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1. SUMMARY

An analytical investigation was conducted to estimate the Martian
surface loadings, soil erosion and the disfangés that soil debris is ejected
as a result of the firing of the terminal descent rocket engine during a
landing on the Martian surface. Theoretical surface loadings exhaust gas
densities were computed for engiﬁe heights of 5, 10, 15, and 20 feet for
the system parameters provided by Jet Propulsion Laboratories (JPL). Soil
erosion rates and crater profiles were computed for Martian soils composed
of 10, 50, and 300 micron diameter particles for cohesionless and cohesive
soils. The erosion profile data are based on 3’5' ft/'sec vertical descent
speed and engine thrust cutoff heights of 5, 10, 15, and 20 feet above the
Martian surface. Data are also presented showing the distances along

the surface that soil debris may be displaced because of soil erosion.

The computed data indicated the maximum surface excess pressure

caused by gas impingement on the surface to be about 0. 081 psi at the ~

: A
lowest nozzle height of 5 feet. This pressure is on the order of the > o.o_)ank
estimated ambient pressure of 0. 0726 psi provided by JPL at the Martian R
surface. The maximum jet gas density along the surface is about o

10-6 slugs/fts, which is smaller than the ambient density of about 7 x 103
slugs/ft3 estima,te‘d from the ambient pressure data pfovided by JPL.

The data further indicate soil erosion will be quite small and, in
general, negligible. Maximum erosion depth occurs for a soil composed
of 300 micron diameter particles for the lowest thrust cutoff height of
5 feet. In a cohesionless soil, the maximum erosion depth is about 0. 02
inch. Jet focusing, because of the Martian ambient pressure, may cause
deeper erosions. Erosion depth data obtained for an estimate of the
focusing effect indicated the maximum erosion may be increased from
0.02 to 0. 05 inch. For the 10 and 50 micron diameter particles and the
soil cohesion values provided by JPL, the gas viscous shear stresses
were less than the soil restraint capability and therefore, no erosion takes
place. If the soil is considered completely cohesionless, some erosion
does occur, but the depths are smaller than in the soil composed of 300

micros. diameter particles.




The surface debris displaced in a cohesive soil extends out to about
24 feet (about the radius of the erosion profile). For the cohesionless
soils, the sméll diameter particles are accelerated to a large fraction of
the gas velocity and may be displaced toabout 120 feet from the stagnation
point. However, if the local variations of the surface are such that soil
particles depart from the surface at angles much steeper than the slope of
the erosion crater, they could be displaced to much larger distances.
Theoretically, at the entrained velocities of the 300 micron diametgr
particles and a departure angle of 15 degrees, the ballistic trajecto}y in
a perfect vacuum would displace the::: about 5000 feet. Nevertheless, the
- Martian atmosphe.re would significantly reduce this range. ‘Based pn‘the
theory developed in Appendix C and the estimated value of the drag coeffi-
cient and Martian atmospheric density, atmosphere drag would reduce
the range to about 1400 feet. Most likely, such ranges are extreme upper
bounds, and a more reasonable range for debris displacement may be
more nearly 100 feet from the stagnation point. It should be noted that
debris ejected from the lunar surface, during the translational maneuver
on Surveyor VI, did not indicate any large surface erosions nor ejection
of debris to large distances. During that maneuver, the predicted surface
loadings were at least an order of magnitude higher than those predicted
" here during the descent to the Martian surface, primarily because the

Surveyor vernier engine was much closer to the surface.
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2. INTRODUCTION

When retro-r;)cket engines are used to produce the braking force
required to effect a soft landing on the .Ma.rtiari surface, the exhaust gases
produce surface loadings which may cause surface erosion, the ejection
of surface debris, and also the diffusion of exhaust gases into the porous
surface. The amount of erosion’depends on the magnitude of the erosive
forces caused by the gas, and the resistance of the surface to such erosive
forces. A theoretical formulation of this phenomena was considered in
References 1 and 2 for a rocket engine thrusting in the near perfect vacuum
found on the moon while the jet gases impinge perpendicularly onto a sur-
face composed of soil particles. The gas flow field created by the inter-
action of the impinging gases and soil surface is axisymmetric about the
stagnation point,and the corresponding radial flow of the gas along the
soil surface produces shear stresses on the soil. 'If these shear stresses
exceed the shear resistance. of the soil, soil particles bhecome entrained
in the flowing gas and are transported in the direction of flow, thereby
forming an erosion crater in the soil. Eventually the (entrained) soil

particles fall back to the surface under the influence of gravity.

Since the gravitational acceleration field is higher on Mars than on
the Moon, the resistance to erosion caused by friction between soil particles
is larger on Ma;'s. On the other hand, the finite, although small, atmos-
phere on Mars may cause a focusing of the jet exhaust gases and there‘by
produce larger erosive forces on the Martian surface than would be
developed by the same engine in the lunar environment. The specific
dependence of surface loadings on ambient pressure is not known and is
being investigated experimentally at the present time by a joint effort
of JPL and Langley Research Center (LRC}).

The work presented in this investigation uses the theory in References
1 and 2 to make an engineering assessment of the soil efoéion during
touchdown on Mars. Since it is recognized the possibility exists that the
finite atmosphere existing on Mars will cause a focusing of the jet gases
and influence soil erosion, a modification was made to the theory by the
introduction of an additional nondimensional parameter, n(Appendix A).
The validity of this procedure and the value of the nondimensional param-
eter can be determined when data from the current test program become

available. -3-
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The next section presents data showing the surface loadings caused
by the retro-rocket gases at 5, 10, 15, and 20 foot nozzle heights above
the MartianAsurface for vacuum conditions and a case where jet focusing
occurs. Data are also presented showing surface erosion produced by the

gas shear stresse¢s and data concerning the diiitances debris is ejected from

the erosion craters.
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3. RESULTS

Roberts! theory (References 1 and 2) forms the basis for the soil
erosion analyses conducted in this study. The governing differential equa-
tions are presented and discussed in Appendix A along with a digital com-
puter program listing for effecting their solution. Essentially, Roberts'
theory of soil erosion is developed in two parts. The first part consists
of a formulation of the forces acting on a soil surface due to the impinging
retro-rocket gases. In the second part, a partial differential equat‘:ion is
derived which describes the rate at which soil is eroded from the surface

under the action of the surface loads.

Roberts' theory was used first to determine the gas pressure load-
ings acting on the soil surface and then to determine the soil erosion pro-
files for variations in the system parameters. Finally, these results in
conjunction with the particle trajectory theory presented in Appendix C
were used to estimate the range the soil debris would be ejected radially.
The results of these computations are presented in this section for the en-

gine and soil parameters listed in Tables 1 and 2.

Table 1. Engine Parameters

Nozzle exit Mach number, Me 3.98
Nozzle exit radius, r_ (ft) 0.389 = |4,
Nozzle exit pressure P, (ps1a) 0. 1787
Gas constant, (ft /sec‘2 °R) 2310
Gas specific heat ratio, vy 1.252
Thrust, F (1b) 213
Expansion ratio,€ 20
Conical nozzle divergence half angle, (deg) 15
Chamber pressure, P, (psia) 41.7
Chamber temperature, T ( F) ‘ ‘56.70

- Chamber viscosity, B (lb sec/ft ) 1 x 10"6
Descent rate, Vv (ft/se}c) 5

7 ko




Table 2. Martian Atmospheric and Soil Parameters

Ambient pressure, p_ (psia) - A 0. 0726

Acceleration of grav1ty, g (ft/sec ) - o 12.3

Local surface slope, (deg) o'

Soil particle mass density, o (slugs/ft ) 5.81

Soil particle volume concentration, c@,..___/ . .57 S;o_,/
Soil internal friction angle, a (deg) ’ 34

Soil particle diameter, D (microns) 10, 50, 300
Soil particle cohesion, Teoh (psf) - 1950, 15.5, 0.072

In Table 1, the pseudo chamber pressure was computed frorﬁ the
exitpressure ée’ specific heat r’afio yand machnumber M from the formula
g
[1+ 5 (y-1) M 2] 1

P

Cc e

c, A‘f-

The soil cohesion values listed in Table 2 were those prescribed by JPL
for use in the study. Conservative calculations of erosion were also per-
formed for a cohesionless soil, The values of cohesion of 1950 and 15. SA
lb/ftz'for the 10 and 50 micfon-diaﬁeter particles were so large that,
theoretically, no soil erosion should occur for soils having the particle

diameters listed.

3.1 Surface Loadings

Theoretical surface loading data predicted by the theory in Appendix
A (vacuum expansion)are shown in Figures 1 through4 for nozzle heights of
20, 15, 10 and 5 feet. Figure 1 shows the increment in surface pressure
caused by the impinging gases. The figure indicates that the maximum
excess surface pressure is . 081 psi for a nozzle height of 5 feet. If this
pressure is added to the existing ambient pressure of . 0726 psi, the
pressure would be about . 154 psia. The figure indicates that the imping-
ing gas differential pressures are generally less than the ambient pres-.
~sure; and for all nozzle heights, are less'than 10 percent of the ambient
pressure at radial distances larger than about 5. 5 feet from the stagna-

tion point.

Figure 2 shows the theoretical radial velocity of the gas, u, along the

surface for the four nozzle heights. The figure indicates that at the 5 foot
: ' -6-
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nozzle height the radial velocity is about 11, 000 ft/sec at a distance of
20 feet from the stagnation point. Hence, at this point the gas has almost
attained the theoretical velocity of about 11,400 ft/sec to be reached at

infiaite distances (pw_. 0),

Figure 3 shows the exhaust gas mass density p along the surface for
the four nozzle heights. The figure indicates that the gas density decreases

rapidly for increasing distances from the stagnation point.

.Figure 4 shows the gas dynamic pressure q (equal to puZ/Z) along
the surface for the four nozzle heights. The viscous shear stress trans-
mitted to the soil is proportional to the dynamic pressure. The figure
.indicates the maximum dynamic pressure is about . 0322 psi (4. 64 psf).
Thus, for a viscous friction coefficient Cf = .2 the maximum shear stress
acting on the soil would be about . 93 psf. Hence, if the soil restraining

stress is greater than .93 psf, theoretically, no soil erosion will occur.

To provide some indication of how the Martian atmosphere may
affect surface loadings, calculations were performed for a value of the
focusing parameter different from n = 1 (n = 1 corresponds to expansion
into a perfect vacuum). In Appendix B it was found that the jet turning
angle was about 114 degrees in a vacuum and 24. 6 degrees in a Martian
type atmosphere. If one assumes the effective value of the jet focusing
parameter n is the square root of the jet turning angles, then n = 2,15
and the corresponding surface loadings are as shown in Figures 5 through
8. (The assumption that the jei focusing effect can be accounted for
through the single parareter n and its functional dependence on the jet
turning angles must, of course, be verified when the necessary test data

becomes available. )

A comparison of Figure 1 through 4 with Figures 5 through 8 in-
dicates a value of n = 2, 15 produces static and dynamic surface pressures
about 2.5 times as large as in a perfect vacuum, and the loadings are

more concentrated around the stagnation point.

