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Simulation of Rocket Plume Impingement and Dust Dispersal on the

Lunar Surface

Aaron Benjamin Morris, Ph.D.

The University of Texas at Austigp12
Supervisos: David B. Goldstein and Philip L. Varghese

When a lander approaches a dusty surface, the plume from the descent engine
impingeson the ground aneéntrairs loose regolith intoa high velocity spray This
problem exhibits a wide variety of complex pberena such akighly underexpanded
plume impngement, transition from continuum to free molecular flevgsion, coupled
gasdust motionsand granular collisions for a polydisperse distribution of aerosolized
particles. The focus of this work is to idéfy and model the important physical
phenomena antb characterize the dust motion that would reshlting typical lunar
landings. A hybrid continuuskinetic solver isused but most ofthe complex physics
are simulated using the direct simulation MoG#lo method.

A descent engine of comparable size and thrust to the Lunar Module Descent
Engine is simulated because it allows for direct comparison to Apollo observations.
Steady axisymmetric impingementas first studiedfor different thrust enginesrd
differenthovering altitudes. The erosiorprofiles are obtained from empirically derived
scaling relationships andlibrated to closely match theet erosion observed during the
Apollo missions. Once entrained, thdust motionis strongly influenced by particle
particlecollisions and the collision elasticity The effects of tweway coupling between

the dust and gas motions are also studied.
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Small particles less thanpin in diameter are accelerated to speeds that exceed
1000m/s. The larger particles have more inertia and are accelerated to slower speeds,
approximately 350n/s for 11 um grains, but all particle sizes tend obtain their maximum
speed within approximately 40 from the lander. The maximum particle speeds and
ercsion rates tend to increase as the lander approaches the lunar surface. The erosion
rates scale linearly with engine thrust and the maximum particle speed increases for
higher thrust engines.

Dust particles are able to travel very far from the lander usecahere is no
background atmosphere on the moon to inhibit their motidie far field deposition is
obtained by using a staged calculation, where the first stages are in the near field where
the flow is quassteady and the outer stages are unsteadyrealistic landing trajectory
is approximated by a set of discrete hovering altitudes which range framt@®Bm.

Larger particles are accelerated to slower speeds and are deposited closer to the lander
than smaller particles. Many of the gas moles@rceed lunar escape speed, but some
gas molecules become trapped within the dust cloud and remain on the moon.

Thehigh velocity particulate sprays can be damaging to nearby structures, such as
a lunar outpost. One way of mitigating this damage is #oauserm or fence to shield
nearby structures from the dust spray. This work attempts to ptieeliétectiveness of
such a fence. The effects of fence height, placement, and angle as thelinasdel
sensitivity to the fence restitution coefficieneatiscussed. The expected forces exerted
on fences placed at various locations are computed. The pressure forces were found to
be relatively small at fences placed at practical distances from the landing site. The
trajectories of particles that narrowdyoid the fence were not significantly altered by the
fence, suggesting that the dust motion is weakly coupled to the gas in the near vicinity of

the fence.
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Future landers may use mudtingine configurationghat can form 3limensional
gas and dust flows There are multiple plumplume and plumsurface interactions that
affect the erosion rates and directionality of the dust sprays.-egihe configuration is
simulated in this work for different hovering altitudes. The focusing of dust along
certaintrajectories depends on tkender hovering altitudewvhere at lower altitudes the
dust particles focus along symmetry planes while at higher altitudes the sprays are more
uniform. The surface erosioand trenching behaviofor a 4engine landerare also

discussed.
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CHAPTER 1.
INTRODUCTION

Section 1.1 Motivation

When a rocket lands on the Moon the engine exhaust plume will strike the lunar
surface and disturb and disperse dust and larger del3igh issues were recognized
early in the lunar exploration prograf@hoate, et al., 1963nd have been investigated
over the yeargHutton, 1971) During Apollo LM landings rocket blast sprays of dust
were observed to begin at about 40 m altitude@artlally obscured the landing site for
the last 20 to 3@ of descent The surface was completely obscured during some
landings, requiring the terminal approach to be flown on instrumenEar any pre
existing structuresor residentssuch gplume of particulate ejecta represents a significant
safety hazard. The scattered particles may penetrate weak surfaces, get stuck in
mechanical systems, or coat solar panels, thermal radiators or optical systems.
example, duringhe Apollo 12 mission astronauts recovered pieces of the Surveyor Il
spacecraft that wasdated 163n away from the LM landing site.Surveyor was found
to be covered with dusicouredby the LM rocket blast and its surfaoaere found to
have small pits due to blast abrasidmmer, Metzger, Hintz, Nick, & Horan, 2Q).

Such debris/dust may be difficult or impossible to clear from surfaces because of
electrostatic attractions and the highly adhesive properties of lunar kamar dust was
considered by astronauts John Young and Gene Cernan to be among thepodantm
obstacles to normal lunar operatiof@3aier, 2005) Moreover, since théackground
atmosphere on the moas negligibly thin the range of particulate trajectories is very
large. As missions to the moon resume, greatambers of sensitive structures are

going to be subject to plume ejecta hazardsven if landing pads are established, they
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will be unavailable initially and activity may extend beyond the padSlso, an
inadvertent landing off the pad may be problemand an inclined approach flight path
will pass over undeveloped surfaces. Knowledge of the high velocity dust spray will be
necessary when making engineering design decisions. However, difficult to
examine the probleraxperimentally because of the difficulties associated with fiang
rocket engineplume into a dust bed while maintaining vacuum in a low gravity
environment. The direct simulation Monte Carlo (DSMC) meth@@Ird, 1999 is well

suited for simulating complex flows and is primarily used in this work to model various

landing scenarios and the resulting dust motion

Section 1.2 0Objectivesand Dissertation Overview

The main objective of this work is to model and characterize thesgusys that
arise during various lunar landing scenariob this work, the dust sprays are analyzed
for a single engine landenovering atdifferent altitudes and thrustlevels Many
different physical models are included and the sensitivity to modehngeters is
important for understanding the relevant physicEhe dust particles may travel very
long distances, and the particle trajectories around the moon are determined for a full
landing cycle. Multi-engine configurations may also be used forritspacecraft, and
the effects of plum@lume and plumasurface impingement on the scouring and transport
of regolith is also studied.High velocity dust sprays are likely unavoidable and can be
detrimental to sensitive structures at a nearby lunar dutpogarious mitigation
techniques, such as a fermeberm have been proposed to shield nearby structures from
the dust spray. To assess the effectivenéssich techniqueghe interaction between

the hgh velocity dust spray with a protectibarrieris also studied.



There are many physical phenomena #rat importantn this work including:
the transition from continuum to free molecular flow, erosion and-sgegace
interactions, heavily madeaded twephase flows, inelastic granular collisionsyticle-
surface interactions, and unsteady expansion of the mh<ast flow fields as they
progressaround the moon. The DSMC method is used in this wobecause of its
ability to simulate complex physical processes in a rarefied environmé&hée spedic
DSMC solver used in this worls an irhouse research code thases a spherical
coordinate system and has in the past been used to model planetary atmospheres. This
solver has been modified tmprove the resolution dhe relatively small length artdne
scales typical forocket plume impingement scenarios. As previously discussed, the
plume flow fields span the continuum to rarefied flow regimes. The continuum solver,
DPLR, (Wright, Candler, & Bose, 19985 used tanodel the near field free expansion as
well as the internal flow in the expansion section of the nozzle. The continuum solution
is then coupled to our DSMC solverA model for dust erosion based on the gas
properties near thsurface has also beatevelpped The twoephase flow near the
surface is heavily mass loaded by dust. Consequently, wa gssdust interaction
model such that the gas and grain motions are fully coufBed & Boyd, 2004)
Numerical tests are perfoed that verify conservation of energy and momentum for both
spatially homogeneous and one dimensionatvaseflows. In certain regions of the
flow, inelastic grairgrain collisionsare significant and are therefore modeledhe
gran-grain collisionmodel allows for inelastic collisions with an assdhtoefficient of
restitution.

Although experimental data applicable to this problem are limited, we can
compare our results to observations taken during the Apollo missions. Estimates for

dust spray angk of inclination and particle number densities have been inferred from
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analyses of the Apollo landing tap@smer, Lane, Metzger, & Clements, 2011)These
estimates help calibrate our model and build confidence.

This dissetation contains a review of the relevant literature applicable to this
problem in Chapter 2, a discussion of the methods used in Chapter 3, simulation results in
Chapters 4 through 8, and conclusions and recommendations for future work in Chapter
9. The esults chapters agrganized as follows

1 Chapter 4 Axisymmetric simulations without dust particles.

1 Continuum simulations of nozzle flow and ndéatd plume
expansion;

1 Hybrid simulations of axisymmetric plume impingement for single
engine landers atfierent hovering altitudes and thrusts

1 Comparisons are made to classical theory and scaling relationships are
discussed.

1 Chapter 5 Axisymmetric simulations with dust particles.

1 Model sensitivity analyses for the assumed inelasticity of dust particles
ard two-way coupling between dust and gas motions;

1 The dust sprays are characterized for landgrslifferent hovering
altitudes;

1 Theeffects of engine thrust on the resultant dust sprays are examined.

1 Chapter @ Farfield simulations of dust deposition

1 The method for simulating for a realistic landing trajectory and the
unsteady dust spray evolution is discussed;

1 Gas and particle motions and deposition in thefigdd (hundreds of
kilometers from the landing site) are discussed.

1 Chapter 7 Interactionsbetween the dust sprays with a lunar fence.
4



1 Simulations of dust sprays interacting with fences of various heights,
placements, and tilt angles are discussed;
1 The sensitivity of the simulations to an assumed fence coefficient of
restitution is analyzed;
1 Recommendations fdience design are made.
1 Chapter 8 Impingement of a-4#ngine lander.
1 The dust sprays are characterized for-endine lander hovering at
different altitudes;
1 The effects that a-éngine lander has on surface erosion and possible
trenchingare discussed.
The above simulatits mayaid in the design of future lunar landdxg predicting
how the dust sprays respoad a lander approaches the lunar surface. Future landers
may also be heavién orderto provide resources to support an extenuésion. Such
landers would require a more powerful descent engine and the effects of engine thrust on
the dust sprays are examined. Some landers may use aengilte configuration.
Multi-engine landers may produce complexiidensional flows with foused jets of
dust. These simulations will identify interesting phenomena that arise for a- multi
engine configuration and predithie focusing behavior of the dust spraysfhe high
velocity dust sprays may be unavoidable without agstablished landinglatform.
Even with a preestablished landing platform, certain circumstances may result in a
lander performing an offixis landing. The resulting dust sprays can be damaging to
nearby structures and mitigation techniques must be udddesesimulatiors can be
used to help predict how damaging the dust sprays are and show how effective a lunar

fence is at mitigating damage.



The problems associated with landing on a dusty surface will arise for missions to
other celestial bodies such as asteroids, Mamg, other satellites. The problems of
plume impingement on Mars are notably different than lunar missions because the
Martian background atmosphere confines the expanding exhaust plume and can also
inhibit the motion of dust as particles travel into tlee field. Martian regolith is
weathered, blown by planetary winds, and has very different physical properties than
lunar regolith. The work developed in this dissertation is, however, applicable to

landings on smaller bodies without a background atmasphlech as asteroids.



CHAPTER 2.
LITERATURE REVIEW

The following literature review will briefly discuss the relevant physical
phenomena associated with plume impingement on the dusty lunar sufféce work
encompassea vast variety of fluid dynamic phemenathat include: subsonic through
hypersonic flow continuum through free molecular gas dynamgsimeplume and
plumesurface interactiondwo-phase flow, and granulanaterialbehavior. There is a
vast literature on each of these topics, but ongyriflevant aspects will be discussed in
this chapter. Throughout the Apollo era, scientists characterized properties of the lunar
surface based on retrieved samples. Hgwlith propertiesimportantto this workare
discussed. The Apollo missions alpoovide us withdirect observations oplume
impingement and dust entrainment. These observations provide a basis from which we

cancalibrate anccompareour resultsand are discussed at the end of this chapter.

Section 2.1 Physical Overview

The flow field associatewith a rocket plume impinging olmnar regolith, shown
schematically inFigure 2.1.1is complex. Within the descent engine bell, the exhaust
flow is hot, chemically reacting, compressible, and largely inviscidist outside the
nozzle, the plume expands into vacuum and tdraperature, pressure and density
decrease rapidly while the Mach number becomes very large. In free space, the plume
would become increasingly rarefied, transitioning framtmuum to free molecular flow
as it expands towards vacuum. However, if thene strikes the regolith, shock waves
will form nearly parallel to the surface and turn the flow outwardgearthe stagnation
point, the shock is relatively thin because the plume is most dense along the centerline.

Away from the jet axis, the shockitkens and is deflected upwards. Tialially
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outwardexpanding waliet is a highly compressible stagnation point flow and a viscous

boundary layer develops on the rough lunar surface. The resultant surface stha@gse

exceed the cohesive strengththe soil and can therefore lift loosegolith particles into

the walljet boundary layer. The entrained dust is then accelerated by the expanding gas

and sprayed over large areas.
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The dust spray consists of a polydisperse distribution of grain sizes that may
collide with each other inelastically. Th&o-phase flow isalsoheavily mass loaded near
the erosion areagesulting in thedust paticle and gas molecule motioh®ing strongly
coupled. As this twgphase flow expands towards vacuum the gas and dust densities
decrease and eventually the dust motion will decouple from that of the gas. After
decoupling, the aerodynamic forces are mgigle and the dust particles will travel

ballistically under lunar gravity.

Section 2.2.Internal Nozzle andPlume Flow.

2.2.1. REAL NOzzLES

A basic understanding of rocket nozzéesl the estimation of engine performance
can be obtained by assumingagionedimensionalideal flow. Such assumptions are
not appropriate for plume impingement problems becaes¢ nozzles argwo-
dimensional and the shape of thezzleaffectsits efficiency and the neaifield plume
flow. There are many different types of nozzle shapes, but typiglalthrustengines
including the Lunar Module Descent EngifieMDE) i have been optimized for thrust
(Rao, 1958)and are bell-shaped At first glance, one may ergpt only expansion to
occur inside of a nozzle because the area is constantly imgead his is not the case,
as compression waves inside the nozzle can coalesce into shocks. For well designed
nozzles, the strength of such shocks should be minimizethe method of
characteristic§MOC) has been used to design nozzles and predict the shock structure.
Although the method of characteristics does not account for viscosity or real gas effects,
it is a useful tool for estimating the shock structure withimoazle (Dettleff, 1991) A
MOC solution for a contouredozzle geometrgimilar to the LMDE is shown ifigure

2.2.1 A shock forms near the nozzle throat and propagatesghrthe nozzle



Nozzle Axis

/
Shock

Figure 2.2.1. A method of claracteristics solution showinggansion and compression
waves inside of contoured nozzle. Figure aded from(Dettleff, 1991)

In red nozzles, thdlow may alsobe in chemical and thermal nequilibrium.

There are many different types of engine propellants, but liquid propellants are
commonly used for powered descent engines because of thesgsgific impulse Ig)
and ability tobe throttled. In such engines, liquid fuel is mixed with an oxidizer and
burned in a combustion chamber. Complex chemical reactions occur, normally
resulting in a variety of exhaust gas species depending on the type of fuel used.
Insufficient mixing of the fuelandoxidizer andcondensation within the plunan result
in the formation of carbon soot for liquid hydrocarbon fuels, resulting in two phase flows
Such twephase flowphenomenaanhave a large impact on the emissive properties of
the plume,but are generally neglected when studying plume impingerf&ntmons,
2000) Particulates of alumina are encountered in the exhaust of solid propellant
rockets and can create a conical core of {pltase flow. These effectshould be
considered whentsdying plume impingement for solid propellant engine$wo-phase
flow effects are typically less significant for liquid propellant engines.

The keyconsequencef nozzlegeometryfor our interestss that the exit plane
propertes are spatially neaniform. Althoughreal nozzle effectmnaynegligibly affect

the engine thrust or efficiencyhey substantially affect the near field plume flow
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(Simmons, 2000) The spreading angle of the plume can &lsaffected becauseost

nozzles have a small divergence angle at the nozzle lip.
2.2.2. THE LUNAR MODULE DESCENT ENGINE

In this work, we model an engine similar to that of thaar Module descent
engine (LMDE) because it allows for comparison to the Apollosetvations. The
LMDE was a throttleable hypergolic engine with a maximum thrust of approximately
44.5kN (or 10,000 Ib}. The thrust was controlled by throttling the mass flow rates of
propellant(Humphries, Hammock, Currie, Jlar, & Fisher, 1973) During the final
60s before touchdown, the thrust was approximately a con$88kN (or 3,000 Ibf)
(Bennett, 1972) The properties of the LMDE and the RIDA-4 are summarized in
Table 2.2.1 Properties of the RILOA-4 are given for comparison because this engine

was selected for powering the heavier Altair lunar lander.
Table 2.2.1. Descent engine properties for the LMDE and FlA-4.

