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A numerical investigation is presented for hypersonic rocket exhaust plume flow over lunar surface, a problem

offering limited experimental data and significant challenges to computational models in practice. In this paper,

examinations on the accuracy of a hybrid continuum-rarefied flow simulation method (unified flow solver)

demonstrated close agreements against experimental data for plume shock structures under vacuum conditions and

the associated force exerted on the impingement surface. The unified flowmodeling approach is then used to resolve

the physics of plume expansion under lunar environment, seamless flow transition from continuum to rarefied

regime, and the corresponding plume–surface interactions. Analysis of the lander descent action or the plume

impingement height revealed significant consequences on the characteristics of supersonic boundary layer, and

resulting surface force distributions ranging from near-plume to the far-field observations.

Nomenclature

dB = shock bowl diameter, m
E = energy of gaseous medium per unit volume, J=m3

f = velocity distribution function or particle distribution
function, m�6 s3

h = height from impingement surface, m
I = collision integral, m�6 s2

i, j, k = direction coordinate indices (dimensionless)
Kn = Knudsen number (dimensionless)
p = gas pressure, N=m2

pj = nozzle exit gas pressure, N=m2

ps = surface pressure, N=m2

p/ = ambient gas pressure, N=m2

R = physical space, m
Rg = specific gas constant, J=kgK
Rn = nozzle exit radius, m
r = position vector, m
S� = breakdown parameter (dimensionless)
T, Tref = gas temperature, reference temperature, K
t = time, s
u, v, w = velocities along x, y, z directions, m=s
Vref = reference thermal velocity, m=s
x, y, z = direction coordinates, m
� = ratio of specific heats of gas
� = shock standoff distance, m
�, �x = velocity vector, velocity in x direction, m=s
� = gas density, kg=m3

�, �m = surface shear stress, maximum stress, N=m2

 = collision invariant (dimensionless)

I. Introduction

A LUNAR spacecraft lands with a gradual powered-descent
approach [1], its thruster rocket nozzle or multiple engine

clusters being directed towards the surface of the moon. Because of
the absence of an atmosphere, the lunar environment allows the
hypersonic rocket plume to expand from a high-pressure continuum
flow to the external vacuum surroundings, where the gas flow
undergoes a transition to rarefied condition. The rarefied plume then
impinges on the lunar surface developing a bowl-shaped standoff
shock [2]. The flow recompresses to a near-continuum stagnation
region, followed by a supersonic boundary layer flow outward across
the lunar surface. This supersonic boundary layer expands again to a
rarefied flow into vacuum. The static pressure exerted on the lunar
surface, is maximum beneath the engine that descends quickly in the
radial direction. While, the dynamic pressure reaches a maxima at a
certain radial location imposing a maximum surface shear stress.
Because of transfer of radial momentum from the flow to the loosely
packed blanket of soil [3], the lunar surface endures a viscous erosion
process [4]. Soil debris being readily lofted from the surface is then
dramatically accelerated to the order of lunar escape velocity level
(�2:37 km=s) [5].