-11-
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3,2 Soil Erosion

Theoretical soil erosion data were computed according to the pro-
cedure in Appendix A and are presented in this section. Figure 9 shows
the soil erosion rate for a range of soil cohesion for three particle dia-
meters when the nozzle is 5 feet above the surface and expanding into a
perfect vacuum. The figure indicates that no erosion should occur for
any of these particle diameters for a sqil cohesion larger than about . 93
psf. The shear stress to be exceeded by the gas viscous forces is: com-
posed of two parts; soil cohesion and restraint offered by the internal
friction. The internal friction restraint on a flat surface iso CDg tan ¢,
which for the 300 micron particles is about 0. 021 psf. Thus, in general,
this restraint is negligible compared to that offered by the soil cohesion,
except in a cohesionless soil. Referring to the soil cohesion values listed
in Table 2, one concludes from Figure\‘EZthéﬁ: soil erosion will not occur
for the 10 and 50 micron-diameter particles for the 5 foot engine thrust
cutoff height, or any higher cutoff height. However, since the listed co-
hesion values (based upon 0.5 psi for 30p) may be optimistic, conserva-
tive calculations were performed for a cohesionless soil. (For example,
lunar soil cohesion estimated from Surveyor data is . 02 to . 05 psi, or 2.9
to 7. 2 psf, for particle diameters less than the resolution of the TV -
cimera of about . 0t inch or 25 microns.) The results of these calcula-

tions are shown in Figures 10, 11 and 12.

Flgure t0 shows the vacuum expansmn erosion profiles for 300
" micron diameter particles for enginé thrust cutoff heights of 20, 15, 10

and 5 feet for a cohesionless soil.

Figure {11 shows the same data for a soil having the cohesion
listed in Table 2. Observe that, even for a cohesionless soil, the maximum

erosion depth is qu1te srnall and is about 0. 0017 foot (0. 02 inch).

Figures 12 and 13 show the vacuum expansion erosion profiles for
50 and 10 micron diameter particles for a cohesionless soil. Although no
erosion should occur for the cohesion values listed in Table 2, even in a

cohesionless soil, the erosion is still quite small.

A comment might be made at this point concerning the effect of
particle diameter on the shear stress required to produce an erosion and
the subsequent rate of erosion. An examination of the theory indicates

-16-
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Figure 11, Erosion Profile for Various Engine Thrust Cutoff Heights
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that for a fixed vahie of cohesion the shear stress required to produce an
erosion is larger for larger diameter particles. This is because the
larger the particle, the larger the soil weight; and hence, the larger the
restraint offered by'the soil as a r.esult of intern'a'I friction. However,

the differences in restraint are generally negligible compared to any
reasonable value of soil cohesign. On the other hand, if the erosive shear
stresses are-in excess of the restraint offered by the soil, the larger the
particle diameter, the larger the rate of erosion. This follows from the
fact that the theory is based on a momentum balance between the gas par-
ticles and soil particles. Small soil particles are rapidly accelerated and
provide an efficient transfer of momentum to the soil, while large soil
particles attain only a small fraction of the gas velocity. Soil erosion
experiments bear out this behavior and demonstrate that the erosion rate
increases with increasing particle diameter until the particles bécome

so large that the frictional restraint exceeds the viscous erosive stresses.
To provide some indication of the effect of jet focusing on surface erosion,
computations were also performed for the focusing parameter n = 2. 15.
The results are shown in Figures 14 and 15 for a2 300 micron-diameter
particle soil. The figures show the profiles for a cohesionless soil and a
soil having the cohesion listed in Table 2. A comparison of Figure 14 with
Figure 10 indicates the maximum erosion depth is about twice that in a

perfect vacuum. But even so, it is still quite small.

3.3 Soil Particle Displacements

Because of the very small erosion for the prescribed descent to the
Mars surface (even for a cohesionless soii), particles should depart from
the surface at very low angles and therefore, have small lateral displace-
ments. The low departure angles are a consequence that, theoretically,
the particles leave the surface tangent to the erosion crater. Theory
indicates the maximum range is travérsed By particles lying between the
point of maximum depth and the outer crater lip because the crater slopes
are larger in this region. The distance a particle travels from the point
it enters the stream depends on the local erosion c¢rater slope and the
velocity of the particle. Since a soil composed ¢f a given particle size
erodes faster than a surface having smaller particles, the local slope is
greater for the larger particles, for the same exposure time to the ero-
sive gas forces. However, the larger particles attain a much smaller

-22-
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fraction of the gas velocity than the smaller p;rticles. Thus, the ballistic
trajectory of larger particles may or may not have a longer range than
the range of smaller particles. For the system parameters considered

20 Jﬁ,al\
here, along with the 5 foot/descent rate, the surface erosion and erosion

crater slope are quite smalll. This results in a relatively small trajectory
range for all soil particle diameters considered. Consequently, the
surface debris is largely confined tc the region in which erosion takes
place. As the spacecraft descends toward the surface, the erosion \’region

decreases in size, although erosion rate increases.

In a cohesionless soil,incipient erosion begins around nozzle heights

| of 170, 80 and 30 feet for the 10, 50 and 300 micron diameter particles,

respectively. At these heights, the maximum viscous shearing stresses
along the surface are just equal to the restraint offered by the friction
between soil grains. At these incipient erosion heights, the points of
maximum shear stress are at radial stations located about 93, 42 and 17
feet from the stagnation point for the 10, 50 and 300 micron diameter
particles, respectively. Consider, for example, the formation of the
erosion crater in a 10 micron diameter cohesionless soil. At the 170
foot nozzle height, a surface erosion begins ébout 93 feet from the stagna-
tion point. As the spacecraft descends, the region in which erosion takes
place moves toward the stagnation point. At engine cutoff, say ata 5

foot nozzle height, the maximum rate of erosion has moved to about 2 .-
feet from the stagnation point. A particle that enters the gas stream

just prior to engine cutoff about 7 feet from the stagnation point, where
the erosion crater has an upward slope, has a'ballistic range in a vacuum
of about 90 feet. This range transports the particle approximately to the
region where erosion first occurred during descent. Consequently, the
distance debrisis transported along the surface is essentially confined to
the entire region in which erosion takes place during the descent period.
As a result, the distance debris is deposited along the surface is essentially
the same for 20, 10 or 5 foot engine thrust cutoff heights. An exception
is provided by 100 micron particles for a 5 .i;oot nozzle cutoff height. In
this case, the erosion is fast enough to produce a local slope such that the
ballistic trajectory of a particle located about 8 feet from the stagnatmn

point travels about 10 feet beyond the 1nc1p1ent erosion point.
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Results of soil particle displacements computations are summarized

in Figure 16.

The particle velocities and departure angles used in the

calculations were those obtained from the erosion calculations. ‘ These

werc compared with the limiting erosion profile also obtained from the

same calculations.

The range plotted is the larger of these two results,

which, as indicated earlier, generally was the limit of the erosion crater.

It should be recalled that, if the soil cohesion is as large as listed in

Table 2, no erosion of particles smaller than 50 microns in diameter

should occur.

Therefore, the particle displacement ranges shown for

particle diameters up to 50 microns should be an extreme upper bound

estimate.

Even though this theory indicates the erosion should be small and

the particles displaced only small distances, one should not overlook

the idealization of the theory.

For example, an actual soil surface is

most lil.ely undulating, nonhormogeneous and composed of a distribution

of particle sizes.

The variations in local slope of the virgin surface

most likely exceeds the maximum slope predicted here for the erosion

crater. Hence, soil particles may depart from the surface with velocities

comparable to those predicted here, but at angles larger than the crater

profile makes with the horizontal.

part from the surface at angles as large as 15 degrees.

It seems quite likely they could de-

In such an event,

the theory in Appendix C would predict the ranges tabulated in Table 3.

Table 3.

Theoretical Range for 5 Foot Engine Cutoff Height

and 15 Degree Departure Angle

Soil Particle Soil Particle Range (ft)
Diameter Velocity
(microns) (ft/sec) Vacuum Atmosphere (CD= 0.14)
10 6011 1,470, 000 194
50 1861 141, 000 675
300 350 4,964 1420
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Range From Stagnation Point (feet)
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Figure 16, Variation of Debris Impact Point With Particle Diameter and
Engine Thrust Cutoff Height (cohesionless soil)

-27-




These data were based on drag coefficients of 0 and 0. 4 corresponding to
vacuum and atmospheric conditions. The density of the Martian atmos-
phere used in these calculations was estimated from the ambient pres-
sure of 0. 0726 psi (10.45 psf). The estimate was made based on COZ
whose molecular weight is 44 and at a temperature of 128°R. The gas

constant and density were then computed to be

R = 49686 _ 130 fi%/sec? °R
a4
P 10.45 _ o 55 1070 slugs/ft>

P= RT = (1130)(128)

These values indicate the range could far exceed those shown in Figure 16.
The tabulated results in Table 3 reflect the fact that small-diameter par-
ticles are readily accelerated by the gas stream, and the subsequent bal-
listic trajectory in a vacuum would have an extremely large range. How-
ever, these same small particles would be readily decelerated by the drag
forces produced by the Martian atmosphere. It should be emphasized that
the ranges computed for atmospheric conditions are the result of certain
basic assumptions. First, it assumes the retarding aerodynamic force is
proportional to the square of the particle velocity. This seems reasonable,
but may only be valid over a limited portion of the entire velocity range.
Second, even if the velocity square drag law is valid, the corresponding
drag coefficient may vary with particle diameter and lociiy (or Reynolds
number). If this is the case, the estimated value of CD = 0. 14 frombullet
range data, which have diameters much larger than the soil particles, may
be in error. If the drag coefficient was significantly smaller than the value

used here, the ranges in the presence of an atmosphere would approach

that in a vacuum condition.

In summary, erosion calculations indicate surface erosion to be neg-
ligible for the range of parameters considered in this study, even for a co-
hesionless Martian soil. The corresponding range debris is displaced lat-
erally along the surface should be less than 30 feet from the stagnation
point, but may be as large as 120 feet if the soil is cohesionless. On the
other hand, one cannot rule out the possibility that the local surface rough-

ness may cause some particles to be displaced to larger distances. The
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These data were based on drag coefficients of 0 and 0. 24 corresponding to
vacuum and atmospheric conditions. The density of the Martian atmos-
phere used in these calculations was estimated from the ambient pres-
sure of 0.0726 psi (10.45 psf). The estimate was made based on CO,
whose molecular weight is 44 and at a temperature of 128°R. The gas

constant and density were then computed to be

- 1130 fi%/sec® °R

49686 .
44 _ \

R = -

P 10, 45

-5 3
P= RT = (TT30)(128) - 7.22 x 1077 slugs/ft

These values indicate the range could far exceed those shown in Figure 16.
The tabulated results in Table 3 reflect the fact that small-diameter par-
ticles are readily accelerated by the gas .stream, and the subsequent bal-
listic trajectory in a vacuum would have an extremely large range. How-
ever, these same small particles would be readily decelerated by the drag
forces produced by the Martian atmosphere. It should be emphasized that
the ranges computed for atmospheric conditions are the result of certain
basic assumptions. First, it assumes the retarding aerodynamic force is
proportional to the square of the particle velocity. This seems reasonable,
but may only be valid over a limited portion of the entire velocity range.
Second, even if the velocity square drag law is valid, the corresponding
drag coefficient may vary with particle diameter and ‘=locity (er Reynolds
number). If this is the case, the estimated value ofCD = 0. 14 frombullet
range data, which have diameters much larger than the soil particles, may
be in error. If the drag coefficient was significantly smaller than the value
used here, the ranges in the presence of an atmosphere would approach

that in a vacuum condition,

In summary, erosion calculatmns indicate surface erosion to be neg-
11g1b1e for the range of parameters considered in this study, even for a co-
hesionless Martian soil., The corresponding range debris is displaced lat-
érally along the surface should be less than 30 feet from the stagnation
point, but may be as large as 120 feet if the soil is cohesionless. On the
other hand., one cannot rule out the possibility that the local surface rough-

ness may cause some particles to be displaced to larger distances. The
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possibility exists, although most likely quite remote, that some particles
' could have ranges as large as, or larger than, 1400 feet from the stagna-

tion point,
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APPENDIX A. ROBERTS' THEORY

' In References 1 and 2 Roberts first develops a description of the
gas flow field caused by the gases emanating from a nozzle located a
distance h above a flat soil surface. He then develops a theory describing
the rate the soil surface erodes under the action of the gas viscous forces
generated while the gas flows from the stagnation point radially outward

along the soil surface.

