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ABSTRACT

Predictions, based on an existing theory, of soil erosion caused by im-
pingement of gases from a descending rocket in a vacuum environment have
been compared with experimental data obtained in a vacuum sphere. A total
of 143 comparisons at various time and surface locations were made which
included experiments with varying nozzle, engine, and soil conditions. The
experiments were made with a small, cold gas jet which was scaled to repre-
sent the Apollo-LM conditions. The comparisons indicated a limited degree

of correlation between the theory and the experiments.

SUMMARY

Roberts' theory for a lunar environment was used to predict soil erosion
caused by viscous shearing stresses exerted on the soil-gas interface by the
impingement of rocket exhaust gases. Predictions were compared with the
erosion observed in tests conducted by Land, Clark, and Scholl in a vacuum
sphere at the Langley Research Center. In all tests the nozzle was released
from a fixed height and allowed to descend to a hover position with the jet
gases directed perpendicular to a simulated soil test bed. The comparisons
indicated a limited degree of correlation between theory and test. At times
the erosion depth was over-predicted, but more often it was underpredicted.
The surface location of the maximum erosion depth was often in error, but
this was usually a consequence that the minimum nozzle heights that occurred

during the tests were below the critical height for which the theory is valid.

The comparison of predicted and observed erosion depths for 143 time
and surface locations indicated the predictions to be accurate within a factor
of two 43 percent of the time and to within a factor of four 87 percent of the

time.



INTRODUCTION

When retro rockets are used to brake a vehicle for a soft landing on the
lunar surface the action of the rocket gases on the soil surface may have a
major influence on the success of the landing. In an effort to assess plume-
soil interaction effects, a series of experiments were conducted at the Langley
Research Center, and the results were presented in References 1 and 2. The
experimental procedure followed in these experiments is also described in
Reference 3. These experiments explored the influence of variations in engine
parameters and approach conditions, as well as the influence of variations in
surface parameters. A theory was also developed at the Langley Research
Center by Leonard Roberts and presented in References 4 and 5 to describe
the surface erosion caused by rocket gas impingement under perfect vacuum
conditions. Reference 6 contains additional comments on the exhaust flow field

and surface impingement phenomena.

The purpose of the present investigation is to compare theoretical erosion
predictions based on References 4 and 5 with observed erosion results for each
of the 32 tests presentedin References 1 and2. This comparison is needed so
a judgement can be made concerning the accuracy of the theory, and a deter-
mination of factors of uncertainty which must be applied toerosion predictions
made for various lunar exploratory missions. Differences between theory and
experiment must be identified and used to guide future experimental and theo-
retical investigations directed towards a more basic understanding of the
phenomena. Suchanunderstandingwillallow an improved formulation of ana-
lytical procedures for extending and extrapolating test data, and for erosion
predictions for various engine and surface parameters and landing approach

modes.

Although this investigation is concerned with the action of rocket gases on
soil surface, related phenomena have been studied earlier in connection with
the transport of sediment and sand by water and wind action. In Reference 7,
Kadib conducted an experimental investigationof the movement of sand by wind

action. He reviewed many of the earlier investigations concerned with wind




and water action on soil and sediment transport, and concluded that the basic
principles governing both types of transport are the same. As a result of his
wind tunnel tests, Kadib concluded the basic force, which produces the trans-
port motion of the soil particle, is due to an average lift and a fluctuating lift

caused by turbulence.

In Reference 8, Chepil also conducted an experimental investigation of
the movement of soil grains by wind action. He found that both lift and drag
forces were exerted on the soil grains, The magnitude of the lift and drag
pressure impulses were statistically distributed according to a somewhat
skewed normal error law. The ratio of lift to drag was about 0.85 and the

standard deviation of the pressure was about 0.49 times the average pressure.

Although it is recognized that there is experimental evidence indicating
statistical methods may be required to describe the soil erosion phenomena,
the deterministic procedure advanced by Roberts gives a simple method which
may provide estimates of the average erosion. Thus, an assessment of the
accuracy of predictions made with Roberts' theory is required before the
development of more involved prediction procedures. The study conducted

here is simply to make this assessment.

SYMBOLS
Engine Parameters

Y = gas specific heat ratio (dimensionless)
Me = Mach no. at exit (dimensionless)

R = gas constant (ftZ/sec2 OR)
Tc = chamber gas temperature (OR)

g, = chamber gas viscosity (lb-sec/ftz)

P, = chamber gas pressure (psf)

exhaust kinetic energy
exhaust internal energy

= hypersonic parameter = 2
(dimensionless)




Flow-Field Parameters

@)
@)

Q 0

S

1

ratio of soil particle velocity to gas velocity (dimensionless)

particle drag coefficient (dimensionless)
shear stress coefficient (dimensionless)
lift coefficient (dimensionless)

local Mach number (dimensionless)
recovery pressure (psf)

stagnation pressure (psf)

surface pressure (psf)

dynamic pressure along the surface based on gas radial
velocity u (psf)

particle Reynolds number (dimensionless)

flow field Reynolds number (dimensionless)

gas radial velocity (ft/sec)

velocity of soil particle entrained in the flow (ft/sec)
gas viscosity (lb-sec/ftz)

gas mass density (slugs/ft3)

shear stress acting on soil (psf) = qu (for rough
turbulent flow)

cross sectional area of soil element (ftz)
17

cohesion parameter (Roberts recommends 5 x 10~ 1b-ft)

soil packing constant [= 1 minus porosity] (dimensionless)

soil particle size (ft)
soil internal friction angle (radians)
parameter in equation for '"a' (dimensionless)

soil mass density (slugs/ft3)




coh
T 3%

so0il cohesive stress (lb/ftz)

soil restraining shear stress (psf)

Miscellaneous Parameters

f(Re)

tan B

parameter in h equation = 0.25, Appendix B (dimensionless)
functional relation between the measured drag on a spherical
particle and Reynolds number R, (Relation was taken from
Figure 1.5 in Reference 14 and reproduced here in Figure D1)
acceleration of gravity (ft/secz)

height of nozzle exit plane (ft)

critical nozzle height (ft)

nozzle height at time t = 0 (ft)

nozzle height at hover (ft)

nozzle height above uneroded surface during descent (ft)
factor multiplying Cf -- taken to be unity here (dimensionless)
factor relating measured and predicted maximum erosion
depths = experiment + theory, or the inverse whichever > 1
(dimensionless)

radial station measured from stagnation point (ft)

scale factor = maximum ordinate value on oscilloscope (ft)
time (sec)

time at which hover begins (sec)

final time (sec)

soil erosion depth (ft)

maximum value of y (along r) at each time increment (ft)

soil erosion rate (ft/sec)

descent velocity (ft/sec)

slope of erosion crater py/or (radians)



COMPUTATIONAL PROCEDURE

Soil erosion predictions for each set of the system parameters listed in
Appendix A are based on solutions of the governing partial differential equations
presented in Appendix B. The solutions were obtained on a digital computer in
which the operator has control of the computer during the computations. Upon
operator command, the input or output data can be displayed on a cathode ray
tube oscilloscope in the form of graphical or alphanumerical data, displayed
graphically by a CalComp plotter, or typed by an output writer. The compu-
tational procedure to determine the erosion profiles for the 32 tests is describ-

ed as follows:

The system parameters and measured erosion at discrete times and
radial stations for a particular test are first input to the computer. To verify
the data are input correctly, they are then displayed on the oscilloscope. A
typical display of the input data is shown in Figure 1(a). Note that the numer-
ical values are followed by an algebraic sign and two digits which correspond
to the factor of 10 associated with the number. For example, the Mach num-
ber is 0.268 x 10 or 2. 68 while the particle diameter is 0. 162 x 1072 or
0.00162 foot. The letters under the Key column merely indicate to the opera-

tor the location where the associated parameter is stored in the computer,

The integration step size, the times at which erosion profiles are to be
stored, and the time for the computations to cease are then input to the com-
puter. At the initiation of the computations it is assumed that time is zero and
the soil surface is a flat horizontal plane. The computer first determines the
erosion profile for the range specified (usually taken to be a 1-foot range from
the stagnation point) for the first time increment, and then for successive

time increments until the final time is reached.

At the time when descent ends, the corresponding erosion profile is dis-
played on the oscilloscope as shown in Figure 1(b). This display shows the
erosion depth (ordinate) over a 1-foot radial range from the stagnation point

(abscissa). Only one half the profile is displayed because theory assumes the

profile to be symmetric about the stagnation point. Since depth is shown upward,
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the half profile is viewed upside down. Figure 1(b) indicates the end of de-
scent occurred at t = 1, 660146 seconds, and the maximum erosion depth is
0.1046782 foot.

When the computations are finished, the stored erosion profiles can be
recalled upon command at the operator keyboard and displayed on the oscillo-
scope. Figure 1(c) illustrates typical erosion profiles at five different times.
The maximum erosion depth is 0. 1083847 foot. Thus, the ordinate sc‘ale fac-
tor SF associated with this curve is labeled 0. 108. A three-dimensional view
of the erosion profiles can also be displayed upon command; an example is
shown in Figure 1(d). Such curves were of little engineering value in this

study and, therefore, are not preéented in the detailed comparisons.