Engine Propellant ~ Max Thrust Is(vac.) AdA; De
LMDE Aerozine50 44.4KkN 305s 47.5 1.62 m
RL-10A-4 LH,/LOX 99.1kN 451s 84.0 1.53 m

The LMDE engine burned a 1:1 mixture (by volume) of AeroZife(hydrazine
and unsymmetrical dimethylhydrazine) amgbdnitrogen tetroxideas the oxidizer The
exhaust gases for this propellant are comprised of many different species and have been
measured experimentall§Simoneit, Burlingame, Flory, & Smith, 1969)The Titan
Stage 2 engine iscluded in this discussion because it used the same propellants and had
a similar expansion ratio as the LMDEThe exit plane properties and chemical
composition 6 the Titan Il spacdéaunch vehicle weredetermined from simulation
(Simmons, 2000)using the Joint ArmyNavy-NASA-Air Force (JANNAF) nozzle
performance cod@Nickerson, Dang, & Coats, 1985)Simoneitet al concluded thathe

major exhaust products are® NH;, CO, NO, Q, CO,, and NQ. Water waghe most
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prevalentof these major exhaust productel|lowed closely by NH. The molecular
weights of NH and HO are comparable and theeanmolecular weight of the exhaust

gas mixture is comparable to that of pure wat&imulations perfomed by Simmons
summarized inrable 2.2.2also predict water to be the most prevalentaesh product.
Contrary to Simoneit et aNH3; was not a significant exhiat speciesdr simulations by
Simmons. Thexhaust products for the LMDE and Titan Stage Il are not expected to

be the same though because the engines operate at different stagnation temperatures.
Consequently,hte effective molecular weight for the ait Stage 2 Engineffluent is
significantly higher than that predicted by Simoneit.

The most important effects of the various exhaust species on the plume structure
are the effective mixture molecular mass and ratio of specific H{&tstzenberg,
Dougherty, Liever, West, & Smith, 2007) Lighter particles tend to spread more
rapidly, thus increasing the plume divergence angle. In this woi®, iBl the only
exhaust gas included. The nozzle flow model could be improved up@tduyring
specific data from experiments or more sophisticated simulations of the nozzle exit plane

properties and the spatial distribution of species concentrations.

Table 2.2.2. Composition of NozzkExit Exhaust Gases for Titan Stage 2 Engine
determined from JANKNF simulationgSimmons, 2000)

Species Mole Fraction
CO; 0.0901
H.O 0.4670
H, 0.0377
N2 0.3555
CO 0.0335
NO 0.0087
H 0.0030
OH 0.0033
x10,, O, ND 0.0012
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2.2.3.HIGHLY UNDER-EXPANDED PLUMES

Underexpanded rocket exhaust plumes can be characterized by two regions: an
inviscid core and a viscous mantle where the plume interacts with the background
atmosphere. In this work, the rocket engine exhausts into vacuum and there is a
negligible backgrund atmosphere for the plume to interact witBtudies ofhighly
underexpandedplume flows date back to preparations for the Apollo moon landings.
In vacuum, theocket exhausexpands towards zero pressure and Mach infinigor
other undeexpandedlows into an atmosphere, the flovan only expantb the ambient
pressure at which poirg barrel shock forms. Complete simulations of the nesd f
including nozzle effects were computationally intractable during the Apollo era.
However, reasonably agrate analytic methods were develofxin physical reasoning
and comparisons to experimentsThese analytic approximations form the basis from
which early plumeimpingement models were developed Far from the nozzle exit
plane, the plume flow is chattecized as supersonic with nearly straight streamlines. If

the streamlines are straight, the approximate form for the density is

" e 613"9—5 221

wherer is the radial distance along the jet axis dnslthe polar angle measured from the
jet axis(Dettleff, 1991) Various expressions for the coefficidhtand polar function,

"Q—, have been obtained by fitting to solutionsamhed via the method of characteristics
(Draper & Hill, 1966; Sibulkin & Gallaher, 196@nd comparing to experimental data
(Roberts & South Jr., 1964) Rober t £xprassidn fobtheudensity feld for an

expanding plume is

i o
o Al ©h 2.2-2
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wherell k7 1 p 0 isthe hypersonic parameteris the ratio of specific heatg. is
the exit plane densityand M, is the Mach number at the nozzle exit planksentropic
flow relations were usetly Roberts and Soutim corjunction with equatior2.2-2 to

obtain all other flow properties
2.2.4. CONTINUUM BREAKDOWN

Continuum plumes that expand into vacuum will eventually undergo continuum
breakdown and transition towards free molecullw. Internal and directional
temperatures are the first propestito exhibit departures from equilibrium. Breakdown
occurs becauseollisions are no longerable toequilibrate the directional transiamal
temperéaures and internal energy modes in a sufficiently rapahner(Bird, 1981).
Consequentlya polyatomic gas may not asymptote to its maximum spegaation

2.2-3, because energy remains trapped in internal modes.

Cr_'y'yg 2.2-3
P

The onset of rarefaction is commonly described byemkdown parametéBird,
1981) There exist multiple breakdown parametiérat describe when the continuum
flow assumptions fajlbut most depend on a Knudsen number bareal gradient length

scale forone of the flow properties Bird's breakdown parameté, for expansions is

. 0 _ .
v —~:f n” h 2.2-4
C QY&
whereT is the gas temperaturejs the gas densitynis the gas molecular mass, anid
the mean free path.Other breakdown parametetsave been used more generally for
predicting where continuum assumptions {8ibyd, Chen, & Candler, 199%utBi r d 6 s

breakdown parametdiasoftenbeenused forsupersoni@xpansion into vacuum.

14



A kinetic solver must be used once continuum breakdown occurs. DSMC is a
common approach that has been used to simulate such pluB®KC calculations
(Boyd & Stark, 1990)were comparedo analytic plume model§Simons, 1972)and
methodof characteristics calculatioritegge & Boettcher, Modeling Control Thruster
Plume Flow and Impingement, 1985)These results ®wed significantdifferences
between DSMC and continuumolstions for both the plume flow andplume
impingementstressesat distances beyond thieee-moleailar limit. In particular, the
impingement pressure and shear stresses differed by approximately 20% and the plume
total temperature differed by a factor of 2DSMC plumesolutions were alswalidated
by comparing texperimental datéor small cold N gas nozzles exhausting into vacyum
(Boyd, Beattie, & Cappelli, 1994; Boy#®enko, Meissner, & Dewitt, 1992) Although
continuum solvers are suitable and more efficient than DSMC for simulating higher
thrust nozzles, all plumes that expand into vacuum will eventually undergo continuum
breakdown

Hybridization techniques haveeen employed to reduce the computational cost
for higher thrust enginegLumpkin, Stuart, & LeBeau, 1996; Marichalar, Prisbell,
Lumpkin, & LeBeau, 2011) In thework of Lumpkin et al, the nozzle flow and near
field of the continuum expansiowere computedvith the Reacting and Multiphase
Program (RAMP) method of characteristics solver. The continuum solution was then
coupled to a DSMC soér, DAC, for simulating the fafield and plumesurface
interaction The DSMC solver vas only loosely coupled and doest radfect the
continuum regime. Such an expanding flow lends itself well to emay coupling
because the interface normal Mach nunmbay be kepsupersonic. A similar approach

is used in this work.
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Section 2.3.Plume Impingement.

Plume impingement problems can be classified into two groups: the direct
impingement of the isentropicore of a plume on a surface amdirect impingement
from the outer mantle of the plume leeickflow expansion of theozzle boundary layer.

The latter class of impingement typically applies for smaller control thrusters and
impingement on spacectadurfaces. Direct impingement is the primary concern for
landing vehiclesand this dissertatiobecause oflirect impingement results in surface
ercsion Direct impingement carbe further characterized bwither free molecular
impingement, characteristic of plumes striking a surface many nozzle diameteroaway,
continuum impingement on@osersurface. Free molecular impingement analyses are
appropriate for control thrusters striking spacecraft surfaces, but the impingement
considered in thigvork involves collisional gases.

Plume impingemenbn the Moon has also been simulated pyosh, Liever,
Arslanbekov, & Habchi, 2011) In that work, plume impingement of a single species
diatomic gas from a nozzle with uniform exit plane properties was simulagednified
flow solver (UFS) thasmoothlycoupled a CFD solvern the near field to a Boltzmann
solver in the far fieldvas used. Their simulation data wesempared to experiments
and foundin good agreemerfor the surface shock structui@ a variety of background
pressure ratios. Boundary layer profiles and sade stress distributions are also shown
for a variety of lander altitudes. The computed surface pressodestresssagree well

with Roberts theoryRoberts, 1966)described below
2.3.1. IMPINGEMENT ON A FLAT NORMAL SURFACE

Plume impingement phenomena have been thoroughly investigated numerically
and experimentally. The earliest modelRoberts, 1966)for plume impingement was

developedn pregration for the Apollo landings.In this malel, he gas properties at
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the surface were computed from the normal shock recovery properties obtained from the
plume flow model described bgquation2.2-2, (Roberts, 1968 The pressure at the
stagnation pointPs, depends on the nozzle Mach numig, ratio of specifc heats,

the chamberpressure P;, and the altitude of the nozzlexit plane Qi . The
stagnation pressure at the surfaees calculated for the case when the nozzle is close to
the surface and when it is far away. For a Iogaurface, the pressure at the stagnation

point is related to the chamber pressure by

0 . [
— 8 2.31
= p ru p c v
For adistantsurface™ Q1 I ¢ jc¢ the stagnation pressures decreases at higher
hovering altitudes, and is
0 I ¢ Q . r p.
- - - R 2.32
v < i p ru P c L

wherek is the hypersonic parameter defined in Seci@n3

The pressure at the stagnation point is important because it controls the maximum
shear stress and erosion rate. The dynamic pressure distribution depends on the pressure
at the stagnation point and is

0 i TAQD" T i . 523
0 M C c Q '

wherer is the distance along the surface measured from the plume centeflime.
dynamic pressure is zero at the stagnation famexpectedyises towards a maximum
value, and then decays further from the jet axiBhe peak dynamic pressure occurs at

i i@ ¢ I 1T and the maximum dynamic pressurefis0. The dynamic
pressure can be related to the rocket engine chamber pressure through eguafions
and 2.2-3. Two different analyses for computing the peak dynamic pressure were
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performed for engines at high and low hovering altitudas high altitudes the peak
dynamic pressure decays proportionallyhtd, and approaches aongant value at low
altitudes, Qi "Q ¢ jc. Roberts considered three different ways to compute the
surface shear stress: laminar stress, turbulent stress, and using the dynamic pressure
outside of the boundary layer. Roberts concluded that for a redlistic surface, the
stress on the surface should be computed using the dynamic pressure and an assumed
drag coeficient. A drag coefficient of 0.2,which corresponds to flow over a
hemispherical bump, was usedde argued that the surface roughness isylikarge
compared to the surface boundary layer atihis approach is a conservative
approximatiorbecause it results in Hgr stresses than laminar or turbulent shear

These analytic expressiondiosv that the effects of chamber pressure and
hovering altitde can be eliminated by appropriate scaling when the nozzle is far from the

surfaceusingequation2.3-4 and2.3-5.

. 0 Q .

) = — h 2.34
v v O

Tt Q .

— — h 2.35
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The above scaling was applied B/ 8MC simulations osmall control thrusters
(Kannenberg & Boyd, 1999; Hyakutake & Nishida, 2QG)d they found that although
the above scaling significantbpllapseghe data, there remains some dependency on the
chamber pressure.lt is suggested i{Hyakutake & Nishida, 2000)that the surface
stress and pressure distributions do not collapse under the above scaling because of
rarefaction effects. At lower chamber pressures, the flow within the nozzle may be
rarefied, resulting in a smallexxit planeMach numberand decreasedmpingement
pressures Both DSMC simulations, Kannenberg and Hyakutake, agree well with
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measured surface pressuand shear stress profilsegge, 1990Q) thus validating the
DSMC approach for simulating rarefied impinging plumeBor large descent engines,
the flow within the nozzle should be continuum and the above scalingpnslaips are

expected to collapse the data reasonably well at high altitudes.
2.3.2. PLUME IMPINGEMENT FROM MULTIPLE NOZZLES

Future spacecraft may consider using multiple descent engines to increase the
area of the lander footprint and reduce the impingemesdspre. For example, the
Viking spacecraft was sensitive to dust erosion and used a showerhead nozzle
configuration to reduce the impingement presqiRemine, Reisert, & Gliozzi, 1973)

The Mars Science Laboratory also usednultiengine configuration, where 8 rocket
engines were used to keefsky Qrane hovering high above the surface while the rover
was lowered on cabldgSteltzner, et al., 2006) Keeping the engines at a higher altitude
redwced the surface stresses and the erosidhe rocket exhaust plurm®n Marsare
notably different than a plume exhausting into vacu@angupta, et al., 2009) On
Mars, the plumearemore collimated because of the barrelctsothat formas the plume
interacts with the Martiarbackground atmosge Consequently, the plumes from
MSL were not expected tateract with each other until they struck the surfad@n the
Moon, the plumeare not confined by a barrel shock, amd more likely tanteract with
each other

The problem of twin nozzle plumes interacting with each other is well studied,
and the nature of the interaction depends on the degree of raref@atigmenwallner,

1983) The inteaction plane is defined as the plane between adjacent nozEes.
nearly free moleculamozzlesthe exhaust gasedong the impingement plangll simply
pass through each other. As the gas becomes cddlisamoblique shock will form on

either si@ of the interaction plane In the continuum case, the plume density,
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temperature, and pressure caachpeak valuesvithin theinteractionregion This high
pressure region between interacting plumes can consequently result in increased erosion

and préerential scouring of material.

Section 2.4.Dust Erosion

2.4.1. EROSION PHENOMENOLOGY

Metzger Smith, and Lane (2011lhave identified three possible erosion
mechanisms: viscous erosion, bearing capacity failure, and diffused gas eruption
(Metzger, Smith, & Lane, Phenomenology of soil erosion due to rocket exhaust on the
Moon and the Mauna Kea lunar test site, 201}jiscous erosion occurs when the
surface shear exceeds the cohesive strength of the soil and small dust particles begin to
roll along the surface.Thi s mechanism is commonly <called
The rolling dust grains can collide with neighboring partidesodging material that is
then bfted into the flow field. Bearing capacity failure occurs when the pressure
exceeds the bearing capadstyengthof the soil and a narrow cup is formed. The walls
of the narrow cup are unstable under gravity and collapse, releasing many dust grains into
the flow field while forming a wider crater. The third mechanism is diffugas
eruption, which occurs when the gas is driven into porous spaces. The gas flowing
through the porous sofluidizes the bed andan erupt at various locations, carrying
entrained dust along with it. Due to the high packing density and bearingthtref
lunar soil, bearing capacity failure is neglected as a dust generating mechanism. Since
the lunar soil bed is tightly packed because of the absence of a background atmosphere,
diffused gas eruption is unlikely to be a significant erosion mechanisfiscous erosion

is thusexpected to béhe dominant erosion mechanisnilhis argument is supported by
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the Apollo landing photographshown inFigure 2.4.1 because the surface does not

exhibitevidence of cratering

Figure 2.4.1. View underneath the Apollo 12 Lunar Module showing that cratering does
not occur and that viscous erosion isltkely dominant scouring mechanism.

In contrast, on other exttarrestrial bodiesuch as Mars, diffused gas eruption
and bearing capacity failure are expected to be important because of the relatively loose
packing of the soi{(Mehta, Sengupta, Pokora, Hall, & Renno, 201@rosion rates for
viscous erosio tend to be slower than for the other mechanisms becanigdes viscous
erosion,the soil bed becomes fluidized under bearing capacity failure and diffused gas

eruption.
2.4.2. V1sCous EROSION

Sand is eroded on Earth primarily by viscous erosionthisdprocashas been
extensively studied because of its impact on geological and climactic changes,
agriculture, and negative impact on air quality. As previously stated, the onset of
viscous erosion occurs when a threshold stress on the surface causes lodes fuarti
creep. The mechanism by whideoseregolith begins to creeplong a surfacdepends
on the soil properties, the stresses exerted by the gas on the surfattee padicle size

(Shao, 2008) For larger particles, particle creép determined based on the balance
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between aerodynamic forces, which are proportionaDtp and gravitational forces,
which areproportional toO . For smallemparticle sizesthelift -off largely depends on
the cohesive forces between particles, wheote estimated to be proportional ©
(Shao, 2008) Particlesthatbegin toslide along the surfadeave not yet left the surface
and are thusot yet entrained into the flow.