Present understanding of the lunar plume impingement effects is
based on a combination of Apollo astronaut observations [6],
measured Surveyor 3 impact and erosion effects [7], analysis of
Apollo landing video imagery from inside the lander window, post-
landing photographs [8,9], and terrestrial experiments with limited
realism [10–16]. For the Apollo landings, viscous erosion of the
surface layer of dust and sand-sized particles just a few centimeters
thick has been identified as the main mechanism for soil erosion and
loss of visibility [17]. The lack of any lunar atmosphere and resulting
drag forces allow the debris particles to travel unimpeded along
ballistic trajectories over considerable distances. The most serious
dust environment occur during rocket assisted launch and landing
operations. The Apollo 12 Lunar Module landing 155 m away from
the Surveyor 3 spacecraft provided an indication of the risks
encountered by colanding critical hardware. The surfaces of the
Surveyor 3 had been observed to be sandblasted by a high-speed
shower of dust particles during the landing. The liberation of debris
caused by spacecraft landing on the dusty lunar soil threatens to be
one of the highest risks facing lunar exploration system architectures
[18] through visual obscuration, false instrument readings, clogging,
and abrasion. The effects of the plume induced debris transport thus
has a fundamental impact on the design of lunar landing craft,
landing operations procedures, and requirements for spatial
separation of landing and habitation areas for lunar exploration.
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Because of limitations in conducting terrestrial experiments on
such phenomena, future generation space exploration systems will
mostly rely on the predictions of appropriate physics models.
Available analytical method for predicting the observed soil erosion
rates is based on the theory of viscous erosion mechanisms for lunar
dust, initially developed by Roberts [19]. Roberts’ method was
derived from first principles, assuming that erosion is a shearing
process occurring only when the gas-phase shear stress is larger than
the soil shear strength. Hismethod then assumes that the excess shear
stress in the gas boundary layer is exactly transformed into
momentum of the eroding soil particles. However, in reality the
erosion mechanism is hardly dependent on the bulk shearing of the
soil, since debris particles are individually carried away without
being sheared across the surface with horizontal friction beneath the
normal stress. Further, the model does not account for the
fundamentally different lunar flow conditions, and becomes invalid
below a critical nozzle distance from the ground. The limitations of
Roberts’ theory in the predictions of soil erosionwere drawn through
comparison against experiments by Hutton [20]. Metzger et al.
[21,22] have scrutinized the assumptions made in Roberts’ model
and made significant improvements.

The complex nature of plume–surface interactions occurring
across a mixture of continuum and rarefied flow need to be char-
acterized first before understanding and relating it to the soil erosion
mechanism. The peculiar flow conditions offer enormous challenges
to computational modeling approaches as well. Application of a
continuum Navier–Stokes flow solver in the near-vacuum outer
plume regions will be simply inaccurate. The currently prevailing
numerical approach of simulating this kind of mixed flow is the
particle model-based direct simulation Monte Carlo (DSMC)
method. The DSMCmethod [23–25] is based on statistical sampling
of particle motion and collisions. The typical coupling technique of
mixed rarefied-continuum flow is to identify a so-called breakdown
surface where the continuum assumption starts to fail [26,27]. The
resulting subdomains are then solved separately with DSMC and
Navier–Stokes flow solvers communicating at the breakdown
surface interface. A number of researchers [28–32] have demon-
strated the hybrid continuum-rarefied simulations through domain
decomposition using the DSMC technique for the kinetic domain.

In contrast to the hybrid Navier–Stokes/DSMC methods, this
paper presents simulations using a recently developed hybrid
continuum-rarefied flow solver [33] known as the unified flow solver
(UFS), for more efficient description of the physics of lunar plume
impingement. The features of UFS approach are suitably used with
its capability of computing mixed continuum-rarefied-vacuum flows
across the flow regimes from low subsonic to supersonic/hypersonic
in a single simulation without the soil erosion physics.

II. Numerical Method

The work presented in this paper uses the combination of gas
kinetic Euler andBoltzmann transport equations in theUFS, a hybrid
continuum-rarefied computational fluid dynamics method that has
emerged as a unique alternative to the hybrid Navier–Stokes/DSMC
solution approaches. Using the adaptive Cartesian mesh refinement
(open source) framework of the Gerris flow solver [34], the UFS has
been developed for efficient hybrid simulations across the spectrum
of rarefied, transitional and continuum flows by coupling a
Boltzmann kinetic solver with gas kinetics-based continuum flow
solvers. Description of the computational architecture is briefly
presented here. Details of UFS numerical methods can be found in
Kolobov et al. [35,36].

The kinetic Euler scheme of UFS continuum equations is based on
the equilibrium flux method developed by Pullin [37]:
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where � is the density, u, v, w are the velocities along x, y, z
coordinates, p is the pressure, and E is the energy of the gaseous
medium. Here, the governing equations are discretized using finite
volume technique and fluxes at the computational cell faces are
obtained from the integrals of the product of velocity distribution
functions (VDF) and collision invariants [38]:
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where Ynijk is the cell averaged value of Y at time tn and Fni�1=2;j;k,
Gni;j�1=2;k and H

n
i;j;k�1=2 are the fluxes on cell faces along x, y, and z.