The measured erosion test points and the corresponding predicted erosion
profile can also be recalled on command and displayed as shown in Figures 1(e)
and 1(f). In Figure i(e) the theoretical prediction (the curve) is less than the
measured profile (the circles). The ordinate scale factor SF, in all data
presented here and in the next section, represents the ordinate scale from the
base line to the top data point presented measured in feet, regardless of

whether it is a circled data point or the maximum erosion depth on a theoret-

.ical erosion profile. In Figure 1(e) the scale factor SF = 0.208 foot repre-

sents the depth to the highest data circle on the figure. In Figure 1(f), where
the theoretical profile is higher than the measured erosion depths, the scale
factor SF = 0.429 foot represents the depth to the highest point on the theo-
retical erosion profile. In all cases, the horizontal scale is from 0 to 1 foot

while the vertical scale is established by the ordinate scale factor indicated.

It might be appropriate to mention two computational problems encountered
in the solution of the erosion partial differential equation. The first difficulty
is associated with the singularity at r = 0 (the stagnation point). At this point
the radial gas velocity u is zero and the governing equations involve division
by u. Difficulties are circumvented by simply determining the erosion at a
neighboring point r = 0. 01 and assuming the erosion at r = 0. 01 is the same

ag at ' = 0.




The second problem arises because the erosion rate expressed by Equa-
tion (B3) is a function of the local slope tan 8 = 9y/8r. Thus, to determine the
incremental erosion Ay occurring over the time interval t to t + At requires a
spatial differentiation of the erosion profile y at time t. Since differentiation
is inherently a destabilizing procedure any ''noise'' is propagated as the pro-
files are determined at successive times. This difficulty is overcome by
numerically smoothing the increment Ay before adding it to the profile y at
time t to obtain the erosion profile at time t + At. This numerical smoothing
procedure is described on page 295 of Reference 9. The smoothing procedure
was tested on a simplified equation of the form of (B3) for which a closed form
solution could be found. Comparisons of the solutions obtained both with and
without the numerical smoothing procedure with the exact solution, indicated
the procedure did indeed converge to the correct solution. These comparisons

are presented in Reference 10 where this point is discussed more fully.

RESULTS

Detailed comparisons of theoretical predictions and measured erosion for
each of the 32 tests are presented in the 32 figures in Appendix C. The results
presented in this section are selected from the detailed comparisons to show
the influence of several system parameters and to provide an overall assess-
ment of the accuracy of theoretical predictions. An examination of the detailed
comparisons in Appendix C and the results presented here show that theoretical
predictions often differ substantially from measured results. Possible sources

of these discrepancies are discussed in the next section.

Before examining various detailed comparisons the entire results are
examined from the overall viewpoint provided by Figures 2 and 3. Figure 2
shows a comparison of the predicted and measured maximum erosion depth
for each of the 32 tests at each of the times a profile was compared with
measured results. The three parts of the figure illustrate the comparisons
during the descent period, at the instant descent ends (at which time hover

begins) and during the hover period.
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Figure 2, —Summary Comparison of Theoretical and Experimental
Erosion Depths (Continued)
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Figure 2, —Summary Comparison of Theoretical and Experimental
Erosion Depths (Concluded)
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Each of the 143 data points represents a plot of the theoretical maximum
depth against th'e measured maximum depth. If theory was in complete agree-
ment with test, these data points would lie along the straight line. Data points
above the line represent overpredictions of depth, while points below the line

represent underpredictions.

The figure indicates that during the descent period theory tends to under-
predict the maximum erosion depth. But, as the nozzle approaches the sur-
face and the hover period is entered, the predictions improve. For example,
during the descent period 6 percent of the depths were over predicted while
94 percent were underpredicted. While at the end of the descent period 33
percent were overpredicted and 67 percent underpredicted. And, during the
hover period, 40 percent were overpredicted while 60 percent were under-
predicted. From the viewpoint of erosion predictions during a normal lunar
landing, the comparison of importance is the one at the end of descent. For
at this instant the thrust would normally be terminated. The comparison at
this instant is only slightly biased in the direction of undgrpredicting the max-

imum erosion.

Figure 3 gives a quantitative measure of the amount the entire 143 predic-
tions differed from measured results., In Figure 3, the factor N represents
the ratio of predicted to measured maximum erosion depths when the depth is
overpredicted; while for underpredictions, the factor represents the inverse
ratio, i.e., measured to predicted. Thus, a factor N = 2 indicates the pre-
dicted values were either twice or one half the measured maximum depth., The
vertical scale shows the percent of measurements falling within a given fac-
tor N. For example, the figure shows that 43 percent of the predicted values
are within a factor of 2 and 87 percent are within a factor of 4 of the measured

maximum erosion depth.
The detailed comparisons shown next give an indication of the influence of

several system parameters and a quantitative comparison of theoretical predic-

tions and measured results for individual tests.
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Figure 3. Percent of Erosion Depth Estimates
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Figure 4 shows the measured and theoretical erosion rates at the point of

maximum erosion depth at the end of descent for Tests 5, 6, and 8, The theo-

retical rates computed for these test conditions are those obtained from
Roberts' theory in which the friction and drag coefficients are determined in
accordance with the local Reynolds number. To indicate the trend over a
wide range of soil particle diameters, the maximum erosion rate was also
computed for a set of parameters representative of those for the 32 tests.
This theoretical rate, which is indicated by the curve, is based on a 0. 1-foot
nozzle height, 100 psf chamber pressure and constant drag and friction coef-
ficients of 2 and 0.2, respectively. The curve indicates that the soil erosion
rate increases with particle diameter and then suddenly decreases to zero.
In Roberts' theory this cutoff point is associated with the point where the
frictional shearing resistance, which increases with particle size, is just
equal to the maximum erosive shear stress. (It might be mentioned that in
erosion theories that consider the erosive force as a lift on a particle, this
cutoff point is associated with the point where the downward acting weight
force is just equal to the lift on the particle; see, for example, Reference 7.)
Figure 4 also shows the particle diameter range for the 32 tests. This range

is below the theoretical cutoff point.
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Figure 4. Typical Variation of Erosion Rate with Particle Diameter

Figure 5 shows the effect of particle diameter on the variation of the max-
imum erosion depth by superimposing Appendix C data. The depths are plotted
against nondimensional time, which was obtained by dividing the actual time t
by the descent time ti' Hence, t/t1 less than unity corresponds to the descent

period; while t/t1 greater than unity corresponds to the hover period.

Figure 5(a) compares Tests 5, 6 and 8. A comparison of the test param-
eters in Appendix A shows that all parameters are nearly constant in these
three tests except for the particle diameters. Figure 5(a) shows that the
quantitative agreement between theory and test is poor, but there is a quali-
tative agreement in that both theory tests show the erosion depth increases
with increasing particle diameter, Figure 5(b) compares Tests 16 and 54, In
these two tests the other parameters are not quite constant, but their differ-
ences are small compared to the differences in particle diameter. Here again,
there is qualitative agreement in that larger particles erode faster. Figure 5(c)

compares Tests 15 and 51. The results are similar to those in 5(a) and 5(h).:

15




5 T T T T T T
PARTICLE TEST
- EXP THEORY SIZE, » NO. -
_ o 1296 5
G a=TA e 6 ]
3 v
zZ | —e—e 106 8 s
I i
z
a.
g b — (a)
5
= e =
e}
&
: _
o}
2
T ]
i /% il
0 ! I 7 N N N
0 0.4 0.8 1.2 1.6 2
j————— DESCENT s HOVER —————a=|

NONDIMENSIONAL TIME, t/fl

5 T T T T T T T
PARTICLE TEST
—EXP THEORY S|ZE, 0 NO. n
3 o 1296 54
= 4 A e 16 n
z o
| S _
g A
T g .
£
A
a o I
- A
9 2
o ]
e A
: | s
% o ¥
T / i
s A
£ 9 / ]
0 | = ] |
0 1
f=——— DpESCENT i HOVER 5

NONDIMENSIONAL TIME, r/r]

(b)

Figure 5. — The Effect of Particle Diameter on the Variation of
Maximum Erosion Depth with Nondimensional Time

16




5 T T T | | T T
PARTICLE TEST

|-EXP THEORY SIZE, # NO. 8
7 o 1296 51
T AP = @ 15 =
= o
x = —
-
= N
[~
a A
a = A _
- Q)
o A
K2 —
e A
3 + A -
=
x
§ 1+ A / -

7
- > _
-+
0 L [ I | l

0.4 0.8 1.2

0 1.6
f-———— DESCENT ————f=—— HOVER ——=]

NONDIMENSIONAL TIME, ?/f]

Figure 5. — The Effect of Particle Diameter on the Variation of
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(Concluded)

Figure 6 illustrates the influence of thrust on erosion by comparing the
results for various chamber pressures. Figure 6(a) compares Tests 52, 54
and 55. Although the quantitative agreement is fairly poor, theory and exper-
iment show the same trend. Theory predicts an increasing erosion with
increasing chamber pressure (or thrust)., Experimental results indicate the
same general behavior. Differences between Tests 52 and 55 are minor and
show different trends during the erosion period. Figure 6(b) shows the super-
position of results from Tests 46, 47, 48 and 49, while Figure 6(c) shows a
superposition of the results from Tests 24, 25 and 26. Both Figures 6(b) and
6(c) show the same behavior as Figure 6(a) in that both theory and test show

an increase in erosion with increasing chamber pressure.
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(Concluded)
Figure 7 gives an indication of the influence of descent velocity on erosion.
The figure shows a comparison of Tests 31 and 32 in which the descent veloc-
ities are 5.351 and 1.873 ft/sec, respectively. Although the quantitative agree-
ment is poor, both theory and test indicate the erosion depth is smaller at the

end of the descent period for the faster descent.

