3 and 4 but there are essential differences. In 
the first place, the trajectories at different values of K are crossing one another 
neglecting crater growth. In the second place, the maximum horizontal distance 
xf for K = 1 is larger than the corresponding values in vacuum, K = 0. For K 
= 0, vt = 0.25, the maximum horizontal distance x*i = 0.500 but for K = 1, 
vt = 0.25, CdCo = 0.5, xf = 0.514. The particle would move farther with lift 
effect. 

=I 0 
Uo . 

0.5 
CL =O 5 
Co . 

p* = CONSTANT 
0.4 

l 
p; 

• y 0.3 

0.2 

0.1 

0 
0 0.1 0.5 0.6 0.7 0.9 

x*-

Fig. 5. Trajectories of particles with small positive lift effect for conditions shown in 
Fig. 3. 
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'!__g__ = 0 25 
UD . 

CL c =2.0 
D p: = CONSTANT 

Pp 

K = I 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 • x~ 

Fig. 6. Trajectories of particles with moderate positive lift effect for conditions shown 
in Fig. 4. 

Figure 6 illustrates the trajectories of particles at various values of K with 
moderate lift coefficient of CL/CD = 2.0 and vt = 0.25. Here the trajectory for 
K = 1 is similar to those without lift (Fig. 3), but the maximum horizontal distance 
xt is 0.801 which is much larger than the vacuum case, xt = 0.5. For large values 
of K, the trajectories differ greatly from that without lift. For instance, when K 
is equal to or larger than 5, the trajectory forms a loop. The lift effect increases 
with K and CdCD. 

Figure 7 includes the trajectories of particles for various values of Kat CL/CD 

0.860 

0.940 

0.6 

0.5 

r 0.4 
y* 

0.3 

0.975 

K=I 

Vo u =LO 
0 

CL 
Co =2.0 

p: = CONSTANT 
Pp 

2.125 

-0.15 -0.10 -0.05 0.0 0.05 0.10 0.15 0.20 0.25 0.30 

x*-
Fig. 7. Trajectories of particles with large positive lift effect. N ondimensional time is 
indicated on each trajectory. 
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= 2.00 and vt = 1.00. In this case, the lift effect is much larger than the corre-
sponding case of vt = 0.25. Even for the case of K = 1, there is a loop for the 
trajectory. For K = 3, the effect of the lift is so large that the particles will hit 
the ground in the direction opposite to that of the initial velocity vector of the 
particle. We mark the non-dimensional time on these trajectories so that we can 
see the time history of the particle path. For larger lift/drag values (CdCo = 
3.00), vt = 1.00, and various values of K, the effect of lift is even more pro-
nounced (Fig. 8). Table 1 includes the values of the vertical velocity vf, when 
the particle hits the ground at various values of vt, CdCo and K. It is interesting 
to note that with lift effect, both vf and (dv* /dt*)i are reduced, especially for 
large values of CdCo, K and vt. 

For comparison, Fig. 9 shows the effect of including an exponential decreasing 
atmosphere density with altitude for the scale height H* for Mars with vt = 0.25, 
and CdCo = 2.00. These trajectories are similar to those in a constant density 
atmosphere shown in Fig. 6. 

The lift force vector used in Figs. 5-8 is normal to the particle vector and in 
an upward direction. However, "negative lift" is possible (analogous to the drop 
ball in baseball) if the spin of the particle, for example, is in the opposite direction. 
In such cases, lift will have an effect similar to drag. Figure 10 illustrates this 
condition for the similar launch parameters shown in Figure 4 where lift does not 
occur. The addition of negative lift forces results in a reduced range, reduced 
altitude, and reduced flight time relative to particles experiencing only drag. 