The VDF are calculated as
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where  is the collision invariant and f is the VDF at the cell faces.
The fluxes Gni;j�1=2;k and H

n
i;j;k�1=2 are computed in a similar way.

The rarefied flow regime in UFS is resolved by the particle
distribution function in a six-dimensional phase space evolved from
the Boltzmann transport equation [39]. Introduction of a Cartesian
mesh velocity grid space in the numerical scheme reduces the
equation to a system of linear hyperbolic transport equations in
physical space with a nonlinear source term for the collision integral
(I):

@f

@t
�rr � ��f� � I�f; f� (5)

where f�t; r; �� is the particle distribution function, � is the velocity
vector, r is the position vector in physical space and t is the time.

Coupling between the continuum and rarefied solvers in UFS is
implemented through the corresponding VDF at the breakdown
interface. The interface is identified by a threshold value of the
breakdown criteria (S�), a function of the local Knudsen number
(Kn) and the gradient of mass density:

S� � Kn
1

�
jr�j (6)

In theUFS numerical technique, the use of thefirst-principle based
Boltzmann transport equation offers significant advantages. The
nonstatistical Boltzmann transport equation in the particle kinetic
regime allows application of solver techniques for both the
continuum and kinetic models with nearly seamless coupling of the
continuum and kinetic domains. The accuracy and robustness
advantages of the Boltzmann solution approach are particularly
striking for low speed rarefied flows. Moreover, this hybrid method
provides significant time savings by limiting kinetic scale solutions
only to regions where they are needed [36]. Since the CPU time
requirement for the continuum solver is more than 1 order of
magnitude lower than for the Boltzmann solver, using an intelligent
domain decomposition method this hybrid scheme provides
excellent numerical stability and also substantial speed-up of the
simulations at the same time. Evaluation ofUFS predictive capability
and its advantages in comparison against the DSMC method have
been presented by Josyula et al. [40] for a hypersonic nozzle plume
flow.
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III. Results and Discussions

In this numerical study, the accuracy of UFS predictions is first
validated against experimentally conducted plume impingement
tests under variable vacuum conditions. The plume flow character-
istics under lunar environment are then investigated to characterize
the effect of spacecraft proximity to the lunar surface.

A. UFS Validation for Plume Impingement Under Vacuum

The accuracy of UFS predictions using Euler gas kinetics scheme
(with first order accuracy) and the Boltzmann transport equation was

examined by simulating a radially symmetric supersonic plume
exhausting from a nozzle into near-vacuum and impinging on a
surface. Experimental testswere conducted byLand andClark [2] for
flow impingement of nitrogen gas on aflat surface under awide range
of nozzle exit-to-ambient pressure ratios (pj=p1 � 0 to 270) and
various nozzle distances from the surface. The conical nozzle (15�

half-cone) with an exit diameter of 5=8 inch employed in these tests

Fig. 1 Experimental shadowgraphs of Land and Clark [2].

Fig. 2 UFS Mach contours under varying nozzle exit-to-ambient

pressure ratios.

Fig. 3 Variation of shock bowl diameter with nozzle exit-to-ambient

pressure ratio.

Fig. 4 Variation of shock standoff distance with nozzle exit-to-ambient
pressure ratio.

Fig. 5 Effect on pressure due to nozzle exit-to-ambient pressure ratio.

Fig. 6 Plume impingement surface pressure distribution.