This figure illustrates a behavior noted in several tests in which the in-
crease in maximum erosion depth suddenly changes more slowly for a short
time period. The variation in Test 31 near the time t/t1 = 1 is an example of
such a behavior. A possible explanation of this behavior is that the nozzle is
descending rapidly, and simultaneously, the point of maximum erosion rapidly
moves towards the stagnation point., The result is that over a small time
increment, the maximum incremental erosion occurs at a point close to the
current location of maximum erosion depth. This tends to 'flatten out' the
bottom of the erosion profile and produce only a minor change in the maximum
erosion depth during the time increment. This behavior is also suggested in

the Test 31 experimental results, but at an earlier time.
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DISCUSSION

The preceeding section showed a varying degree of agreement
between theory and experiment. The question naturally arises concerning
the source of disagreements between theory and test and how the predic-
tions can be brought into closer agreement with experimental results.
This section discusses several of the known and possible sources of dis-
agreement, while the next section considers recommended procedures for

refining the predictions.

Even though some disagreement between theory and experiment
must be due to experimental error, it is believed that the major dis-
crepancy is due to deficiencies in the theory, and to a less degree,
uncertainties in the input parameters. Only factors influencing errors in

the theoretical predictions are discussed here.
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1. INFLUENCE OF IDEALIZATION IN THE THEORY

a. Rocket Gas Emanates From a Point Source

Since the erosion theory is based on gases emanating from a point source,
it is meant to be applicable only when the nozzle exit radius £s is small com-
pared to the nozzle height. Roberts indicates the approximate limit of appli-
cability of the theory is at the nozzle height hc given in Equation (B14). For
the engine used in these experiments hc = 0.248 foot. Thus, the assumption
of a point source is not an error in the theory, but rather a limitation placed
upon its applicability. Test 15 results will be used to illustrate the effect on
soil erosion predictions at low nozzle heights. In Test 15, the hover height is
0.0469 foot which is even smaller than the nozzle exit radius r, = 0. 1108
foot. Thus, for this test the theory should not be applicable or, at least, have
limited applicability at and shortly above the hover height.

The influence of a low nozzle height can be inferred by examining the
dynamic pressure (the pressure assumed to produce erosion) as the nozzle
height decreases. According to the theory, the dynamic pressure increases
continually as the nozzle approaches the surface until the nozzle reaches the
critical nozzle height. After this time, the peak pressure remains constant,
but the point of maximum dynamic pressure continues to move towards the
stagnation point. Since maximum surface erosion occurs in the region close
to the peak dynamic pressure, the region where erosion takes place continues
to move towards the stagnation point as long as the nozzle height decreases.
This behavior is graphically portrayed in Figure 8. This figure shows the
dynamic pressure distribution for four nozzle height. These heights corre-
spond to the hover nozzle height in Test 15, the critical nozzle height and two
higher nozzle heights. Starting with the highest nozzle height, the figure
shows that the peak dynamic pressure moves towards the stagnation point
with decreasing nozzle height. The value of the peak pressure increases

until the critical nozzle height is reached, and thereafter remains constant.
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The radial location of the nozzle exit radius is also shown on the figure.
Observe that the dynamic pressure developed at a radial station equal to the
nozzle exit radius is quite small for the hover nozzle height, Since the dynamic
pressure is small, negligible erosion or no erosion would be predicted at and
beyond the point directly below the nozzle lip. Physically, it would be expected
that the pressure directly below the nozzle would be nearly constant (if the
exit velocity distribution is uniform) and that erosion would occur over and

somewhat beyond this radial location.

The preceding behavior was noted in the computations performed in
several of the tests. Consider, for example, the predictions for Test 15.
Observe that after hover, the subsequent increments in surface erosion only
occur near the stagnation point. The flow predictions at these very low nozzle

heights are probably in error.

The conclusion drawn from these observations is that Roberts' theory
must be modified to extend the range of applicability to lower nozzle heights
before direct comparisons of theoretical and experimental erosion profiles
can be made when the nozzle height is significantly less than Roberts' critical

nozzle height.

b. Erosion Only Due To Gas Viscous Forces

The erosion theory used here assumes surface erosion only results from
viscous shear stresses exerted on the surface. Another mechanism contri-
buting to erosion is the lift forces acting on soil particles. Both types of
forces should be proportional to the dynamic pressure. In the case of lift
forces, the proportionality factor would be a lift coefficient Cl’ w_hile the factor
for the shear stresses is the shear coefficient Cf. Thus, even if lift was con-
sidered, the form of the basic equations should not be altered and the friction
coefficient Cf used in Roberts' theory could be considered as an effective coef-

ficient, which accounts both for lift and shear acting on the particle.
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Since these erosive forces depend on the dynamic pressure, which is zero
at the stagnation point, no erosion takes place directly below the nozzle center
line. Yet, test data show that often the erosion is a maximum at this point,
and that the erosion crater is dish shaped; in fact, the shape of the erosion
crater is much like the distribution of surface pressure. This suggests that
the gas stream impacting the surface is not only turned by the surface, but
also dislodges soil particles by transfering some of the gas momentum normal

to the surface to momentum of soil particles.

c. Real Flow Phenomena

Tests have often indicated that gas flow conditions candeviate substantially
from an idealized flow condition. Many of such phenomena take on even added
importance when the nozzle height is small. In a real nozzle, it is known that
the flow may not be uniform across the nozzle. Also at certain nozzle heights,
oblique shocks are formed which drastically influence the surface loadings. An

example of these phenomena was observed by Stitt in Reference 11,

Clark, in Reference 12, also showed thatthe surface pressure could deviate
from the bell shaped pressure distribution predicted by Roberts' theory. In
this reference, it is pointed out that when the nozzle reaches a height where
the jet peripheral escape area becomes less than the jet exit area, the nozzle
chokes and static pressures within the nozzle increase about an order of
magnitude. This should occur for the nozzle used in this test series when the
nozzle height h = re/Z = 0.055 foot.

Most likely when the nozzle is close to the surface and a substantial crater
has formed, the flow field must differ from that for a flat surface. It is doubt-
ful that the theoretical flow field adequately accounts for this change. The
question of how much the flow field is altered because of the entrainment of

soil particles is another question unanswered at present.
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d. Soil Erosion is a Deterministic Process

Roberts considers erosion to be a deterministic process, and therefore,
predictions from his theory provide estimates of the average erosion. Clearly
random variations in the soil parameters, surface roughness and fluctuations
in gas flow must produce random variations in the surface erosion. In
Reference 8, it was found that the lift and drag forces acting on surface par-
ticles varied randomly. Peak pressures were about 2.5 times the average
pressure, while the standard deviation was about 0.49 times the average pres-
sure. Thus, the random nature of this phenomena may account for a large
portion of the differences between theoretical predictions of the average

erosion and that observed in a given experiment.

e. Friction Coefficient Depends on Reynolds Number

At the beginning of this investigation, preliminary computations were per-
formed to determine the friction coefficient C; required for Roberts' theory
to agree with tests. The computations and conclusions are discussed in
Appendix D. These preliminary investigations showed that Cf must vary
randomly for theory to be in complete agreement with test, This random
variation most likely was due to random variations in the forces. The as-
sumption that Cf depends on Reynolds number in the same manner as the drag
coefficient measured on spherical particles may be an over simplification,
However, the values used for C; based on drag measurement on spherical
particles gave values representative of those computed from data in Refer-
ence 8, Table 4 of Reference 8 lists average drag stresses measured on
different particles in airstreams of various velocities. The value of Cf, com-
puted according to 7/q ranged from 1.8 to 9.9 for a standard density air.

Values in this range are representative of those computed in Appendix D.




2. INFLUENCE OF SYSTEM PARAMETERS

a. Cohesion

Often the theoretical prediction of incipient erosion occurred at a much
higher nozzle height than observed in test; and as a result, the associated
erosion occurred at larger distances from the stagnation point than observed
during the entire test period. An examination of the governing equations
shows that a small amount of cohesion serves to delay the erosion to lower
nozzle heights and confines the erosion to regions closer to the stagnation
point. The fact that theory generally predicted erosion at distances from the
stagnation point beyond where it occurred in tests does not necessarily reflect
a defect in the theory, but may have been a result of the soil having a small
effective cohesion. Material is presented here to indicate the influence of
cohesion on the nozzle height at incipient erosion and the corresponding radial

location where erosion begins.