Initially, Roberts make an assumption regarding the spatial variation
in gas density as it emanates from the nozzle. Then, by applying perfect
- gas theory and boundary layer theory, analytical expressions are developed
to describe the gas radial velocity, static and dynamic pressures along the
soil surface, and viscous shear forces acting on the soil. An impulse-

momentum relation is then postulated to exist in the form
(Am) v = A (7 - 7%)At (A1)

which relates the momentum change of soil mass Am to the impulse caused
by the gas viscous shear forces. In Equation (A1), v is the velocity im-
parted to the element of soil mass, A is the cross-sectional area of the
element of mass, T is the viscous shear stress acting on the soil mass,
and 7% is the soil restraining shear force 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 A{.

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

Am

v

ocAAy cos B

au/2 (AZ).

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,
Bﬁis 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
parefcle. By taking the proper limit, the partial differential equation des-
cribing the rate of erosion is finally obtained. The system of equations

developed by Roberts, with some modifications made in Reference 3, is
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Figure Al. Coordinate System y

presented following the definition of symbols. The modifications made in

Reference 3 are discussed briefly following the equations.

RN T R R S e SRR e 1



1. Definition of Symbols '

Engine Parameters

vy .=
M =
€
r =
e
R =
T =
C
e =
P. =
k=

gas specific heat ratio (dimensionless)
Mach no. at exit (dimensionless)
nozzle exit radius (ft)

2 OR)

gas constant (ftz/sec
chamber gas temperature (OR)
chamber gas viscosity (lb-sec/ftz)

chamber gas pressure (psf)

engine parameter (dimensionless)

Flow Field Parameters

recovery pressure (psf)
stagnation pressure (psf)
surface pressure (psf)

dynamic pressure based on gas radial velocity u (psf)

gas radial velocity along the surface (ft/sec)

gas mass density (slugs/ft3)

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

shear stress coefficient (dimensionless)

ratio of soil particle velocity to gas velocity (dimensionless)

soil particle size (ft)

soil mass c_l(_ans_ity (slugs/ft3)

COheSIOi‘l parameter(Roberts recommends 5x10" 171b-ft.used
?x 10" ** based upon F coh=0: 5 psi for 30u particle size)

.t pr -
~ o
. p B
. g =
a =
F =
« =
c, =
Soil Parameters
a =
D =
c =
€ =
Ac‘oh =
Teoh =

soil cohesive stress (lb/ft2)
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Soil Parameters

o =

Tk

v

soil internal friction angle (radians)

' soil restraining shear stress (psf)

velocity of soil particle entrained in the flow (ft/sec)

Miscellaneous Paramesters -

A =

20° 21 =

a, =

3.3 =

CD =

F =

. h =

‘ h -
(o]

h1 =

n =

T =

R1 =

t =

tl =

T =

Vv =

Y =

Yma.x‘ =

L vy =

B =

L =

cross sectional area of soil element (ftz)

parameter in friction coefficient equation (dimensidnle\ss)
parameter in h equation ~ .25 (dimensionless)

parameter in R'l- equation = . 5 (dimensionless)

particle drag coefficient (dimensionless)

épproximate engine thrust (1b)

acceleration of gravity (ft/sec?)

height of nozzle exit plane (ft)

nozzle height at time t = 0 (ft)

nozzle height at hover (engine cutoff) (ft)

jet gas plume focusing parameter (n=1 in perfect vacuum,
dimensionless)

radial station measured from stagnation point (ft)

radial parameter = point at maximum viscous shear
stress (ft)

time (sec)

time at which hover/cutoff begins (sec)

final time (sec)

vertical descent rate (ft/sec)

soil erosion depth (ft)

maximum value of y (along r) at each time increment (ft)
soil erosion rate (ft/sec) | |

slope of erosion crater 9y/ar (radians)

parameter in equation for "a' (dimensionless)
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Q 2. Governing Equations

Erosion Equation

9y _ 2 (T -7*)
ot auocc cos B (A3)
Flow Field Equations
l .
X-17]) 2 ‘
=12y gy (_E.) A
u =% RT |1 & (A4)
y-r 1
S N
q y-1 P P, Pg (A5)
d e (cose)n(k+4)(cos B)Z[i-tan 6 tan ﬁ]z (A6)
& " ,
p =5 (A7)
u
| r 9
tang = ¢, tan6=3¥ (A8)
P, :
P, = min r 2 (A9)
n(k+4)-2 ("e
2 h Py
[1 + YMi’]pc
Pp = 7 X (At0)
[1 +-Y-%1 MZ] v-1
] e
k = yly-1) M (A11)
h(t) = hl(t)+a2y ax (t) (A12)
(- ho—Vt 051:51:1 |
;. h(t) = (A13)
ho - V’vtl t> 1:1



Viscous Shear Stress

T = qu (A14)

Limiting Shear Stress

-3

wk = 3 - in )
T q'cDg cos P tana - ocDg sin B + Acoh D~ + 'rcoh(AIS)

Momentum Factor '

a'l = .5+ V.25+§-1 .(A16)
L = 18’%hz \/(k+4)2RT b+ \ge CD(H? DE_1a17)
NZ oD c 2rh®  p NRT,
F = nr’ .
= mr, p, (used only in Equation (A17) (A18)

Viscous Friction Coefficient

b AY 4 -y R
- max max 1
Cf = a°+a1(' - )X Y ) —) (A19)
e max/ | 1+ (ﬁ—)
11

. ; o
1 = By ¥ asVmad o (A20)

)
]
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3

3. Modifications of Roberts' Theory

In Roberts' formulation of soil erosion, it is assumed the erosion
depth y is small compared to the nozzle height h, . Thus, no attempt is
made to change the flow field as the crater develops. In most applications
of this theory, the above assumption is valid. However, during soil erosion
experiments the assumption is often violated, and the erosion depth may |

be even larger than the original nozzle height above the uneroded surface.

In Reference 3, a comparison was made of Roberts' theory wi._;ch ex-
perimental measuremenfs of erosion obtained in a vacuum environment.
In some of these tests, thedepth of the erosion crater waslarger thanthe
hover nozzle height. It wasappropriate, therefore,to modify Roberts'
formulation to account for the effective increase in nozzle height and
changes in the gas flow field. Modifications were selected on physical
reasoning and then empirically adjusted by comparison of theoretical
predictions and experimental findings. The motivation for the proposed

modifications was made as a result of the following observations.

It seemed evident that as the soil eroded and a cavity began forming,
the flow field must be altered; and hence, the shear forces acting on the
soil also must change., For example, consider the region in the vicinity
of the crater lip. One would expect the soil particles on the crater lip to
be subjected to larger erosion forces than before the crater was formed.
This seems plausible because particles on the crater lip should be exposed
to a larger portion of the gas flow than when they were shielded by other
particles along the flat surface. Also, such particles are more likely to
be impacted by other particles dislodged from the crater itself. These
cffects should increase the shear forces locally and cause the crater dia-
meter to increase with time, as one observes in erosion experiments and
Roberts' theory did not predict. This increased shear force is probably
due to both a change in flow and as soci’atted dynamic pressure as well as
a change in viscous friction coefficient Cf. It was proposed that the chang-
ing flow field could be accounted for by simply modifying the friction co-
efficient, Such a modification is contained in the coefficients a, and 2y
in Equations (A19) and (A20). Setting these two coefficients equal to zero
reduces these equations to Roberts' formulation. This modification tends

to increase the friction coefficient in the vicinitykof the crater lip.
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Because of the weighting factor r/Rl, the increase is larger for the outer
crater lip than for the inner crater lip. It was found that the values

a = 11 and az =. 5 caused the outer crater lip radius to increase with
time at a rate similar to that observed during the erosion experiments.
The nozzle height h (Equation (A12)) was also modified to allow for an ef-
fective increase in nozzlr height because of the development of the erosion
crater. The empirically determined value for a, was about . 25, Setting

a, equal to zero reduces the nozzle height equation to that given by Roberts.

It is obvious that when erosion is small, the preceding modifications

become negligible. In the soil erosion calculations performed in this

- study, the erosion was so small that the modifications were completely

negligible.

Another modification is incorporated in the above set of equations
through the parameter n in surface pressure Equations (A6) and (A9).
Roberts' formulation corresponds to n equal to 1. The parameter n is
introduced in an attempt to account for the focusing of the jet when it ex-
pands into an atmosphere. When n is larger than unity, both the stagna-
tion pressure Pg and the rate of decay of the pressure along the surface

are increased. However, for any falue of n, the integrated pressure

force on the entire surface is the same.

4. FORTRAN IV Soil Erosion Program

The soil erosion program is called EROS and is written in FORTRAN
IV, version 12. It is written to run on an IBM 7094 32K core machine.
The program consists of a main program EROS, and five subroutines:
AUXSU, DERIV, SMOOTH, RKAN, and OUTPUT. Below is a brief des-

cription of each program,

EROS reads the Input by Namelist name "DATA.'" EROS saves the first
three Runge Kutta integration results.- When a successful Adams Moulton
integration has been completed, EROS will output those time stations and
radial stations specified by the user. After each integration, EROS re-
evaluates the upper and lower error bounds (EV and EL) used by RKAM,



AUXSUB calculates the derivative at each radial station. This derivative
is then integrated by RKAM to give the depth of the crater (ERODEP) at °

each radial station,

DERIV calculates the derivative at each radial station of ERODEP vs,
RAD (depth vs. radius); the derivative is BETA.

SMOOTH smoothes the beta curv;. The curve is smoothed NUMSMT
tirnes; if NUMSMT is not input, it is set to 2, (This feature was incor-
porated because it was found that small irregularities in the erosion crater
tended to grow with time as a result of the differentiations to obtain the

. slope B = 8y/dr. If uncorrected, these irregularities could lead to nu-

merical instabilities. )

RKAM is a standard TRW subroutine which performs Runge Kutta and
Adams Moulton integration, It is used to integrate ERORAT to get ERODEP.

OUTPUT. Since the output from the program can be voluminous, the user
may input two quantities, DELMAX and NORAD, to control printed output.
The program will write output only at time points which are a multiple of
DELMAX. At each output time, every NORADﬂ'1 radial station will be
written starting with radial station number one. The output subroutine is
used to extrapolate the data, calculated for the present time, to the time
point required for output. OUTPUT is called by AUXSUB only if the next
time point (TIM+TIMDEL) will lie beyond the next output time. Note that

the extrapolated values are used only for OUTPUT and not for calculation,



INPUT

The input is by Namelist name DATA. The following parameters must be

input. _

FORTRAN SYMBOL DEFINITION

GAME Y Gas specific heat ratio

AMACH Me -‘Mach number atzexit )

GASCON R Gas constant (ft” /sec °R)

RADEX r, Exit radius (ft) ‘

GASTEM T, Chamber gas temperature (OR)

'GASVIS k. Chamber gas viscosity (lb-sec/ftz)

PINF P, Ambient pressure (lb/ftz)

AN n Focusing parameter (=1 for lunar en-
vironment)

PARSIZ D Soil particle size (ft)

DRAGCO Cph Particle drag coefficient

SODEN g Soil mass density (slugs/ft3)

Soil cohesive stress (lb/ftz)

O
m
n
+
kg
Y
0
(&)
o

COHPAR Acon Cohesion parameter (b ft )

ALPHA a Soil internal friction angle (radians)

A0 P Coefficients in friction coefficient

Al g‘f eqpation

SOPAC ¢ Soil packing constant (=1 minus porosity)

GRAV g Acceleration of gravity (ft/secz) |

PRES Pg Chamber pressure (psf)

HO I?L‘§ Initial height of nozzle (ft)

HHOVER b, Héver (engine cutoff) height (ft)

HOVTIM t Time at which hover/cutoff begins (sec)

FINTIM T Final time (sec)

VEL Vv Descent velocity (ft/sec)

A2 a‘z Input noz}-dimensional parameter in
Ri(equation)

A3 ag Ii!iput non-dimensional parameter in

h (t) (equation)

EPS € Distance to first radial station {must be
greater than zero because of the sin-
gularity at r = 0, ft) :
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FORTRAN SYMBOL

NUMRAD
NUMSMT
DELMIN

DELMAX

RADIUS
DELTIM

NORAD

ERRUP

ERRLO

DEFINITION

Number of radial stations

Number qf times beta curve is smooth

Minimum time increment (sec)

Maximum time increment also step
size for controlling output (sec)

" Radius to last radial station (ft)

Initial time increment (DELMIN <
DELTIM <= DELM AX)

i

Increment for writing out selective radial

stations. (Integer). 1st radial station
and every NORADth station thereafter is
written '

Reciprocal of % of depth for upper error
bound

Reciprocal of % of depth for lower error
bound, DELMIN = DELMAX
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OPERATING PROCEDURE

The program will accept stacked cases.