L Vo u =1.0 
0 y 

0.810 0.48 
CL 
Co = 3.0 

0.755 
• 

0.40 p • = CONSTANT 
o.450 Pp 

K=I 

0.32 

1.345 0.255 

0.24 

-0.16 -0.12 -0.08 -0.04 0.0 0.04 0.08 0.12 0.16 0.20 
x*-

Fig. 8. Trajectories of particles with very large positive lift effect. Non-dimensional time 
is indicated on each trajectory. 
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Table 1. Vertical velocity vt, vertical acceleration (dv*/dt*)i and max-
imum horizontal distance xt where the particles hit the ground. 

v~ I Cr/Co K v~ I (dv*/dt*)i x~ l 

0.25 0 0 -0.250 -1.000 0.500 
-0.225 -0.844 0.384 

3 -0.193 -0.730 0.270 
5 -0.173 -0.678 0.214 
7 -0.160 -0.647 0.179 
9 -0.151 -0.625 0.159 

0.25 2.0 1 -0.398 -0.257 0.801 
3 -0.320 +0.314 0.275 
5 -0.251 +0.522 0.101 
7 -0.201 +0.612 0.042 
9 -0.183 +0.671 0,018 

1.00 0 0 -1.000 -1.000 2.001 
I -0.651 -0.527 0.869 
3 -0.461 -0.331 0.453 
5 -0.379 -0.257 0.318 
7 -0.331 -0.215 0.248 
9 -0.298 -0.188 0.204 

1.00 0.5 -0.673 -0.374 0.853 
3 -0.473 -0.143 0.382 
5 -0.384 -0.067 0.239 
7 -0.331 -0.031 0.168 
9 -0.295 -0.010 0.127 

1.00 2.0 -0.644 +0.223 0.295 
3 -0.390 0.620 -0.073 
5 -0.312 0.772 -0.752 
7 -0.275 0.911 -0.065 
9 -0.253 1.061 -0.056 

1.00 3.0 -0.598 0.688 -0.049 
3 -0.397 1.489 -0.107 
5 -0.351 2.285 -0.075 
7 -0.330 3.310 -0.055 
9 -0.326 4.632 -0.043 

Moreover, the asymmetric trajectories characteristic of drag-affected particles 
do not occur, a result that reflects the greater role of negative lift relative to 
gravity. Particles of a given size and density with negative lift will exhibit nearly 
the same reduced range as a smaller particle (factor of 2 to 4) with drag only. 

The preceding calculations have used several approximations that may modify 
the details but not the general results. First, any lift forces produced by an elon-
gate body (Fig. 1) will change as the angle of attack changes, thereby also chang-
ing the lift/drag ratio. Second, the Magnus effect (Fig. 2) is derived for a cylinder 
of unit length and has been applied to a sphere for first approximation. This 
simplification slightly overestimates the aerodynamic interaction and lift/drag val-
ues. Third, particles rarely are spherical but more typically are irregular. How-
ever, if the particle is rapidly rotating with respect to the flow velocity, irregu-
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-0.1 

0.25 
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0.05 

0 0.1 0.2 0.3 
x*-

Vo U =0.25 
0 

CL = 2 0 
Co . 

.f_ = ..f... e(-y*/H*) MARS 
Pp Po 

0.5 0.6 0.7 0.8 0.9 

Fig. 9. Trajectories of particles with moderate positive lift effect in an exponentially 
decreasing density atmosphere for launch conditions the same as in Fig. 6. 

larities of the smface become less important. The detailed effects of these 
assumptions on the lift/drag ratios in most cases will be much smaller than the 
trends and order-of-magnitude results sought here. 

IV. POSSIBLE LIFT-FORCE EFFECTS IN CRATER EJECTA 

Ejecta interactions: Limitations and applications 

The particle paths shown in Figs. 3-10 are purely theoretical results for an 
invariant launch position and uniform or uniformly varying atmospheric environ-