Three different mechanisms by which the particles can become entrained are
shown schematically irFigure 2.4.2 Aerodynamic entrainment occurs when the
aerodynamic lif forces exceed the gravitational forces. This typically only occurs for
large sand grains or when the cohesive stress is $noalémore & Hunt, 2000) The
dust emission rate was measured experiment@liyosmore & Hunt, 2000)for
aerodynamic entrainment, and it was found that the emission mass flux is approximately
proportional tod., where 0. is the friction velocity. Saltation bombardment occurs
when a saltated particle impacts the surface with a sufficiently high energy to dislodge
other particles. Lastly, some particles within a soil may aggregate under natural
circumstances because ofetmal cycling and cohesion. Under significant shearing,
these weakly bonded aggregate particles can break apart, resulting in the emission of their

constituents. This is called aggregate disintegration.
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Figure 2.4.2. Mechanisms for entrainment, gddad from(Shao, 2008) Dustemission
(a) by aerodynamidift, (b) bysaltationbombardmentand(c) throughdisaggregation
also known as autabrasion

Saltation bombardment is viewed as necessary for accurate dust emission
modeling for wim-blown sands because it results in higher erosions rdten
aerodynamic entrainmentShao, 2008) On the Moon, saltation may not be as
significant an issue because the weatlexpands rapidly towards vacuum. Even though
saltating particles may cause dust emission far from the lander, the gas aerodynamic
forces at those distances may be insufficient to entrain the lofted particles. Regardless,

saltation may still have a significant impact if berms are constructed outnaf lu
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materials. The high velocity entrained particles can impact the berm, thus dislodging
berm material. Although not included in this work, energy and volume methods for
predicting the dust emission from saltation bombardment are discugSithm 2008)

Dust emission models that neglect saltation depend ofrittien velocity 6.
and its threshold valueo.;, , a well asthe soil properties. In these models, ubt
emission begins when the friction velocity exceeds the threshold vel@Begnold,
1941) The threshold friction velocity was obtained by a force balance on individual
particles, and is proportional t®! , as recommeded by Bagnold. Bagnol dos
prediction for the threshold velocity agregsite well with experimentsfor large
particles but has large errors for small particles. An improved mod@&ieeley &
lversen, 1985)agrees better wi experiments and better accounts for cohesion between
tiny particles. On the moon, modeling cohesion is complicated and unknown because of
the highly irregular particle geometries and electrostatic forceeberts(Robets, 1966)
attempted to include the effects of cohesion by defining a threshold shear stress below
which erosion does not occur. The threshold stress was calculated using the Mohr
Coulomb potential and is

t o 00AIR 2.41

wherec is the cohesive stredB,is the gastaticpressure at the surface, aing the angle
of repose of the soil. The cohesive stress was computed assuming that the attractive
forces between particles are VderWaals forces and vary linearly with the particle
diameter and inversely as the square of the separation distartus.approximation for
the cohesive stress does not take into account the jagged nature of lunar regolith and
mechanical locking of particles.The erosion rate iassumegroportional to the excess

shear on the surfac@Roberts,1966) and is
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The produciau is theestimatedraction of the free stream gas veloditywhich
dust particleobtain and 0 is the dust emissiomass flux Although there aremore
sophisticated theoretical models for modeling dust emisg¢&imo, 2008)they depend
on regolith properties that are in general unknown. Alternatively, we consider an
empirically determined emission model rather than a more sophisticated theoretical
model.

Scaling relationships for erosion rates based on the particle densitjaaneter,
gas density and velocity, and gravity were empirically determ{iMetzger, Latta I,
Schuler, & Immer, 2009; Metzger, et al., 2009; Metzger P. T., et al., 20kD}hese
experiments, a subsonuertical jet impinged on a bed of sand or lusail simulant.
Low gravity experiments were performed in reduced gravity aircraft flights. Supersonic
tests involving plumes from 10@bf solid rocket engines were also performed.
However, these tests anet applicable to lunar missions because the high impingement
pressures resulted in erosion occurring by bearing capacity failure. The subsonic

impingement tests show that the erosion rate scales with the densimetric Froude number.

”
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The left hand side of equati¢h4-3 represents the particle mass f|lj|§ugz/2 is
the dynamic pressure of the free stream gas outside of the viscous boundany, syer,
the density of an individuatlust grain,"Qis the acceration of gravity,and D, is the
meandiameter of dust gragn The Froude number can be interpreted as the ratio of the
aerodynamic force on a particle to the gravitational force.primary challengevhen

using the above model is that it does not prewlte particle size distribution fairborne
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particles, whichmay be different thanthe parent soilunperturbed particle size
distribution. For a weakly sheared surface, where the friction velocity is close to the
threshold value, the particle size distition for airborne particles closely matches the
erodible fraction of thearent particle size distributiofAlfaro, Gaudichet, Gomes, &
Maille, 1997) At higher erosion rates, the aerosolized particle size distribution
becomes increasingly bimodal, because of the disintegration of aggregate particles and
saltation processes liberating finer particles. In this work, the particle size distribution
for the erodible fraction of grains has a degree of uncertainty because the particle size

distribution varies with landing location and surface depth.

Section 2.5.Two-Phase Flow

Ga=ousplume impingemenéndthe erosion of dust particles have been reviewed
thus far. The literature pertaining to the evolution of the entrained dust sprays and

granular flowss discussedh this section.
2.5.1. GRANULAR FLOW REGIMES

Four different granular flow regimes have been identif@dstellanosyalverde,
Perez, Ramos, & Watson, 1999)astic, inertial, fluidized, and entrained. The plastic
regime is characterized by tghtly packed granular bed. The inertial regime is
dominated by inteparticle collisions anthe interstitial fluid does nbaffect the granular
flow. In the fluidized regime, the interstitial fluid plays a significant role in the transfer
of momentum between dust particles. The granular flow is still dense in this region and
the mean separation between particles is of dineesorder as the particle diameter. A
typical example of flow in this regime is the fluidized granular bed, which occurs when
gas is forced through a bed of particles. If the fluid exerts a significant pressure that can

overcome particle cohesion and glet, then the bed expands and becomes fluidized.
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Such fluidized beds exhibit flow properties typical of liquiddn the entrainment
regime, which is the primary focus of this dissertation, particles are fully suspended by
the gas, the mean separationwetn particles isarge. Particlgoarticle collisionsare
treatedas brief and infrequent events and particles spend most of their time traveling
through free space Within this regime, the granular flow is typically referred to as a
granular gas becauséits analogies with that of a dilute gasThis is also referred to as

a rapid granular flow.
2.5.2. RAPID GRANULAR FLOWS AND GRANULAR PHENOMENA

A rapid gramlar flow is one where grains afkiidized by sufficiently strong
forcing. Grains only interact with each other by nearly instantaneous collisions. Many
rapid granular flows are surrounded by an ambient fluid, with the exceptions commonly
being related to astrophysical flows where gin@nular gas is surrounded by vacuum. If
the stress due to grains exceeds the stress exerted by the fluid, the granular flow can be
modeled by considering grain interactions al@@ampbell, 1990Q)

In this dissertation the fluid stresses dominate near the erosion regime and are
responsible for accelerating the particles into a high velocity sheet. As the gas expands,
the granular flow transitions to a regime where the particle momenta exceed that of the
gas and the ambiergas can be neglectedThe dust particle number density also
decreases as the granular gas expands and eventually becomes free molecular. At
intermediate locations, between where the fluid forcing is significant and the granular gas
becomes free moleculgrarticle collisions can be significant.

Despite the similarities between granular gases and dilute gases, there are several
significant disparities between the two. Obviously, the mass and diameter of granular
particles is much larger than those of gaslecules. The fundamental difference

between granular and dilute gases is that granular collisions are typically inelastic.
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Energy that is lost in a granular collision cannot be recovered, but internal energy of a gas
molecule can be transferred to afm translational and othenternal modes.
Granular particles can deform upon impact or even break #&@aitthirsch, 2003)
Inelasticity can lead to interesting phenomena not observed for dilute gases, such as
collapse,clustering and microstructure formation. Such phenomena depend on how
inelastic the collisions are, which is typicadipecifed bya restitution coefficient.

Particle clustering is a defining characteristic of collislogranular flows and
claimed to plg a significant role in the formational of planetary rir{§pahn, Schmidt,
Petzschmann, & Salo, 2000) The clustering mechanism occurs because the granular
temperature cools as particles collide. The granular temperatuse macroscopic
property that is analogous to the temperature for a dilute gas. Inelastic collisions
decrease the granular temperature, resulting in a low pressure pocket in the near vicinity
of the collision. This results in a diffusion of particles tosgathe low pressure region,
thus increasing the collision rate. As the collision rate increases the granular
temperature further decreases and a cluster is eventually formed. Clustering depends on
the granular collision rate and also on the hydrodyndmices that play a role in
dissolving clusters. Clusters that form violate dilute granular gas assumptions and

should be modeled with a discrete element or molecular dynamics approach.
2.5.3. GRANULAR COLLISIONS

Granular collisions are typically modeled aslidatg spheres with a normal
coefficient of restitution and friction coefficierfBrilliantov & Pdschel, 2004) The
coefficient of restitution is a function of material properties as well as impact velocity.
The simplest coision models assume a constant normal restitution coefficient, but this is
shown to disagree with experiment and can also lead to inelastic colequse

unreasonably high collision ratgdicNamara & Young, 1992) Inelastic cdlapse
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occurs when particles collide with each other enough times such that their relative
velocities vanish. Inelastic collapse incorrectly occurs when the restitution coefficient is
held constant and independent of impact velocifijhe problem of collage is mitigated

by using a restitution coefficient that becomes more elastic as the relative velocity
between particles decrease# form for thedependence of the restitution coefficient on
impact velocityis

0
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wheree is the normal restitution coefficient, is the normal velocityy, is a cutoff
impact velocity,Uis a minimum restitution coefficienandB andUare constantéBizon,
Shattuck, Swift, McCormick, & Swinney, 1998) This form for the restitution
coefficient agrees well with experiments involving an oscillated bed of lead particles.
Bizon et al concluded that the precise way in which the restitution coefficlenayed
did not have an impact on the granular flawusture. The cutoff velocitywas defined
as v "QO The selection for the cutoff velocity does not imply that material
properties depend on gravity. The cutoff velocity was simply a charactaergticity
for the flow they were simulating. Collapse however,is not expected for our
simulations because the collision rates between particles are relatively low and the
granular flow rapidly becomes free moleculalfhe above form for the restitution
coefficient does not agree with all materjasit most materials tested experimentally
exhibit similar trend¢Schafer, Dippel, & Wolf, 1996)

More sophisticated granular flow models also define a tangential restitution
coefficient that depersl on the normal impulse, normal amdtational restitution
coefficients, andfriction coefficient, ¢ (Walton, 1993) The rotationalrestitution
coefficientis sometimes referred to as the tangential restitution coeffi(gattwager,
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Becker, & Pdschel, 2008) The rotational restitutioncoefficient, b, relates the post
collision surfaceelativetangential velocity to the preollision value anccan vary from
T1tol. A value ob=11 corresponds to pextly smooth spheres and the tangential
relative velocity remains unchanged. A value of 1 corresponds to reversal of the
relative tangential velocity and a value of O resulta total loss of tangential velocitgs
in meshing gears. The rotational coefficient of restitution dependsn the friction
coefficient the normal and tangential relative speeaisd if the interaction results in
rolling or sliding contact. A complete @scription for calculating the rotational
restitution coefficient and updating the particles gmmdlision velocities and rotation can
be found in(Walton, 1993)

The previously described collision model has been appbediscrete element
simulations and accurately predicts many structures observed in granular flo&MC
has been shown to agree well with dilute granular gases and was able to reproduce the
effects of particle clustering seen with MD solutiofMuller, Luding, & Herrmann,
1997; Luding, Muller, & McNamara, 1998) In that work, the collision event is
simulatedusing a normal coefficient of restitution and the tangential velocity is assumed
to be unaltered. The differeice between DSMC and discrete element models is that
DSMC assumes molecular chaos and that collisions do not depend on particle position
within a collision cell. In denser granular flows, the collision rate is computed using an
effective volume, which ighe volume of the cell less the volume displaced by the
particles. This simple modification results in a slightly higher collision rate for large
volume fraction granular flows.In our simulations, the volume fraction of graiiss
expected to be negligippsmall.

The effects of particle rotation were neglectedMuller, Luding, & Herrmann,

1997) andtheyargue that rotation is not important becatlserestitution coefficient has
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a larger impact on energy dissipation andwfl structures than rotational effects.
Subsequent workMoon, Swift, & Swinney, 2004kuggestshowever,that the role of
particle friction should not be neglected even though inelasticity is the most important
characteristic. The significant effect of friction is ot to dissipate energdiredly;

rather friction results in an increased collision rate because it reduces particle mobility.
Friction also can result in translational energy being converted into rotational rbatles,
the rotational kinetic energy was on average 30 times less than the translational energy in
the simulations discussed (Moon, Swift, & Swinney, 2004) The ratio of rotational to
translation energy depends on restitutiooefficients, friction coefficients, particle
moment of inertia, and the ambient gasinlike molecular gases, it is common for
rotational energy to be in neequilibrium with translational modes for granular gases
(Brilliantov & Pdschel, 2004)

Friction can alsacsignificanty affectthe scattering distribution, because the post
collision trajectories depend on the relative surface velocity when friction is included
This change in scattering behavior seems to affect the $tomcturesn vibrating beds
Such friction effects are seen in experiments, where clean particles and dirty particles
exhibit different pattern@Jmbanhowar, 1996)

The collision rates in our worlend to bansufficient tosupport the formation of
granular structures, but the effect of particle friction on the scattering angle is significant.
To improve the accuracy of our granular collision mo@emore detailed description of
particle scattering is requiredDue to thehighly irregular shpe of lunar soiparticles,
however, the particle scattering distribution will likely have to be determined

experimentally.
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2.5.4. DRAG ON SPHERICAL PARTICLES

The twaephase dusty flows that would typically arise during lunar landings are
locdly heavily mass loaded by dust. Further, rarefaction effects are importantsieec
the mean free path for ggas collisions is typically long relative to the diameters of
individual dust particles. Although realistic dust grains are jagged and naicgbhe
sphere drag approximations are commonly used. The effects of rarefaction and
compressibility on the dragxerted ora sphere are reviewed (both, 2008) The drag
on a sphere is computed for flow regimes that eiteer dominated by compression,
viscosity, or rarefaction. To account for rarefaction, a correction function which
depends on the grain Knudsen number scales the drag coefficraputenl for low

Reynolds numbers
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Cbrekn is the drag coefficient which includes finite Reynolds number and
rarefaction effectsRe, is the Reynolds number based on the particle dianfeies the
rarefaction correctiofunction The rarefaction correction function has been determined

empirically, (Clift, Grace, & Weber, 1978and a rasonably accurate expression is
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Lot hds equations have been used deter min:¢
the lunar dust trajectories for a fixed gas flow fifldine, Metzger, & Immer, 2008)
The Kn number based on the largest dust particles s near the erosion regime and
rapidly increases as the gas expandSlternatively, analytic expressiongor the free
moleculardragforce and heat transferate to the dust grainfrom gas moleculesfa

certain velocity class are(Gallis, Torczynski, & Rader, 2001)
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The velocityc is thevelocity of an individual gas molecutelativeto the particle
L°,J, is the fraction of molecules that experience specular reflectigris, the fraction of
diffusely reflected molecules that experience isothermal diffuse refleatigns gas
mo | e c ul @yGsshe gaa susber density, agds themost probablehermal speed

of a gas molecule based on thestthermal temperature.
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Figure25.1.Dr ag coef ficient computed via Lothos
Knudsen and Mach numbers. The dashed lines are the free molecular drag coefficients.

Although this method isvalid for any norequilibrium distribution of gas
velocities, t is important to note thahis assumsthe local flow about each grain is free

molecular The drag <coefficient, computed from
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particle Knudsen number far variety of subsonic Mach numbershigure 2.5.1 As

the flow becomes increasingly rarefidd,o t krégscoefficient increases. The most

drastic increases ogcfor low particle Mach numbers. For a Knudsen number of one,

the differences between the free molecul ar
10%. These differences decrease as the flow becomes increasirgfigd At a

Knudsen number of 1@he differences in dragpefficient are less than 4%.

The time scalel)q is the amount of time required for a dust partiaétially at
rest,to relax toe'! of the free stream gas velocity. Far particle translating in an
equilibrium gas with lowspeed ratios and specular reflectiaihgs relaxation time scale
IS

T Lj?d—ﬁ 2.56
¢ w*0
where ¢y is the most probable thermal speed of the gas. The relaxation time scale
depends on the particle mass to aerodynamic cross section ratio. Since the mass scales
as 'O for constant density particles, the time scale therefore scales linearly withepartic
diameter. If diffuse reflections are considered, the expression is slightly more
complicated but still depends on the particle mass to cross section ratio.

