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Fig. 8 Pressure distributions at different times after
shutoff.

tion of steepest pressure gradient. The body forces on an ele-
ment of soil due to the flow of gas through it will be propor-
tional to the pressure gradient and act in the same direction
as the flow. The general direction of the flow during firing is
downwards into the soil directly underneath the jet and up-
wards out of the soil in surface regions three or four charae-
teristic lengths from the center, as shown in Fig. 5. In the
latter regions, the rate of upward flow, or the pressure
gradient, in a real test increases as firing goes on until such a
time that the vertical upward component of the force exerted
by the flow exceeds the weight of the soil. The region of soil
where this condition is reached becomes potentially unstable.
Whether or not this part of the soil will be lifted up and re-
moved by the gas stream along the surface depends on the
strength of the soil. In particular, since the net vertical force
has become zero (the effective stress, as used in soil mechanics,
has become zero), the part of the soil strength which depends
on the stresses acting between grains (effective stresses) is
zero, and therefore only the cohesion of the soil is important
in holding the soil down. If the soil is completely cohesion-
less, then the entire region of soil in which the force due to
the upward flow of gas exceeds the weight of the soil may be
removed. However, in practice, once erosion begins to take
place, the geometrical configuration of the surface and conse-
quently of the flow region changes and solutions previously
obtained will no longer be valid for subsequent times. It is,
therefore, to be remembered that the calculations of pressures
deseribed previously assume that the surface boundary and the
flow properties of the region do not change with time. This
assumption is then equivalent to considering that the soil
grains in the potentially unstable regions are supported by the
gas flow (the material has been liquefied or become quick)
without being carried away by the exiting gas.

2. After Shutdown

_The same kind of instability phenomenon occurs after the
shutdown of the engine. The gas flow directions are indicated
in Fig. 8. It can be seen from Fig. 8 that very steep pressure
gradients appear near the center of the region after the shut-
down. All the calculations subsequent to shutdown are
valid only if it is assumed, as before, that this central region
staysin place.

3. Erosion Estimate

It is interesting to make an estimate of the extent of the
potentially unstable region both during firing and after shyg~
down. Since the weight of the soil enters into this cop-
sideration, the same soil will exhibit different erosion amounts
under earth and lunar gravity conditions. The effect of
gravity is considered in the following calculations.

A square element, whose corners are the grid points of the
mesh used in the pressure caleulations, is assumed to be sul
jected to uniform pressures acting on its four sides, which
the average of pressures at the corresponding pair of grid
pomts at the corners. In addition, the weight of the elemeu
is assumed to act on the bottom of the element. (The uni
weight of the soil is taken to be 100 lb/ft® on earth and 16.7
Ib/ft? on the moon.) The resultant of the vertical forces
acting on the upper and lower faces of the element and
weight of the element is caleculated for each element. If ]
net force for an element on the surface acts upwards, then the
weight of this element is neglected in calculations for the ele-
ment below it. This is equivalent to assuming that the
element is in a floating position and yet the flow boundary has
not changed so significantly as to invalidate the solution of the
finite difference equations for the flow problem. Such calcula-
tions are performed for each element during firing and after
shutdown at different times under earth and then lunar
gravity. From these calculations it is possible to deﬁm
potentially unstable regions within which the soil would have
been blown away if it possessed no cohesion. In Figs. 9-11,
these potentially unstable regions are shown under different
firing and shutdown conditions and comparisons are made for
the effect of gravity.

It must be pointed out, however, that due to the discrete
nature of the formulation of the problem, the first instant of
instability (e.g., 7 = 1.0 at g in Fig. 9) may not be too mean-
ingful. It is possible that instability occurs earlier than
T = 1.0. Also, for the same reason, the lines defining these
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Fig. 9 Regions of potentially unstable soil at different
times during firing to T = 5.0, at g and } g



FEBRUARY 1968

——r
/’, ﬁ”’”
rd v
1=50
6_0\%/
525
5.5
g
i
11
1173
=505
s.1
5.2
53
55
60
I
g9

Fig. 10 Regions of potentially unstable soil at different
times after shutoff at T = 5.0, at g and } g.

regions have to be extrapolated to the surface, because the re-
sultant vertical forces on the first layer of elements are as-
sumed to act at the bottom of the layer. However, the gen-
eral pattern of the possible erosion is still valid. The finite
difference grid can be made smaller if a more detailed study of
soil removal near the surface is ever required.