Figure 9 shows the variation of maximum erosive shear stress LR

Ca ., (computed from Equations (B7) and (B18))with nozzle height for

chamber pressures of 100 to 500 psf. The remaining set of engine param-

eters used to develop Figure 9 are representative of all the tests. This

figure was based on C, = constant = 0.2, a representative value recom-

f
mended by Roberts in Reference 5. (Note that if Cf were 1 rather than 0.2,
the curve labeled 500 psf would correspond to 100 psf, since T =C.q ;
max f*max

and q is directly proportional to the chamber pressure.) Figure 9 shows
that the shear stress increases as the nozzle height decreases until a

critical nozzle height is reached. For the test parameters, this height is
0.248 foot and corresponds to the height where the stagnation pressure is
equal to the nozzle recovery pressure. Below this nozzle height Roberts'
theory assumes the stagnation pressure remains constant and equal to the

recovery pressure given by Equation (B13).

£
Figure 10 shows the variation of the restraining shear stress T (which

must be exceeded before erosion begins) as functions of the soil particle
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diameter. This figure was developed from Equation (B19) for a flat surface
and for I 0 and Acoh =5 x 10-17 lb-ft. The smaller diameter particles
(less than about 12 microns) are essentially restrained by the cohesive stress,
while the larger particles are restrained by the internal friction force be-
tween soil particles resulting from the gravitational force field. The soil
parameters used to develop Figure 10 are representative of all tests with
glass beads. In the particle diameter test range of 65 to 10, 000 microns,

the restraining force was essentially due to the gravitational force field.

For example, the restraint for the 65-micron particles is about 0. 01 psf.

The contribution from the A D_3 term for these particles is only about

_6 coh
5x 10 = psf.

Figure 11 shows the relation between nozzle height and particle diameter
at incipient erosion. This figure was obtained from Figures 9 and 10 by
equating T s to 7%, Nozzle heights below the curves in Figure 11 are

those heights where erosion takes place.

The radial location corresponding to the point of incipient erosion can be
determined from Equation (B8). Consider, for example, 65-micron diam-
eter particles., Figure 11 indicates incipient erosion occurs at a 6-ft
nozzle height for a chamber pressure of 100 psf. For y = 1,667 and Me =
2.68, Equation (B8) gives r/h = 0.49, and therefore, incipient erosion be-

gins 2. 94 feet from the stagnation point.

Consider now the influence of a small cohesion. Cohesion tests con-
ducted on typical soils indicate that 1 psf is a relatively small cohesion
value. Suppose the soil cohesion was 1 psf, a value large compared to the
value 5 x 10_6 psf given by the formula AcohD-3' Adding 1 psf to the value
0.01 psf read from Figure 9 indicates erosion will not begin until the ero-
sive shear stress exceeds 1.01 psf. Figure 9 indicates the corresponding
nozzle height is 0. 6 foot for a chamber pressure of 100 psf. The radial
location of incipient erosion in this case becomes 0.294 foot. This illustra-

tion indicates a small cohesion between particles can have an influence on

erosion predictions.
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As a further illustration of the influence of cohesion on predicted erosion,
consider the results shown in Figure 12, This figure shows the predicted ero-
sion profiles for T

coh
ing measured erosion profiles. Since a unit of erosion depth is portrayed over

= 0 and 0. 01 psi, (1.44 psf) along with the correspond-

a larger ordinate distance for r = 0 than for I 0.01 psi, a visual in-

dication of the influence of cohegioc}:n can best be observed by comparing the
relative positions of the data points and the theoretical curves for each of the
two values of cohesion. Even though the small amount of erosion delayed the
beginning of erosion to lower nozzle heights and essentially to the range where
erosion occurred during the test, the predicted erosion depths are substantially

less than observed during the test.

b. Particle Diameter

Particle diameter has a significant influence on predicted erosion. The
theoretical curve in Figure 4 illustrates the influence of particle diameter on
the erosion rate. The figure shows that the erosion rate increases with in-

creasing particle diameter until the gravity cutoff point is reached.

In 30 of the 32 erosion tests, the bed material was glass beads. This
material closely approximates the assumption in the erosion theory that the
soil particles are composed of spherical particles having the same diameter.
For these tests, the actual particle diameter is very close to the measured .
average diameter, and therefore, errors in predicted erosion arising from
uncertainty in particle diameter must be small. On the other hand in the
tests on soils, the particles are not necessarily spherical and have a distri-
bution of sizes. Thus, the effective particle diameter is not readily deter-
mined so that the inﬂﬁence of deviation from a spherical shape and effective

size is not readily assessed.
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c. Packing Constant

The packing constant for all of these tests was taken to be 0.575. Re-
ferring to Appendix A, Figure A2, it is observed that for aluminum oxide
particles, the factor varies with particle diameter. It is easy to assess the
influence on soil erosion predictions caused by over- or under-estimates in
the packing factor because of the manner in which the factor enters the ero-
sion equation. By referring to the equations in Appendix B one observes that
the erosion rate varies inversely with the packing factor. Thus, if the pack-
ing factor was over-estimated by say 20% so that it should have been 0, 46
rather than 0.575, then the erosion predictions would have been 20% higher.
Such a change would have shifted the predictions higher in Figure 1 with the
effect that the average prediction of maximum erosion rate would be closer

to the measured erosion depths.

d. Internal Friction Angle

A 27-degree internal friction angle was used in the erosion computations.
Figure Al indicates the friction angle for various diameter aluminum oxide
particles varies substantially with particle diameter. The influence of inter-
nal friction on the theoretical calculations can be determined from Equations
(B3) and (B19). These equations indicate the rate of soil erosion is propor-
tional to the difference in the shearing stress T exerted on the surface by the
gas and the soil resistance to shear TF. The internal friction angle o only
enters into the T term. Now, suppose o was increased from 27 to 40,5
degrees. If the frictional restraint is small compared to the cohesive re-
straint, this increase in o would not cause a significant increase in T¥, and
therefore, the change in o would not influence the erosion rate. If the fric-
tional restraint is large compared to the cohesive restraint, the same in-
crease in @ would increase the value of T by a factor of 1,65 (equal to tan
40.5/tan 27). Now, whether this increase in " effects the rate of erosion

depends on the relative magnitudes of T and ., If T is large compared to T,
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. . S . s . . . .
the increase in T~ has a negligible influence on the erosion rate. While, if T

%

is only a little larger than T", a small change in 7 has a large influence on the

erosion rate,

The influence of changes in o in the theoretical erosion predictions can
be examined quantitatively for parameters similar to those used in the erosion
tests. Since most of the erosion occurs while the nozzle is at or near the
hover position, the comparison will be made at a typical nozzle height of 0. 1
foot. The influence of o on the erosion rate will, of course, be different at
a much higher height. But, even so, the total erosion observed during a
descent to hover will depend upon the rate of erosion during the final stages
of descent. The surface loading conditions in this illustration are based on
the same nominal engine conditions used in computing the theoretical erosion
rate curve in Figure 4, For these conditions the maximum shear stress T
exerted on the soil surface is about 5.7 psf. A surface composed of 100
micron diameter particles produces shear restraints T of 0. 015 and 0, 025 psf
for o equal to 27 and 40. 5 degrees, respectively. In either case, the maxi-
mum erosion rate is about 0. 63 in/sec. On the other hand, a surface com-
posed of 10000 micron diameter particles (the largest size used in the tests)
produces shear restraints of 1.‘5 and 2.5 psf for o« equal to 27 and 40. 5 degrees,
respectively. On this surface the maximum erosion rate is reduced from 5.9
to 4.4 in/sec as o is increased from 27 to 40.5 degrees. This 50 percent
increase in a causes about a 25 percent reduction in erosion rate. These
calculations indicate that near the hover nozzle height (where the erosion rate
is largest) a 50 percent increase in internal friction angle has a negligible
effect on the total erosion for the smallest particles used in the tests; and the
same increase in o causes about a 25 percent decrease in the total erosion for

the largest particles used in the test.

e. Soil Density

An examination of the soil erosion equations in Appendix B shows that the
density enters the T* terms and also is in the denominator of the erosion rate

expression, Equation (B3). For the smaller particles, a change in ¢ has no
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effect on T*, Thus, if the density was decreased by 10 percent, the pre-
dicted rate would be increased by 10 percent for the smallest diameter
particles. For the larger diameter particles, a decrease in density causes

a detectable decrease in T*, and therefore, an additional increase in erosion
rate. However, even for the largest diameter particles used in the experi-
ments, a 10-percent decrease in density produces approximately a 10-percent

increase in erosion rate.

f. Non Constant Descent Velocity

The erosion predictions were all based on a constant descent velocity, If
the velocity actually varied during descent, the predicted erosion would be in-
creased or decreased, depending on whether the descent velocity near the
hover position was below or above the average value. Anassessment of this effect
canbe inferred from Figure 4-', which shows the variation of erosion rate with

particle diameter for a 0,1-foot nozzle height and a 100 psf chamber pressure,

In Test 5, the descent velocity was 1.184 ft/sec, and the total drop time
was 2.64 seconds. Suppose, for example, the velocity increased linearly
with time during descent and consider the time required to reach a height of
0.233 foot (0.1 feet above the hover height). This time for Test 5 would be
2.5974 seconds, while for a constant descent velocity it would require 2. 5566
seconds to reach the same position. For the constant descent case, the soii
surface would be exposed to the erosive action of the gases 0. 0408 second
longer than for the nonconstant descent case during the remaining 0.1 foot
of descent. A representative value of the erosion rate is given by the curve
in Figure 4, which for the 1296 micron diameter particles in Test 5 is about
3 in/sec. Multiplying this rate by the time difference 0.0408 gives 0. 12 inch.