The drag coefficients, either free molecular or those from Loth, can be readily
used for overlaynethods(Lane, Metzger, & Immer, 2008; Morris, 2010)In overlay
methods, the gas flow field is held fixed and the drag forces and heat transfer to the dust
particle are computed based on the local gas pieper This approach is very useful
because particle trajectories aapidly be determined by pogtrocessing gas simulation
data. But two-phase flows can be very sensitive to the mass loading because the dust
can strongly affect the gas flevas seen>@erimentally in(Borée, Ishima, & Flour,

2001) In theirwork, particles of different mass loading were injected into a turbulent
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flow over a blunt body. At higher mass loadings, the dust inhibited the development of
the tubulent wake. Our arly simulationsalso suggedthat themass loadingf dustis
not negligible and the presence of dust is likely to affect th¢hasgis, 2010)

A fully coupled gasparticle malel that statisticf conserves momentum and
energy has been developed for DSMC sol&urt & Boyd, 2004) This model has
been implemented into our DSMC solver, and a detailed descriptithre shethod and

improvements isliscussed in Sectidh 3.3

Section 2.6.Properties of Lunar Regolith

Lunar regolith refers to the fragmendtand unconsolidated layer of pulverized
rock on the surface of the moon. The regolith layer is typically only senestdrs
thick and is formed by continuous meteorite impact and bombardment of charged
particles from the sun.Many individual soil particles and rockfiow evidence of this
bombardment andre covered with various sized impact craterBhis process is ciad
gardening The impact events can generate large amounts of heat that can melt and fuse
different particles together, calldateccias As a result, many regolith particles are
jagged and irregularly shapedLunar soil samples returned by the Apollstranauts
have been well analyzed and many of the important physical and geological properties of

the lunar surface are summarizedhteiken, Vaniman, & French, 1991)
2.6.1. PHYSICAL PROPERTIES

The propertiesrelevantto this wok include: the bulk density, specific gravity,
porosty, and the volume coefficientwhich is used to obtain thaerodynamic cross
section to volume ratjo The recommended value@ieiken, Vaniman, & French,
1991) aresummarized infable 2.6.1 The specific gravity of a soil particle is the ratio

of the particle mss tothe volume displaced by the particteormalized by the density of
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water Such a measurement does not take into account the volume of enclosed voids,
but for small particles this is expected to be small. The bulk density is defined as the
mass of the material contained within a given volumes ttaking soil packing into
account. The bulk density can be used to estimate how large a crater will be excavated
by a rocket plume. The porosity is the volume of the void space between particles
divided by the total volume. Although not included insthwvork, this parameter is
useful for considering alternative erosion mechanisms that depend on the gas fluidizing
the porous bed. The volume ratio is defined as the volume of a particle divided by the
volume of a sphere of equivalent projected area. prbgected area is the geometric
area, or aerodynamic cross section, of a soil particdelditional properties which are
important for the construction of berms atalthe issue okrosion are the angle of
repose, or friction angle, and the particle cobesi The friction angle is steepest angle
that a granular material can sustain before it begins to slide under its own weight. The

cohesion stress ithe component of shear strength that is independent of other applied

forces.
Table 2.6.1. Recommended values fphysical properties of lunaos.
Bulk Specific ~ Porosity  Volume Friction = Cohesbn
Density Gravity Coeft. Angle
1500 kgm® 3.1 49% 0.32 30°150° 0.1i1 kPa

Several of these properties can change with depth and location on the moon and
ranges are given where appropriate. Since most of the erosion only occurs within the
top several centimeters, variations in specific gravity and the particle size distriéngion

neglected.
2.6.2. PARTICLE SIZE DISTRIBUTIONS

Lunar regolith consists of particles with diameters that range from approximately

10 nm to 10 mm, but particles are predominantly less than 1mm in size. Early
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determinations of the particle size distributiongevr particles sizes > 20 um, and the
mean particle diameters were measured between 40 and 130 pm. These estimates did
not include the fine and ultrafine portion of the regolith, < 20 um, and this range accounts
for approximately 20% of the soil massParticle size distributiogifor the sub 20 pm

size particles haveeen measurednd are shown ifrigure 2.6.1Greenberg, Cher&

Smith, 2007; Park, Liu, Kihm, & Taylor, 20Q08)
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Figure 2.6.1. Particle size distributions measured for the supi®Qoortion of lunar
regolith(Greenberg, Chen, & Smith, 2007; Park, Liu, Kihm, & Taylor, 2008)

In (Park, Liu, Kihm, & Taylor, 2008)7 mg and 10ng lunar soil samples from
the respective Apollo 11 and 17 missions were examined. The particles are first
fluidized with a surfactant, in this case a polymesvfNylpyrrolidone) and isopropanol.
The surfactant reduces the particle aggiegaand separates the small grains that adhere
to the larger ones. To aid in the disaggregation of particles, the solution was treated
with ultrasonic vibrations. A droplet of the disaggregated solution is then placed on a
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silicon wafer used with a scaimg electron microscope (SEM). To prevent aggregation

as the alcohol evaporates, a magnet is placed below the wafer to prevent the particles
from shifting. The wafer is then imaged with a SEM and the cross sectional areas were
measured and the projectagta diameters determined.

In (Greenberg, Chen, & Smith, 200The 2.5 to 500 nm particles are measured
using a Scanning Mobility Particle Sizer (SMPS) and therB0@o 20 pum particles are
measured using an AerodynamiatiRde Sizer (APS). The SMPS method measures the
diameter by virtue of the particle electrical mobilities. The electrical mobility requires
knowledge of the electric charge of the dust particles. A known electric charge
independent of particle compositi is given to the dust grains by bipolar diffusion
charging. The charged particles are then entrained into a laminar sheath gas with an
applied electric field and the motion depends on the electrical mobility. An aperture is
used to filter particles wit a certain electrical mobility and thus particle diameter.
These particles are then allowed to pass through to a detector. The APS method
determines the particle diameters by measuring time of flight of particles entrained in an
accelerating gas flow. The lag between the gas and particle velocities is a function of
particle diameter, and the time of flight is measured by a pair of laser beams axially

focused on the exit region of the acceleration nozzle.

Section 2.7.The Apollo Landings

During the six ApolloMoon landingsjanding videos and photographs provale
wealth of qualitative and quantitative information about rocket plume impingement and
dust dispersal. The camera that recorded the lunadiag was located insidéhe cabin
and viewed the lunar sudae f r om t he [heldost sprays showm édhahs .
movies tend to obscure the surface more tlvas actually observeldy the astronauts
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(Gaier, 2005) A typical thrust profile for the Apollo moon landings is showrigure
2.7.1 During the final approach to the lunar surface, the thrust was varied #&to
9.8kN depending on the amount of residual fuelThe descent speedtan be
approximatedrom radio transcripts, anidr most missionsvas approximately.@5 m/s

near touchdown.
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Figure 2.7.1. A nominal thrust profile fothe Apollo lunar landingsdapted from
(Humphries, Hammock, Currie, Taylor, & Fish&873)

2.7.2. APOLLO OBSERVATIONS
The Apoll o astronautso reports ahed debri
lunar missions and are summarizefWagner, 2006) Each mission touched down at a
different location on the moon and the severity of dust erosion depended on the local
surface properties For example, Apollo 1, 12, and 15 reported that dinstd obscured
or completely obscured the surface near touchdown. Apollo 11 astronauts mentioned
that surface obscuration first became apparent at an altit@8enef Dust erosion was
even worse for Apollo 12 astronauts, and completely obscured theesaidaag the
final few seconds of descent. The obscuration was bad eriougipollo 12 that the

astronautsvere concerned that a landifgptpad might touchdown on a large boulder.
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Apollo 15 astronauts noted that the surface had become completelyeaabdcuing the
final 18 m of descentFigure 2.7.2 Lunar dust was less of a problem for Apollo 14, 16,
and 17. During these missions, dust sprays were stilhadxséut the surface was still
visible throughout the entire landingAs the lunar module descended below an altitude
of 18 m, surface obstacles were either cortglieobscured or barely visible, as shown in

Figure 2.7.2

Figure 2.7.2. Obscured view of the lunar surface as the Apollo 15 lander nears the lunar

surface. The greemectangle outlines a crater. Astad from(Immer, Lane, Metzger, &
Clements, 2011)

Four different stages of dust dispersal have been identified: the smooth flow
stage, the streaking stage, the terrain modification stage, and the clearin@/stager,
Smith, & Lane, 2011) The smoothlow stage occurs at higher altitudes and indicates
when erosion first occurs. The dust spray at this stage looks similar to a fog layer sitting
on the surface. Although the height at which this occurs varies for different missions,
the smooth flow stagbegins on average at altitudes betwedm@tnh. The streaking
stage occurs at slightly lower altitudes when the rocket plume begins to interact with
surface features, such as rocks or small craters. During this phase, streaks of eroded

material are oleyved. These streaks can change angles and location as the vehicle
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thrust and orientation changeSome rocks, with estimated diameters af1l8cm, were
excavated and transported by the exhaust pl(immer, Lane, Metzger, & IEments,
2011) This observatiorontradicts the preconceived notions that only the smallest sub
millimeter size particles would be affected by the plufiReberts, 1966) During the
terrain modification stage, large ammts of material are eroded in bulk quantities.
Videos of the Apollo 1214, 15, and 17 missions show a sudden discharge of material
immedidely before touchdown. This thought to occur because of the contact probe
striking the surface. During thisage, streaks of eroded material ateoobserved to
change direction chaotically.Metzger argues that this is evidence of sheface rapidly
changingbecause the streaks are thought to occur because of interactions with craters or
rocks During the ckaring stage, the engine shuts down and blown particles clear from
the field of view. Since the background atmosphere on the moon is negligibly thin,
even the smallest submicron pdeg fall to the ground and are theupported by
buoyancy. Photographs from the surface also indicate that much of the loose material
on the surface had been blown away. Astronaut Shepard reported that the maximum
erosion did not occur directly under the engine, but at a distance 1 m from the engine
bell. This doservation matches viscous erosion theory previously discussed in Section
2.4.2

Although the Apollo landing videos qualitatively describe the dust spray, recent
work in analyzing the tapes has also provided quantitative information on the dust sprays
(Immer, Lane, Metzger, & Clements, 2011)The angles of inclination of the dust sprays
were determined by tracking elgation of shadows cast by the lunar module landing
pads on the dust spray. The angle of inclination is measured as the angle made between
the top of the dust spray and the lunar surface. Shadow elongation occurred because the

shadow was cast on the palty transparent dust sheets. The shadow nearest the lunar
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module was faint and cast on the top surface of the dust layer while the shadow furthest
was sharp and cast on the lunar surface. Differences in the elongation in the landing
pads 6 s h amkdwitls trigonometric analysis were used to predict the inclination

angles of the various dust sprayable 2.7.1

Table 2.7.1. Angle of inclination for the various dust sgs observed during different
Apollo missions.

Apollo Mission Inclination Angle
11 2.6°
14 2.
15 8.°
16 1.4
17 2.0¢

In Apollo 15, the dust inclination angle was higher than other Apollo missions,
and this is thought tbaveoccued because the LM landed near a crater which deflected
the dust spray upwardsnmer, Lane, Metzger, & Clements, 2011)

The dust particle number densities were estimated from luminosity measurements.
The dust sprays would pedically clear, allowing brightness comparisons to be made
with and without the presence of dust. The ratio of brightness with and without dust, an
assumed extinction coefficient, camera height, sun angle, and dust ejectioweaBgd
used to computthe optical density and particle number density. For an average particle

size of 14.5 microns, the particle number density was estimated to be bet®eerd 10
10°m'®,

The key observations from the various Apollo missions are:
1. Alarge crater was not excavated duriagding. This suggestshat the lunar
soil has high bearing capacity strength and that viscous erosion is the

dominant mechanism.
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. The nature of erosion varied for different landing sites. Dust erosion was
evident durig all landings, but only completely obscured the surface during
Apollo 11, 12, and 18issions The onset of erosion occurred at altitudes of

3071 40 m on average.

. Dust sprays travel relatively close to the surface, with the top edge of the dust
layer ind i ned between 2A 1T 3A for most
inclination angle was much higher, implying that local surface topography
may be important.

. Streaks of eroded dust were observed as the vehicle approached the surface.
The streaks are thougltt originate along crater rims or relatively large rocks.
This suggests enhanced erosion near such obstacles and that modeling surface
obstacles may be important.

. A sudden burst of material was eroded for many of the Apollo landings
immediately before tachdown. This was thought to occur because of the

contact probe striking the surface.
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CHAPTER 3.
METHOD

When near the lunar surface, the exhaust gases in the vicinity of the rocket engine
are highlycollisional and can be simulated using continumeodek. Howeer, as the
flow expandgowards vacuum, continuum assumptions break dowragkidetic model
must be used. We usea hybrid approach where the ndald is solved via the Navier
Stokes solver DPLRWright, Candler, & Bose, 1998and the far field is solved using
DSMC. DPLRis only used to solve for the gas flow inside the rocket nozzle and in the
near field of the plume expansion, while DSMC is used to simulate thphase flows
everywhere else. Thus, most of the model delopment discussed herein applies to the

DSMC solver.

Section 3.1.Continuum Regime

DPLR was developed at NASA Ames Research Center anthieedimensional
NavierStokes CFD solver thdtas the ability to simulateomplex flow physicsand is
setup to run on masa&ly parallel supercomputersin this work, we model a descent
engine similar to the Lunar Module descent engithdIDE), and the engine
specifications are outlined Bection2.2.2 An advantage of the continuum solver is the
ability to model complicated geometriegsily and in this work we examine the effects
of using amore realistic nozzle geometry. The engine geometry was obtained by
tracing theouter mold Ine OML) from a scaled drawingf the LMDECherne, 1967)

The mean flow properties ahd nozzle throat and exit planased for boundary
conditions are obtained by using parametersliable 2.2.1for the LMDE operating at a

thrust of 13.3&N. The specific impulsds, is essentially a measure of the rocket's fuel
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efficiency. The specific impulsand rocket thrustan be used to ¢dan the approximate
exhaust speednd propellant mass flow rate via

—O 2 3.1-1

aQ Q

In the above equatioifr is the thrustg, is the acceleration of gravity on earth, is the
propellant mass flow rate, andis the exhaust speedNeartouchdown, the thrust of
the descent engine was approximat&.3kN and thels, was 305 s(Humpbhries,
Hammock, Currie, Taylor, & Fisher, 1973)To obtainthe exit plane properties, the
exhaust speed and propellant mass flow rate are first computedefjoation3.1-1.
The exit plane Mach number is compufeam nozzlearea ratio assuming a calorically
perfect gas] p®, undergoing isentropic expansionThese assumptioa are only
used to estimate the throat and exit plane propaatidDPLR readily handles real gas
flows with frictional losses. The temperature ishbtainedfrom the computed exhaust
speed and exit plane Mach number and the density at the exit ptaomepatedvia mass
conservationarguments The throat properties are computed by assuming isentropic

expansion and a calorically perfect gas. The resfitthese calculationare used to

provide inflow boundary conditions aiagle sunmarized inTable 3.1.1
Table 3.1.1.Estimated LMDEexit planeand throaproperties

Ma 1} [kg/m®] P[Pa] TI[K] V[m/is] ReD To[K] P,[kPa]

Exit 5.03 1.09x10° 296 589 2,992 182,000
Throat 1.00 1.27x10" 144,630 2,458 1,214 297,000 2730 261.4

The DPLR computational domairand corresponding boundary conditioaie
shown schematically ifigure 3.1.1 DPLR can also be used to solve for an impinging
plume by changing the bottom boundary to a wall bound@fgrris, 2010) Using
DPLR to simulate an impinging plume, however, was unstéimecasesat higher

hovering altitudes andwhen the nozzle exit plane properties are -ooifiorm.
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Simulating an impinging plume flow field in DPLR is not necessary though, betizaise

coupling from DPLR to DSMC is done upstream of the surface shock.

Nozzle OML—Adiabatic Wall

Throat -
Inflow B.C

Supersonic Exit

Symmetry Axis
I
|
|
Supersonic Exit

nx7 oruosiadng

Nozzle Exit Plane

Supersonic Exit

Figure 3.1.1. A schematic of the DPLR computational domain and boundary conditions.

DPLR is capable of simulating a variety f#w physics, but theconditions
included in this work are:

1. Steady2-D axisymmetric flow

2. Viscous compressiblidow;

3. Real gas wher€,, C,, andodepend on taperature;

4. Transport coeffients depend on gas temperature;

5. Vibrational and rotational equilibrium;

6. Laminarflow.

The Reynolds number based on exit plane properties and nozzle diameter is
approximately 206,000. This Reynoldsimber is moderately large, suggesting that

turbulence may affedhe plume structure. This is tested by using the Baldwimax
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turbulent modewithin DPLR. Comparisons between the laminar and turbulent cases

are discussed iBection4.2.2

Section 3.2.Rarefied Regime

The DSMC method is a kinetic solvthat is cormonly used to simulate nen
equilibriumand rarefiedlows. The erosion and transport of regolith is handled entirely
within the DSMC solver. The DSMC solver used is an-louse research code that has
been developed primarily foplanetary science applitans such as: planetary
atmospheres, comet impact on the m@dtewart B. D., Pierazzo, Goldstein, Varghese,

& Trafton, 2011) volcanism on lo(McDoniel, et al., 2011; Zhang, et al., 2004nd
plumes of Enceladus. Many different physical models have been implemented, and
thoserelevant to this work include: vibtional and rotational energfylly coupled twao

phase flow, inelastic granular collisions, polydisperse distobutf grain stes, and
grain gry body radiation. To obtain solutiorsfficiently, the code is written for
massively parallesimulations and a neaniform load balanced processor distribution is
used. In addition, an adaptive cell stretching algorithm, which isdcitiear segments,

is used toobtain best reshlution of the gas mean free pafMoore, 2011) A variable

cell weighting scheme is used to improsienulator statistics along the axis.The cell
weight is defined as the ratio of real molecules to simulated molecules in a given cell.
In addition, the flow near the jet axis is very collisional, and collision limiting is used to
reduce the computational ca8tewart B. , Pierazzo, Goldstein, Varghese, & Trafton,

2009)
3.2.1.CouprLING DPLR TO DSMC

In this work, the DPLR solution is loosely coupled to the DSMC solver with

volume reservoir cell{Stewart B. D., Pierazzo, Goldstein, Varghesd& rafton, 2011)
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The continuum flow is first solved am@servoir or 'ghost',cells are created along the
desiredinterface  The reservoir cells angopulatedwith simulators at each time step,
and the molecular velocities are sampled from a Maxavedistributionthat corresponds
to the macroscopic properties from the continuum solutioDne could sample
molecular velocitiesnore accuratelyrom the ChapmatkEnskog distributionGarcia &
Alder, 1998; Stephani, Gddtkin, & Varghese, 2012but this is not done because the
interface is typically drawn where the flow is largely inviscid dlosv gradientsare
weak These molecules then behave as regular DSMC molecules and can convect
within the reservoir cell ahpossibly into the computational domairif they move into
the computational domain they are kept, but are deleted if they remain within any
reservoir cell. Further, molecules that drift from the computational domain into a
reservoir cell are also deéet. The size of the reservoir cell must be large enough such
that the fastest moving molecules cannot convect across the entire cell within one time
step.