Fig. 7 Plume impingement surface shear stress distribution.
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was designed [12] for an exit Mach number of 5.0. The experimental
results provided both qualitative and quantitative descriptions of the
nature of plume flow field. Fixed flow conditions were imposed for
UFS computations at the nozzle exit boundary, with axisymmetric
condition on the plane of plume centerline. The computational
domainwas extended to 30 and 60 times the nozzle exit radius (Rn) in
the plume normal and radial directions, respectively. The boundaries
in these directions were set to free exit conditions for the gas-phase
and diffuse reflection conditions on the solid impingement surface
using the Boltzmann solver. The mass density gradient and local
Knudsen number based continuum-rarefied breakdown criteria for
hybrid domain decomposition was used with a threshold value of
0.025. In UFS simulations, both internal (rotational and vibrational)
and translational energies were considered for a single species
diatomic gas.

As presented in the experimental shadowgraphs in Fig. 1, four
different nozzle exit-to-ambient pressure ratios, pj=p1 � 1:16,

Fig. 8 UFS contours of Mach (left) and Knudsen (right) numbers.

Fig. 9 Hybrid domain decomposition (h=Rn � 2:5 with log10-based

Knudsen number).

Fig. 10 Transition of Knudsen number (log10-based).
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3.79, 49.9 and 264.0 were selected for simulations for an im-
pingement height-to-nozzle radius ratio (h=Rn) of 6.7. The contours
of Mach number obtained from UFS simulations in Fig. 2 presents a
qualitative comparison against the shadowgraphs of the experiments.

The Mach contours (images mirrored about the axis of symmetry)
illustrate the dramatic effect on plume expansion, while the shock
standoff distance under the curved sonic lines can be observed to
decrease upon increasing the pressure ratio. The presence of an

Fig. 11 Transition of Mach number.

Fig. 12 Radial velocity profiles.
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inflection point in the standoff shock at the lower pressure levels and
its disappearance for the high expansion ratios is well-resolved with
UFS. As observed in the experiments also [2,12], these inflection
points are distinctive under lower pressure ratios due to the expansion
waves of the standoff shock which diminish with plume expansion
under increasing vacuum conditions or at higher pressure ratios.

Quantitative assessment of UFS results against experimental data
was performed through measurements of the normal shock bowl
diameter and shock standoff distance under various nozzle exit-to-
ambient pressure ratios and impingement heights. For this study,
simulationsweremostly carried out forpj=p1 � 15, 30, 60, 90, 120,
and 180 in order to consider the available experimental data range.As
evident in the experimental shadowgraphs and UFS Mach contours,
the shock bowl diameter is predicted to gradually expand upon
increasing the pressure ratio, ultimately reaching a near constant
value. A similar behavior is predicted with a decrease in the shock
height. The maximum Prandtl–Mayer expansion angle 76.95� at
Mach number 5.0 compareswellwithUFSpredictions of 77.1� of the
asymptotic bowl diameters. UFS predictions of the normal shock
bowl diameters (dB=Rn) for impingement height-to-nozzle radius
ratios h=Rn � 4:0, 6.7, 8.0 and 11.9 shown in Fig. 3 demonstrate
close agreement with the experiments for all impingement heights.
Results of the normal shock standoff distances (�=h), depicted in
Fig. 4 also follow the trends of experimental profiles for h=Rn � 8:0,
16.0 and 32.6. The total number of continuum/Boltzmann cells were
10,629/4718 for the case of h=Rn � 8:0 at pj=p1 � 90 with 24 	
24 	 12 velocity grid size for the Boltzmann solver. The corre-
sponding simulation runtime was 4.7 h on five cluster nodes using
one Advanced Micro Devices (AMD) processor core per node
(64 bit, 2.2 GHz speed, 2056 MB total memory).

The contours of the nondimensional pressure field (log10-based)
shown in Fig. 5 for h=Rn � 6:7, illustrate the characteristics of
plume–surface interaction under varying exit-to-ambient pressure
ratios. A strong effect of plume impingement on the surface is
revealed with a high-pressure field underneath the bowl shocks that
rapidly diminishes along the radial direction on the surface (r=h).
This flow behavior and the surface forces exerted are confirmed well
by the UFS representation of the surface pressure distribution (p=ps)
in Fig. 6 and surface shear stress distribution (�=�m) in Fig. 7 for the

case of h=Rn � 8:0 at pj=p1 � 90, in agreement with the theory
presented by Roberts [19].