Thus, these computations indicate the erosion depth for the constant descent

case would be about 0,1 inch deeper than for the nonconstant descent case.
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3. APPLICABILITY OF THEORY

This investigation indicated a limited degree of correlation between theory
and test. Apparently an uncertainty factor of about 5 should be applied to
theoretical predictions of erosion depths. Although this factor may seem
somewhat large, it is surprising that it is so small when one considers the
experimental evidence of real phenomena not taken into consideration in the

theory.

Tests have shown that turbulence gives rise to random fluctuations in
both the lift and drag forces acting on surface particles. The theory assumes
only a deterministic shear stress (drag) to be acting on the particles, and
therefore, only provides an estimate of the average erosion. If the variation
is small (small standard deviation) and the theory accounts for all first-
order effects, the estimate of average erosion should be close to the erosion
measured in test. And, conversely, if the variation is large or the theory
neglects important effects, the estimates of average erosion could differ
from test by an order of magnitude or more. During an actual lunar landing,
additional sources of randomness would be anticipated, such as surface un-

dulations and random variations in soil properties.

Examples of other real phenomena, which influence erosion, are in-
dicated in the pressures measured when retro-rocket gases impinge on flat
plates. For example, the surface pressure loadings presented in Figure 8
of Reference 11 show that the pressure often has one peak each side of the
lower pressure measured at the stagnation point. This behavior was also
observed by Clark in Reference 12, Stitt's data also showed that even for
some nozzles in which a '"bell shaped'' surface pressure was observed (the
type predicted by Roberts' theory) the pressures did not vary inversely as
the square of the nozzle height. In fact in Figure 8C, the two bell-shaped
pressure distributions for different nozzle heights are essentially the same,
even though the nozzle heights ratios were 13.8/3.1 = 4, 45, According to
Roberts' theory the pressures should differ by a factor of 20. In Figure 8B
of Reference 11, two nozzle heights differ by a ratio of 14.1/2.2 = 6,4, and
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therefore, the pressures should differ by a factor of 41, However, Stitt's
data show them to have the same stagnation pressure. Realizing that real
flow conditions can produce surface loading conditions which differ substan-
tially from Roberts' theory, a factor of uncertainty of about 5 for erosion

predictions is not excessive.

It has been pointed out that the erosion theory was only meant to be valid
when the nozzle exit radius is small compared to the nozzle height. Since
in many of the tests the hover height was less than the nozzle exit radius,
theory would not be expected to be in close agreement with test. However,
above the critical height hc the theory should be applicable. The critical
nozzle height criteria are somewhat obscure because, generally by the time
the nozzle reaches the hover position, erosion has occurred, and the distance
from the nozzle to the soil surface directly below the nozzle is larger than
hc even though the height above the original surface is much less than hc'
As a result, it is difficult to determine at what time in any test the theory
becomes invalid. In any event, at times when the nozzle is above the height
hc and when only small erosion has occurred, the theory should be applicable.
However, the comparisons between theory and experiment indicated more

disagreement during descent than during hover.

There are two major sources of potential error in the viscous erosion
theory. These errors are in the predictions of surface loadings which cause
the erosion, and the differential equation describing the erosion rate may .
not include all first order effects. It is believed that more accurate predic-
tions are possible and can be made if some of the recommendations made

here are followed.

CONCLUSIONS

Calculations of jet blast erosion, based on an existing theory, were made
to compare with 32 experimental tests. These calculations and tests included

variations in jet thrust, descent speed, and soil particle size. Comparisons
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of the theoretical and experimental results lead to the following conclusions:

kg

A comparison of predicted and observed erosion depths for
143 time and surface locations indicated the predictions to
be accurate within a factor of two 43 percent of the time,
and within a factor of four 87 percent of the time.

During descent the average predictions were biased on the
side of underestimating the erosion with the average only
slightly biased by the end of the descent period.

No single or simple modification to the existing theory
improved the overall agreement with experimental data.

Both theory and experiment indicate a slow cautious
descent can result in a large crater at touchdown, and
the descent mode that results in the smallest crater

would be a thrust-free drop from the greatest height the
structure can safely tolerate.

RECOMMENDATIONS FOR FUTURE RESEARCH

This investigation indicated a need for additional experiments designed

T e

to provide a more basic understanding of the entire erosion phenomena

before an improved erosion theory can be formulated. The recommendations
outlined here involve both experimental and theoretical investigations con-
cerned with surface loading conditions, the mechanism governing soil dis-
lodgment and entrainment in the flowing gas, and the formulation of pro-

cedures for predicting soil erosion.

i, FLOW FIELD INVESTIGATION

a. Comparison of Theoretical and Measured Surface Loadings

Static and dynamic pressures should be measured on flat plates and sur-
faces having shapes similar to eroded soil surfaces for nozzle height and

descent conditions in the tests. Also, shear stresses exerted on rough
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surfaces should be measured. These measured loadings can then be com-
pared with theoretical loadings to provide an assessment of gas flow-field
theory. Tests have indicated surface loadings can change drastically with
nozzle height and may differ by an order of magnitude from theoretical pre-
dictions. Hence, even if the differential equation governing soil erosion is
exact, it would be expected that the predicted erosion would also differ from

observed erosion by an order of magnitude.

b. Develop a Surface Loading Theory

Following Step a, an assessment of the accuracy of the theoretical surface
loading predictions will be available and, if necessary, a modified or new
theory can be formulated. One defect of the loading theory, which was clearly
evident at low nozzle heights, was the influence of a nonzero nozzle exit radius.
One modification required in the theory is to extend its applicability to lower
nozzle heights. Roberts defined the azimuth angle to be tan ® = r/h, This
resulted in the predictions of small surface pressures below the nozzle lip
when the nozzle is close to the surface. A simple modification that comes

to mind could be to define tan 8 to be (r - re)/h when r > and 0 when

r<r. This has the effect of making the pressure constant below the nozzle
and to decay at radial distance greater than T . However, such a simple
modification indicates that the gas radial velocity and dynamic pressure is
zero between r = 0 and r = T This infers that gas impacts the soil nor-
mally between r = 0 and r, and diffuses into the soil. Such a simple modifi-
cation is not adequate, but something of this type may lead to a better pre-

diction of loading below the nozzle for small nozzle heights.

c. Investigate Soil Erosion Mechanism

Experimental investigations should be devised and conducted to show the
the rate at which soil is removed from a surface under the action of a
known flow over the surface. These tests should also clarify how much

erosion is due to viscous shear stresses and to soil dislodgment from the
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normal impact of the gas. Such test results will aid in the formulation of
the differential equation governing soil erosion. For example, this would
resolve the question of whether it is adequate to merely account for the

erosion from viscous action as in the existing theory, or must the erosion

produced by normal surface stresses also be considered.

2. DEVELOPMENT OF SOIL EROSION THEORIES

Two procedures could be devised for predicting soil erosion caused by
jet impingement. Both procedures utilize an upgraded differential equation
governing the soil erosion caused by impinging gas loadings as developed

from the results of Item c.

The first method is similar to the one presently used in that surface
loadings are determined from engine conditions and the corresponding sur-
face erosion determined from the governing erosion equation. The second
method begins with experimental surface loadings obtained from tests
conducted by firing onto flat and curved plates, or, from theoretical surface
loadings based on more exact real gas theories which satisfy the appropriate
boundary conditions for curved and flat plates. Then these loadings can be
used in conjunction with the upgraded soil erosion differential equation to
determine the suface erosion. In these procedures, it is tacitly assumed

the surface erosion has a negligible influence on the gas flow field.
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APPENDIX A

SYSTEM PARAMETERS

All parameters used in this investigation are presented in this appendix.
Table A1l lists the chamber pressure P. and temperature TC, while Table A2
lists the times at the end of nozzle descent and thrust cutoff. Figures Al
and A2 present experimental data provided by the Langley Research
Center regarding the internal friction angle o and packing factor c for glass
beads, aluminum oxide and graphite particles. In the erosion computations
performed during this study, the friction angle and packing constant were
taken to be 27 degrees and 0. 575, respectively. The use of a constant pack-
ing factor, which is independent of particle diameter, is consistent with the
theoretical values obtained in Reference 13. In this reference, it was found
that for a given type of packing, the packing factor is independent of particle

diameter.

Table A3 gives a complete list of parameter values for the 32 tests. Most
of the parameter values are given in References 1 and 2 where a detailed
description of the tests is presented. The soil mass density ¢ was computed
from the specific gravity listed in Reference 1. The packing factor ¢ and
friction angle a for gravel, Tests 9 and 10, were assumed to be the same as
-17 :

Ib-ft is the value

suggested by Roberts (Reference 5), The descent velocity V, was computed

for glass beads. The value used for Acoh of 5, x 10

from the descent time tabulated in Table A2, and the nozzle heights given in

References 1 and 2.