The location of the hybrid interface is selected in a region where the flow is
sufficiently continuum and the interface normal Mach number is supersdsiid's
breakdown parameteP, in equation3.2-1, is used to check if our interface is drawn

where the flow is continuum.

0 VI_IF_ n" g 3.21

The speed ratig, is similar to a Mach number anddefined as the flow velocity
divided by the most probable thermal speeHor steady state expansions, the initial
breakdown occurs wheld exceeds approximately 0.@Bird, Molecular Gas Dynamics
and the Direct Simulation of Gas Flows, 1994The interface normal Mach number

should be supersonlecause theoupling B one way and the DSMC solutidlmesnot
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affect the continuum regime.lf the continuum and DSMC solutions closely match
along the interface, its possible to hybridize even where the flow is subsonicis

may be desirable becaukeneath the surface shock wave the flow is highly collisjonal
continuum,and computationally expensiveAlthoughit is more efficient to use DPLR
below the shock waventerfaces that slice through the surface shock show glitches.
Figure 3.2.1shows two different hybrid interfaces when the rocket engine is at an altitude
of 10m. Oneinterface is a cylindrical shell that extends from the ground to the nozzle
exit and the otheis constructed with two concentric cylindrical shells, ormma 8iameter

shell near the surface and anldiameter shell slightly above the surface shock wave.
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Figure 3.2.1. Two examples of hybrid interfaces that slice through the surface shock and
show glitches. Note the offset in shock staffidand the deflected streamlines.

In Figure 3.2.1(left), DSMC streamlines near the interface sphysically deflect
towards the axis of symmetry because there is a discontinuity in the shoclof§tand
distance between the two solvers. DPLR predicts a surface shock that rests slightly
closer to the surface thahe DSMC prediction. Consequently the DSMC particles
immediately downstream of the shock see a low pressure boundary condition at the

continuum interface and the streamlines are deflected inwardFiglme 3.2.1(right),
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the shock standff distance in DPLR is larger than that for DSM@d the outward
pressure force does not cause streamlines to deflect inwartbs specific reason for the
differences between tHeSMC and DPLR solutions is unknown, but there are several
plausible explanations.There may beslight mismatches in the ratio of specific heats
upstream of the shock wave because internal modes are not exactly in equilibrium with
translationalenergy. here arealso slight differences in the transport properties
viscosityin particular and these differences may alter the displacement thickness of the
surface boundary layer.

Ultimately, it was decided to create the hybrid interface upstream of theesurfa
shock wave. Although less computationally efficient, this interface placement alleviates
problems with mismatches between the continuum and DSMC solutions because the
interface normal Mach number is supersonic. In addition, regions of erosion and two
phase flow only occur within the DSMC solver and new model development only needs

to be applied to the DSMC solver.

Section 3.3.Two-Phase Flow

In our framework, dust particles are treated as special representative molecules
whose mass and diameter are many ordérsnagnitude greater than thosd gas
molecules. This section will address the relevant properties of lunar regolith, the
erosion model, the dtigas inteaction model, and how partiefgrticle collisions are

modeled.
3.3.1. THE PARTICLE SiZzE DISTRIBUTION

In our work a distribution of particle sizas approximated by a set a dust species
with discrete diameters We also restrict ourselves to the fine and ultrafine portions of

regolith, i.e. grains less than 20n in diameter. The patrticle size distributiofor this
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regime has been measui@ark, Liu, Kihm, & Taylor, 2008; Greenberg, Chen, & Smith,
2007) and their results are summarized in sec2ohi2 Dust particles may interact
with each other through two mechanisnmder-particle collisions and coupling through

the gas in regions of significant mass loadinghe best approximation tthe particle

size distributiondepends on which regime is applicable to the problem of interEst.
example, in strongly sheared dense granular flevbhere particleparticle collisions
dominate,it may be desirable to model particle diameters that have the highest collision
rates. If there is sufficiently high mass loadirfgnd the presence of dust affects the
gag, then it is important to simulate the particles that have the largest mass fractions.
The latter applies to this work, and we chose to model the grains which most fadfect t
gas. The weight distribution of particle sizes wlasind by assuming a constant particle
density andaking the particle volume, 0© , moment of the particle size distribution
shown inFigure 2.6.1 The weight distributionis then renormalized and plotted in
Figure 3.3.1along with the particle diameters that weluale in our simulations.

Despite significant differences in the particle number size distributions measured
by Park and Greenberg, shown previously kigure 2.6.1 the particle weight
distributions are reasonably consistent. Most of the differences between Greenberg's
and Park's size distributions are for the supimi particles, but these particles have
relatively little impact on the weight distribution. Theuf particles contain most of
the mass and particles less thamni contain significantly less. In this work we include
dust particles with diameters of 200 nm, 800 nm, 2 um, 5 um, 8 um, and 11 um. The
200 nm and 800 nm grains are included because those diameters correspond to peaks in
the bimodal particle size distabion measured by Greenberg. For these size particles,
approximately 41% of the mass is comprised of the 8um diameter grains, 27% from 11

pm grains, 25% from the 5um grains, and 6% from the 2um grains. The 200 and 800
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nm particles account for the remaigil% of the mass. The number density of different
sized particles may be vastly different, where the largest particles have a much smaller
number density than the smaller ones. In order to maintain adequate statistics for all
dust sizes, a species weligly scheme is implemented for the dust class of simulators.

The number of real dust particles represented by each simulator varies with particle size.

Bars indicate the particle
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Figure 3.3.1. Particle weight distribution for the sub pén fraction of lunar regolith.
Bars indicate particldiameters included in our simulations.

Dust grains are treated as perfeatd spheres in our model, but realistic grains
are likely to be jagged and nospherical. An important parameter that affects the
acceleration of dust particles is the ratio of fharticle cross section to particle mass.
Consequently, we attempt to model spheres that have the same cross sectiondbanass r
as realistic grains. For a hard sphere particle, the aerodynamic cross section is the mean

projected area of the particleThe particle shapes have been characterized for different
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lunar core tube samples. Of the many wayddscrile the shape of a dust particle, the
volume ratiocan be used to determine the geometric cross section. The volume

coefficient,U,, is definedas
| —h 3.31

whereV, is the volume displaced by the grain ahds the projected area diameter. The
projected area diameter is the diameter of a sphere whose sectionarea is the same
as the projected area of the dust particleor hard spheres, this is equivalent to the
aerodynamic diameter.One can rewrite the volume coefficiemt terms of the grain

density} p, and an apparent densify, as

| —;—8 3.32
()

The apparent density is the ratio of the particle mass to the volume of a sphere whose
projected area is the same as the dust partidlae volume coefficient was measured for
lunar dust particlesarger than 6Qum in diameterand the mean volume coefficient is
approximately 0.32. We assume the small particles have a similar volume coefficient
and a particlelensityof 3100 kgm®. These parameters result im @pparent density of
1900kg/m®. Theapparent density and projected (or aerodynamic) diameter can be used

to compute the mass of a dust particle via

a (—D'Q " 8 3.33
Thehard spheraerodynamic cross section is simglO j t.
3.3.2. DusT EROSION M ODEL
There are several different erosion mechanisms, outline8etction 2.4 but
viscous erosioims the dominant mechanism when landing on the moon. cousserosion
occurs when the surface shear exceeds the cohesive strength of the soil and small dust
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particles begin to roll along the surface. The rolling dust grains can collide with
neighboring particles and may thée lofted into the flow field. Thiss a difficult
phenomenon to model from first principles and would require a more detailed discrete
element calculation near the lunar surface. Instead, we model this by using empirically
derived saling relatimships discussed in Secti@m.2 Plumeimpingementests show

that the erodegarticle mass fluscales with the densimetric Froude number.

~.
” ®

g 8 a0 k & GB 3.34

To apply the above scaling relationship to DSMC, the dynamic pressure is evaluated at a
distance slightly above the boundary layergnd in this work, because the surface
roughness scales are assumed to be largévectatthe boundary layer scaleNear the
stagnation point, the boundary layer is thin and the gas dynamic pressure is sampled
outside of the boundary layer. Further from the jet axis, however, the boundary layer
thickens and the dynamic pressenealuated Tm above the surface is wallithin the
viscous boundary layer.To obtain smooth erosion profiles, the dynamic pressure is
spatially smoothed and temporally averaged over a short period of tilieother terms

in equation3.34 are constant and can be grouped into a single scaling constant.
Equation3.3-4 only provdes a proportionality relationship, and a scaling constant must
be used to obtain the erosion fluxThe scaling constant is selected such that the
simulated crater depth is comparable to what was observed throughout the Apollo
missions; a shallow cratéeneath the descent engind’he simulated crater depth was
obtained by approximating a landing trajectory by a set of discrete hovering altitudes and
thenintegrating the erosiomass fluxto find the total eroded mass. An assumed bulk
densityof 1500 kgm® (Heiken, Vaniman, & French, 199%)as used to then determine

the crater depth. This bulk density is the density of the soil bed and not of individual
54



particles. After calibrating the erosion profile for a simulated lamyglithe erosiorflux
IS

i T TT C IS %8 3.35
3.3.3. DusTi GAS COUPLING.

Near the erosion area, the gas mean free path is slightly larger than the largest
simulated dust grains Consequently, we are able to tesy the development of shaek
and boundary layers over individual grains. In addition, there is a high mass fraction of
dust near the surface imditing that a fully coupled galust interaction model is
necessary. Such model(Burt & Boyd, 2004)has beenmplementednto this work.

The momentum and energy transfer from the gas to the dust particles is first computed
while keeping the background gas fixed. In the next step, momentaranserred

from the dust hck to the gas via gasllisions with dust particles while keeping the
background dust fixed. This approach conserves momentum and energy on average, but
may be susceptible to ‘random walk' effects because it is not instambneo
conservative. The method has been slightly modified to improve stability and accuracy.
The detailed method, modifications, and verification tests will be discussed in this
section.

The momentum and energy transfer from the gas to the dust parsidiest
computed. Te computed drag and heat transfer to the dust particles is valid for any
arbitrary norequilibrium gas flow where the grain Kr, Tk _j O , is large. The drag
and energy transfer to the dust particles are computed by assuming tinadlgesles
that collide with a paicle have some combination diffuse and specular scattering

The expectatiordrag andhermalenergy transfer to dust particle, resulting from many

collisions(Burt & Boyd, 2004)with ore representative gas moleculeare
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Ny; is the number of real molecules represented by the gas simufgtois the gas
molecular massy. is the cell volumeuy,; is the relative velocityg, ; is the relative speed,

U is the thermal accommodation coefficient, @ds the particle radius. The original
method(Burt & Boyd, 2004)computes the total force and energy transfer by summing
Equations3.3-6 and 3.3-7 over all possible niteractions. The velocity of the dust
particleis then updatestia ry €7 o0& ,wheeF,is the net force exerted on
the dust particlep, V4 is the particlevelocity, m, is themass of thearticle, Ut is the time
step, and is thetime step index. Thiaccuracyof the schemés of ordertt and can be
inaccuratewhena largetime step isused. For extreme cases where the time step is too
large, thevelocity of thedust particle can overshoot the gas velocity and yield oscillatory
solutions. A higher order implementation has been developed to impoocueaay
when a moderately large time step is usethe total force and energy transfer is

obtained by summinggeiation3.3-6 over all gas molecules within the colbsi cell.

~
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By substituting”l ; A5 1A , equation3.38 can be written as the following

nonlineardifferential equation,

6 N
Qo

A "N 3.39
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Equation3.3-9 is a nonlinearO.D.E becaus#&/y also appears ithe relative speed:;.

This differential equation can be solved if the relative speed is linearized, and the result is

i _A A A _A 3.312

Equation3.3-12 is more accurate than the original approach because it integrates the
force as the dust particle accels throughouhe timestep.
A similar procedure can be ustxlobtain a higher ordemergy transfer equation.

The nonlinear O.D.E for the energy transfer equation is

. QY .
a w-— # $7Y 3.313
Qo
w LYo a Po, =h 3.314
' &) C a
g 1 Yva4 o ¥chy 3.315
' W T

Equation3.3-13 can easily be solved the relative velocity terms are linearizexthd the
resulting expression for the dust particle's updated temperature is

# — i
Y — A Y — 8 3.316
$ $

A spatially homogeneous test case wasulatedand the numerical results are

compared to the analytic resuitFigure 3.3.2 In this test caséwo different sized dust
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particles are initialized with a velocity and temperature of 50 rand 200 K. The
background gass held fixed at equilibrium, witha number @nsity, velocity, and
temperature of 1.060°° m®, 1000 nfs, and 100 K, respectively.The analytical force
and heat transfer expressipri&allis, Torczynski, & Rader, 2001jor a translating

particle in an equilibrium gaare

, | el
@) aece“Ywo & — T —— — 3.317
w Yo
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where the subsidiary functions, ki, andk; are

p ti ti AdE p ¢i Aobi
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Figure 3.3.2. Spatially homogeneous test for two different sized dust grains relaxing
towards the gas velocity and temperature. The gas is held fixed and is thus unoupled
the dust. (left) 1 micron grains. (right) 50 micron grains.

Excellent agreemertetween thecomputedand analytic relaxation ahe dust
temperature and velocitig obtained. The initial increase in gas temperature is a gas
compressibility effectha occurs when the particle Mach number is supersonic.

The computed dragnd heat transfer depesndnthe gasgrain surface interaction
but unfortunately the details of this interactiare unknown for lunar soil particles In
this model, the thermal asmmodation coefficient is the only parameter that affédets
scattering. To assess how the assumed surface interaction model affects ghandra
heat transfer, a series of homogeneous relaxation tests were performed for different

thermal accommodatioroefficientsin Figure 3.3.3
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Figure 3.3.3. Spatially homogeneouslaxationtess for dust grains with different
thermal accommodation coefficien@o0, 0.5, and 1.(left) Relaxation of dust
momentum(right) Relaxation of the dust grain temperature

The momentum transfer from the gas to the dwestomesamore efficient as the
thermal accommodation coefficient increases, shown by the quicker relaxation times in
Figure 3.3.3 This occurs becausesingle gas moleculbat strikes a dust particle and
underges diffuse reflectionis preferentially backscattered Consequently,more
forward momentum is transferred to the dust grai®as molecules that undergo
specular reflections scatter isapically and consequently do invansfer momentum as
efficiently. The orientation of the posbllision relative velocity vector for speeul
collisions is isotropic in velocity space and is mathematically justifig@unt & Boyd,

2004) The ratioof the drag force for purely diffuse to purely specular reflections is

plotted for different temperature and speaiibs.
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Figure 3.3.4. The drag force computed for diffuse reflections divided by the drag force
for specular reflections plotted for different temperature and speed ratios.

The effect of thermal accommodation on the drag force is more apparent when the
dust partiok temperatureexceeds the gas temperature. In all cases, however, diffuse
scattering results in a higher drag force becanfspreferential backscatieg. For
temperature ratios between 0.5 and 1.0, which are typical for this work,atdaice
can vay between 3040%. In this work, the thermal accommodation coefficient is
assumed to be 1llecause the particles are jagged and roudlhe temperature of the
dust particle is also assumadhiform throughout the particlen this work. This
assumption is only valid for small Biot numbets;& "®j 'Q whereh is the convective
heat transfer coefficientL is the diameter of the particle, arldis the thermal
conductivity of the particle. The Biot number represents the ratehach heat is

transferred through the surface to how quickly it is redistributed by conduction. The
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Biot number was computed for a variety of particle speed ratios and temperatures while

the gas was held fixed at 1500Kgure 3.3.5
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Figure 3.3.5. Contours of Biot number for different dust particle temperatures and

particle speed ratios when the gas is held at a fixed 1500 K. The dust particles were 10
pum in diameter.

The Biot number is smalfior 10 um particlesin all cases and therefore the
isothermal particle assumption is valid for dust sizes included in this work. If particles
larger than 1 mm in diameter are simulatbé, uniform approximatiomay not be valid.
Before thevelocity and temperaturef the dust particlare updated, an additional step to
update the gas is performedensure momentum and energy conservation

The gas is coupled to the dust bglliding seleced gas moleculeswith the
backgrounddust Thesecollisions are handledsimilarly to typical gas collisions in

DSMC, except only gas molecules are affected in this st&pe number of candidate

collisionsis computed as
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whereq, is thenumber of real particles represented by a dust simulatsr the relative
speed is the cross section, ard) and Ny are the number of dust and gamsulators

This form for the number of selections is slightly different than the standard NTC
method, i.e.igpClinax is usal instead ofic Uinax (Schmidt & Rutland, 2000)because

dust speciesay have different weights. Once a candie collision pair is chosen, it is
acceptedvith a probabilitygivenin equation3.3-23.  If the collision is accepted, the gas
molecule then undergoes a diffuse or specular reflection with a probability based on the

thermal accommodation coefficient.
0 ——8 3.323

The scattering function depends on whether the reflection is specular or diffuse.
For specular reflectionshe re-orientation of the postollision relative velocity vectois
isotropic in velodty spaceand the relative speed remains unchangBdrt & Boyd,
2004) For diffuse reflections, the scattering is more complicated and can be derived by
considering a gas molecule colliding with a dust particle in the particle fixed frame of
reference,Figure 3.3.6 It can be shown that the scattering angle,for diffuse
reflections is

AT1O AT-© OBIOATAT-OAT-B 3.3-24

The above angles are shown schematicalllgigure 3.3.6 whered is the angle
between the preollision relative velocity vector and surface normais the polar angle
measured between the surface nornmal post collision relative velocity vectoi)is an

azimuthal angle. The scattering angdlejs the angle between the poahd ngative
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pre-collision relative velocity vectors.Values ofu | e s s /2 indicate backward

scattering.