The follo@ing parameters must be considered when evaluating running
time for the program: ERRUP, ERRLO, DELMIN, DELMAX, NORAD,
and FINTIM. Unfortunately the first four also control the accuracy of the

results.

The looser the error bounds, the faster the program runs. On test

cases, ERRUP = 25 changed the results significantly.

A reasonable upper bound on the run time is 120 times FINTIM where
FINTIM is in seconds.

Concerning errors, it seems best on the first run to set ERRUP = 50;

and if the results seem unreasonable, increase ERRUP,

To have reasonable error contrel, the following inequalities should hold:
ERRUP =50
ERRLO = 32 ERRUP

Note that ERRUP is used to compute the upper bound of allowable error at

~each integration. It is not an upper bound for the cumulative error.

The program listing follows:

A-12
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€1-Vv

®

ERCS 11711767
EXTERNAL AUXSUB 00000010
DIMENSIGN TEMP (Y50} TERPI(IS0)

DOUBL F PRECISION TIMJTIMDEL.HOLDY 00000030
COMMON/7QUTPUT/DEPTH(150¢3)¢RATEL 15043) e TIME(3),UU{150,3) 00000040
ISURF U150 .3) JDYNAMU15C,3) RROOCIS0+3) JHEIGHT(3)4AAAL3 )y 00000050
2STAG(3)s PTOT(150.,3), 00000060
3TFMPS(9,150) ¢EU(150) 4ELEYIS0) sAUU(L5043)4BETAAL 150, 3) 00020070
COMMON/PARAM/THET(150) «BETATI50Y ,PRESUR(1IS0), 00600060
10YPRES(150).U(150)RHO(150), FRICCO(LS0)sTAU(L50) sTAUSTRI150), 00000090
2FRORAT(150) RAD(150) 4 ERODEP(150) vAAe GAMASAMALHGASCUNGAM] , 00000100
IRACEY - GASTEM.GASVIS,PINF yAN.PARSIZ ,ORAGCO,SOVEN, 00000110
4COHSTR.COHPARALPHA+ AGoA14SOPACsGRAV ¢PRESsHO» HHOVER, 00000120
SHOVY IMoF INTIM,VEL A2 ¢ A3+ EPSy NUMRAD¢NUMSMT ¢REPRES» 00000130
G6ENGPARGFoeYMAXWoL o STAGPRWHe TIM HL 060000140
NAMEL IST/DATA/GAMA.AMACH«GASCON,RADEX+GASTEM, GASVIS, 06000150
1PINF s AN. PARSIZ ¢« DRAGCO«SODEN«COHSTR oC CHPAR +ALPHA, AD o 00000160
. 24) .SOPAC ,GKAV,PRES,HOHHOVER yHOVTIM  FINTIM,VEL A2, 00000170
3A3 «FPS e NUMRAD e NUMSMT s DELMINDELMAX «RAUDIUS«DELTIMoNUKAD 000C0180
4FRRUP.FRRLD 00000190
DATA P1/3.14159267 00000200
DATA FRRUP +FRRLU/1006 ¢2004/ 00000210
1 RFAD (2. DATA) 00000220
C Rk ok INITIALIZF ARRAYS 00000230
TIMDEL=DELTIM 00000247
IF (TIMDEL.LEL.Oe) GO TO 400 00000250
A=NUMRAD 00000269
IF (NODRADALTS1) NORAD=1 00000270
IF (NUMSMT.LTal) NUMSMT=2 00000280
NO & I=1.NUMRAD 00000290
"FRORAT(I)=Ca 00000300
ERONDEP(1)=0. 00000310
TEMPS(1.1)=0. 00000320
FU(T }=.05 00000330
FLITI)=.05 00000340
R1=T-1 60000350
RAD( I )=81%RADIUS/A £0000260

<O WN

13
14
15
16
17
18
19
20



Yi-v

1¢
11

Gk ke

EROS

CONTINUE

GAMY=(GAMA-1a4) /GAMA

B2=4AMACH*AMACH ‘
Rl=(1a+(GAMA=1,)/2,%B2)%*(1,/GAM]1)
REPRES=(1. +GAMA%*H2 }*PRES /Bl
ENGPAR=GAMAX (GAMA-1,) *B2
F=PI%RADEX*RADEX*REPRES

RAD (1) =EPS

IFLG=-1
IFLG2=0
TIM=Ca

YMAX=0a

HOL.DI=DEL 4AX

ICNT =D

Calt RKAM (TIM.TIMDEL « ERODEP « ERORKATAUXSUSB,

INUMRAD «Q ¢ EUe EL e DELMAX s DELMINCICNT e TEMPSNH)

IF (ICNTalLFa3«ANDaIFLGaNEs1l) GO TO 15
IF (IFLGaEQa-1) IFLG=C

GO TO 230
SAVF FIRST THREE RUNGE KUTTA RESULTS

G, ek o 3k % UNTIL

15

20

L=TCNT

WE HAVE i SUCCESSFUL ADAMS MOULTON RESULT

TIME(L)=TIM
HFIGHT (L)=H1

AAA(L V=4aA

STAG(L)=STAGPR/144.

NN 2€ I=1.NUMRAD

DFPTH( L.L)=ERODEP(TI)
RATF(I.L)}=ERURAT(I)
Uit . )=Ull)

RHOO(T «L)=RHO(T)

AU T o1 ) =AA%U(])

RFTAALT, L)—RETA(I)*57.29577
DYNAMUT.L)=DYPKES(1) /144,

SURF(I.L)=

PRESUR(I )XSTAGPR/ 144

PTOT(T.L)= SURFII.L)I+PINF /144,
~ CONT INUF

11711767

06000370
00090380
06000390
00000400
20000410
V00600420
06000430
06000440
00000450

0C¢000460
00002470
00000480
06909500
00000510
00000520

00000539

0C020540
00003550

00000560 |

00000570
00000580
00000590
0000060C
00000610

00000630
00000640
t0000650
¢0000660
0C0006T0
00000680
90000690
C000070C

J0000710 -

00009720
06000730

21
23
24
25
26
27
28
29
30
31
32
33
34
35

36
37
49

43
44
45
46
47
43
49
50
51
52
53
54
55
56
57
58
59
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cn

EROS

IF 1F1G)305,24C,.250C

C ok akok WKITE aALL THE SAVED VALUES

240

244

235
245

R1=REPRFS/ 144,

WRITF (3.700) ENGPAR,.B1

IFLG1=0 : )

TF (LaFDalaOReTIMF(L)EQaHULDLl) GO TO 242

IF (TIMF{L)+TIMDEL.LELHOLDY)Y GO TO 245

N0 230 I=1.NUMRAD

TEMPL(TI)=FRORAT(I)

TEMP(1)=ERQODFP(I)

IFLG1=1 _

CALL OUT (UEPTH(1.L) sLoeHOLU141eTIMDEL.TEMPL)

IF (HEIGHT(L)aGT4HHOVER) WRITE (3,7C1)

IF (LaNFal) HILD1=HOLD1+DELMAX

IF (HEIGHT{L)eLELHHIOVEK) WRITE (3,702} :
WRITE (3,703) HEIGHT(L) TIME (L) +RAA(L) «STAGI(L)
WRITE (3.7C4)
‘DO 244 1=1 . NUMRADNORAD )
WRITE (3.705) RAD{IL) DEPTH(I oL)eBETAA(I L) sRATE(L o) o
TSURF(T oL ) e DYNAMI JeL) e RHOO( T o L) s AUUCT oL UUCT L) PTUT (I L)
IF (IFLGleEQeN)Y GO TO 245

NG 235 I=1.NUMRAD

FRORAT(II=TEMPL(I])

FRODEP(II=TEMP(I])

CONT INUE

IFLG=1

(o 1373330 WRITE CURRENT VALUE

250

CONTINUE

IFL Gl=0

TTIM=TIM

IF (TIM.FQ.HOLDL) GU TO 252

IF (1FLGZ.E0.T) GO TO 221 -

IF (TIM¢TIMDEL.LE.HOVTIM) GO TO 221
IF1.G2=1

HOLD2=HIVTIM

DO 215 I=1.NUMRAD

11711767

00000740
0C000750

00030760
00000770
00000780

00000600
00060830
0G0C084C
0C000860
00000870

0000088¢C
000092890

cC000900.

0C¢G0O2910
Cc00092¢C
€G02093C

00000940

00000950
0C000960

00000970

00600980
00000990
00001C00
00001020
00001040

61
62
63
66
57
63
71
T4
15
76
78
79
80
84
87
9l
94
So

97
101

104

105
106
108

110
111
112
113
114
117
120
123

125
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215

221

220

252
253

216

254

225
255

EROS

TEMPL(I)=ERORAT(I)
TEMP (1)=ERODEP{I)

IFLG1=1

CALL OQUT (ERCDEP.L.HOLD2+2«TIMDELTEMP]1)

HRITE (3.702)

TT IM=HOVT T4 ,

IF (HOVT IMaEQ.HOLDY) HOLD1=HOLD1+DELMAX
GO TO 216

IF (TIMFTIMDELLLE.HOLD1Y GO TO 255

DO 220 I=1.NUMRAD

TEMP1(I)=FRORATI(1}

TEMP(T )=ERONEPTT]

IFLG1=1

CALL OUT (ERODEP.LoHOLD1¢2+TIMDEL TEMP1)
IF {HOLDIJLT.ROVTIM) WRITE T13.701)
TTIM=HOLD1

IF (HOLD1.GE.HOVTIM) WRITE (3,702)
HALD1=HOLD14CEUMAX"

CONT INUE :

B3=STAGPR/144,

WRITE {3,703V HI.TTIM.AALB3

WRITE (3.704)

DO 254 I=1,NUMRAD.NORAD

BI=BETATII®5T.,29577

R2=AA%U( I)

B3=PRESUR(I )*STAGPR/ 144,
R4S RIWINF 7144
B5=DYPRES(1)/144,

WRITE (3.705) RAD(1I).ERODEP(1).B1.ERCRAT(I),83, 85,
IRHO(I1¥Y.RZ.UTlT)Y.B4%

CONTINUE

IF (IFLGl.EQ.0) GO TO 255
DO 225 T=1.NURRAD
ERORAT(I )=TEMP1I(I)
FRAODEP(I)=TEMP (1)

TONTINUF "