In Table A3 the symbol E is used to denote the exponent of 10 by which the

number is multiplied. For example, the gas viscosity for Test 1 is listed as
3.9E-7, which corresponds to the value 3.9 x 10-7 1b sec/ftz. The soil par-
ticle density for the same test is 6.80 x 10~ ft.
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TABLE Al,- CHAMBER PRESSURES AND TEMPERATURES

Pressure, psi Temperature Pressure, psi Temperature
Test No. P, °R Test No. P °r
1 175,76 501.0 28 2,45 510. 6
2 17587 495,0 29 o Ls 715 515, 6
3 1563 502.0 31 15.:55 523.6
4 0.64 506.0 32 1.65 530. 6
5 0. 60 507.0 35 1.68 515,6
6 0. 64 515.0 3 1.83 523.6
7 0. 45 506. 0 38 1..95 527.6
8 0. 65 508.0 39 1.87 513.6
9 0. 60 507.0 46 2.55 510.6
10 0. 60 516.0 47 1.18 517.6
15 Z2.30 529. 6 48 0.78 523.6
16 1.70 520.6 49 5013 527.6
19 1.80 528.6 51 1073 510.6
24 3.90 51 7.6 5% 3.28 506. 6
25 5.60 519.4 54 123 507. 6
26 2,10 523.6 55 4,72 508. 6

TABLE A2, - TIMES AT END OF NOZZLE DESCENT
AND THRUST CUTOFF*

Test End of Thrust

No. nozzle cut-off,
descent, sec.

sec.

1 0. 35 8.95
2 0.29 3.92
3 0. 54 4,86
4 0.96 5.94
5 2.64 5591
6 2.76 5.79
7 4.02 5.94
8 3.64 5.90
9 3.94 5..91
10 2.66 5.98
15 15537 3.12
16 1.45 5.05
19 0.89 3.99
24 1,58 3501
25 1.44 315
26 1037 2,34

*
Time given is model time.
Zero time is start of nozzle descent,

Test End of Thrust
No. nozzle cut-off,
descent, sec,
sec.
28 1.56 3.00
29 0.82 2.00
31 0. 65 2,00
32 1.86 1299
35 1.66 2.03
37 15,55 2.00
38 1.58 2.02
39 1.69 2.00
46 1.41 2.00
47 1.42 1.98
48 1.44 1.99
49 1,47 2,01
51 1.39 1%.99
52 1,42 2.01
54 1530 2.00
55 18317 1599




TABLE A3, - SOIL EROSION PARAMETERS
(Model Dimensions)
TEST NUMBER
PARAMETER 1 2 3 4 5 6 7 8

[ENGINE (Gas Type) He He He He He He He He

y (dimensionless) 1.67 1.67 1.67 1.67 1.67 1.67 1.67 1.67

M, (dimensionless) 2.68 2.68 2.68 2.68 2.68 2.68 2.68 2.68

r, (ft) 0.1108| 0.1108| o0.1108| 0.1108 | 0.1108 | 0.1108 | 0.1108 | 0.1108

R (ftzlseczoR) 12,430 | 12,430 12,430 12,430 | 12,430 | 12,430 | 12,430 [ 12,430

I (°r) 501.0 495.0 502.0 506.0 507.0 515.0 506.0 508.0

u, (1b sec/ftz) 3.98-7| 3.8E-7| 3,9E-7| 3,9E-~7 | 4.0E-7 | 3.9E-7 | 3.9E-7 | 3,9E-7

P. (psi) 1.76 1.87 1.63 0.64 0.60 0.64 0.45 0.65

P, (psf) 253.4 269.3 234,7 92,2 86.4 92.2 64.8 93,6
SOIL Glass Glass Glass Glass Glass Glass Glass Glass

D (ft) 6.80E-4 6,80E-4 4,25E-3 4,25E~3| 4.25E-3| 1,91E-3|1.06E-3 | 3.50E-4

D (micronms) 207. 207. 1296. 1296. 1296. 583. 324, 106.

g (slug/fta) 4.85 4.85 4,85 | 4.85 4,85 4.85 4.85 4.85

¢ (dimensionless) 0.575 0575 0.575 0.575 0.575 0.575 0.575 0.575 -

a (deg) 27 27 27 27 27 27 27, 27

a (rad) 0.471 0.471 0,471 0.471 0.471 0.471 0.471 0,471

Acoh (1b-ft) 5E-17 5E-17 5E-17 5E-17 5E-17 5E-17 5E-17 5E-17

Teoh (psf) 0 0 0 0 0 0 0 0
ESCELLANEOUS

8 (ft/secz) 32.2 32.2 32.2 322 322 32.2 3252 32:2

h  (fr) 2.07 2.07 3.26 3.26 3.26 3.26 3.26 3.26

hy (ft) 0.138 0.296 0.240 0.112 0.133 0.133 0.117 0.128

t, (sec) 0.35 0.29 0.54 0.96 2.64 2.76 4.02 3.64

Vv (ft/sec) 5.520 6.117 55593 3,279 1.184 170133 0.782 0.860

a, (dimensionless) 0.25 0.25 0.25 0.25 0+25 0.25 0.25 0.25




TABLE A3, ~ SOIL EROSION PARAMETERS (Continued)

(Model Dimensions)

TEST NUMBER
PARAMETER 9 10 15 16 19 24 25 26

ENGINE (Gas Type) He He He He He He He He

y (dimensionless) 1.67 1.67 1467 15567 1.67 1.67 1,67 15167

M, (dimensionless) 2.68 2,68 2.68 2.68 2.68 2.68 2,68 2.68

5 (ft) 0.1108| 0.1108 | 0.1108 | 0.1108 | 0.,1108 | 0.1108 | 0.1108 | 0.1108

R (£t2/sec 2R 12,430 12,430 | 12,430 | 12,430 | 12,430 | 12,430 | 12,430 | 12,430

TC (OR) 507.0 516.0 529.6 520.6 528.6 5176 519.4 523.6

Mo (1b sec/ftz) 3.9E-7| 4.0E-7 | 4.0E-7 |4.0E-7 | 4,0E-7 | 4,0E-7 |4,0E-7 |4,0E-7

P, (psi) 0.60 0.60 2,30 170 1.80 3.90 5.60 210

P. (psf) 86.4 86.4 3311% 244.8 259. 561.6 806.4 302.4
[so1L Gravel| Gravel | Glass Glass Glass Glass Glass Glass

D (ft) 1.57E-2| 2.59E-2 | 2,13E-4 | 2,13E-4 | 3.12E-2 | 3,27E-3 |3,27E-3 |3,28E-3

D (microns) 4795, 7905. 64.8 64.8 95255 997.9 997.9 1000.

o (slug/ft3) 5523 5523 4.85 4.85 4,85 4,85 4.85 4.85

¢ (dimensionless) 05575 0.575 0,575 0.575 05575 05575 0575 0.575

a (deg) 24, 27 27 27 27 21, 27 27

a (rad) 0.471 0.471 0.471 0.471 0.471 0.471 0.471 0.471

ACoh (1b-£ft) 5E-17 5E-17 5E-17 5E-17 5E-17 S5E-17 5E-17 - 5E-17

T (psf) 0 0 0 0 0 0 0 0
MISCELLANEOUS

g (ft/secz) 32.2 3252 322 32,2 3202 3202 32,52 32,2

h (ft) 3.26 3,26 3552 3052 3:52 3052 3.52 3552

hy (ft) 0.112 0.117 0.0469 0.0730 0.0515 0.0781 0.0622 0.0730

t (sec) 3.94 2.66 1237 1.45 0.89 1558 1.44 1:537

Vv (ft/sec) 0.799 1,182 25535 2.377 3.897 2.178 2.401 2.516

a, (dimensionless) 025 0.25 0.25 025 0.25 025 0.25 025




TABLE A3. - SOIL EROSION PARAMETERS (Continued)
(Model Dimensions)

TEST NUMBER
PARAMETER 28 29 31 32 35 37 38 39

GINE (Gas Type) He He He He He He He He

y (dimensionless) 1.67 1.67 1.67 1.67 1.67 1.67 1.67 1.67

M, (dimensionless) 2,68 2.68 2.68 2.68 2.68 2.68 2.68 2.68

L (ft) 0.1108| o0.1108| o.1108| 0.1108| 0.1108| 0.1108 | 0.1108 | 0.1108

R (ftz/seczoR) 12,430 | 12,430 | 12,430 | 12,430 | 12,430 | 12,430 | 12,430 12,430

T, °r) 510.6 515.6 523.6 530.6 515.6 523.6 527.6 513.6

e (1b sec/ftz) 3.98-7| 4.0E-7 | 4,0E-7 | 4.1E-7 | 4.0E-7 | 4,0E-7 |4,1E-7 | 4,0E-7