0.2 

0.16 

r y• 0.12 

0.08 

0.1 0.3 

Vo = I.O 
Uo 

CL 
- --=0 

Co 

1.180 
0.4 

x·-

~: = CONSTANT 
p 

0.555 
0.5 0.6 0.7 

Fig. 10. Trajectories of particles with moderate negative lift (solid curves) produced by 
clockwise-rotating particle. Broken curves indicate trajectories of particles with only 
drag forces for comparison (see Fig. 4). 
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ment. Ejecta from a growing explosion or impact cavity, however, exhibit time-
dependent launch positions and encounter large variations in the flow field de-
pending on the trajectories. Ejecta undergoing considerable positive lift and trac-
ing the paths illustrated in Figs. 5-8 will be removed from the major ejecta flow 
field and will be effectively blocked from subsequent interactions with the pre-
impact atmosphere. Ejecta experiencing negative lift or drag will leave the ejecta 
flow field in the opposite sense, i.e., into atmospheric conditions in front of the 
ejecta curtain. Consequently, there are three types of interactions that might 
occur during an impact event: ejecta traveling through a pre-impact atmospheric 
environment (leading the ejecta curtain); ejecta traveling through any impact-
generated volatiles (within and inside the ejecta curtain); and ejecta traveling at 
different rates through the general ejecta flow field (within the ejecta flow curtain). 
The ejecta curtain, as used here, represents the outward-moving wall of ejecta 
resulting from a relatively uniform ejecta flow field and is referenced to the clas-
sical description of an impact in a vacuum environment. 

The direction (positive/negative) of the lift forces depends on angle of attack 
or the direction of rotation relative to the flow field. The current understanding 
of the crater flow field suggests that ejecta will rotate clockwise (downrange to 
the right) owing to shearing action and the velocity gradient. Clockwise rotation 
will result in negative lift as shown in Fig. 10 if interaction is between the ejecta 
and the pre-impact atmosphere. It may result in positive lift, however, if the 
individual ejecta particle is traveling slower than the general ejecta flow field. 
Such complications are considered in more detail below. For the moment, we 
ignore the problems of specifying ejecta shape or rotation rates/direction and 
simply consider the size ranges of ejecta that might be affected by lift with values 
indicated in Figs. 3-8 and with different flow environments. Although this is a 
somewhat academic exercise, it places subsequent discussion concerning appli-
cation in perspective. 

First, the possible ejecta sizes affected by a pre-impact atmospheric environ-
ment is considered. Because ejection velocities at the same relative position de-
pend on crater size and gravity (Post, 1974; Schultz and Mendell, 1978; Schultz 
and Gault, 1978), lift effects also might change. For a 10 km-diameter (excavation) 
impact crater on Mars, equations derived in Schultz and Gault (1978) suggest 
that material ejected at velocities equal to or greater than 500 m/s would represent 
approximately 12% of the total ejected mass. Figure 6 reveals that looped ejecta 
trajectories develop for values of K > 5 when the lift effect is moderate, whereas 
Fig. 7 reveals similar effects for values of K > 1. These values of K correspond 
to ejecta smaller than approximately 2 cm and 20 cm, respectively (for drag 
coefficients of rapidly rotating ejecta). Table 2 permits further comparison of the 
typical ejection velocities in different size excavation craters and includes the 
corresponding critical ejecta size below which lift effects become important. 

If interaction is only between ejecta and an atmospheric environment resem-
bling pre-impact conditions, then lift forces are important primarily for small-size 
ejecta. Such interactions may be particularly applicable at sufficiently large dis-
tances from the impact where the ejecta curtain becomes dispersed. One possible 
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Relative position Relative volume ejected 
Critical ejecta* size Critical ejecta* size 

Ejection 
(Mars) (Earth) 

velocity 0.1 km 1.0km 10.0 km 0.1 km 1.0km 10.0 km Oo = 14° Oo = 45° 0 0 = 14° Oo = 45° 

500 mis <.2 <.4 <0.6 1% 5% 22% 2.0cm 20cm 15.0 cm 600cm 
100 mis <.4 <.6 ~1.0 7% 28% ~99% 0.3 cm 3cm 1.0cm 20cm 
50 mis <.5 <.8 ~1.0 16% 53% ~100% 0.1 cm 1cm 0.3cm 6cm 

* Approximate size below which ejecta may exhibit looped trajectories due to positive lift for CJC 0 = 2.0. Negative lift results in effects similar 
to drag but affecting approximately the same size ejecta shown here. 
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result of both drag and lift is the temporary suspension of small-size ejecta in the 
upper atmosphere. Figure 6 also reveals that slightly larger ejecta (i.e., lower 
values of K) can result in ranges farther than the nominal ballistic range in a 
vacuum. Consequently, the relatively small-size ejecta also may achieve large 
ranges, in contrast to predictions from drag and non-interacting ballistics. 