Cxixieae ik SET NEW ERROR BOUNDS FOR RKAM

11711767

00001C60

0C001070
cGoolcso

00001110
00001126

00001150
00001160
00001170
06001180
00001190
00001200
00001210
06001220
00001230
00001240
00001250

00001260

00001270
00001280
00001290

126
127
129
130
131
133
134
137
138
141
142
143
145
146
la47
151
152
156
157
158

© 159

162
164
165
166
167
168
169

170
173
175
178
179
180

182
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305

310

EROS

YMAX=FRODEP( 1)

‘N0 319 I=1.NUMRAD
EUL1)=AAS(ERODEP(1)/ERRUP) .
FLOI)=ABS{ERGDEP( 1)/ ERRLO)
YMAX=AMA X1 (YMAX « ERODEP( 1))
CONT INUF

C ¥k okok % IF NECESSARY ADJUST TIME INCREMENT ON
(o 2378 2% L AST PASS

320
400
700
701

702
703

704

705
706

IF (TIMJGELFINTIM) GC TO 1
IF (FINTIM-TIM-TIMDEL)320,11,11
TIMDEL=FINTIM-TIM

GO To 10

WRITF (3.726)

GG TN 1

FORMAT (35H1 ENGINE PARAMETER =El5.8//
"135H * RECOVERY PRESSURE (PSI) =E15.8//7/)

FORMAT (//15H " DESCENDING//)

FORMAT (//13H HOVERING/ /) '

FORMAT (32H NOZZLE HEIGHT (FT) =E154.8+21Xx,

16HTIME =F1Nn.4//30H MOMENTUM FACTOR A =El5. 8,
210X 2 THSTAGNATION PRESSURE (PSI) =E15.8)

FORMAT (///51Xe5HSURF e ¢8Xs4HDYNe ¢ 20X ¢+ SHPART @ o TX93HGA S» 9X e SHTOTAL/

1 12H STATION 12H CEPTH 12H SLOPE 12H
2 12H PRESS. 12H PRESSe I2H GAS DENS. 12H
3 12H VFLa 12H PRESSe. /12H {(FT) 12H
4 12H (VEG) 12H (FT/SEC) 12H (PSI) 12H
5 12H SLUG/CU FT 12H (FT/SEC) 12H (FT/SEC) 12H

FORMAT (10(1X.El1la4))

RATE
VEL.
(FT)
(PSI)
(PSI)

/7}

11711767

00001300
00001310

00001320
00001330
00001340
06001350
00001360
00001370
00001380
00001390
06001400
00001410
06001420
00001430
00001440
00001450

00001460 .
00001470 .

00001480
00001490
GOO001I500
0C001510
00001520
00001530
00001540
00001550
00001560
00001570

FORMAT (61H NO TIME INCREMENT (DELTIM) FOR CASE. 1I°M GOING TO NEX0O001580

1T CASF)
END

00001590
00001600

183
184

185
186
187

188
190
193
194
195
196
198

199
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AXSUS8

SUBROUTINE AUXSJR (ICNT)

DOUBLE PRECISION TIM, TIMDEL
COMMON/PARAM/THET(15C),BETA(15D),PRESUR(15D),

10YPRES(15C) Ul 153:,R40(156C),FRICCO(CL50),TAU(L50) ,TAUSTR(15C),
2ERORAT{15C)4RANDILISC )y ZTRODEPIL15N)y AA,GAMA,AMAZA,GASCON,y GA 1,
3RADEXy GASTEMy GASVIS,PINF (AN, PARSIZ,DRAGCC,SIIEN,
4COHSTR,COHPAR, ALPHA,AC,AL1,SDPAZ ,GRAV,PRES,H)y HHOVER,
SHOVTIM,FINTIM,VEL,A24A3,FPSy NUMRAD ) NUMSMT, REPRES,
6FENGPARy Fyg YMAX 3Ly STAGPR H, T IMyH1

DATA PI1/3.141562%/

. IF (ICNT.NL.1) GO TOD 5

[F (L.NE.1) YWax=3,
5 CONTINUE
Cxxkxwix  CALCULATE PARAMETERS THAT ARZ CONSTANT WITH
Cekbk ko RZSPECT TD RADIUS
: IF (TIM-HOVTIV) 1,1,2
1 H1=HC-VEL*TIM
60 TC 3 '
2 H1=HC=VEL*HOVTIM
3 H=H1 +A2%YMAX _
R1=(H14+A3%XYMAX)«SQRT( 2,/ (2. +ENGPAR))
Bl=(ANX(ENGPAR+4,})=-2,)/2 & REPRESKk((RADEX/4)*¢2)
STAGPR=AMINI(2EPRES,B1)
Bl=1R *GASVIS®H/{1.4142)1 4%SODEN*DARSIZ*PARSIZ)
B2=SQRT(2./({ENGPAR+4, )% GASCON*GASTEM) }
B3=1.+1.4142164/195,.7162%DRAGCO*{ENGPAR+4,.)/
1 (2.%PI*H*H) *PARSIZ*F/ {GASVIS®SORT(GASCON&SASTEM))
ZETA=B1#*B2%R3
AA=1./(.5+SQRT(.25*1./ZETA))
C ok ke CALCULATE PARAMETERS AT RADIAL STATIONS
DO 20 I=1,NUMRAD
20 THET(I)=ATAN2(RAD(I),H)
Clknn BETA IS SLJIPE OF ERNDEP VS. RAD
CALL DERIV (EIDEP,RAD,BETA,NUMRAD)
DO 3C I=1,NUMRAD
30 BETA(I)=ATAN(BETA(]))

LR R e g . o ]

10/726/67

10002010
0000C020
JeC0003¢C
30000CacC

J00occsce

J0003050

JNCo0C7C

oneGao8o
0000CC90
J000N013C
03COO110
2000012¢G
0000013C
20000140

22010150

00002160

00000170
9C000130

¢CCCO190
000002320
000002170
00Co00220

30000230

00009240

00000250
006000260
00000270

00000280

ICCC0290

90000330

30000310
02000320
30000330
00000340
3000035¢C -
00000360

19
11
12
13
l4
15
16
17

18
19

2G
21

22
24
25
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Ao AR . iar e ey, B S S e T

AUXSuB

Ceskkokokek SMJ0TH BETA CJURVE NUMSMT = NUMBER OF TIMES
C oo CJRVE IS SMDOTHED
CALL SMOOTH (BETA,NUMRAD NUMSMT)
C ke ke CALCULATE THE DERIVATIVE AT EACH RADIAL STATION
DO 40 I=1,NUMRAD
Bl=COS(THET(I) )«x(ANX(ENGPAR+4, ) ) *(COS{BETA(]} )%x%2)
PRESUR(I)=BI*( (1 ~-TAN(THET(I))*TAN(BETA(I)))&x%2)
"DYPRES{I)=1a/53AM1*(1.~(PRESUR(I )¢ &GAM]L))%*STA5PR%
1 (PRESUR(IN%#%x(1.,/GAMA) )
Bl=(2./GAM1)*GASCION*GAST EM*{ 1. -PRESUR(I ) **GA1)
UlI)=8B1%%,5
RHO(I)=2.*DYPRESITI)/Z(U({II*U(]))
B1=RAD(I)/R1
FRICCO(I)=A0+A1*((YMAX-ERODEP{I))&%x2)/
1-  (RADEX*YMAX)*B1l/(1.+B1%*B1)
IF (YMAX.LE.C.) FRICCO(I}=AD
TAUCI)=FRICCO(I)*DYPRES(1I)
B1=SODEN*PARSI7 *SIPAC®GRAV
B2=COS(BETA(I) ) *TAN(ALPHA)-SIN(BETA(I))
TAUSTR(I)=B1l*B2+COHPAR/( PARSIZ2*%3)+C0O4STR
IF (TAULI)-TAUSTR(I)) 34,34,35
34 ERORAT(1)=C.
GO TO 40
35 ERORAT(I)=2.%( TAU(I)}-TAUSTR{1)}/(AA%XSODEN®
1 SOPAC*U(I)*COS(BETA(IN))
40 CONTINUE
RETURN
END

10726767

ooooc3rc
00000380
200000350
00000400
2C000410
20000420
00C00430
J0000440C

000004590

90000460
C00C2470
00600480
00000490

20000500 -

NOCOGS510

00Cn2520
0000053C
c0orCo540
¢0C00550
00020560
30066570
aconocsec
NJ000590
30000600
00C00610
00000620

*90000630

26

28
29
e
31
32
33
34
35
36

>
21

- 38

41
42
43
44

45

46
47

48
49
51
52
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DERIV 10/09/767

SUBRDUTINE DERIV (YsRADBETA,N)

CrRaknk BETA IS SLCPE OF Y VS. RAD

DIMENSICN Y{N),RAD(N)+BETA(N)

CR¥kak 2k N MUST BE GREATFR THAN OR EQUAL TO 5

1CC
1C1

IF (N.LT.5) GG TO 1{C
H=12.*{RAD(2)-RAD(1})

BETALL)=(=25.%Y(1)+48.%Y(2)=36*Y(3)+16.%Y{4)-3.2Y(5))/4

1

E=12.%(RAD{2)-RAD(2)})

BETA(2)=(=3.%Y(1)=1Ce%Y(2)+18.%Y(3)-6.%Y(4)+Y(5))/H

ANK=N=2 .

CC 1 I=3,NNK

BETA(I)=(Y(I-2)-Bo*xY(I-1)48.%Y(I¢+1)=Y(I¢2))/H

BETA{N=1)=( =Y (N=4)+E.*¥Y{N-3)~=18*%Y(N=2)#10.*Y(N=-1)+3,%Y{(N))/H

BETA(NI=(3 . %Y (N=-4)-16.*Y(N=-3) 436, %V {N=-2)-48.%*Y(N-1)
+25.%Y(N)) /H

RETURN

WRITE (2,1C1) - S , N

FCRMAT (37H IN SUBROUTINE DERIV N IS LESS THAN 5)

RETURN

END




12~V

-

N W

1¢0
101

!

(& ]

(3

P

SMNNTH

cURPNAYTTNE SMOPTH (RETA,N,MN)

NYMENSTON BET (M), (150)

TE (N,LT,R) 60 70 Inr

"C 2 JJ=T, NN
iiz)=(6ﬁ.*°F'bl?)+4.*ﬂ"’5(2)36.*BF?A(3)+4.*B[’A(A)-Bc'atcyy
R{2)=(2.%37TA(1) 427 *AFTA(D ] 2. %AFTA() =R #RFTAIL) 42
*RETA(5)) /28, : T

NMK =N -2

NO 1 T=3,NNK -
CUT)=(=2,*RETA(T=2 )41 ¢*RETA(T-1)+1T7 . %XR=TA(T )+
12.%RTTA(T4))-2 %R "TA(T142}))/35
RIN=1)Y=(2, 2B TA(N) 427 =RCTA(N=
~8,XRTTA(N=) 42 FRETA(N-4) ) /35,
RINI=(AQ ¥RTTA(N)+4L , XRTTA(N-1) -6, *¥BETA(N=-2)
46 ERITA(N-T )-RTTA(N=L))/T7D,

ne 3 T=1,4

RETALT)=0(T)

CONTTNUT

RETYOY

WRITE (32,191)

§5p52’ (RRH TN SURROUTINE SMOOTH N IS LESS THAN 5)

RETIIRN o

L ]

Y+12  HBRETA(N-2)

- EMD

1N/24/47

-

N

4

1

12

12
14
ve
1Q

19



RKAM

SUBROUTINE RK AM{XDP4HNP 4 VAR(DERJAUXSUB NPT,
TEYy ELyHMAX g HMIN, TCNT, TFMP S, NH) o '
NOYBLF PRECISINN XDPL,HDP,L,CNP