P, (psi) 2.45 1.75 1555 1.65 1.68 1.83 1.95 1.87

P. (psf) 352.8 252.0 223.2 237.6 241.9 263.5 280.8 269.3
BoI1L Glass Glass Glass Glass Glass Glass Glass Glass

D (ft) 1.62E-3| 1.62E-3 | 1.62E-3 | 1.62E-3 | 1,62E-3 | 1,62E-3 | 1.62E-3 | 1.62E-3

D (microms) 492, 492, 492, 492, 492, 492, 492, 492,

o (slug/ft3) 4,85 4,85 4,85 4.85 4.85 4,85 4,85 4.85

¢ (diminesionless) 0.575 0.575 0.575 0.575 0.575 0.575 0.575 0.575

a (deg) 27 27 27 27 27 27 27 27

a (rad) 0.471 0.471 0.471 0.471 0.471 0.471 0.471 0.471

Acoh (1b-ft) 5E-17 S5E-17 5E-17 S5E-17 5E-17 SE-17 5E-17 5E-17

T ob (psf) 0 0 0 0 0 0 0 0
MISCELLANEOUS

g (ft/secz) 32,2 32.2 32.2 32.2 32.2 32.2 3202 32.2

hy (ft) 3.52 3.52 3552 3352 3.52 3552 3.52 3.52

hy (ft) 0.0832 | 0.104 0.0418 | 0.0367 | 0.125 0.156 0.223 0.312

ty (sec) 1.56 0.82 0.65 1.86 1.66 1,55 1.58 1.69

v, (ft/sec) 2.203 4,166 5.351 175873 2.045 2.170 2.087 1.898

a2, (dimensioniess) 0.25 0.25 0.25 0,25 0.25 0.25 0.25 0.25




TABLE A3. - SOIL EROSION PARAMETERS (Concluded)
(Model Dimensions)

TEST NUMBER
PARAMETER 46 47 48 49 51 52 54 55
[ENGINE (Gas Type) He He He He He He He He
y (dimensionless) 167 1.67 1.67 1.67 1.67 1567 1.67 1.67
He (dimensionless) 2.68 2.68 2,68 2.68 2.68 2,68 2.68 2.68
Te (ft> 0.1108 ( 0.,1108 | 0,1108| 0.1108 | 0.1108| 0.1108 | 0.1108 | 0.1108
R(£ft%/sec?®R) 12,430 | 12,430 | 12,430 | 12,430 | 12,430 | 12,430 | 12,430 | 12,430
TC (OR) 510.6 51756 523.6 527.6 510.6 506.6 507.6 508.6
b (1b secleed) 4,0E-7 | 4.0E~7 | 4.0B-7 | 4.1E~7 | 4,0E-7 | 4.0E-7 | 4.0E~7 | 4.0E-7
P, (psi) 2/:55 1518 0.78 Slg) 1.73 3,28 1.73 4,72
P, (psf) 3672 169.9 1123 724.3 249.,1 472.3 249.1 679.6
[SOIL Glass Glass Glass Glass Glass Glass Glass Glass
D (ft) 1.62E-3 | 1,62E-3 | 1,62E-3 | 1,62E-3 | 4.25E-3 | 4.25E-3 | 4.25E-3 | 4.25E-3
D (microns) 492, 492, 492, 492, 1296. 1296. 1296. 1296.
o] (slug/ftB) 4.85 4,85 4,85 4,85 4.85 4,85 4,85 4,85
c (dimensionless) 05575 072575 0.575 04575 0.575 0575 0575 0.575
a (deg) 27 27 27 27 27 27 27 27
a (rad) 0.471 0.471 0.471 0.471 0.471 0.471 0.471 0.471
Acoh (1b-ft) 5E-17 5E-17 5E-17 5E-17 5E-17 5E-17 5E-17 SE-17
Teoh (psf) 0 0 0 0 0 0 0 0
MISCELLANEOUS
g (ft/secz) 32,2 32,2 3212 322 3232 32/ 32,2 3252
h° (ft) 3252 3552 3752 352 3652 52 3.52 3.52
hl (ft) 0.0628 0.0628 0.0628 0.0673 0.0571 0.0577 0.0470 0.0520
t (sec) 1561 1.42 1.44 1.47 1.39 1,42 1530 1537
Vv (ft/sec) 2,452 2,435 2,401 2.349 2,491 2.439 2,672 23531
a, (dimensionless) 0.25 0.25 0.25 0,25 025 0.25 0.25 0.25




APPENDIX B

ROBERTS' THEORY

The equations used to predict soil erosion caused by rocket gases im=
pinging on soil surfaces are presented in this appendix. The presentation
begins with a brief description of Roberts' development of the equations.
This introduction is followed by a listing of the gas flow field equations and
equations governing soil erosion. The appendix concludes with comments
concerning several of the equations listed and graphical presentations of

typical flow field variables predicted from Roberts' theory.
1. ROBERTS' DERIVATION

In References 4 and 5, Roberts first develops a description of the gas
flow field caused by gases emanating from a nozzle located a distance h
above a flat soil surface. He then develops a theory describing the rate at
which the soil surface erodes under the action of the gas viscous forces
generated while the gas flows symmetrically along the soil surface away

from the stagnation point.

The development of the gas flow field equations begins with an assump-
tion regarding the spatial variation of gas density as it emanates from the
nozzle. Then, by applying perfect gas theory, analytical expressions are
developed which describe the gas radial velocity and static and dynamié

pressures along the flat rigid surface.

The static pressure is obtained by imposing the condition that the gas
momentum normal to the surface is destroyed, while the gas momentum
parallel to the surface is unaffected by the surface. It is then assumed the
gas flowing parallel to the soil surface exerts viscous shearing stresses on
the soil which may dislodge soil particles and entrain them in the flowing

gas. In essence, this procedure considers the surface to be infinitely rigid

B-1




with respect to vertical pressure loading, but has a finite shearing resis-

tance to the viscous shear stresses parallel to the soil-gas interface

The development of the equation governing the rate of soil removal
caused by the viscous shearing stresses begins with the postulated im-

pulse -momentum relation

(Am) v = A (7- T*%)At (B1)

which relates the momentum imparted to a soil mass element Am to the
impulse caused by the viscous shear stresses. In Equation (B1), v is
the velocity imparted to the elemental soil mass, A is the cross-sectional
area of the mass element, T is the
viscous shear stress acting on the
soil mass, and T* is the soil restrain-
ing shear stress due to friction and
cohesion between the soil grains that

must be exceeded before erosion can

begin. The coordinate system used
in this derivation is shown in Figure
B

Figure Bl.- Coordinate System

The element of soil mass and its velocity is then written as

Am = ocA(Ay) cosf

(B2)

V. = au//2

where oc is the soil bulk mass density (c is the packing factor which is also
equal to 1 minus the soil porosity), Ay is the element of erosion depth, tan §
is the slope of the surface, u is the radial velocity of the gas, and (a/2) is
the effective proportion of the gas velocity imparted to the soil particle. The
partial differential equation describing the rate of erosion is obtained by
taking the limit of Equation (B1). A list of the entire set of equations gover-

ning soil erosion follows.
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2. GOVERNING EQUATIONS

‘ Erosion Equation

I e ) (B3)
t au oc cosf

)
d

Flow Field Equations
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Erosive Viscous Shear Stress
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Although most of the preceding equations, in conjunction with the definition

of parameters, need no explanation, several equations need some clarification.

In Roberts' formulation, it was assumed the nozzle height was large com-
pared to the erosion depth. This appears to be a valid assumption for most
cases of erosion by retro-rocket gases during lunar landing. However,
during some of the erosion experiments, the erosion depth was even larger

than the nozzle height above the original uneroded surface.

As a result, the nozzle height equation (B16) is modified slightly through
the introduction of the nondimensional factor a, to account for an effective
increase in nozzle height as the erosion crater forms. Such a modification
allows theory to predict a limiting crater depth for long hover periods, which,
of course, would occur in a real situation. The value of a, used in the cal-
culations performed here is 0.25. This value was selected empirically
during the erosion computations performed in Reference 10, wherein this
nozzle height modification was first introduced. In the earlier erosion com-
putations it appeared that a, = 0.25 provided about the '"best' agreement
between theory and test.

The shear stress expression T* contains two terms ACOhD—3 and T eoh
which account for the cohesion between soil grains. Both of these terms are
not used simultaneously in the same erosion computations. They merely
permit the accounting for soil cohesion in one of two ways. If a value of soil
cohesion is known, then that value is assigned to Tooh and Acoh is set equal
to zero. Roberts suggested that the soil cohesion could be expressed in
terms 01f7the particle diameter; and from test data he estimated Acoh to be

5x 10 1b-ft. When a nonzero value of A is used, the value of T is
coh coh

set equal to zero.

The expression for ¢ (B21), differs slightly from the expression listed
in Reference 5 because of typographical errors in Reference 5. Reference 5
contains a factor e which should have been omitted. The factor k + 4 inside

the brackets should have read k + 2. One further difference is that Roberts'




intermediate parameter F was omitted so that { is expressed here directly

in terms of P

The particle drag and friction coefficients are based on experimental
data obtained from drag measurements on spherical particles. For the drag
coefficient CD, the length parameter in Reynolds number is based on the
particle diameter. The friction coefficient Cf relates the shear stress acting

on a surface particle to the local dynamic pressure. Since the shear stress

depends on the local flow conditions at the particular point where the particle
enters the flow, the appropriate length parameter in Reynolds number is the

distance from the stagnation point to the particle location.

