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ing point in front of the boundary (its mirror image). For 
example, for a calculation at a point 0 coinciding with the 
bottom of container, Eq. (5) can be used with the provision 
that P,,.,. is taken equal to P1,.,.. 

It is possible to examine the case of time-dependent surface 
pressure distribution due to, say, the gradual approach of the 
jet to the surface, but in the present study a constant pressure 
is used to simulate the firing of the Surveyor vernier engine 
at a constant height. It is important to note that during the 
firin? of the jet, erosion of the soil surface by the exhaust gas 
flmnng along the surface generally occurs. However, in this 
study, a surface configuration that does not change with time 
is assumed. This point will be discussed in more detail in a 
later section. 

The shutdown of the engine can be simulated by removing 
the imposed pressure distribution on the surface. The engine 
can be fired for different periods of time and then shut off. 
The equations governing the diffusion of gas out of the soil 
after engine shutdown are exactly tbe same as those during 
firing. Only a change in the surface boundary conditions is 
required. The diffusion of gas through the medium during 
firing i studied a well as the diffusion subsequent to shut
down after fuing for different times, and the results are pre
sented in the follo'\\ing section. 

R esults of Pressure Calculation 

The pressure distributions of the gas in the soil at different 
times after the engine is turned on are shown in Fig. 5. The 
pressures at different depths below the center of the engine 
are shown as functions of time in Fig. 6 and tbe pressures at 
different radial distances from the center at the bottom of the 
fir;;t layer are shown in Fig. 7: It can be seen that at T = 5 
the pressures at most of tbe points near the urface 
reached values. Hence, it can be a "urned that steady 
state of flow 1s reached at about T = 5. Equation (5) can be 
u.-ed to check whether the teady state bas been reached or 
nut. 1:Jnder the steady state, the parenthesis on the right
hand side hould vanish at all points in the medium. It is 
indeed, found that thi condition is true for all the points except 
those near to the bottom boundary and those near to the 
corner where the two impermeable boundaries meet. 
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Fig. 5 P r essure distributions at different t imes d uring 
firing. 
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Fig. 6 Pressure vs time at varying d epths under the center 
of the jet. 

For firing up to a certain time, say, ! sec, whether the 
steady state has been reached or not depends on the charac
teristics of the soil, since the soil property is represented in the 
group of terms defining the characteristic time. Under the 
circumstances of firing, the gas viscosity is about 1 X 10--e lb 
sec ft-2 and the soil's permeability, varying with grain size, 
bas values of 10-L10-10 ft2 for a coarse sand (grain size 1000-
500µ) to 10-rqo-u ft2 for a fine silt (grain size 50-10µ ). 
Consequently, the characteristic time can vary from 10-1 sec 
in a coarse sandy soil to 10' secs in a fine granular medium, 
for tbe Surveyor mode and pressure in question. 

For a coarse-grained, very permeable soil under the present 
conditions, it seems likely that firing for ! sec may develop 

steady-state. ftow condition whereas in a fine-grained very 
rmpermeable soil, the steady state may take minutes to de
velop in the test under discussion. In order to study the shut
down phenomenon in different soils, it is therefore necessan· 
to turn off the engine at different times, after the steady 
has been reached, as well a.s before. 

Three cases have been studied. In the first, the engine is 
shut off at T = 5 and calculations are continued up to T = 6. 
In the second and third cases the engine is shut off at T = 2 
and T = 0.2, respectively, and the calculations a.re continued 
up to T = 5 and T = 2.2, respectively. The pressure dis
tributions in these three cases are shown at different times 
after shutdown in Fig. 8. 

Consider a tions Pertaining to Surface Erosion 

1. Duri ng Firing 

From the pressure distribution obtained in the previous 
section, the direction of gas ftow at a point can be obtained 
since, in the isotropic medium, it takes place along the direc-
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Fig. 7 Pressure at Z = ! vs t ime a t varying radial distances. 
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Fig. 8 Pressure distribution s at different times afte.r 
shutoff. 

tion of steepest pre- ure gradient. The body forces on an ele
ment of soil due to the flow of gas through it will be propor
tional to the pres ure gradient and act in the same direction 
as the flow. The general direction of the flow during firing i 
downwards into the soil directly underneath the jet and up
wards out of the soil in urface regions three or four charac
teristic length from the center, as shown in Fig. 5. In the 
latter region , the rate of upward flow, or the pre--ure 
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 thi condition i reached becomes potentially un-table. 
Whether or not this part of the soil will be lifted up and re
moved by the gas tream along the surface depend ' on the 
strength of the soil. In particular, ince the net \'ertical force 
has become zero (the effecti,·e tre , as used in oil mechanics, 
ha become zero), the pan of the soil strength which depends 
on the tresse acting between grains (effective tre e:::) is 
zero, and therefore only the cohesion of the soil i important 
in holding the soil down. If the soil is completely cohe-ion
less, then the entire region of oil in which the force due to 
the upward flow of gas exceeds the weight of the :<oil may be 
removed. Howc\"er, in practice, once ero ion begin to take 
place, the geometriral configuration of the urface and conse
quently of the flow region changes and solution p1-eviously 
obtained will no longer be valid for subsequent time-. It is, 
therefore, to be remembered that the calculation of pre« ures 
described previou ly a sume that the surface boundary and the 
flow propertie of the region do not change with time. This 
assumption is then equivalent to considering that the . oil 
grains in the potentially un table regions are supported by the 
gas flow (the material bas been liquefied or become quick) 
without being carried away by the exiting gas. 