DIMENSION VAR(1)},DEP(1),FU(L),EL(1),TEMPS(9,1),C{2?)
FOUTVALFNCE (CDP,C)

NN=N

EXIT TIF N IS ZFR0O NR NFGATIVFE

IF(NN.LF.N) RFTURN

1C=1CNT

TRANSFER NN R-K QOMLY OPTINN

TF(OPT NF.0.NY GN Y0 200

TFLIC.GT.2) GNn TP 110

COUNTER IS LTSS THAN 2--PUNGA-KUTTA STEP

K=

IC=1€ 21

TF{IC.GT.1) GO TO 12C -

CPUNTFR WAS ZFRPN DN FNTPY--STORE INITIAL NRDINATES
pr 108 1=1,NN ' ’
TEMPS(S,1)1=TEMPS(1,I)

TFMDS (A, T)=VaR(T)

GO TN 129

CRUNTER IS GRFATER THAN 2--ADAMS-MOULTON STFPp
STNREF ENTRPY NONTNATFC

ne 115 T=1,NN

TEMPS (2, T)=VAR(T)

TEMPS{3,1)=TrEMPS (1, 1)

K=0

SYTNRF ENTRY DERIVATIVES

ne 128 T=1 + NN

TEMPC([4,1)=DNFR(T)

IF(K.EQ.N} GO TN 200

TRYEGRATE QM= CSTFP WITH P~K

K=n

NE 205 T=1,NN

TEMPS(2,1)=VAR(TY)

TEMDC(A, 1)=NFR(T)

10734767

RKAMD0D2
RKAMONO 3
RKAMOON G
RKAMOOOS
RKAMOON6
RKAMONNT
RKAMOO0NR
RKAMNDQN 9
RKAMNOI G
PKAMNOY 1
RKAMON] 2
RKAMONY 3
RKAMOOY &
RKAMNOL S
RKAMONY A
RKAMOO17
RKAMOOY R
eKAMOO] O
RKAMOD20
RKAMON21
RKAMOND22
RKAMOO2 3
RKAMON24L
AKAMONG S
AKAMDD? &
RKAMNO27?
RKAMOD?2R
RKAMON2C
RKAMNGRND
RKAMNN3Y
RKAMON2 D
PKAMON3 2
RKAMON24
QKAMONIS
&XAMON1G
OKAMON3 T

N p=-

[T O R .-



€2V

210
21%

220

225

7%

235

pn

PKAM

CNP=HNDP /2 . NN

A=C(1)

XNP=XNP+rNO

RC 220 T=1,NN
VAR(T)=TEMDS(2,T)+A*NFR(T)
ceLL AUYXSHR (Ir)

K=K+

IFIK.,FN.2) /(O "N 230

NP 225 T=1,NN
TEMDC(3,]1)=TEMPG(2,T)4+2,0%NER(])
TF(K.,FQ.Y) GO TN 21F
A=HDNO

nr TN 92vn

A=A/A,D

nn 2385 T1=1,NN
rF{1)=TEmMp<(2,T71)
C(2)=TEMDS (1, 1)
R=(TEMDC(3, T)+NEI(T))*A
CNP=CNP+A

VA2 (T)=r(1)
TEMPS(1,T)=C(?

CALL AUXSHR (™)
TF(NPT N7, N,0) RETYRN
6P TN 40N

TNTEADATE NNE STED WITH A-M AND TEST STEP SI7E

A=HND /24 N
XNP=XNPp+4ND
NM 310 T=1,NN

TEMDS (], =A% (SR, OATEMPS(4,T)=59,0%TEMPS(5,1)
1437.q*vcun§(k'r,-o.ancvrg(W'Y))

FLY)=T"MDC (D, T1)
Fl2)="cMPq (1, 7)
VED(Y)zrh”*TCMDQ(l'T)
FALL AUXSiHg (1)

K=N

A8 T=T1 NN

R=AX (A N*NEO(T)+10 , ORTEMDS (4, ])=5,0%TEMPSIS,T)+TEMPS(45,T1))

10704767

RKAMOO0O38
RKAMOODO39
RKAMOO&N
RKAMOO4]
RKAMOO04?2

RKAMONG &
RKAMODA4GS
RKAMONG &
RKAMONGT
RKAMQOO4B
PKAMOO&LO
RKAMOOSN
RKAMOOS]
RKAMONS52
RKAMOOS5?
RKAMNNS &4
ZKAMDOSS
RKAMOODSA
RKAMOOST
RKAMOOSE

RKAMOCHKO
RKAMOO06K1
RKAMONAK2
RKAMOO063

RKAMOOD6 4L

RKAMOOKS
RKAMOO&E
RKAMNOAT
RKAMO068

RKAMOOKQ
QKAMOQTC

RKAMOO72
RKAMODT3
RKAMONT 4

18
39
40
41
42
L4
45
46
49
50
52
58
56
57
59
59
60
61
62
63
664
66
67

70
T1
T2
73

T4
75
76
77
79
80
81
82
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120

125

(Y}
™
L

a)

400

410

i e Be

500

DKAM

C=ARS(R-TEMDCS(Y 1))
TF(C.LT.FL(TI)) GO TO 220C
K=1
TF(C.LT.FULTI)) AP YO 220
IF(ABS(HDP) .GT. (2., *HMIN)) GN TO SO0
Cl1)=T=MDC (2, T
C(2)=TFMPS (3, 1)
LDP=CDO+A
VAR(T)=C(1)
TEMPS(1,7)=C(2)
CALY. Anxenms (IC)
IF(IC.GT.2) GN TN 330
1r=4
IF(K.FN.J) 6N TN 340
C=4
GO TN A&0N
1IC=1C+1
TF(IC.LT,T7) GO TN 400
TF(ARS(HNP) ,GT (HMAX/2,.0)) AN TO &00
NPOVYARL ING PROCFSS--RFARRANGF DERIVATIVES AND FXIT
1C=4
HPP=HNP %2 ,0ONN
Nt 410 T=1,NN
TFMPS(6,T)=TFMP<(T7,7)
TEMDS{T7,T)=TEMDS (0O, T)
GR TN 70N
HALVING PRNCFSS
COUNTER L,T, 4--RACK 3 STEPS-=RESTART R-K WITH H/?
CNOUNTER G.T, 3==TNTFRPNLATF-=REDO LASY STFP WITH H/2
rPp=HND
NH=T
HNP=HNP/2,0N0
IF(IC .CF.4) 6N Tn S2C
TC =1
XCP=XN0=4,0D0*CDP
N S10 T=1,NN
VAQ(V):TEMDQ(O.Y)

10774767

PKA¥NNTS
RKAMONTA
RKAMNNTT
RKAMQODTA
RKAMNOTQ
RKAMONAN
QKAMNNA
RKAMNNS 2
RKAMNNR 2
RKAMNNR 4

RKAMNNDRAE
RKAMNORT
RKAMNNRBA
RKAMONSQ
RPKXAMNNIQ
RKAMO091
RKAMNNQD

T RKAMODNOR

PKAMONO4
RKAMO09S
RKAMONGA
RKAMNNOT
RKAMNO9R
RKAMQONQ9O
RKAMDIN0
RKAMGIN?
AKAMN1D 2
RKAMOIN3

RKAMO104

eKAMN]1NS
RKAMOING
RKAMNDI107
RKAMN]NA
RKAMO1IN9
QKAMNLY N
AKAMO1] 1

82
B4
87
]R
al
Q4
95
96
97
an
100
101
104
1ns
1038
109
110
111

114
117
1'8
119
120
121

123
124
125
126
127
120
131
132
133
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410
'7(]"
7nE

oK AM 1N/N6rkT

TEMDC (Y T )=TrMpCT (R, T) axaAMN]]?
NER(T)=TEUDS( 7, 1) . ov AMN11 2
N TN 10N Qv AavNYY 4
YNP=YNDP-rND OKANMNITR
10 =4 QKAMNT YA
nNoREAN 1= ,\Y PWAMNYILT
A=(R *(TEMDC( 4Ly, T )42 *TTMDC(E T )=TFMPS(K5, 1)) +TFMDPS(T,7))/15,.0 PKAMNYY A
TEMDC(T T )= (0, #(TErDC(K, T)4TEMPSIA,[))=TEYPS(4,T)=TFUDSG(7,T))/14,7CKAMC]LO
TEMPC (& ,T)="EMDS (& T) RKaMD12N
TEUDG(5,7)=A QrAMN1 2]
GC TR 20N PKAMN]2?
My ©T NDAST NATA QAKAMNYD ]
ACATY 121,65 PV AMNYI 24
K=1n=-) RKAMN] 26
NN E1N T=] NN * PKAMN] 26
TCUPC (K, ") =T "MP (v=1,T) RKAMN]2T
IrNT=17 QKAMDY 2R
DT TInN RKAMN]2Q

THN AKAMNY 24

R
177
138
119
1

g "
N

147
143
146

s
49
S0
53
f4
&5

foeld - e

e
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)

11

12

ouT

SURRQUTINE OUT (HOLE +LHOLD1,NBRAN,TIMDEL ,TEMP1)
DIMENSION HOLE(1).Bl4&),TENP1{1)

DOUBLE PRECISION TIM,TIMDEL HOLD1,TTIM
COMMON/OUTPUT/DEPTH(150,3) yRATE( 150, 3) ¢ TIME(2),UU(150,3),
1SURF(150+3) +DYNAM(150,3) ,RHOO{150,3) yHEIGHT(3),AAA(3),
2STAG(3), PTOT(150,.3),
3TEMPS(9,150) ,EUL150) 4EL(150) ,AUU(150,3)+BETAA(150,3)
COMMON/PARAM/THET(150) ,BETA(150) PRESUR(150]),
1DYPRES(150),U(1503 RHO(150) FRICCO(150),TAU(150) ,TAUSTR(150),
2ERDRAT(150)RAD(150) ,ERODEP(150) ,AA,GAMA,AMACH,GASCON, GAML,
3RADFX « GASTEMsGASVIS o PINF AN, PARSIZ ,DRAGCO, SODEN,
4COHSTR «COHPAR, ALPHA A0 +Al,SOPAC,GRAV ¢PRESHO s HHOVER,
SHOVT IMF INTIM,VEL o A2 A3 ¢ EPS s NUMRAD+ NUMSMT ¢ REPRES »
6ENGPARFoYHAXoLoSTAGPR HoTIM,H1

IF (NBRANCEQ.2) GO TO 10

DO 5 I=1,NUMRAD

ERODEP(I)=HOLE(TI)

CONT INUE

YYMAX=YMAX

YMAX=ERODEP(1)

00 11 I=1.,NUMRAD

YMAX=AMAX1( EROCEP( 1)+ YMAX)

TTIM=TIM

TIM=HOLD1

CALL AUXSUB (5)

TIM=TTIM

YMAX=YYMAX

S=(HOLD1-T IM)/TIMDEL

RI1)=S%S%54+8, %Sk S+22 ,%S5¢24,

BI21==S%(3,%S%S420,%S5¢36,)

BI3)=S*{3,%5%S+16,%S+18,)

BlG)==SH(S+2.0%(S+2,)

DO 15 I=1.NUMRAD

SUM=TEMP1(1])

DO 12 J=2.4

SUM=SUM¢B( J)XTEMPS(J+3,])

117909767

00000030
00000040
00000050
00000060
00000070
00000G0ED
00000090
00000100
00000110
00000120

+ 00000130

00000140
00000150
00000160
00000170
00000180
00000190
000002C9O
00000210
00000220
00000230
00000240
00000250
00000260
00000270
00000280
06000290
00000300
00000310
00000320
00000330