In Reference 4, Roberts writes the aerodynamic shear stress as KT \
where the constant K depends on the nature of the flow over the surface and
its action on surface particles. Roberts quotes Bagnold's investigations
of wind-blown dusts which indicated K to be approximately 35 for rough

turbulent flow. The inference is that Cf is taken as a constant,and the

viscous shear stress is K times Cf. In the work presented here, Cf is not
assumed to be constant but is expressed in terms of the local Reynolds
number. In this manner the value of Cf is allowed to vary both with time
and radial coordinate. Actually in the calculations,a factor K was mul-
tiplied by the value of Cf obtained from the corresponding local Reynolds
number. In the calculations performed here, the value of K was set equal
to 1. However, some calculations were made with other values of K to
determine whether better agreement with test could be obtained. The
conclusion was that a value of K different from 1 did give better agreement
for some tests. However, the same constant would degrade the agreement
in other tests. As a result, K was taken equal to 1 for all the comparisons

presented here.

Figures B2 through B5 present graphs showing typical variations in
flow field variables. These figures are included merely to illustrate typical
flow field variables and how they vary with nozzle height and distance
from the stagnation point. These data were obtained using Test 39 engine

parameters.
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APPENDIX C

THEORETICAL AND EXPERIMENTAL EROSION RESULTS

The erosion observed in each of the 32 tests and the corresponding theo-
retical predictions are presented in this appendix. A separate figure con-

taining three main parts is presented for each test.

Part (a) shows the theoretical erosion profiles and comparisons with the
measured erosion depths at selected times. Contained in this part of the
figure are theoretical profiles for several times all displayed to a common
scale. These same profiles are individually displayed with measured depths
superimposed for comparison, The scale factor SF (in feet) is different in
each comparison plot because the erosion depth varies with time and the re-

sults are displayed at various expanded scales.

Part (b) shows the measured erosion profiles constructed from tabular
data of the erosion depth at discrete times and radial locations provided by
the Langley Research Center. No attempt was made to fair curves through
the data points. Rather, straight lines were connected between the data
points to provide a visual indication of the erosion profile. The numbers
adjacent to the profiles correspond to the time in seconds (model time) after

the beginning of engine descent.

Part (c) shows a curve of the variation in the maximum erosion depth with
nondimensional time, with the measured maximum depths superimposed.
Time was nondimensionalized by dividing the actual time by the descent time
ti' Thus, nondimensional time less than 1 corresponds to times when the
nozzle is descending, while times greater than 1 correspond to the nozzle in
the hover position. In part (c) of Test1, no test data points are shown
because it appeared that over a range of radial distances, the entire 4 inches

of ""soil" was already removed by the time the first profile is shown.



In examining the theoretical results in the 32 figures, it will be noted that
the theoretical computations were often terminated well before thrust cutoff.
This was because computations became meaningless whenever the predicted
depth exceeded the soil bed depth of 4 inches. Also, computations were
terminated when theoretical predictions began to deviate substantially from
measured erosion. This often occurred at nozzle heights significantly below
the critical nozzle height hc. At these heights, theory predicts erosion only
occurs over a narrow range between the stagnation point and a point directly
below the nozzle lip. However, tests show erosion occurs well beyond the

nozzle lip location.
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APPENDIX D

FRICTION COEFFICIENT INVESTIGATIONS

Included in this appendix are two memoranda concerned with investi-
gations of the friction coefficient Cf which were conducted at the beginning
of this work. These investigations were motivated as a result of earlier
erosion computations made using Roberts' theory which showed that a

constant value of Cf did not predict erosion as observed during tests.

It was reasoned that if Roberts' formulation provides an acceptable
description of the first-order effects of soil erosion, then test data can be
used to determine the spatial and time variation of Cf required to bring
Roberts' theory into agreement with test results. Four tests (5, 10, 39
and 55) were arbitrarily selected for these C; computations. The philosophy
of this procedure was to use these results to determine whether Cf was
essentially constant, and if so, to determine a representative value; or if
Cf varied, to determine the type of variation. Then from these results,

a procedure would be proposed and followed in the theoretical erosion

computations for each of the 32 tests.

The first memorandum (68-3343.5-49) displayed the variation of Cf
averaged over time at each radial station; and the variation of Cf averaged
over the radial stations at each time. Also displayed were the corres-
ponding standard deviations. The resultant average values of Cf over all
time and radial stations considered were 0.854, 3.41, 1.30 and 1.47 for
Tests 5, 10, 39 and 55, respectively. The Cf values ranged from about
0to 12. As a result of these calculations, it was concluded that Cf was
not constant and a representative value for use in the subsequent erosion

calculations did not appear to exist.

The second memorandum (68.3340.4-23) investigated the possible
correlation of the individual Cf values at each radial station and time with

Reynolds number. A plot of these Cf values against particle Reynolds




number suggested an approximate correlation did exist in that Cf did
decrease with increasing Reynolds number. Even though there was con-
siderable scatter in the data, the Cf values tended to follow the trend of
drag coefficients measured on spheres. On the basis of these investi-
gations, it was decided that the value of Cf to be used in the erosion cal-
culations should be determined at each radial position and time on the
basis of the local Reynolds number and corresponding coefficient measured

on spheres.

Such a procedure is within the framework of the theory advanced by
Roberts. Roberts indicated that the friction coefficient Cf and boundary
layer thickness both depend on the Reynolds number (RB)' The length
parameter in this Reynolds number is the distance from the stagnation
point to the radial station. If the functional relation between the drag
coefficient measured on spheres and Reynolds number Reis represented
as Cf = f(Re), then in the subsequent erosion calculations the friction

coefficient was determined by the equation

C, = £(Rg)

Roberts' formulation contains a term denoted by "a' which represents the
velocity imparted to a soil particle to the velocity of the gas where the
particle enters the gas stream. The particle is assumed to be accelerated
by viscous and pressure drag forces. The expression derived by Roberts
for "a' contains a pressure drag coefficient which he denotes as CD.
Roberts also introduces the particle Reynolds number RD in which the
length parameter is taken as the particle diameter. The particle drag
coefficient used in the erosion calculations were made dependent on the
particle Reynolds number. (It should be mentioned that in the determina-

tion of the C. values presented in the memorandum CD was assumed

£
constant and equal to 2. However, even if CD was made dependent on
Reynolds number, the computed values of Cf would fall within the same

scatter band.)




In the erosion calculations the value of CD was computed from the

formula

Cp = fRy)

The experimentally determined drag coefficient on spheres presented
in Figure 1.5 of Reference 14 is reproduced here in Figure D1. This

same curve is superimposed in Figure 1 of memorandum 68-3340.4-23

included in this appendix.
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(Taken from Figure 1.5 of Reference 14)
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Introduction

This memo presents friction coefficients calculated from three glass
bead erosion profiles and one gravel profile according to Roberts' erosion
theory (Reference l). The erosion test data was obtained by lowering a super-
sonic gas jet over a bed of particles and measuring erosion profiles using
x-ray techniques. These data are presented in References 2, 3, and 4. The
friction coefficient was calculated from these data for several times and
at each time over radial stations. These values were used to compute averages
and standard deviations. First. we present Roberts' formulation and the method
used to compute friction coefficients and then present the results.

Discussion

Roberts' formulation states the rate of soil erosion caused by retro-
rocket gas impingement is given by

ik *
zauodc CosB g% = qu = T (1)
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where

*
T = OcDg [CosB tana - Siné] + o (2)

and "a" is a momentum factor. u the gas radial velocity. o the soil particle
mass density, ¢ the packing constant. B the surface slope, y the erosion depth,
t time. C, the friction coefficient, g the dynamic pressure, D particle dia-
meter. g ghe gravitational acceleration, & the soil friction angle and t

S coh
the soil cohesion stress.

Roberts states that C_ is essentially constant and equal to 0.2. If
test data is used, Equation (l) can be solved to determine the values of
Cf at each radial station and time to agree with the observed erosion rate.
For such calculations (1) is solved for Cg to obtain

a u o c CosB %% + T* (3)
3

[

Celr,t) =
q

By taking a range of times and radial stations, and the measured erosion
profiles at each time instant, Equation (3) -ives the corresponding Cg¢ value
at each of these times and radial stations. These values can then be used to
determine the average values and standard deviations of Cg. If these data
irndicate a significant variation of Cf, attempts can be made to correlate (f
with Reynolds number or other system parameters.

Results

Data from four tests were used to determine Cg¢. The erosion profiles are
presented in Appendix A and the input parameters aiong with computer printout
of the Cg¢ computations are presented in Appendix B. All input values are pre-
sented in Appendix B. All input values are model dimensions. The dashed lines
in the profile curves are either "faired in" data or extended profiles.

Computations were made to determine the required value of Cf(r,t) necessary
to match the observed erosion rates. Then average values and standard deviations
were formed over radial stations at a given time and over time at each radial
station. Finally a grand average and standard deviation was calculated for
each test.

Figures 1-4 present the variation of average friction coefficient and
standard deviation at each time and over radial stations for each test.
The plots indicate that for both gravel and glass beads most average Cg
values are greater than 0.2. The grand averages for glass beads were
0.854, 1.30, 1.47 and for gravel 3.41. The standard deviations were of the
same magnitude indicating the large spread in (g values.
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