The hypersonic plume–surface interaction problem presented
preceding is much like the lunar landing scenario. Since the lunar
environment is difficult to recreate in terrestrial experiments due to
the high expense of lunar stimulant and practicality of hypersonic
plume expansion in vacuum chamber, the fundamental physics
models in UFS can be relied upon for simulations of the lunar gas
dynamics and surface interactions. The assessment of UFS results
conducted in comparison with experimental tests shows the
capability of accurate predictions of such flow characteristics.

B. Plume Impingement Analysis Under Lunar Environment

The objectives of these studies are a) to investigate the physics of a
radially symmetric hypersonic plume flow effects under lunar
environment, b) to resolve smooth transition from highly continuum
to extremely rarefied flow conditions, and c) to predict the
distribution of forces on the impingement surface with variation of
nozzle height. A detailed description of this rocket exhaust plume–
surface flow physics is essential for its effect on the viscous lunar soil
erosion rate and consequent dust transport in the surrounding. In
these numerical experiments, UFS hybrid simulations with a
breakdown threshold value of 0.025 were performed to achieve
steady-state results with three stages of nozzle radius-to-height ratios
(h=Rn � 10:0, 5.0, 2.5) above a flat impingement surface. The
rectangular computational domain spanned 60 	 Rn in the radial and
30 	 Rn in the plume normal directions.

An inflow boundary condition was used to create the Apollo lunar
excursion module (LEM) engine plume flow originating from the
nozzle exit surface. The nozzle exit profile of the LEM engine
exhaust flow at the 30% engine power level [1] was used for the
plume inflow boundary condition with axisymmetric conditions
along the plume centerline. The resulting nozzle exit Mach� 6:0
and Knudsen number �Kn� � 1:6 	 10�4, represented full contin-
uum flow for the gas kinetics-based Euler simulations (first order
accurate) in UFS assuming an inviscid ideal gas flow. The diffuse
reflection condition on the solid impingement surface using the
Boltzmann solver was imposed along the radial direction and the far-
field condition was set to p1 � 8 	 10�9 Torr (ambient to nozzle
exit pressure ratio of 2:133 	 10�8). This ambient pressure was
selected based on Apollo 12 lunar atmosphere assessment by West
et al. [18]. Both internal (rotational and vibrational) and translational
energieswere considered for a single species diatomic gas. Adequate
computational cells were used for high resolution of the shock
structures. The total number of continuum and Boltzmann cells used
for these simulations were 6859/5619, 9853/8886 and 11,419/
11,290 for the cases h=Rn � 2:5, 5.0 and 10.0, respectively, and used
24 	 24 	 12 velocity grid size for the Boltzmann solver. The
corresponding simulation runtimes were 10.6, 16.5 and 21 h on five
cluster nodes using one AMD processor core per node (64 bit,
2.2 GHz speed, 2056 MB total memory).

1. Flow Mach and Knudsen Numbers

The UFS flow contours of Mach and Knudsen numbers are shown
in Fig. 8. At h=Rn � 10:0, the plume is observed to expand under the
lunar rarefied environment resulting a curved bowl shock standoff
above the surface. As the impingement height decreases, the overall
plume expansion volume is observed to be effectively reduced as the
bowl diameter (dB=Rn) of the jet boundary decreases in the order 9.7,
5.6 and 3.6 with the nozzle descent and the normal shock sonic line
gets flattened due to surface proximity. The contours of the Knudsen
number (log10-basedKn) show the distinctive regions of near-plume
continuumflow (lowKn, dark), the off-plume rarefiedflow (highKn,
bright) and the seamless intermediate flow transition resolved by
UFS. The hybrid domain decomposition method of UFS in Fig. 9
shows the transition of the log10-based Kn with the rarefied (bright)
and continuum (dark) regions for h=Rn � 2:5.