00000360



L=V

15

20

ouT

ERODEP(I)=FERCDEP{I )+SUM* (HOLD1-TIM) /24,
CONTINUE

IF (NRRAN.EQ.2) RETURN
TIME(L)=HOLD1

HE IGHT (L )=H1

AAA(L)=AA

STAGIL)=STAGPR /144,

DO 20 I=1,NUMRAD
DFPTH(I,L)=FRODEP(I)
RATE(I.L)=ERORATI(I)
UD(TI.L)=UL])

RHOO(I.L)=RHO(T)
AJUCT L) =AAXULT)
BFTAA(IL.L)=BETA(I)%*57,29577
DYNAM(I.L)=DYPRES(1)/144,
SURF(I.L)=PRESUR(I)®STAGPR/144,
PTOT(I.L)= SURF(I.L)+PINF /144,
CONT INUE

RETURN

END
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5. Example FORTRAN IV Soil Erosion Calculations

Example calculations are presented in this section for the following

parameter values

vy = 1,252 n=1
M = 3,98 a =,2
o 2 2 o, ©
R =2310 ft"/sec™ "R a1=0
r =,.389 ft a, =0
3 o .
T =5670 R a, =0
e -6 > 3
B = { x 10 =~ lb-sec/ft c=,5
a = 34 deg (0. 523 rad) Cph=2
g =12.3 ft/sec \ Aloh© 0
o =5,81 ;:,Iugs/ft T ook ® 0
ho = 40 ft Vv = 5 ft/sec
P, = - 0726 psia (10,45 psf) P, ™ 42,5 psia (6120 psf)
D = 300 microns (0. 000984 ft)

The first output data sheet lists the input parameters, the computed
value of k, recovery pressure s and the soil erosion data att = 0.1 sec
(h = 39.5 ft). The second output data sheet shows the erosion data at
t =2 sec (h=30ft) and t = 4 sec (h = 20 ft). The output data are the rad-
ial station r, erosion depth y, erosion crater slope 8, erosion rate y, sur-
face pressure p, dynamic pressure q, gas density p, soil particle velocity
v, gas velocity u, and total surface pressure p + P Also shown are the

momentum factor ''a'' and stagnation pressure P at the various nozzle
heights.

*An initial nozzle height of 40 feet, rather than 100 feet, was used in this
example, becauce no erosion takes place above a 40-foot nozzle height for
the 300 micron particles, Observe, for example, on pages A-29 and A-30
that the erosion rate is zero at all radial stations at the 40-foot nozzle
height, while soil is eroding at a 30-foot nozzle height.

A-28
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GAVAR],252, AMACH=3,CA , RASCMN=2210,,RACEX S, 309,

GASTFM=56T0. yGASVIS=1,F~5,PINF=10.45,AN=],

PARS12?=,000984,NRAGCN=2,,SONEN=5,91 ,COHSTR=0,,

COHPAR=D, 4 AL PHA= 522348 A0=,2,41=0,,42=CayA3=0.,

SOPIC-.S.GRAV-IZ.B' 9#58-6120. .HO"O.'

HHOVFR=]& ,HOVYIM=8, ,FINTIM=4,,VFL=5,,

TPCa) TS NIIMRANRTY NP AN=]  NUMSMT =2,

RADIUS=24,,0F LMIN=, 1 DELMAX=2,,DFLTIM=,1,

FRAYP=50, , FRRLO=400N .4 $SFND

SNRINT PARAMETEP = 00,4997 792E 01

PECNVERY pParSSP”™ (oS1) = 0,376R5849C 01

NESFENDING

NNZ771F HETAHY (€7) = 0,39501000F 02

VINE = 0.1000

MOMENTUM FACTOR A = 0,10228068E-00

STAGNATINN PRESSURE (PSI) = 0.12889994F-02

SURF, DYN. PART, G&S TOTAL

STATION NEPTH sLnpPe RATE PRESS. PRESS. GAS DFENS. VEL. VEL. PRESS.

(FT) (FT) (PFEG) (FT/SEC) (PS1) (PS1) SLUG/CuU FT (FT/SEC) (FI/SEC) (est)
0.10006-04 O, =-0. 0. 0.!299F-02 -0, -0. -0. =-0. 0.7386E-01
0.?000" OY 0, -0, 0. 0.1274F =02 0.1469F-0& 0.1404E-07 0.5€¢)5¢ 02 0.5490t 03 0,7384E-01
N.40007 0' 0. n. 0. 0.1231€-02 0,5577F-04_ 0.1366F-07 0.1119¢ 03 0.1094E 04 0.7380E-O01
0.5000F 01 0. 0. 0. 0.11€3€-02 0.1206F-03 0.1306E-07 0.1668E 03 0,1631E 04 0.7373E-01
C.RO000F 0O O, -0, 0. 0.1076E-C2 0.1981€-03 0.122TE-O0T7 0.2206E 03 O0.2157E 04 O0.T7265E~-ul
0.,1000¢ 02 O. -9 O, 0.9747€-03  0.28025-03 0.1134F-0T7 0.2729E 03 0.2668F 04 0,7354E-0)
012007 0% 0. -0, 0. 0.3665F=02 0 ,3583F-03 0.1032F-07 0.2234f 03 0.3162t 04 0.7344E-0)
0.1400" 0 O. -0. 0. 0.7569F=C2 0,4253F=02 0.9263F-0R 0.2719% 03 0.3637c 04 0.7333E-01
D.1400" 0> 0, =0. 0. 0.,6507°-02 0,4768¢~-02 0.R210F-08 0,4]183F 03 0.4090F 04 0,.7322E-01
0.1300F 02 0, -0. 0. 0.5516E-03 0,5106F=-03 0.,719%E-08 0.40624: 03 0,4521€E 04 O0,7312E-0i
0.2000fF 02 O, 0, 0. 0.461TE-03 0.5266E-03 0,6241FE-08 0,5042F 03 0,4929E 04 0.7303E-01
0.2200F 02 O, 0. 0, 0.3823F-03 0.52645-03 0.536BF-08 0.5436t 03 0. 5315 084 0,7295E-01




0e-Vv

NESCTNNING

NO77LE HEIGHT (FT) = 0,30000000EF 0¢

TIME =

2.0000

MNAUTMTIIN FACTNR p

= 0.,RAT85561E-0!

STAGNATION PRESSURE (PST) = 0,22346237E-02

SURF, DYN. PARY, GAS TOTAL

SYATION nrbTH sLepr RATE PRESS., PRFSS. GAS DENS. VEL. VFL. PRESS.

(7)) (r7) (PFR) (FY/SEC) (PST) (PST) SLUS/Cy FY (FT1/SEC) (FY/Scc? tesl)
0.1000°-04 0. 0,13¢2F-07 0. 0.2225%-02 -0, -0 -0. -0. 0.7480E-01
0.2000% 01 O. -0.5573F-07 O. «2190F =02 0e%370F=04 0,2418E~07 O0.E484F 02 0.7222E 03 0.7476E-01
0.4000F 01 O. 0.,83&4NF=-07 O, 0.20645=02 N,1KAS05-03 0,23065-0T7 0.1289E 03 0.1435E 04 O0,T463E-01
0,6000F 0O Oe -0.2374F=-06 0. 0.1873E-02 0.3365k-03 0,2134E-07  0.1913F 03 0.2131FE 04 0.7444E-01
0.8000F 0Y N, =N kO TE=NF 0. 0.1641%=02 0,5231F=03 0,1912F=07 0,2515FE 03 0.2802F 04 0.7421E-01
N1NONF 0?2 0. «11PCF -0 C. e120VF=N?2 (0,691RE=03 (0.1682F=07 0.2090% 03 00,3441 04 0,7396E-0D1
0.,1200" 02 n. 0.57027-0% 0. 0.11457-02 0.RP191F-03 0,1441F-07  0.,3622¢ 03  0.4046F 04 0,7372€-01
N1400F 02 0.3370F-0& 0.7255r=0% 0.3368E-C5 0,9210%=02 D 8937E-03 0.1210F=07 0.4140E 03 0.4612E 04 0.7349E-0L
0.1500F 02 0.6258%=06 0.4002F=06 0.59795=05 0.7245E-03 0,9159F=03 0,9994E-08 0,4€613¢ 03 0.513BE 04 0.T329e-01
0.1800F €2 0.4083F- 6 -0.9339F-05 0.2764F-05 «S603F-03 0.8928F-03 0,.8:138F-08 0.5050F 03 0.5624E 04 0.7313E-01
0.2000F N2 01287 =07 =0.S83224=0F C.5617°<-06 (.42725-C3 0.,9288F=C3 0.5554-08 0.5451F 03 0.6071F 04 O0.7300£-01
0.2200° 0?2 0. N0.)'42¢c-NL 0. 0.2224F=03 0.7622c=-02 0,5234F-08 0.°819f 03 O0.64R1E 04 O0,7289E-01

NESCENDING __J

NNZ7LF HTTIAHY (£7) = 0_,20002000F 02 TIME = 4,0000
MAMTNTUM FACYNR A = N, T74016852F-C" STAGNATICN PRFSSURE (PST) = 0.,50279025¢-02
SueF, NYN. PART . GAS TOTaL

SYATYDON neovH sLnp” RATT PRESCS, PRTSS, GAS DFENS. VEL. VEL. PRESS.

(FT) (Fv) (DFG) (FT/S=C) (PST) (PS1) SLUG/CU FT (FY/SEC) (FT/SEC) (pSI?
0.1000F-04 C. 0.?R48F-02 0, 0.5028F~02 =0N. -0. -0, -0. 0.TT60E~-01
N.200N¢ OV 0. -0.°¢72F =04 O, N.4808F=02 0,2162F-03 0.5324F~-07 O0,7997€ 02 0.1080E 04 0.71}8E-01
n.,anon= O Ne 0.15R87 =07 Q. 0e4215%=C2 N, T7570%=C3 0.48015=07 00,1577t 03 0.2131E 04 Q.7678:-01
N.A000nT O? N, V44504 N 4LAELT™=-02 0,47350=04 N.?4127=02 0,1376F=02 0.4056F-0T7 0.2314F 03 0.3126E 04 O0,7598E-~01
08000 0! 0.642T-04 0,506 =N? 0,6751F=-04 0,?579%=C2 0.,1842%-02 0.3242F-07 0,2994F 03 0.,4046% 04 0,7515£-01
N.1000% 0?2 0.49385-04 0,2454F-C3 0.,67332-04 0.18B425=-C? 0,2050E-02 O0e2479E-07 0¢3612F 03 C.4%880E 04 0.74%1E-01
0.,1200F 02 0.5125F-04 =0.F927€=04 0.5657F=04 0.12615-02 0.2011F=-02 0,1831F=07 0.4163E 03 0.5624E 04 0.7383E-01
0.1400F 0?2 0.45015-04 =0.25602F-03 C.41935-04 0.,8361c-03 C.1807F-02 0.1319€-07 0.4649E 03 0.628B1lE 04 0.7341E-01
0.7A00F 02 N.,340R" =04 =0,755"F=02 Cu?2761 =06 054275=03 0.1525F=C2 0.9344F-08 0.5074F 03 0.6855E 04 0.7311E-01
0.18007 02 0,21237-04 -0,2752F-0N2 (0,1436<-04 N,7484%-C3 0.1221F-02 0.6556E-08 0.%44F 03 0,7355¢ 04 0.7292E-01
0.20007 02 0N.%9%877-NS -0,21€1%=-N3 0,48K3--05 0N,2224F=03 0,954RE-03 0.4580F-08 0.5T65F 03 0. 7789t 04 0.73795-01
0.2700F 0?2 0,9383%-C8 -0.1757€-03 0. 0.1419F-03 0.7406Z-03 0.3199E-08 0.6044E 03 0.8165E 04 0.7271E-01




APPENDIX B. JET TURNING ANGLE

In Appendix A, a modification to Roberts' surface loading theory was
incorporated through the parameter n to account for the focusing effect of
the jet when the gas expands into a nonzero pressure. If such a modification
is found to be suitable when the necessary test data becomes available,
it is believed that n would depend in some manner on the angle at which the
jet is turned when it lcaves the nozzle exit lip. During this investigation,
the angle through which the jet would be turned while expanding into a
perfect vacuum and a Martian environment was examined. The results
of this investigation are presented here even though they had little influence

on the soil erosion computations performed.