At earlier times in the ejection process (during crater growth), any positive lift 
resulting in the looped trajectories shown in Figs. 7 and 8 clearly shows that the 
assumption of an atmospheric environment resembling pre-impact conditions is 
invalid. If such lift effects occur, the ejecta will exhibit both drastically different 
velocities (magnitude and direction) relative to the general ejecta flow and flow 
densities. Knowledge of the flow field inside the boundary represented by the 
ejecta curtain is extremely limited. Schultz and Gault (1978) argue that any high-
velocity volatile fractions will be largely directed upwards above the impact point 
inside the ejecta curtain or entrained in the ejecta flow at early times. Recent 
theoretical calculations of small-size impact craters in plasticene (Thomsen et 
al., 1979) reveal just this mass/velocity distribution at very early times. Although 
plasticene is clearly not a geologic material, it does result in large quantities of 
impact-generated volatiles, perhaps analogous to high-velocity impact events 
(> 20 km's) and easily volatilized targets (ice-bearing martian surface?). 

The size of ejecta that might be affected by upward-directed, high-velocity 
volatiles above the growing impact cavity depends on the relative velocity and 
the effective densities, values that are currently uncertain. If the volatiles rep-
resent impact-vaporized silicates, then the ejection velocities may be of the order 
of the adiabatic expansion rate (i.e., ~4 km/sec). Although large quantities (six 
projectile masses) of vapor may be produced by high-velocity (45 km/sec) impacts 
(O'Keefe and Ahrens, 1976), any interaction will be largely restricted to very 
early times of crater formation. If the volatiles represent impact-vaporized water/ 
ice, then the gas velocities may be lower and may be present over longer times. 
In the latter case, ejecta/vapor interactions may result in a cloud above the impact 
crater. If the vapor fraction above the cavity approaches 10-3 g/cc, then ejecta 
as large as 10 m-20 m may be affected, for moderate values of CdC 0 • 

Within the highest density of ejecta flow represented by the conical-shaped 
ejecta curtain, drag or lift may affect individual ejecta if sufficient departures from 
mean velocity exist and if the ejecta sizes are distributed over a wide range or 
are mixed within a vapor phase. Significant dispersions in mean ejecta velocity 
are observed in small impact craters produced in layered targets (Gault et al., 
1968; Schultz, 1978), and most physical systems exhibit departures from com-
pletely uniform flow, particularly near boundaries. Additionally, we must suspect 
that early-time ejecta from high-velocity impacts consist of both solid and vapor 
fractions, thereby establishing a two-phase flow system. Two-phase flow also can 
develop if a few large-size ejecta fragments occur within a matrix of many smaller 
(factor of 100) fragments that form a pseudo-fluid. Consequently, both drag and 
lift are possible within the primary ejecta flow field. If we consider the density 
of the flow field to be of the order of 10-3 g/cc, then ejecta fragments as large as 
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10 m may be effected by lift for an angle of attack of 14°, CdCo = 2, and a 
dispersion in velocity of only 50 m/s. 

The preceeding considerations have not addressed the significance of these 
postulated effects on ejecta emplacement or on the general phenomenology of 
the ejection process. Necessary conditions for lift include sufficient values of K 
(relative velocity, ejecta size, fluid density), sufficient lift/drag ratios, and the 
presence of a two-phase flow system. Moreover, these conditions must act over 
a sufficiently long time if the results in Figs. 6-9 have meaning for trajectories, 
other than an indication of departures from the primary ejecta flow field. From 
the above calculations, interactions between ejecta and an atmosphere can affect 
only the small ( <10 cm) size ejecta, but interactions between ejecta and either 
a high-density vapor phase or other smaller size ejecta may affect significantly 
larger (10 m) ejecta. 

As indicated by Schultz and Gault (1978), ejecta/atmosphere interactions re-
sulting in drag can significantly modify the classical ejecta curtain containing 
small-size ejecta in later stages of crater growth. Laboratory experiments confirm 
this process, Lift, however, affects only that portion of the small ejecta that 
exhibit sufficient CdCo owing to geometric shape or rotation. Moreover, the 
effect oflift forces changes drastically as the affected ejecta are transported across 
different flow regimes. Consequently the contribution of lift to the modification 
of the ejecta curtain remains ambiguous, but the size of lift-affected ejecta will 
be in the same size range as drag-affected ejecta. Further ambiguity results from 
the most probable condition of negative lift for clockwise-rotating ejecta leaving 
the crater cavity. Large relative velocities or large fluid densities may affect larger 
ejecta, but the size range generally remains below that easily identified in lunar 
photography. 