The effect of impingement height on the transition of flow
Knudsen number (Kn) and the flowMach number are represented in
Figs. 10 and 11. The contour lines (log10-based numbers) confirmFig. 13 Contours of flow density field (log10-based).
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that in the vicinity of the plume, the Knudsen number is of the order
of 10�4 (nozzle exit), which undergoes a smooth transition to the
rarefied condition by a gradual rise to the order of 0:2<Kn < 2:5 for
2:5< h=Rn < 10:0, in the plume normal direction. The nozzle height
effect on the flow transition in the far-field is also evident from these
contours (Figs. 8 and 10). The low Knudsen number (continuum)
zone is compressed by effect of the nozzle descent. However, due to
stronger impingement effect during the descent action, the contin-
uum flow direction is reflected more toward the vertical direction, as
shown by elevated values of the Knudsen number at lower heights.
The flow Mach number contours in Fig. 11 shows the reduction in
shock bowl diameter lowering the nozzle height and the corre-
sponding structure of the sonic line. The Mach levels inside the
plume steadily increases from the nozzle exit plane to the sonic line,
while flow transition occurs beneath the plume standoff from
subsonic to supersonic range along the radial direction.

The contours and profiles of nondimensional radial velocity,
density, and pressure flow fields along the plume normal direction
(0:0< y=Rn < 30:0) were examined at various radial locations

(x=Rn) ranging from near-plume to far-field locations. The flowfield
monitor points in the UFS simulations were clustered near the solid
surface in order to identify variations of the flow properties and
subsequent physical gradients in the supersonic surface boundary
layer.

2. Flow Radial Velocity

The behavior of the radial velocity in the supersonic surfaceflow is
shown in Fig. 12. The velocity field in UFS is normalized to the
thermal velocity Vref �

p�2RgTref�, where Tref � 500 K was
considered in these simulations. Profiles of the near-plume con-
tinuum region (x=Rn � 2:0, 4.0 and 6.0) show presence of signif-
icant gradients in the surface normal direction (0:0< y=Rn<
1:0). Under lower nozzle heights for a certain y=Rn, higher
magnitudes and variations of radial velocity are detected very close
to the impingement surface. These gradients diminish as the flow
proceeds radially outward. The radial velocities for all impingement
heights tend to merge at large distances as the flow regime becomes
rarefied. Evidence of this strong gradient in the supersonic radialflow

Fig. 14 Density profiles.
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justifies a functional relationwith the surface shear force acting in the
near-plume region. It is to be noted that during the lander engine
shutdown stage under subsonic flow regime, a boundary layer
transition from laminar to fully turbulent regime is likely to occur
depending on the nearness of the nozzle height to the surface, the
roughness scales of the lunar regolith and entrained dust particles
[41]. This viscous boundary layer has a critical impact on the lunar
soil erosion mechanism caused by frictional stress.

3. Flow Density Field

The flow density contours (log10-based) under various nozzle
heights are illustrated in Fig. 13. It can be observed that the density at
the near-plume exhaust is of the order of the nozzle exit condition
(�� 1:0) that rapidly decreases to negligibly small magnitudes both
vertically and radially outward in the lunar environment. The contour
levels illustrate that the overall influence of continuum flow region in
the plume flowfield environment reduces upon lander descent. Thus
once eroded due to increasing impingement pressure and resulting
shear forces, the lunar soil debriswill be easily lofted from the surface
and greatly accelerated in the surrounding without any drag force
offered by the gas. It can also be envisaged that at lower engine
heights, the dust particles trajectories will have more vertical
orientation due to flow reflection.

The density profiles at various radial distances are plotted in
Fig. 14. In these plots, it is confirmed that the near-plume density
undergoes a rapid transition from the order of the plume origin
condition merging smoothly to a low gas density of the lunar envi-
ronment. Because of predominance of continuum flow close to the
surface, the density field is not much affected by the nozzle height
variation in the near-plume region (x=Rn � 2:0). However, due to
different extents of flow transition region induced by the im-
pingement height, the profiles gradually depart from each other with
small vertical gradients along the radial direction. The fluid density
sharply decreases along large radial distances due to rarefaction of
the gas under lunar vacuum. The transition from highly continuum to
highly rarefied regime and the surface flow characteristics are clearly
notable in these figures.