2. Aft er Shutdown 

The same !.'ind of instability phenomenon occurs after the 
shutdown of the engine. The gas flow directions are indicated 
in Fig. 8. It can be een from Fig. 8 that very steep pre ure 
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 
st.a.ya in place. 

3. Erosion Estiinat c 

It is interesting to make an e-timate of the extent of the 
potentially unstable region both during firing and after shut
down. Since the weight of the soil ent.ers into thi con
sideration, the same soil "·ill 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 point of the 
mesh used in the pre ure calculations, is assumed to be ub
ject.ed to uniform pres ures acting on its four sides, which are 
the average of pre ure at the corresponding pair of grid 
points at the corners. In addition, the weight of the element 
is assumed to act on the bottom of the element. {The unit 
weight of the soil is taken to be 100 lb/ ft3 on earth and 16.7 
lb/ ft3 on the moon.) The re ult.ant of the vertical force 
acting on the upper and lower faces of the element and the 
weight of the element is calculated for each element. If the 
net force for an element on the surface act upward , then the 
weight of thi- element i neofocted in calculations for the ele
ment below it. This i equivalent to assuming tbat the top 
element is in a floating po ition 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 eacb element during firing and after 
shutdown at different time under earth and then lunar 
gravity. From these calculations it is possible to define 
potentially unstable regions within which the soil would have 
been blom1 away if it po essed no cohesion. In Figs. 9-11, 
these potentially unstable region are shown under different 
firing and shutdown condition and comparisons are made for 
the effect of gra \'ity. 

It must be pointed out, however, that due to the di crete 
nature of the formula.lion of the problem, the first instant of 
instability (e.g., T = 1.0 at gin Fig. 9) may not be too mean
ingful. It i- po~sible that in tability occurs earlier than 
T = 1.0. Also, for the same reason, the Lines defining these 
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F ig. 9 Regions of potentially unstab le soil a t differ en t 
t imes during firing to T = 5.0, at g and i g. 
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Fig. 10 Regions of potentially unstable soil at different 
ti.mes afte.r shutoff at T = 5.0, at g and t g. 

regions have to be extrapola.ted 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 tudy of 
oil rerno,·al near the urface 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 
prei'<oure distribution in the top haU of the new region is al
most identical to that in the region previou ly 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 burface, 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 emi-infinite 
porous medium. · 

As stated earlier, only the cohesion of the soil, but not its 
frietional resistance, is effectirn in re i ting ero ion by the 
exi,-ting gas. To evaluate the effect of cohe ion of the soil on 
the erojon pattern caused by the engine exhaust, a strength 
analysis can be performed from which it is po~ ible to estimate 
the minimum cohesive strength of the soil required to prevent 
any soil removal down to a given depth. 

Conclusions 

It is suggestoo that the three processes, 1) erosion by en
trainment of soil particles in the gas flow, 2) rapid cratering as 
a resu It of the jet-caused, normal surface gas pressure's exceed
ing the bearing capacity of the oil,13 and 3) soil movement as 
a result of t he upwards flow of gas through the pores of the 
soil during and at the end of firing, all occur 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 
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Fig. 11 Regions of potentially unstable soil at different 
times after shutoff at T = 0.2, at g and i 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 pressures at 
the ground surface, yielding that re~ults in udden or explosive 
cratering may occur.11 Pressure Jes than those required to 
cause such sudden failures cause both surface entrainment 
and ga flow into and through the granular medium. If the 
time of firing is short relative to the characteristic time of the 
sy tern, little penetration of the ga pre ures into the soil 
will occur, and the principal mechanism of oil removal will be 
particle entrainment by the lateral ga" stream at the soil's 
su1·face. 

However, for firing times long compared to the character
istic time, the flow through the soil can develop more fully, 
and it can 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 condit ions, 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 ubsequent 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 pre5.5ures 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 !}-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 tha.t some of the oil faU back 
to the ·urface as the gas flow out of the soil diminishes. 

In a cohesionle- soiJ, the urface material will begin to 
blow away as soon as firing begin , and removal "iU continue 
during firing and at hutdown. However, a soil with cohesion 
will not erode on ignition of the rocket, since, as pointed out 
before, the cohesion pre\·ents the removal of oil in the po
tentia.Uy unstable regions. 

As firing continues, the net upward force on the unstable 
region in a giYen oil increases. If, at a ub-equent stage, 
this gas-<leveloped force exceeds the resisting force due to 
gra\ity and soil cohesion, the region will be ejected from the 
soil surlace and removed. Consequently, in a soil "ith a 
sma.ll amount of cohe ion, firing can take place for some time 
with little or no visible effect on the soil until chunks of the 
-oil become detached at a time when the cohe ive resistance 
of the soil is exceeded. As soiJ is usuaUy inhomogeneous, 
these pieces of oil will not be remo\·ed uniformly and sym
metrically ar•mnd the impingement axis. 
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