Possible examples of lift-force effects 

Although there are several important differences between impact and explosion 
cratering processes, large-size explosive events at least represent a mass ejection 
of material where lift effects might be observed. Individual trajectories of ejecta 
traced by WisQtski (1977), however, reveal none of the looping trajectories pre-
dicted in Figs. 7 and 8, thereby indicating that such ejecta are too small to be 
observed, too large to be affected, or masked by other processes. For example, 
the looped trajectory occurring when CdCo = 2.0 and K = 1 (Fig. 7) can occur 
only for ejecta smaller than approximately 30 cm for ejecta travelling a total 
horizontal range of 600 m. Such small size ejecta are generally not traced in larger 
(>20 ton) explosive events, Additionally, such looped trajectories would carry 
ejecta into the explosion cloud where their paths could not be traced and where 
convective forces associated with the fireball may further influence the trajecto-
ries. Consequently, photographic documentation of looped trajectories from ter-
restrial explosions may not be possible. 

There are two examples, however, where lift forces might provide a possible 
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explanation for highly enigmatic phenomena. Figure 11 shows the 4.6 km-diam-
eter lunar crater Censorinus. Censorinus typifies numerous well-preserved impact 
craters in its size class on the moon: inner rim zone of blocks surrounded by 
hummocky ejecta facies and bright rays. Careful examination reveals, however, 
a cluster of 10 m-15 m blocks that impacted the ejecta facies on the facing rim 
of a nearby crater and rolled uphill, veering downhill at the end of their trail 
(Schultz, 1976). The preserved trails indicate that the source of the blocks was 
relatively recent, and the integrity of the blocks indicates that they impacted at 
sufficiently low velocities ( <150 mis) which prevented shattering. Censorinus is 
the only candidate crater in the region. If Censorinus is the source, then the 
blocks must have impacted at a low enough angle to roll uphill and at a time after 
emplacement of the ejecta facies. 

The predicted sequence is difficult to reconcile with simple ballistic emplace-
ment of ejecta. It might be understood, however, if the blocks experienced lift 
effects during ejection that delayed deposition and that resulted in a relatively 
low impact angle. It can be easily shown from equation (9) that a lift effect 
comparable to the looping trajectory shown in Fig. 7 is possible for 15 m blocks 
arriving at a range of 3 .5 km if the block travelled through an effective two-phase 
"atmosphere" (vaporized material and smaller ejecta) with an average density of 
~4 x 10-3 glee. The initial relative velocity would have been approximately 200 
m/s with an impact velocity of the order of 100 mis. Such low impact velocities 
into an incompetent ejecta deposit would insure survival at impact. Whether or 
not such a two-phase average density is meaningful in an impact event is unknown 
and requires further research. 

The moderate lift/drag values represented in Fig. 6 may have resulted from 
rapid rotation. The maximum angular velocity possible before tensile failure oc-
curs can be estimated by differentiating and maximizing the stress resulting from 
centrifugal force. The resulting expression is 

w < 2~(:D½ (13) 

where Po is the density of the block; w, the angular velocity; and a 1, the tensile 
strength. For the two-dimensional case of a rotating cylinder, the angular velocity 
can be given by: 

w = Cov oo(CL) 
21rR Co 

(14) 

where v oo is the relative flow velocity. For a rotating sphere of radius 7 m, a 
tensile strength of 500 bars and density of 3 g/cc, the break-up rate is approxi-
mately 9 radians/sec. For the conditions depicted in Fig. 7 and applied to Cen-
sorinus (Co ~ 0.2 for large Reynolds numbers), the angular velocity is approx-
imately 1.8 radians/sec. Consequently, the optimum conditions required for 
moderate lift effects due to rotation should not result in break-up of the body for 
reasonable values of the tensile strength. If the initial ejection angle is higher 
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Fig. ll(a). The 4.6 km-diameter lunar crater Censorious revealing impact adjacent to older and larger crater Censorious A. 