According to References 4 and 5, the jet turning angle § is given by

Figure Bl and (with a change in notation)

6 = \'1-\1e+9e (B1)
where
v = Prandtl-Meyer turning angle corresponding to the ambient
stagnation pressure ratio
v * Prandtl-Meyer turning angle corresponding to the nozzle
exit Mach number
Oe = nozzle exit half-cone angle

JET BOUNDARY

LTI

THROAT CENTERLINE
A

Figure B1. Jet Turning Angle Geometry

B-1



The equations given for v, and v, are

[Yti ., -1 2*"— /

¥ 1- \/11 1 - tan~ (B2)
-1 2 - / z

(Me - - tan_ e (B3)

x-1
2 Pe

M, = 25 (p—o) Y (B4)

+ y-1
- Y+ 1

where

and the additional parameters are defined as

Me = exit Mach number (dimensionless)
P, = chamber gas pressure (psf)
P, = ambient pressure (psf)
Yy = gas specific heat ratio (dimensionless)

In a perfect vacuum (po = 0) the jet turning angle becomes

-"Z-r-[1 /%f—i . 1] + ee (radians) (Bf)

The solution of Equation (B5) is shown in Figure B2 for a range of
gas specific heat ratios, and the solution of Equation (B1) is shown in
Figure B3 for a range of ambient pressures for several specific heat ratios.
For example, according to Figure B2 for a specific heat ratio of 1. 252,
the turning angle in a perfect vacuum would be about 114 degrees. Whereas.,
while expanding into a Martian ambient pressure of 0. 0726 psi, the turning
angle is approximately 24. 6 degrees. These calculations suggest that the
surface pressures under the Martian ambient pressures should be higher
at the stagnation point and be confined to a smaller region on the surface
than if the jet expanded into a perfect vacuum. The specific dependence
of n, if one actually exists, upon these turning angles can be investigated

when surface pressure test data become available.

B-2
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Expanding Into a Perfect Vacuum
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Figure B3.

Ambient Pressure (psi)

Variation of Jet Turning Angle With Ambient
Pressure and Gas Specific Heat Ratio




APPENDIX C, PARTICLE TRAJECTORIES

This appendix considers the motion of a particle ejected from a horizontal plane

surface at velocity V and angle B with the surface. After ejection the particle moves

urder the action of gravitational and aerodynamic drag forces. The objective of the

analysis i{s to

determine the particle impact point. The motivation for performing

this analysis is because small soil particles can attain a large fraction of the gas

velocity. Then, at such’ large velocities, their subsequent motion can be drastically

altered by the

Figure Cl
system used in
A =

CD =

presence of an atmosphere.

shows a typical part.cle trajectory. The symbols and the coordinate
the analysis are defined as follows:

particle cross-sectional area (ftz)

aerodynramic drag coefficient (dimensionless)

particle diameter (ft)

drag parameter (ft-l)

particle mass (slugs)

particle radial displacement from point of ejection (ft)
particle range in an atmosphere (ft)

particle range in a vacuum (ft)

time to reach maximum height, Ys (sec)

duration of flight (sec)

horizontal component of initial velocity = V cos B (ft/sec)
vertical component of initial velocity = V sin B (ft/sec)
vertical velocity at impact (ft/sec)

particle ejection velocity (ft/sec)

particle vertical displacement from point of ejection (ft)

maximum height (ft)



8 = angle at which particle leaves surface (rad)
p = atmosphere mass dengity (elugs/ft3)

0 = particle mass density (aluga/fta)

y ',
L—’—’r e
\'P 7 { r N
mg AN
B N 'r
L R ~

Figure Cl: Typical Particle Trajectory Showing Gravity and
Aerodynemic Forces

Particle Motion in a Vacuum

The equations of motion of a particle in the r direction in a vacuum is
mr =20

r(o) =0, r(o) = u, = V cos B

and in the y direction is
my = - mg

y(o) = 0, ;(o) - V sin B

The solution of these equations are
r=aut
o

8t2

NI

y o

Eliminating time the trajectory becomes

2
y = r tan B - B

2V2c0326

(c1)

(c2)

(c3)

(C4)



From (C3) and (C4) one finds that

v
> 1l ¢
Y, = maximum height = 2 e (Cs)
v
t, = time to reach maximum height = Eg (Cé)
V2 sin28
Ro = range = -—-;;——-— (c7)
2vo
t, = total flight time = = ; (cs)
v, = vertical velocity at impact = - v (c9)

Particle Motion in an Atmosphere

To account for the atmospheric drag forces one must assume a particle shape and
the drag force law. It is assumed the drag force is proportional to the square

of the velocity component and that the particles are spherical,

(a) Motion in r Direction

The equation of motion for the r direction is

°2

- 1
mr = - 3 oAC,r (C10)
subject to the same initial conditions as the drag free case.
Now with
3 2
nD"o mD
= 6 . A= % (Cll)
one has
.. .2
r = - Kr (C12)
whtere
C
3D
K % oD - (C13)



(b)

The solution of (Cl12) satisfying the initial conditions is

re= % an (1 + Kuot) (C14)

Motion in vy Direction

For motion in the y direction it is convenient to separate the total
flight time into two period;; one in which the particle is ascending and
the second when it is descending. During the upward motion the drag
force, which opposes the velocity, acts downward, and therefore is a
negative force acting on the particle. During the downward motion the
drag force, which again opposes the velocity, acts upward, and therefore
is a positive force acting on the particle. The initial conditions are:

t=0,y=o0,y =+ vy . (C15)

and at the end of the ascent phase (at time t = tl) the conditions are:

t=t,y=y,y=0 (c16)

At the end of the descent phase (at time t = tz) when the particle

impacts the plane the conditions are:

t=th,y=o,y=v, (C17)

Ascent Phase

The equation of motion is

my = - % pACDy2 - mg
or
¥ = Kyz = 3 (c18)

Replacing ; by

y-ygl.%—dl - (C%g)



and solving for y as a function of the velocity y for the

initial conditions given in (C1l5) gives

(c20)

From (C20) the maximum upward displacement is found to be

(occurs when y = o)
2
Vo
y -—2n(1+K—8—) (c21)

The velocity y for any displacement y is

. "2Ky -y ,

y=v 1+_8__)e - A (C22)

o 2 2
Kvo ) Kvo

Upon separation of variables (C22) can be placed in the form

—dy [z‘
X dt (C23)

V Aze-ZKy-l

where
Kv ‘
A=l +—=2 (c24)
Integration of (C23) gives
\I
_ /2_ _ a-Ky _ f2 =2Ky
%t@-tanlIA+ A"-1 - Ae A"e -1 (€25)

/
) - -
1+ ‘A + /Az-l) (Ae Ky &+ /A%y, ))'



The time t = ys when the particle reaches the maximum height
corresponds to y = Yo Using the definition of A given by

(C24) equation (C21) becomes -

¥, = 37 tn (AD) =% in (&) (c26)
or
l(ym = ¢n (A)
and
e-xym ) % . e—zxym _ li
A

Using these results the time t, determined from (C25) becomes

1

-

3t /K= rant[AcLr AL

2 1 /fi—-‘
LA+l + /AS-1

After a few algebraic manipulations the argument of the inverse

tangent function can be written as

A1+ /a2l AL

B
A+l + /A2

where

K
B = vo'\/-;—‘ (C27)

and therefore the time tl becomes

(c28)

C-6



Descent Phase

The equation of motion for the descent phase is

‘2 )
DACD y - mg

» )IH

my = +

or

; - Kyz -8 i (c29)

Preceding along steps similar to those during the ascent phase,
the first integral of (C29) is

£ ke?
- X &n (1 - s | & - 2 gy + Cl

where Cl is a constant of integration. This constant is

deterriined such that

y-ym.y-o,t=t1

and the solution becomes

" *217
1, [2 xx)'
y = 3g in |A 1- - (C30)

9 N
The impact velocity can be determined from (C30) by setting

y=oandy = Vo The result is

v. = -_|& Az -1
2 v K Az

from which one finds that

vO
--2 (c31)

Returning to (C30) and solving for y gives

. 2 -ZKy -
y = *,[{ AL (c32)

Ae-Ky



Since y is negative during the downward motion, one takes the

negative sign., Separating variables yields

— .
. .,5 dt (C33)

Aze-ZKy-l

and then integration of (C33) -gives

\
1 -1 Ky . 1 [z
AK cosh ‘ Ae | - aVK t + C2

where C2 is a constant of integration. Tiis constant is

determined such that at

t = tl’ L W
and the solution becomes

e 735 <:osh-1 ‘Ae-Kyl + 2 tan-l (ﬁ%l) (C34)

The time t = t, at which the particle impacts the ground is

obtained from (C34) by setting y = o. Making use of the relation
cosh-l(A) = 2n ‘A +‘UA2-1 )- n (A+B) the time t, becomes

t, = - (A+B) + 2 tan"l(f‘-g—l-)} (C35)
/8K
The corresponding range is now obtained by substituting this

value of t = tz into (Cl4) to obtain

Redin(1+ Ku_t (C36)

K 2)

One can readily verify that chese solutions reduce to those

obtained for tl' Y thy vy and R for the drag free case, if the



gseries expansion (valid for small K)

2v v 3
0 7 o 2
tz-g-uzk+0(x)

is introduced and the limit taken as K approaches zero.

Summary
The corresponding equations listed {n (CS) through (C9) obtained for the
drag free case become the following for the case when aerodynamic drag
is considered:
1 2 i
Yo © X tin (1 + Kvo /8)
€, * b pqn? (%‘
" K '
R =2 2n (1 +Kut,) B (c37)
" K = o2
1 -1 A—l)
L, § ==={2 Can —= |4+ in (A+B)
2 /EE‘{ 15
- 2
v, = =qfk ﬁ_%l)
. ) A J

T
’ B=wv £
o Vs
i (c38)
pC
K =2 2
4 oD
4

An indication of the effect of the acroaynamic drag on the range

is provided by the nondimensional plot shown in Figure C2.



This figure shows the ratio of the range in atmosphere to that in a vacuum
as functions of the nondimensional parameters.

2 2
Kv° 3 DCDV
.. L

g 4

cos B
oDg

2 2
Kuo 3 oCDV

b = - —
g 4

sin% 8

oDg

(d) Estimate of Drag Coefficient
In an effort to estimate the drag coefficient calculations of range were
made and compared with experimental data listed in Reference §. On page 401
of Reference 6 the following data for a .30 caliber bullet are listed.

nozzle velocity = 2700 ft/sec

diameter = ,308 inches

range = 500 yards, angle = 15.6 minutes (.260 deg)
range = 1000 yards, angle = 49.4 minutes (.823 deg)

Teklng the air density to be 0.002378 llugs/ft3 and the density of the

projectile to be 22,06 slugs/ft3 the equations derived in this appendix

ylelded the following results.

Angle B (deg) Actual Range (ft) C Ttegretécai Riz eéLfE) 15
D D * D *
0.260 1500 2055 1462 1435
0.823 3000 l 6506 3060 2965

From these calculations a representative value of the drag coefficients

was assumed to be CD = 14,

C-10
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Figure C2. Particle Range Including Aerodynamic Drag
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