4. Flow Pressure Field

The resulting fluid pressure under the plume at various nozzle
distances and the corresponding force distribution on the im-
pingement surface are presented in Figs. 15 and 16. The surface
pressure and shear stress in Fig. 16 are normalized by 0:5�u2 based
on nozzle exit conditions �� 1:0 and u�Mach

p��T=2� with
T � 1:0 (T being normalized to the reference temperature Tref in
UFS). The contours of the log10-based flow pressure in Fig. 15
display a direct effect of the nozzle height on the plume near-field
flow. It is revealed in Fig. 16a, that the magnitude of maximum
surface pressure or the normal force exerted at the plume centerline
increases approximately by a factor of two due to decreasing nozzle
height by the same factor. The influence of shock bowl diameter is
also notable both in Figs. 15 and 16, where the surface forces have
reduced effect of the plume in the radial direction (x=Rn) with height
descent. A transfer mechanism of plume normal forces to the radial
direction can be explained by the peaks of surface shear stress at a
certain radial location in Fig. 16b.

This phenomenon occurs when the radial distance crosses the flat
region of the standoff shock (r=Rn � 1:0), where the sonic line
curves to form the bowl shape. The sharp decline in the pressure
peaks are consequently balanced by rise in the surface tangential
forces. This typical behavior of the surface shear forces has been
explained by Roberts [19] through theoretical formulations of shear
stress distribution along the radial direction.

The characteristics of near-plume and far-field flow pressures are
presented in Fig. 17. The near-plume profiles in Fig. 17 portray a
direct influence of the plume impingement height. As seen in Fig. 16,
these plots also reflect that higher nozzle heights will impose larger
area of the pressure distribution on the surface, even though the
magnitude of surface pressure at the plume center is roughly doubled
with decreasing height. This is evident with declining pressure
magnitudes with the height for all radial locations. However, the
pressure gradients along the vertical direction are significantly large
for higher nozzle heights, dropping quickly into the rarefied
environment. As observed in the density profiles, the plots of flow
pressure in Fig. 17 also indicate the effect of flow transition from

Fig. 16 Impingement surface forces.

Fig. 15 Contours of flow pressure field (log10-based).
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near-plume continuum through remarkable close-surface gradients
that drastically reduce in magnitude and merge into the lunar
environment rarefied pressure.

IV. Conclusions

A hybrid continuum-rarefied UFS was used to simulate the effect
of hypersonic plume exhaust impingement on a flat surface
representing lunar surface. An examination of the accuracy of UFS
predictions demonstrated good agreements with plume impingement
experiments and theory. A numerical analysis on the details of
Apollo lunar lander plume flow characteristics under various im-
pingement heightswas then conducted under lunar environment. The
axisymmetric UFS predictions were able to smoothly capture the
transition of near-plume continuum flow regimes to the plume far-
field rarefied lunar conditions. Significant differences in the flow
characteristics were revealed with nozzle height variation. The effect
of plume expansion on the impingement surface and the gas density
in the radial direction was observed to be reduced with the lander
descent. In turn, higher surface pressures at the plume center andflow

reflection in the vertical direction were observed under lower nozzle
heights. The consequent transfer of radial momentum to the surface
tangential forcewas also clearly depicted. Predictions of thesemixed
continuum-rarefied hypersonic plume flow fields and the corre-
sponding surface forces are directly relevant to the viscous lunar soil
erosionmechanism, crater formation and debris transport.Moreover,
presence of large or small-scale lunar surface roughness has a direct
effect on the soil liberation due to elevated local skin friction. A
combined plume-soil interaction and debris transport multiphysics
modeling approach is necessary for the analysis of this impact in the
lunar environment.
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