In order to study the effect of the bottom boundary on the
erosion pattern, a solution was obtained where the bottom
impermeable boundary was located at a depth twice as great
as in the previous solutions. The solution shows that the
pressure distribution in the top half of the new region is al-
most identical to that in the region previously studied, except
in the bottom two layers of the soil where the effect of an im-
pervious boundary is most significant. The pressures near
the surface, and hence the regions of potentially unstable
soil, remain unaffected by moving the bottom boundary
away from the surface. Therefore, the solutions obtained
and the conclusions reached in this study are expected to be
valid in situations where the engine fires onto a semi-infinite
porous medium.

As stated earlier, only the cohesion of the soil, but not its
frictional resistance, is effective in resisting erosion by the
existing gas. To evaluate the effect of cohesion of the soil on
the erosion pattern caused by the engine exhaust, a strength
analysis can be performed from which it is possible to estimate
the minimum cohesive strength of the soil required to prevent
any soil removal down to a given depth.

Conclusions

It is suggested that the three processes, 1) erosion by en-
trainment of soil particles in the gas flow, 2) rapid cratering as
a result of the jet-caused, normal surface gas pressure’s exceed-
ing the bearing capacity of the so0il,'* and 3) soil movement as
a result of the upwards flow of gas through the pores of the
soil during and at the end of firing, all oceur as a result of the
interaction of a jet with a granular medium. Which process
predominates depends on the thrust level, height, and degree
of expansion of the jet, and the length of firing in relation to

TRANSIENT ROCKET-ENGINE GAS FLOW IN SOIL SN 263

2 ®
-
oA RS ',’:":/"
¥ 20' ot o
:
B _—_—'/
=
0.2
1.0,
0.5
9

o=
=}

Fig. 11 Regions of potentially unstable soil at different
times after shutoff at T = 0.2, at g and } g.

the soil characteristics of cohesion, grain size, and size dis-
tribution as they play a part in the entrainment processes
and control the permeability. For high-static gas pressuresat
the ground surface, yielding that results in sudden or explosive
cratering may occur.!® Pressures less than those required to
cause such sudden failures cause both surface entrainment
and gas flow into and through the granular medium. If the
time of firing is short relative to the characteristic time of the
system, little penetration of the gas pressures into the soil
will occur, and the principal mechanism of soil removal will be
particle entrainment by the lateral gas stream at the soil’s
surface,

However, for firing times long compared to the character-
istic time, the flow through the soil can develop more fully,
and it ean be seen from Fig. 8, for example, that an upward
component of flow occurs in an annular region at the surface.
This annulus does not, in general, correspond with the region
of maximum surface shearing stresses caused by the jet, and
it follows that, under the appropriate conditions, more than
one region of soil removal can occur, as demonstrated, for
example, in Fig. 2,

For all but very short firing times, cessation of firing with
the subsequent reimposition of a uniform pressure smaller
than the firing pressures at the soil surface, permits the gas
stored in the soil to vent through the soil to the surface.
With the highest gas pressures developed immediately under
the jet this results in a circular region of uplifted soil in this
position. This soil in most cases rises as the gas escapes and
falls back to the surface again, usually in a loosened condition.
The extent to which material is lost from the area depends
on the dimensionless time duration of firing, the soil charac-
teristics, and the gravitational field. This process is shown
in Fig. 3b.

Figures 9-11 show separately the regions of potentially un-
stable soil developed during firing, and immediately following
shutdown, respectively. In a real test, the effects are, of
course, superimposed, and it will be seen that, depending on
the characteristic time for the soil, various patterns of surface
material removal can be obtained. For comparison with
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the computed results, the soil profile remaining at the end of
the test shown in Fig. 2 has been plotted on Figs. 9 and 11.
It would appear in this case that the profile best fits the com-
puted results for shutdown at about the dimensionless time
0.1, which gives a characteristic time for the soil of about 5
sec. It must be remembered that some of the soil falls back
to the surface as the gas flow out of the soil diminishes.

In a cohesionless soil, the surface material will begin to
blow away as soon as firing begins, and removal will continue
during firing and at shutdown. However, a soil with cohesion
will not erode on ignition of the rocket, since, as pointed out
before, the cohesion prevents the removal of soil in the po-
tentially unstable regions.

As firing continues, the net upward force on the unstable
region in a given soil increases. If, at a subsequent stage,
this gas-developed force exceeds the resisting force due to
gravity and soil cohesion, the region will be ejected from the
soil surface and removed. Consequently, in a soil with a
small amount of cohesion, firing can take place for some time
with little or no visible effect on the soil until chunks of the
soil become detached at a time when the cohesive resistance
of the soil is exceeded. As soil is usually inhomogeneous,
these pieces of soil will not be removed uniformly and sym-
metrically around the impingement axis.
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