Arrow identifies blocks shown in Fig. 1 lb. (b) Cluster of small blocks on the Censorious-facing rim of Censorious A. Blocks 

survived impact and rolled uphill. Preserved block trails require arrival after Censorious ejecta deposits were emplaced, thereby 

suggesting an unusual sequence of events perhaps related to lift effects. 
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than the angle shown in Fig. 7, then smaller values of K and correspondingly 
smaller rotation rates (lift) are necessary to produce the looped trajectories. 

The type of interaction necessary to produce the positive lift effects postulated 
for the Censorinus blocks is most likely between tumbling ejecta and a faster 
moving flow of ejecta. Experiments in the laboratory using interbedded targets 
clearly reveal the clockwise tumbling motion expected from hearing action of 
the ejecta flow. If this rotation sense occurred for the Censorinus blocks, then 
the relative motion of the blocks must have been back toward the crater, i.e., the 
general ejecta flow field was faster than the larger blocks. 

The second important effect of positive lift is the longer flight time: a condition 
necessary for the Censorinus blocks. From Fig. 7, it is easily shown that the 
total flight time with lift approaches 180 secs., whereas direct ballistic arrival 
requires only 60 secs. 

The occurrence of the Censorinus blocks with downrange trails is rare. Con-
sequently either the impact conditions were anomalous (very high velocity im-
pact), or the evidence is preserved only at Censorinus. 

The terrestrial Ries crater may provide a second example of lift effects where 
large blocks were transported large distances without extensive damage (see Pohl 
et al., 1977). As shown in Fig. 6, the ballistic range may be extended if a particle 
exhibits moderate lift (CdCn = 2) and low ejection angle. The Ries megablocks 
exceed 100 m across and occur at ranges beyond 17 km from the center of the 
impact crater. As an illustration, the impact velocity of a 200 m block at a range 
of 17 km could be reduced from over 400 mis (vacuum ballistics) to only 180 
m/s with conditions shown in Fig. 6. This lower impact velocity into incompetent 
ejecta deposits may permit survival at impact. However, if the lift results from 
the Magnus effect, the rotation sense would have to be opposite thit expected 
and observed in an impact (clockwise direction with range increasing to the right), 
and the atmospheric density would have to be increased an order of magnitude. 
Such conditions might apply within an atmosphere saturated with small-size aero-
dynamically decelerated ejecta but the necessary timing between launch of the 
megablocks and the development of the ejecta-saturated atmosphere is reversed. 
If looping trajectories developed in such an environment, the calculated impact 
velocities at such large ranges remain essentially the same as the minimum impact 
velocity expected under vacuum conditions. 

V. CONCLUDING REMARKS 

The following conclusions may be drawn from the present study. 
(1) The aerodynamic effects on the trajectory of ejecta particles depend on a 

transport parameter K = ½(u~/gl) (p I pp)Cn; the ratio of the lift to drag coefficient, 
CdCn; and the initial velocity ratio vt = v 0 /u 0 • For K = 0, it is the case in 
vacuum where there is no aerodynamic effect. If K is different from zero, but 
CdCn = 0 (no lift effect), the trajectories are similar in form as those of K = 0, 
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but as K increases, both the maximum horizontal distance and the maximum 
height of the particles are reduced. 

(2) Application of the proceeding theoretical results to impact cratering in non-
vacuum environments suggests that lift potentially can affect small ejecta in the 
size range also affected by aerodynamic drag, thereby adding complexity to at-
mospheric effects discussed by Schultz and Gault (1978). 

(3) Relatively large ejecta may exhibit large effects if the relative velocity, flow 
density, and lift/drag values are sufficient. Such conditions are possible for larger 
ejecta traveling through impact-generated vapor or a mix of smaller size ejecta 
and vapor. 

The overall significance of ejecta interactions within the crater flow field re-
quires theoretical and experimental study of the vapor /solid mixtures and velocity 
dispersions produced by an impact on an atmosphere-free planet. At one extreme, 
lift/drag forces result in considerable dispersion of the finer ejecta fractions; at 
the other extreme, lift/drag forces affect only a miniscule fraction of the ejecta, 
which are preserved in the ejecta deposits as curiosities. In an atmospheric en-
vironment or for certain lithologies, however, lift/drag effects potentially can 
complicate ejecta trajectories and influence ejecta emplacement. 
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