Figure 3.3.6. A schemati®f the angles and coordinate systems used to depict
gas patrticle collisions.

Equation3.3-24 appeardifferent than that given i(Burt & Boyd, 2004) but is
mathematically equivalent after applying a trigonometric identitfthe angle of
incidenced, is proportional to the projected arefthe strip on the particle surfacethe
direction ofthe relative velocity vector. The polar angldi is the angle that molecule
leaves the surface at relative to the local surface normal. The polar angle depends on
the gassurface interaction model. A lambert swoé is assumed in this workThe
angleUis assumed to be uniformly distributechéhormalizeddistribution functiongor
these angleare

N—Q— OEd—QAR— mjgh 3.325

Qe Qe OEde QeNe ™ mHjch 3.326
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The distribution function for the scattering angle is
QF Q1 Q—"Qe Q- Q—Q8Q- 3.328
In the original workof Burt (2004) the scattering angle was samplei
acceptance rejection on a Gthder polynomial curve fit to a Monte Carlo solution for
equatiors 3.3-28and3.3-24. An alternative approadhatavoids acceptance rejectim
now used instead. The anglef @i, and U are first obtained by inverting the
corresponding cumulative distribution functipssen in equations3.3-29i 3.3-31, and i

is then directly computed from equatidrg-24.

_ ?m ocY p 3.329
. ?AT ocY p 3.330

- ¢''Ys8 3.331

This approach does not conserve momentum and energy instantaneouslig but i
shown inAppendix A that it is conservative on average. Consequently, this scheme can
be susceptible to nalom walk effectsespecially for transient flows. To assess whether
such effects are significant for this work, a simple one dimensional test case was
performed.

Two-phase flow through a tube is studied where the gas and dust enter the tube
with initially different velocities and different particle thermal temperatures than the gas
kinetic temperature. The dust particles have an irkiratic or granular, tempeature
of 0. The effects of the tube wall are neglected and the flow is assudistedsional.

In this test case, 1 and 1n dust particles enter the computational domain with speeds

of 500 and 250 s andthermaltemperatures 0200 and 150 Kespectivly. The gas
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enters the domaiwith a speed of @00 m's and temperature of 100 K. There were, on
average, 10 gas simulators per cell and 3 simulators for each dust species and momentum

and energy fluxes were determined by averaging over many safigies 3.3.7
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Figure 3.3.7. Momentum (left) and energy (right) fluxes for the fully coupled gas
particle interaction model. These simulations include 1 anghi@articles inéracting
with H,O gas. Note the total momentum and energy fluxes are conserved within the
noise.

These results show that for steady simulations with relatfestysimulators per
cell, reasonable results that conserve momentum and energy can be obtained b
averaging.

3.3.4. PARTICLE COLLISIONS .

Particleparticle ollisions can occur durin@ variety of different lunar landing
scenarios. Examples include the near erosion region, where the shear stress and particle
number densities are large, upstream of obstawhere incident particles can collide
with the reflectecbnesand along symmetry planes when a nigltigine configuration is
used. For the simulations presented in this dissertation, the dust particles are fluidized
and collisions between particles dneef andinfrequentevents For this flow regime,

granular collisions can be modeled similarly to that of a dilute gas. Unlike gas
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molecules, dust particles collisions are inelastic gerticle kineticenergyis irreversibly
transformed into thermal aleformation energgluring a collision
Simulators for different size dugtarticles have different weights, and the

generalized NTQ@nethod is used. There are two ways to organize grgirain collisions.

One can separately consider collisions between particles of a certain size with other
particles of a certain size and then perform collisions for each pairing of particle sizes.
Theresults may then become sensitive as to the order in whichgyaiim collisions are
executed. The approach used in this work removes any artifacts associated with
ordering and considers collisions between all dust particles in one single $tep.

numkber of candidate collisions is

Yoo 1 @, 5
5 , A 3.332
Cw

whereN, is the number of dust simulators in a cell and the factawofis to prevent
doublecounting Collision partners are selected, with replacemiain a reservoir of

all particles regardless of siaad are accepted to collide with a probability

5 0 3.333
n w,

where qq is the greater of the two weights considered in the collision. This

nomenclature is consistent wifBchmidt & Rutland, 2000dnd should not be confused

with the weight of a gas simulator. It is possible for a candidate collision pair to consist

of a single patrticle colliding with itself, but such candidates are never accepted to collide

because; = 0.

Particle collisions aremodeled simplistically in this work, where a constant

normal coefficient of restitutiorand friction coefficientareused. This model neglects

particle rotation, hysteretic deformation, variations of tamgential and normal
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coefficients of restitutiorelectrostatic forcegndparticle cohesion The coefficiens of
restituton depend on thempact speed, particle geometry, and material properti€se
normal coefficient of restitutionranges from 0 to 1 and represents the fraction of the
normal comporent of velocity retained after a collision The tangential restitution
coefficientrangesfrom 11 to 1 These details have nbeen measured for lunar dust
particlesunder conditionspplicable to this workand for simplicity thegangentialand
normal coefficient of restitution are assumed equdhis simplistic collision model is
rationalizedbecause the particle collisioates are relately small and the dust motion is
assumed to be dominated by the gas. In hindsight, particle audlisimticeably affect
the dust trajectories and a more sophisticated collision model should be implemented in
future work.
If a candidatepair is acceptedbr collision, the postcollision velocities denoted

by primes.are

1 C$l 1 sH

1 L€l 1 sH

where’l and’l are thepre-collision velocities of the participantscomis the center of

3.334

mass velocity and "His a unit vector niformly distributedon a sphere When the
coefficient of restitution is less thantiie lost kinetic energis then added to the thermal
energy of the particles. Since particles in general have different weights depending on
their diameter, an additional check is performéten updating postollision velocities.

The velocity of the particle with lesser weight is always updatetithe velocity of the
particle with thegreater weight isnly updatedf

A

. n .
Y —h 3.335
n
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whereR; is a random number between 0 and, Is thelesser of the two weightndqg is
the greater

A spatially homogeneous test case was performed to verify conservation of
momentum and energgnd the results are shown kigure 3.3.8 Equal amountshy
massof 1 and 1Qum grains are initially created with velocities of 500 &@0 nis and
temperatures of 200 and 400 K, respectiveljwo thousand simulators are used to

represent each dust species.
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Figure 3.3.8. Spatially homogeneousglaxationof a binary granular mixture of 1 and 10
pum particleswith different initial velocities and temperaturéeft) Particles relax
towards the center of mass velocity. (right) total enéoggach species on the left axis
and the mean patrticle temperature is shown on the right axis.

The coefficient of restitution is 0.8 in the above simulations and particles
consequently warm as they collideThe species weight reflects the number deresity
is 1000 times smaller for 10m particles than it is for im particles. Momentum and
energy are therefer not precisely conserved instantaneousigandom walk effects

were not significant in the homogeneous relaxation tests above and the totglaerg

center ® mass velocity remain constant, thus validatog approach for collidingrains.
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CHAPTER 4.
THE NEAR FIELD GAS F LOW FIELD

The gas flow fields (without the presence of dwethin the nozzle, expanding
plume flow, and the near field ilTqgementon the lunar surface adiscussed in this
chapter. The effectsf nozzle geometry and assumed turbulence on the plume flow are
discussedis well These simulations are for axisymmetric configurations, where the jet
axis is perpendicular to the lunar e, and allow direct comparison to siergblume

flow and impingement models.

Section 4.1.Internal Nozzle Flow

The internal nozzle flow is simulated with the Nav&iokes solver, DPLR.
Within theengine bellthe exhaust flow is hot, chemically reactingbrationally active
compressibleand largely inviscid. In this work, however,chemistry is neglected and
water is the only simulated exhaust .gab real nozzlesthe flow is notquasili D and
compression waves form inside the nozZBettleff, 1991; Simmons, 2000) The shock
structure inside of the nozzle depends on the geometry, and in our work a contoured or
bell nozzle is simulated. The nozzle geometry was obtained by tracingah&er mold
line (OML) of theengine bell ifHumphries, Hammock, Currie, Taylor, & Fisher, 1973)
Contours of gas translational temperature and pressure inside the nozzle expander are

shown inFigure 4.1.1
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Figure 4.1.1. Contours of gas temperature (left) and pressure (right) within the engine
bell.

The gas is modeled as a real gas, and évesywhereassumed that vibrational
and rotational energy are in equilibrium with translatioA. compression wave forms
near the nozzléhroat and propagates throutjie nozzle. The pressure ratio acrosssth
compression wavis used to characterize the shockrggtd, and is approximately 1.82
the nozzle exit plane The shock is therefore weak and the shock normal Mach number
is 1.30. The engine bell is deflected slightly outwards at the exit plane, resulting in an
average outwards radial velocity of 533sm The gas cools as it expands, and the
coldesttemperatureccursnear the nozzle centerlirmndis approximately 645 K The

gas properties at the nozzle exit plane are noiform and shown ifrigure 4.1.2
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Figure 4.1.2. Nozzle exit plane properties computed with DPLR for an enggtie
similar to the LMDE.

The vertical velocity is nearly constant outside of the viscous boundary layer,
indicating that the nozzle is well signed. The viscous boundary layer is relatively thin
and does not significantly affect the engine outplthe gasis approximately 2500 K
near the nozzle throat and vébrationally activebecause the characteristic vibrational
temperature for the bending mode of water is 2438 Khe other vibrational modes are
only marginally ative and have characteristic temperatures 5261 and 5404AK the
gas expand, the gas cools and vibralanods become less activeConsequently, the
ratio of specific heats varies from 1.19 at the nozzle throat to 1.30 near the centerline at
the exit plane. Such real gas effects have an impact on the exit plane propéhies.
actualareaweightedaverage exiplane properties from the simulation are compared to

those predicted for &D expansion of perfect gas imable 4.1.2
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Table 4.1.2. Average exit plane properties for a silated nozzle compared to those
predicted for a quasi D expansion of a perfect gas.

Ma j[kg/m’] P[Pa] TI[K] V[m/s] Thrust[N]
Perfect Gas 5.03 1.09x10° 265 589 2,992 13353 N
Simulated  4.41 1.04x10° 418 869 3,048 13070 N

Partial activation ofthe vibrational modes has a large effect on the gas
temperature at the exit plane. The perfect gas calculations asauco@stant ratio of
specific heats of 1.3@nd relatively little energy is stored in vibrational madeSor real
gases, some energystored in the vibrational modes, and this extra energy helps keep
the gas warmer as it expands. Consequently, the exit plane Mach number is lower for
the simulated engine than what was predicted for a perfect gas. The mean density and
velocity, and thesfore thrust, e relatively unaffected byeal gas assumptions. The
thrust of the actual LMDE is typically reported in pounds and is expected to be 3000 Ibf.
The thrust for the simulated engine is 2938 Ibf, indicating that the simulated and actual

engires are comparable.

Section 4.2.Near Field Plume Flow

The near field plume flow is computed with DPLR, and the effects of nozzle
geometry and continuum breakdown are evideiigure 4.2.1 The compression wave
that originates within the nozzieflects off the nozzlexis approximately one nozzle
length downstream of the exit plandn the far field, the streamlines are exfsal to be
linear because pressure gradients in the radial direction are small. Within the first 3
nozzle diametershe streamlines are deflected as they are processed mgitent and
reflectedshocls. Although relatively weak, these shocks canltesismallirreversible

lossesof stagnation pressure.
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Figure 4.2.1. Contours of temperature (left half) and pressure (right half) in the near
field of the plume expansion.

The background atmosphere on the moon gligible and the exhaust gases
expandto vacuum and a barrel shock should not form. The solver, DPLR, assumes a
background pressure and had difficulty accommodating vacuum boundary conditions.
Consequently, DPLR incorrectly predicts the formation of aebaiock and a kinetic

solver must be used.
4.2.2. EFFECTS OF TURBULENCE

The Reynolds numbers can exceed 200,000 Tadée 3.1.) within the nozzle
and the flow maytransition from laminar to turbulent. To assess the effects of
turbulencea second case is run in whittte nozzle flow is assumed to be fully turbulent

and the BaldwinLomax model is used Density and velocity profiles taked m
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downstream of the nozzle are compared for laminar and turbulent condfiguse
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Figure 4.2.2. Slices through the exhaust plume 2 m downstream of the nozzle exit plan
The dashed lines are fully turbulent solutions and the solid lines are laminar solutions.
Note the logarithmic saxis.

The effects of turbulenceithin the nozzleare confined to the boundary layer.
The turbuént boundary layer is slightly thickand results in the internal nozzle shocker
structure shifting slightlypecause of the increased displacement thicknddswnstream
of the exit plane, the effects of turbulence are only observed near the axis of symmetry.
Note that a logarithmic scale isagsin Figure 4.2.20 magnif/ the differences near the
axis and that the differences between the laminar and turbulent solutions are leegligib
where the hybrid imrface will bedrawnat ij O  m@.

Slightly further downstream, 3.5 m from the exit plane, the differences between

the turbulent and laminar solutions are negligibly spfafjure 4.2.3 Near the bottom
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cap of the cylindrical hybrid interface, the turbulent and laminar solutions match.

Therefore only the laminar continuum solution is coupled to the DSMC solver.
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Figure 4.2.3. Slices through the exhaust plume 3.5lownstream of the nozzle exit
plane. The dashed lines are fully turbulent solutions and the solid lines are laminar
solutions. Note the logarithmicaxis.

4.2.3. CONTINUUM BREAKDOWN AND HYBRIDI ZATION

The continuum solution is loosely coupled to the kinetlgesoand consequently
the interface must be drawn where the interface normal Mach number is supersonic and
the continuum assumptions are validBird's continuum breakdown parameté,in
equation3.2-1, is used to check where the continuum assumptions begin to fail. For
expansion flows, it is recommendedBird (1994)thata continuum solvebe used only
for P 00.02. The breakdown parametagas mean free patlard hybrid interfaceare
shown inFigure 4.2.4 Thebreakdown parameter is largédong the periphery of the
expansion andavithin the nozzle compression wave, butl d&ss than 0.01 everywhere

within the barrel shock. Consequently, the hybrid interface is drawn well within the
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barrel shock where the flow is not affected by the background pressure. When the
engine is throttled to a lower thrust, tleeation of thebarrel shock moves towards the
axis because the plume pressure is lowdiis effect is taken into account when

constructing hybrid interfaces for lower thrust engines.

MFP [m] . Breakdown Parameter
-1 1.00E-03 | 1.00E-02
I 4.64E-04 6.81E-03
| 2.15E-04 4.64E-03
- 1.00E-04 3.16E-03
OF 4.64E-05 | 2.15E-03
I 2.15E-05 BB\ \ 1.47E-03
I 1.00E-05, U\ 1.00E-03
1 -
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Figure 4.2.4. Contours of the gas mean free path (left), Bird's breakdown parameter
(right), and the hybrid interface (dashed line). The hybrid interface is drawn within the
barrel shock and where the breakdown parameter is small.

Since the continuum solver only affects the kinetic solvevpiild bedesirable to
create a hybd interfacewhere the interfacaormal Mach number is supersonic. The
Mach number in the direction of the jet axis is supersonic everywhere in the exhaust
plume. The interface normal Mach number along the length of the hybrid interface is

slightly subsonic, on avege equal td.78. Despite the interface normal Mach number
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being subsonic, the hybrid and continuum solutions agree well in the overlap region. In
the expanding region, the flow is largely inviscid and differences in the transport
coefficients between &hDSMC and continuum solvers do not significantly affect the
flow. The hybrid solution to the expanding flow is compared to the DPLR solution.
Excellent agreement is obtained in the continuum overlap region for the static pressure
Figure 4.2.5 Gray dashed line contours of the DPLR solution are superimposed over
the hybrid solution to illustrate the subtle differenceNotice how the DSMC solution

lacks the bael shock and flow expands to the low pressure of the surrounding vacuum.

1 DPLR Hybrid P, [Pa]
) 873
i — 251
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0 Barre| Shock / ;?

1 1 T l 1 T T 1 l 1 1 T 1 ' 1 1 1

2 a1 0 1 2 3

Figure 4.2.5. Contours of gas pressure for the plume flow field for (left) DPLR solutions
and (right) hybrid solutions. Line contours from the DPLR solution are superimposed
on the hybridsolution to illustrate differences.
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Although there is excellent agreement in the density, pressure, and temperature,
there are differences in the vibrational temp&& shown inFigure 4.2.6 because of

vibrational norequilibrium.
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Figure 4.2.6. Vibrational temperatures showing requilibrium for the bending mode
of water computed with DPLR (left) and the hybrid solver (right).

Vibrational energydreezes oui where the cllision rates are small near the
periphery of the expansion. This result also suggests that the assumption that the
vibrational and translational modes are equilibrated may not be valid within the
continuum regime. Although DPLR has the ability to modelibrational non
equilibrium via a two temperature model, the vibrational relaxation rates for ater

gross errors This appears to occusecause the vibrational relaxation rate is computed
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usingthe Millikan and Whitecorrelation(Wright, Candler, & Bose, 1998)vhich under
predicts vibrational relaxation times foe®H,O collisions
Section 4.3.Plume Impingement

4.3.1. VARIATIONS WITH HOVERING ALTITUDE

The plume structure and thus surface properties depend on thdealitithe
lander. The onset of dust erosion was reported at various altitudésefdifferent
Apollo missions, and rangifom 20i 50m. In this work, the altitude of the descent
vehicle was varied from 20 to 2 m, or 15.2 to 1.5 nozzle dimrmet The pime

impingement flow field for an engine hovering at 20 m is showFigare 4.3.1

Altitude [m]

Figure 4.3.1. Contours of gas pressuaad streamlinefr a rocket engine hovering
20 m above the lunar surface.

To obtain smooth contours of pressure, 5,000 independent samples were
averaged. The surface shock standoff distance is 1.0 m when the rocket engiews hov

20 mabovethe ground. The surface shock has a nearly constant standsifirdieout to
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wherethereflected nozzl®blique shock impingesn it, approximately 6 nfrom the jet
axis. The surface shock has a mean upstream Mach number of d@sadnoticeable
thickness. The waves that form at the shock front appear steadyagnide an artifact

of discretization when coupling the continuum to the kinetic solver.
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Figure 4.3.2. Contours of gas pressure and streamlines for a rocket engine hovering 5
above the lunar surface.

As the engine descends to lower altitudes, but above 2.5 mothestituctures
remain qualitatively similar. The surface shock thickness and standoff distance decrease
as the lander approaches the surface. The Mach number slightly upstream of the surface
shock also decreases because the plume is not as expandedrenthighere the shock
standoff distance and Mach number concurrently decrease, is the exact opposite of what
one would expect for bow shock standoff on a blunt body. This phenomenon shown in
our simulations has also been experimentally observe@Y/ick & Andrews, 1966)

When the rocket engine hovers 5 m above the surfagare 4.3.2 the shock standoff
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distance is 0.24 m, and theflected oblique nozzle shock impinges upon the surface
shock 0.75m from the jet axis. This shoghock interaction causes a slight upwards

deflection in the surface shock.
4.3.2. NozzLe GEOMETRY EFFECTS

Whenthe lander descends to an altitude only 2bwve the surface, the flow field
changesabruptly as shown inFigure 4.3.3 The surface shock at higher altitudes is
nearly parallel to theurface but at araltitude of 2 m, the surface shock compribegh
normal and oblique componentsThe hybrid interface is repositioned to the nozzle exit

plane to avoid interacting with the complex surface shock structure.
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Figure 4.3.3. Pressure contours the gas flow field whe the lander hover2 m above
thesurface

Without the presence of theiurface the nozzle compression wave would reflect
across the symmetry axis 1.8 m from the nozzle exit plane. In the higher hovering

altitude cases, shown previously, the shock refiaaiccurs well above the surface shock
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and the gas pressure immediately upstream of the surface shock is highest along the jet
axis. At lower altitudes, the groungrevents the shock reflection from occurring and

the gas pressure just upstream of théasershock is lowest near the jet axig.o obtain

a nearly constant pressure downstream of the shock wave near the stagnation point, the
nearaxis gas flow needs to be processed by a strong normal shock ahdjliee
pressure gas further efixis must beprocessed by a weaker oblique shocKhe
interaction between the ground and shecls that develop within a contoured nozzle are
responsible for the surprising structure observed at low hovering altitudésse
features may change different nozzlegeometries aresed. The recirculation bubble

near the stagnation poictn occurbecause of vorticity that is generated as the flow
passes through the surface shock system. The normal and oblique shocks have different
strengths and therefore create epyr gradients From Cr ofuoderson, t heor e
2003) an adiabatic flow with gradients @mtropy generates vorticity.

The large recirculation bubble that forms under the lander can significantly affect
the dust dynamics, articity tends to mix higher momentum fluid into the ground and
increase erosion. During several of the Apollo landing videds;gedischarge of dust
is observed at approximately the same time as when the contact probe touches the
ground. The contaciprobes extended nearlyl.7m below each footpadnd the nozzle
exit plane was 2.18 m above the surface at first contdtthas previously been
suggestedMetzger, Smith, & Lane, 2011hat the large puff of dust occuddecause
the contact probe scraped across the ground. These results suggest that there may be a
fluid dynamic reasonnsteadbecause the flow transitions to the state with the large
vortex at approximately the same altitude as when the contact proble tteuground.
Vortices can increase the erosion rate because they mix the boundary layer, driving high

energy fluidcontaining recirculating debristo the groundZheng, 2009)
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Nozzle geometry effects can also be seethé plume structure, shown kilgure
4.3.4 when the landehovers at higher altitudes.Near the exit plane, the contoured
nozz|l ebds pl ume hangle tlan theacasg with unggonm exia plopartigs.
This is expected because the contoured nozzle produces a mean outvehretlacity at

the exit plane.

Realistic Nozzle ' Uniform Flow
Geometry d

Reflected
| Compression

(e
T

Altitude [m]

Figure 4.3.4. Contours of gas pressutemparingocket exhaust plumes from a
contoured nozzle (left) arabsuned uniformexit-planeproperties (right).

The core of the contoured nozzle exhaust plume, the area within the reflected
compression wave, appears very similar to the uniform flow simulation. Despite these
qualitative similarities, the flow beneath thefaoe shock is slightly different. A weak
vortex forms near the stagnation point when a contoured nozzle geometry is simulated
and this vortex does not appear when uniform-gtabe properties are assumed. The
properties of the gas reflected off the aod also change in response to different nozzle

geometries. Since the plume from a contoured nozzle is broader than that of uniform
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flow, the rebounding gas sees a higher plume pressure and is pushed radially outwards.
The radial pressure gradient alahg surface is also reduced when a contoured nozzle is

simulated. This is also expected for a broader plume.

Section 4.4.GasProperties Near the Surface

The erosion and entrainment of dust depend on the gas flow near the lunar
surface. In this section the nearsurface gas properties are evaluated without the
presence of dust. These resudteange when dust is included because the gas is fully

coupled to the dust
4.4.1. COMPRESSIBLE STAGNATION POINT FLOW AND BOUNDARY LAYERS

We examine in detail a case ofrbhoverirg. A boundary layer develops on the
lunar surface as the gas is turned radially outwaibundary layer profiles are shown at
various locations along the surfaceFigure 4.4.1 Near the stagnation point, tHew
is subsonic and thieoundary layer is approximately 5 cm thickFurther from the wall
the flow transitions to supersonic and the boundary layer begins to rapidly grow. At a
distance 5 m from the axisvhich corresponds to/h=1, the free stream gafow is
supersonic and the boundary layer is approximately 0.2 m thicken further distances
from the jet axis, the boundary layer rapidly tlenkbecause thtop edge of the wall jet
is nolonger corfined by the isentropic core of the exhaust pluage shown inFigure

4.4.2
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Figure 4.4.1. Boundary layer profileat different locations in the near field when a
rocket engine hovers 5 m above the surface.

Past 10 m from the jet axis, the free stream gas velocity asympiocteadarly
constant speed of 3000/sn As the gas becomes increasingly rarefied the slip velocity
also increases. At a distance 30 m from the jet axis, the slip velocity is approximately
600 mis. The boundary layer also rapidly thickens and becomedyn@an thick at a
location 25 m from the jet axis. The thickening of the boundary layer is significant
because it provides a mechanism for which dust to be entrained into the flow. If the
boundary layedid not grow the gas velocity would be nearly tamg to the surface
consequently the dust particles would not attain an appreciable vertical velodity

hence wouldhot become fully entrained into the flow
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Figure 4.4.2. Boundary layer profiles at distances further from the jet axis when a rocket
engine hover$ m above the surface Notice the change in scales fréfigure 4.4.1

Figure 4.4.3hows he thermal boundary layeat differendistancesrom the jet
axis when a rocket engine hovers 5 m above the groumtie free stream gas
temperature is hottest near the stagnation region and is approximately 2500 & gas
temperature theoools as the wall jet expands outwards

The surface temperature of the moon has a large range that depends on latitude
and whether it is exposed to sunlight. On the dayside, the mean surface temperature is
approximately 375 K. Our simulations assume a surface temperature of 350 K. The
simulations here neglect the localized surface heating caused by the rocket plume
impingement. This process is complicated because as heat is transferred to the surface
from the rocket exhaughermal energy is also removed as the loose particles are groded

thus exposing colder layers of regolith.
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Figure 4.4.3. Thermal boundary layearofiles at different locations when a rocket
engine hovers 5 m above the surface.

The heat transfer from the gas te tburfacels shown inFigure 44.4 and was
obtained by doing an energy balance on gas molecules that strike the sutfaea
assumed constant temperature of B50 The peak heat flux occurs 0.5 m from the jet
axis and is approximately 400 KW”when the surface temperature is held constant at
350 K. This is a significant amount of energy that would rapidly heat the surface near
the stagnation point. In realityhe heat flux would be reduced because the surface
temperature will increase as the lander approaches the surface and due to erosion of the
regolith. In future work, a more sophisticated thermal model that allows for the surface

to warm should be used.
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Figure 4.4.4. Heat flux from the gato an isothermal lunasurfacewith an assumed
surface temperature of 350 KNote the loglog scales.

Boundary layer profiles areomparedat radial distanceS mand20 mfrom the
jet axis for a set of different hoveriratitudesin Figure 4.4.5andFigure 4.4.6 As the
lander descendsdm 20 to 2.5 m, the free stream velocity 5 m from the jet axis increases
from 800 to 3000 m/s. This occurs because the exhaust plume footprint is larger at
higher hovering altitudes and the region of subsonic flow behind the surface shock
extends furthefrom the jet axis, seigure 4.3.1 Despite differences in the free stream
velocities, the boundary layer thickness 5 m from the axis is comparable for hovering
altitudes between 2 and 20 m. This observation is also consistent with what was
simulated by(Tosh, Liever, Arslanbekov, & Habchi, 2011)At distances further from
the jet axis,i | "Qthe boundary layer profiles are similadause the wall jet appears to

originate from a point source at the landing site. The simulation data are expected to
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collapse for different hovering altitudes when the radial distance from the plume axis is

much greater than the hovering altitude, ansl seen irFigure 4.4.6
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Figure 4.4.5. Boundary layer profiles 5 m from the jet axis for different hovering
altitudes
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Figure 4.4.6. Boundary layer profiles 20 m from the jet afas different hovering
altitudes.
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4.4.2. SURFACE STRESSES ANDEROSION RATES

The surface stress is an important quantity that is useful for predicting the erosion
rate. For a smootlsurface the shear stress is obtained by measuring the chartlge in
momentumflux of the gas molecules that strikk The actual lunar surface is quite
rough however,because of hypervelocityeteorite impacts In (Roberts, 1966)the
surface was assumed to be rough and the stress was corfnpotédde dynamic pressure
of the smooth surfacend an assumed drag coefficient of 0.2. Our approach is similar,
and the surface stress is computed from the dynamic pressure samplaedhcsen
roughness scale height above the surface. The roughnessheigiht is arbitrarily
chosen and can affect the shape of the erosion profile. The dynamic pressure,
normalized by the peak value, was sampled 2, 5, and 10 cm above the anddwse
resultant profiles arplotted inFigure 4.4.7 The surface stress distribution faminar

flow overa smooth wall is also shown for comparison on the same figure.
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Figure 4.4.7. Dynamic pressurerpfiles sampled at roughness scale heights of 2, 5, and
10 cm above the surface. The profiles are normalized to highlight differences in profile
shape. The laminar shear stress, dhsted line, is plotted on the right axis.
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The height at which the dymac pressure is sampled affects the shape of the
dynamic pressure distributionutboard of the peak When sampled closer to the
ground, the dynamic pressure distribution tends to be more naarmlvbecomes
increasingly similar to the smooth wall sheaess profile The maximum value for the
shear stress computed taminar flow overa smooth wall is 92 Pa.The recommended
value for the cohesive stress of the soil, measured from Apollo sameple=eds the
maximum value of the smooth wall shear stress\ates between 100 and 106@,
(Heiken, Vaniman, & French, 1991)Erosion modelgBagnold, 1941 predicterosion
to beginwhen the stface shear stress exceeds the cohesive stress of the soil. When
hovering 5 m above the surface, the smooth wall shear stress agpddentlynot be
sufficient to cause erosiorgontradictory to what was observed during the Apollo
landings.

The erosionrates used herein areomputed from scaling arguments which
suggest that the erosion rate scales linearly with densimetric Froude naggszction
3.3.2 Sincethe soil properties and gravity are assumed constant throughout a landing,
the erosion rate is therefore proportional to the gas dynamic presissoeme height
The dynamic pressure distributionshown in Figure 4.4.8 change as the lander
approaches the lunar surface.

As the lander descends to lower altitudes, the location of peak dynamic pressure
shifts towards the jet axis while the peak dynamic pressureases. The dynamic
pressure distributions collapse at distances far from the jet iaisg 1t . This
feature is consistent with the boundary layer profiles far from the jetRigiste 4.4.6
and occurs for reasons previously mentioned. Although the peak dynamic pressure
decreases at higher altitudes, the erosion area increases because of the increased

impingement footprint.
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Figure 4.4.8. Dynamic pessuralistribution computed at a roughness height 5 cm above
the lunar surface for rocket engines hovering at different altitudes. Note gy log
scale.

Roberts developed a theory for predicting the surface strasdederived scaling
relaionships that collapse the dynamic pressure prosiesSection2.3.1  To collapse
the data, the dynamic pressure is scaled by the pressure at the stagnatiamgthe
radial position is scaled by the nozzle hovering altitudéor the conditions of our
simulated engine, Roberts theory predicts that the peak dynamic pres§ure isand
that locationof peak shear stress occursigtQ m@& p dor all hoverirg altitudes.
These scaling relationships are applied to the data at different hovering altitudes, and the
dynamic pressure distributions are compared to Robaliesin Figure 4.4.9

The scaling relationships collapse the data reasonably well at hovering altitudes
below 10 m. At higher hovering altitudes, the simulated peak dynamic pressure is

significantly less than what was predicted by Roberts theory. Thigpiscted because

93



at higher altitudes, the location of peak dynamic pressure occurs farther from the jet axis
and the boundary layer is thicker. The peak dynamic pressure for higher hovering
altitudes is thus sampled deeper within the boundary layertingsin lower values.
Roberts theory did not take into account such effects because he neglected the formation
of the boundary layer. In addition, the location of peak dynamic pressure is not
constant, as Roberts theory would suggest. At lower hovaliitigdes, the location of

peak dynamic pressure shifts towards the symmetry axis.
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Figure 4.4.9. Scaled dynamic pressure distribution for different hovering altitudes
compared to Roberts theory

The location of peak dynamic pressure is plotted against hovatiitgde
normalized by the nozzle diameter Kigure 4.4.10 The location of peak dynamic
pressure, and thus erosion, asymptotes towards a constanataigealtitudesthat is in
good agreement with Roberts tijeo Significant differences are observed at lower

altitudes, where the erosion rates are highé&t hovering altitudes above 2.5 nozzle
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diameters, the location of peak shear stress is much closee taxththan Roberts

predicts Roberts theory was derived from a plume flow field thaginated froma

point source at the

originate from a point source located where the nozzle compression wave intersects the

nozzle exit plane.

symmetry axis, approximately 1.8 m below the exit plane.

Fréigure 4.3.2 the plume flow appears to

Roberts also neglected the

surface shock standoff distance, which is 0.24 m for ketdwovering at an altitude of 5

m. A better fit for the data can be obtained by adding a correction term that accounts for

the surface shock and near field plume structure.
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Figure 4.4.10Location of peak dynamic pressure versus hovering altitude.
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results, symbls, Roberts theory, dashed line, and a proposed better fit, solid line, are
shown for comparison.

Instead of scaling the radial distance from the jet axis by the hovering altitude, a

better fit can be obtained by scaling by an effective hovering altitugle hi h', a virtual

origin. The correction termh’, is the sum of surface shock standoff alise and the
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distance from th@ozzleexit planeto where the nozzle compression wave intersects the
jet axis. Thecorrection term for the simulated nozzle is 2.04 m. This scaling performs
reasonably well at capturing the trends at lower hovering atudnd asymptotes to
Roberts theory for higher hovering altitudes. Problems still remain when the engine
descends within 2.5 engine diameters of the surface. A suitable scaling is not expected
in this region, because the surface stresses are likelydiempieon the complex nozzle
flow and a relevant length scale is not obvious

Roberts theory does wery good job at predicting thecaledpeak dynamic
pressure sampled 5 cm above the lunar surfaseseen inFigure 4.4.11 This is
surprising because the dynamic pressure is sampled within the boundary layer, which was
neglected by Roberts. Roberts identified two classes of impinging flow when
computing the ipingement pressure and maximum shear stress. The first class occurs
when the rocket engine is near the surface and the scaled maximum dynamic pressure is
constantfor all lower hovering altitudes The second occurs at higher hovering
altitudes, and the aximum scaled dynamic pressure decreasds %as The interface
between these two regimes is recommended by Roberts to oc&YiOat T& p dor
the simulated nozzle conditions. Our simulations show that for higher hovering
altitudes, the scaled dynamiaegsure decays more rapidly th&wvoberts predicts,

hT 2.825

decreasing a This accelerated decay of the peak dynamic pressaysoccur

because of the growth of the boundary layer, as discussed previously.
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Figure 4.4.11 Maximum value for the gas dynamic pressscaled by the pressure at the
stagnation point. The symbols are DSMC, dashed line is Roberts theory, and the solid
line is the numerically determined best fit.

The erosion rat in this work,are proportonal to the dynamic pressure and are
shown inFigure 4.4.12for multiple hovering altitudes The location of peak erosion
collapses for hovering altitudes above 3.75 nozzle diamayessaling the radial pdasn
by hett.  The expression that predicts the location of peak erosion is obtained by applying

a correction term on Roberts theory and is

Q.
— 4.41
Q |, P "Qh

wherea is the hypersonic parametdt, [ |  p 0 . The erosion rate increases as
the lander descends, as expected, but the peak erosachesa nearly constant
maximum valueof 3kg/m?-s when the engine is within 2.75 nozzle diameters of the

surface.
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Figure 4.4.12 Erosbn rates versus radial position scaled by the effective hovering
altitude, hesr, for altitudes ranging from 20 to 2.5 m. Note thellog scale.

The shock structure drastically changes when the rocket engine is within 2 m of
the surfacediscussed inSecton 4.3.2 and these changes strongly affect the erosion
rates. The erosion profiles at hovering altitudes of 2.0 m, where the surface shock
structurehas changedand 2.5 m are comparedFigure 4.4.13 For a hovering altitude
near2 m, the surface shock transitions to one with a normal and oblique component.
The oblige shock is weaker than the typical normal surface shock that occurs at higher
altitudes. Consequentlyhere is a lowestagnation pressur@rop across the oblique
shock and more energy in the gas remains available for erosion. The peak erosion rate

increases by a factor of 6.8 as the hovering altitude decreases from 2.5 to 2.0 m.
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Figure 4.4.13 Erosion profile, square symbols, when the lander hovers 2.0 m above the
surfaceand the surface shock structure transitions from a normal surface shock to an
oblique surfacshock. The erosion profile when the surface shock is normal at an
altitude of 2.5 mtrianglesjs drawn for comparison.

The erosion profile for hover at 2.0 m has two peaks. ®herlpeak occurs
under the recirculation bubble, where the rotating fhedr the wall is traveling towards
the jet axis. The larger peak occurs past the recirculation bubble where the gas begins to
expand radially outward. The deficit in between the two peaks corresponds to the
stagnation point where the oblique portion lod surface shock impinges on the ground.
The sharp increase in erosionerds consistent with the sudden discharge of debris that
was observed immediately before the Lunar Module landed.

The dynamic pressure distribution determines the shape ofakierprofile, but
in order to obtain the erosion rate a suitable scaling constant must be determined. The
scaling constant was determined comparing Apollo observations to a crater depth profile

computed for an approximate landing trajectory. The craeppth is computed
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assuming a bulk soil density of 1500/ and descent rate of 0.75sn The erosion
rate is then scaled to give a crater depth that closely agrees with what was observed by
Apollo astronauts; a crater that is approximately an inch dekscaling parameter was

obtained, and the erosion rate is
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Figure 4.4.14Integrated crater depth for a lander approaching the surface at8.75 m

The crater depth will likely change and become more shallow when dust is
included because the gas motisrtoupled to the dust. Thetegrated crater depth did
not include the lowest hovering altitude at 2.0 m, where we suggest erosion will be
enhanced. This altitude was not included because the crater dgeth not account for
redeposition. This assumptiorof no redepositions not valid when dust is entrained

into a strong recirculation bubbland produced anomalous results
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4.4.3. DIFFERENT THRUST ENGINES

Many rocket engines are throttled by adjusting nireess flow rate of propellant.
The impinging plume flow field in the near field depends on the gas Mach number, which
does notsignificantly change fodifferent thrust levels. The Reynolds and Knudsen
numbers aremuch less significant becauséscous regions are confined to the thin
boundary layers and the gas igwally continuum in the near field. When operating at
very low thrust, different inteal energy modes can freeze if the collision rate decreases
significantly. This can cause the ratio of specific heats and Mach number to change,
and can affect the plume flow field. Suabn-equilibrium effects were not observed for
any simuated thrustévels between 3.3 and 5kR.

The dynamic pressure distributions and erosion rates for different thrust engines

collapse wen scaled by the engine thrust are seéfigare 4.4.15
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Figure 4.4.15Gas dynamic pressure sampled Sfondifferent thrust rocket engines
hovering 5 m above the surface. The distributions collapse when the dynamic pressure
is normalized by the thrust die rocket engine.
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These results show that the dynamic pressure atsthéace is linearly
proportional to the thrust of the lander when the thrust is throttled by adjusting the mass
flow rate. This is expected because the Mach number is the samehirofedite
different thrust cases and that is the {damensional number that most strongly affects
the expanding plume flow. The Mach number, however, does not change because the
area ratio of the nozzle is the same and the flow at the throat is somce ti$e erosion
rate is proportional to the dynamic pressure, the erosion rate of material is also expected
to be linearly proportional to the engine thrusRoberts theory also predicts that the

surface stresses are linearly proportional to the enginstth

Section 4.5.Chapter Summary

The internal nozzle flow, near field of the expansion, and impingement on the
surface without the presence of dusiere studied in this chapterA contoured nozzle
geometry, similar to the OML of the Lunar Module Descent BEmgias simulated. A
weak shock, characteristic of contoured nozzles, formed within the nozzle expander and
very thin boundary layer developed within the nozitlat did not affect the exit plane
flow significantly. The nozzle shock is significant arebuls in highly norruniform
exit planedensity and temperature profilesThis has a significant impact on the plume
flow and impingemet fields. Within the nozzle, the lowest presstggions are found
near thecenterline,where the flow is not process by the nozzleompression wave
The nozzle shock passes through the exit plane and is turned inward, eventually
intersecting the nozzle centerline 1.8 m downstream of the exit plane.

The hybridization between the continuum and kinetic solvers waslesisessed.
Bird's breakdown parameteras used to ensutbat the hybrid interface was constructed
where the flow is continuum. Afteralidatingthe couplingijmpinging plume flove on
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a normal surface were simulated for a set of hovering altitud&saltitudes above 2.5
m, a surface normal shock forms as the gas impinges on the surface. The reflected
nozzle compression wave can intersect the surface shock, creating subtle distortions. At
altitudes lower thar2.0 m, the surface shock structwigangedrastically. Vorticity is
produced as the gas is processed by the complex surface shock systeesubsdna
strong recirculation bubble.These results suggest that the recirculation bubble amplifies
the erosion and entrainment of dust afigrs an explanation ofwhy a sudden burst of
dustwas observednmediately before touchdowauring the Apollo landings

The surface stresses and erosion rates are also computed for various hovering
altitudes. Roberts derived theoretical expressions that preshét surface stress and
the location at which it occurs.Roberts used theoretical reasoning and comparisons to
experiment to develop a set of scaling relationships that collapse the data for different
hovering altitudes and engine thrusfTo collapse thelistributions for different hovering
altitudes,Roberst scalethe dynamic pressure by the pressure at the stagnation point and
the radial position is scaled by the distance from the nozzle exit plane to the ground.
Roberts analyse were derived from a raple point source plume flow model that
neglected boundary layer and real nozzle effects. These scaling relationships were
nonethelesapplied toour DSMC simulations and we found that although Roberts theory
performs well at high altitudes, there arendigant deviations for altitudes below 10
nozzle diameters. Significant improvemean bemade to Roberts theory by applying
a correction term that takes into account real nozzle effetitstead of scaling the radial
position by the distance from tlgeound to the nozzle exit plane, better agreement can be
found by scaling the radial position by the distance from the top of the surface shock to
where the internal nozzle compression wave intersects the jet axis. Roberts also

predicted that the peak $ace stress decays proportionallyHd, but our simulations
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show that this decay may be too slow if boundary layer effects are important. In this
work, the dynamic pressure is sampled at a roughness scale height, which is typically
within the boundaryadyer. At higher hovering altitudes, the boundary layers are thicker

at the location of peak erosion. Consequently, the sampled dynamic pressures are less at
higher altitudes than what would be predicted if boundary layer effects were neglected.
Our DSMC simulations show that the maximum shear stress danasadius quicker

than Roberts theorgt higher hovering altitudes, and decreases proportionalty £6°

The peak shear stress is also shown to agree well with Roberts prediction and is

proportioral to the thrust of the engine.
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CHAPTER 5.
NEAR FIELD DUST SPRAYS

This chapter characterizes the dust sprays thatdurseg plume impingement on
a flat surface. There are several differeatgmeterghat are significant to this work,
including the partle mass loading and the coefficient of restitution between colliding
grains. This chapter first discusses the impact that mass loading and granular collisions
have on the resultant flow fields. Next, the effects that lander thrust and altitude have
on the dust spray are presented. For each of these cases, the dust flow fields can be
treated as quasiteady because the lander descgs slow compared to thtene for dust

to convect across the domain

Section 5.1.Sensitivity to Physical Models

Additional physicalmodels for various processes have been implemented as our
simulations matured. his section addresses how the physical models affect the
simulation results. The two major additions include fully coupled-gastmotions and

granular collisions.
5.1.1. THE EFFECTSOF GAS-DUST COUPLING

In our arly work (Morris, 2010) we assumed that the background gas was
unaffected by the dust and particle trajectories were compigiad an overlay method
For realistic erosion rates, Was determined that the mass fraction of grains was not
negligible and that a fully coupled gdsst interaction model should be used. To assess
the effect of mass loading, we simulate one scenario whergas is unaffected by the
dustand one fully copled simulation. The uncoupled simulation is discussed first.

In this simulation,a rocket engine hoversrd above thesurface. A set of 6

discrete grain sizes, 200 nm, 8@®, 2um, 5 um, and 8um, and 11lpm diameter
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particles are simulated simultanelyus Particles can interact with each other through
inelastic granular collisions with an assumed restitution coefficient of 0Be mean

radial velocity for different size particles is showrFigure 5.1.1
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Figure 5.1.1. Mean radial velocity contours for 2, 5, andiirh particles when the gas is
unaffected by the presence of dust. The flow field is blanked in regions without dust.
Note the change in color scale for difat size particles.

The smaller particles quickly respond to the gas and are accelerated to higher
velocities. The peak speed for theu® particles isLO00 nis while the peak speed for
11 um particles ionly 575 nmis. The smallest, 200 nm, partickescelerate to speeds of
nearly 200 nis. The differences in particle velocity result in the particles separating by
size as they travel into the far fieldThis process is analogous size separation of

alumina pellets in the plume of solmopellant ockets (Simmons, 2000) A key
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parameter that determines the maximum speed of pdrticles is the ratio ofhe
aerodynamic cross section to particle mass.

Streamlines are also drawnhigure 5.1.1 The radial velocity does not change
significantly along each streamline beyaidtances approximately 20 m away from the
plume centerline. Thimdicates that the dust decouples from thasrelatively quickly
because thearticleacceleration is small. This decoupling occurs very rapidly because
the drag force is proportional to the gas density, which decays approximately
proportional tar' 2. The specific location where the dystrticles decople from the gas

is illustratedin Figure 5.1.2

2500 | — Gas

2000

>Ov <o AD

Speed [m/s]

) o
] W
e ]
- = <
U U LI I T T T T l T T T T I T T T T I T T T T I

—
e}
=

500

_ 10’ , 10°
Distance along streamline [m]

Figure 5.1.2. Gas and dust particle speeds for different size grains along algtieeaim
maximum particle flu. The gas was unaffected by the dudtlote the logarithmic
scale on the-axis.
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The height of maximum particlemassflux is 3.56 m above the surface, at a
distance 50n from the jet axis. A streamline that intersects this location is created and
data br all dust and gas species aracted along that streamline kigure 5.1.2
Numerical artifacts are present along the first couple meters of the streamlthesta
particles creep along the surface.This is done for a simulation where the gas is
unaffected by the dust and another where the gdsillis coupled As previously
discussed, the smaller particles accelerate to a higher velocity than the heasier All
particles tend to stop accelerating near the same location, approximately 25 m from the
jet axis. The gas boundary layapidly thickens, and eventually causes the gas velocity
along this particle streamlirte decrease approximately 12 m fréime plume jet axissee

Figure4.4.2for a reference to unperturbed viscous boundary layers

Altitude [m]
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Figure 5.1.3. Mean radial velocity contours for the background gas. Note this gas
unaffected by the presence of dussthis computation

r [m]

The gas velocity increases near the right boundaBontours of gas velocity
also show this effect near theit wall in Figure 5.1.3 This occurs because the flow
within the boundary layer isither subsonicor moderately supersonibut theDSMC
right wall boundary conditionis appropriateonly for hypesonic outflow. A better
boundary condition would account for molecules entering the domain from the right wall,

but this is not implemented and remains a challenge for DSMC solvEng boundary
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is assumed to not affect the dust motion because the dust is nearly dedamlthe gas

where the boundary effects are noticeable.
All reflectionsfor gas molecules colliding witklust particles are diffuse with
thermal accommodation in this work. The dust particles can then be /ceated

directly by the ga®r, to a lesseextent, byinelastic granular collisions. Mean particle

temperatures are plotted for various size grdtiggjre 5.1.4
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Figure 5.1.4. Dust particle temperatures for 2,a@md 11um particles when the gas is
unaffected by the dust.
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The particles leave the surface at the local surface temperature, 350 K. The
particles are rapidly heated by the hot exhaust gas near the stagnation point. The

smaller particles have a quickdrermal response and reach a temperature of nearly
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1400K. The larger particles reach a maximum temperature near 1150 K. The hot
grains radiate away energy as they expand outwards. The radiation model assumes that
all the radiated energy is lost to spaand not reabsorbed by the gas or neighboring
particles. This model fails to capture phase change effects because the melting point of
basaltic silica or lunar regolith is approximately 105qHeiken, Vaniman, & French,
1991) Phase change energies may be important to include because sintering or melting
will affect granular collisions and can also affect the aerodynamic cross sections.

The simulations previously discussed did not accounthieeffect that the dust
has on the gas motion. The mass fractionasmmonly used tadentify when the
coupling from the particles to the gas is significant. The mass fraction, or loading, is

defined as themass ofall dustparticles divided by the mass of gas molecukegure
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Figure 5.1.5. Dust mass loading, defined as the ratio of the total dust mass to gas mass,
whenthe gas motion is not affected by the dust. The rocket engine is hoakang
altitude of 5 m.

The highest mass loading occurs in the lower layers of the dust spraiieamds
approximately45 times as much dust mass as gas. Thmesns thaB8% of thetotal
massis comprised of dust near the erosion regionhe mass loadig decreases at higher
altitudes because relatively few particles are scatterecnas via granular collisions.

At greaterdistances from the axis, where the dust is relatively decoupled from the gas,
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the dust mass fraction increases. This occurs bedhesgas molecules are light and
can expand more readily away from the surface than the heavy dust particles.

In the next set oSimulations, he gas is fully coupled to the dust and the results
are compared to the uncoupled simulations. First, thetgftgccoupling on the gas
flow field are examined. The gas radial velocitydefined as the velocity tangent to the

surfacejs contoured irFigure 5.1.6
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Figure 5.1.6. Contours of thgasradial velocity when the gas is uncoupled (top) and
coupled inverted imaggto the dust. The rocket engine hovers 5 m above the ground.

The inclusion of dust coupling inhibits the gas motion near the surface, thus
delaying the gaexpansion This is seen ifrigure 5.1.6vhere the radial velocity for the
uncoupled gas tends to be faster than the coupled ffathe mass loading were to
increae further, the differences in velocity would be more apparent. The effect of
coupling has a larger impact on thesgamperature than the velocity as showRigure
5.1.7 The dust leavethe surface at the local surface temperature of 350 K. The gas
therefore loses energy as it heats the particles. The rate of cooling is &gxblarated
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because the dust particles irrecoverably radiate energy to space.acthias a sink

mechanism for removing energy from the gas.

Figure 5.1.7. Contours of gas translational temperature when the gas is uncoupled (top)
and coupled (bottom) to the dust. The rocket engine hovers 5 m above the ground.

Gas velocity and thermalobindary layer profiles arplotted at a location 40 m
from the jet axisin Figure 5.1.8 The dust acts as a resistive stress on the gas, and
causes the boundargyler to thicken. This action is similar to how an adverse pressure
gradient thickens a boundary layer. The temperature is more significantly reduced by
interactions with the dust than momentum. The peak temperature is 4400 K when the
gas is uncoupled d@n2800 K when coupled. The gas temperature may be misleading
because the gas, at this distance, is less collisional and vegquodibbrium. There is a
large relative velocity between the high velocity expanding wall jet and the low speed
molecules thateflect off the wall. This increased relative velocity results in a higher

kinetic temperatureear the surface
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