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From the crewed Apollo missions to the recent Chinese Chang’e landings, the
interaction between spacecraft exhaust plumes and lunar soil produces dusty
clouds with high-speed particle ejection. Despite varying landing sites,
remarkably stable streak patterns were observed, raising questions about their
origin. We solved this puzzle by showing that these patterns were driven by
Gortler instability from the curved compressed shear layer of the supersonic
but surprisingly laminar jet. This instability creates vortical structures that
entrain and eject particles. The number of streaks exhibits an interesting
scaling with the jet pressure ratio, which can be modeled with linear instability
theory and shows excellent agreement with scaled-down experiments, simu-
lations, and actual observations in landing videos. Our findings provide a fluid
physics explanation of extraterrestrial landings, highlighting the role of
particle-laden flows and paving the way for future missions to optimize landing

strategies and mitigate dust cloud effects on equipment and visibility.

The Moon’s well-preserved surface and ancient geological features
offers an unparalleled record of early Solar System history, making
it a prime target for scientific exploration. Selecting optimal landing
sites is crucial for both safety and scientific return. Samples from
the Apollo missions on the lunar nearside revolutionized our
understanding of planetary formation, lunar age, impactor popu-
lation, magnetic field, and seismic activity' . Recent missions, such
as the uncrewed Chang’e-5’, filled a gap in the lunar chronology
model®*® and revealed high water content in returned lunar
samples'®".

In all these missions, a consistent and striking pattern of radial
streaks—consisting of alternating light and dark rays extending out-
ward from the exhaust plume’s point of impingement—has been
observed as the spacecraft approaches the lunar surface. Figure 1
presents images of the soil taken when the lander is just a few meters
above the ground, capturing this distinct pattern. Surprisingly, despite
the differences in the surface roughness, soil types, payload mass, and
the nozzle designs, the streak patterns share many similarities, in
particular the number of streaks shown in the images. These streaks

have also been observed in terrestrial experiments conducted in pre-
paration for the lunar landings, including those from the Apollo era’ ™,
as well as in more recent studies motivated by renewed interest in
space exploration™",

In this work, we show that the radial streaks observed during lunar
landings result from a flow instability that generates vortices in the
exhaust plume, which entrain and eject surface particles into coherent
patterns. The resulting concentration gradients produce distinct
streaks of scattered light captured in landing footage. Through theory,
experiments, and simulations, we explain the formation and scaling of
these streaks, reproducing them in both terrestrial experiments and
actual lunar landings.

Results

To study this landing-relevant phenomena, a canonical setup was
designed, featuring a jet impinging on a granular bed that was initially
flat, as shown in Fig. 2a. The Mach number at the jet exit plane is
relevant for lunar lander conditions at M, = 5.3, with a nozzle area ratio
of 31.7. The dimensionless height, z/D,., where z is the height from the
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Fig. 1| Images from different lunar landings as the spacecraft approaches the Moon’s surface, generating radial ejecta streaks. a Apollo 12 (1969)*, b Apollo 15

(1971)*, ¢ Chang'e 4 (2019)*.
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Fig. 2 | Experimental facility to study the ejecta streaks. a Experimental sche-
matic of the supersonic jet impinging on a granular bed, b the impinging jet dia-
meter as a function of the jet pressure ratio, ¢ half-view of the front window
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showing the elevated ejecta streaks, and d schematic of counter-rotating stream-
wise vortices interacting with a granular bed.

nozzle to the soil surface, and D, is the nozzle exit diameter, was varied
between 3 and 13.

The nozzle was positioned downwards near a transparent side
wall to allow for visualization of the cratering dynamics”™". The par-
ticles were monodispersed sand with a mean diameter of d_p =150 um.
A 10 Hz camera, mounted above the soil bin and pointing downward,
captured the ejecta patterns. The soil bin dimensions were
80 cm(L) x30 cm(H) x40 cm(W), providing lateral dimensions
approximately 30 times the nozzle diameter to ensure that the jet
expansion at impingement was not affected by the boundaries.

Reaching and maintaining low ambient pressures similar to lunar
conditions posed a significant challenge. To address this, the experi-
ment was conducted in a large walk-in vacuum chamber with a volume
of 75m?, equipped with two high-capacity pumps to achieve the
required low pressures. While the pumps were deactivated during gas
injection, the chamber’s large volume effectively minimized pressure
increases during testing, ensuring the sustained low-pressure envir-
onment necessary for the experiment.

In addition to the experimental schematic, Fig. 2a illustrates the
flow dynamics, overlaid with snapshots of the cratering and ejecta
patterns on the r-z and r-6 planes, respectively. As the high-speed flow
from the nozzle reaches the soil surface, a standoff shock forms,
redirecting the flow outward along the radial r direction'>*?°2, This
standoff shock consists of both normal and oblique components, with
the shock being parallel to the ground beneath the jet at its axis and

curving further away from it*. This curvature leads to pressure varia-
tions beneath the shock, where the static pressure is the highest at the
stagnation point and decreases radially outward®. At a certain radial
distance, the flow accelerates to supersonic speeds as the density
decreases, creating a region of maximum dynamic pressure where the
surface shear stress peaks". This causes erosion to initiate in an annular
ring as shown in the rz plane of Fig. 2a and the zoomed-in view in Fig. 2c.
The diameter (D) of the jet at impingement corresponds to the flat
region below the standoff shock, where little erosion occurs within.

Outside of the impingement area, the ejecta form a periodic
pattern of radial streaks. In Fig. 2c, it can be seen that the streaks
appear to be lifted off the ground, suggesting that the observed pat-
terns are not formed by surface roughness but by ejecta being pre-
ferentially concentrated in certain regions. In Fig. 2a, the ejecta streaks
are visible due to more light scattered from regions with higher con-
centrations of particles, which can also explain the streaking phe-
nomena observed during lunar landings as shown in Fig. 1. The total
number of streaks n can be directly counted, and their wavelength A
can be defined as

A=—. @

Figure 3 shows the results of n as a function of the jet pressure ratio
ne=P/P., defined as the ratio of the jet exit pressure P, and the
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Fig. 3 | The number of streaks n as a function of the jet pressure ratio. The data
includes current experiments and simulations, data from the literature, and esti-
mations from the lunar landing images for the Apollo and Chang'e missions.

ambient pressure P... The parameter 7. is known to dictate the struc-
ture of shocks within underexpanded jets*. For a lunar lander far away
from the surface, 17, exceeds 10° due to the Moon’s extremely low
atmospheric pressure. However, as the lander approaches the lunar
surface, the gas injection from the exhaust continues to increase the
local pressure, resulting in a reduced .. Direct experimental mea-
surements from the ejecta streak patterns are presented as black cir-
cles and increase with .. Figure 3 also shows the number of counter-
rotating vortex pairs inside the compressed shear layer of a free
supersonic underexpanded jet without impingement (black hollow
squares)?. Although the number of vortex pairs is systematically lower
than ours, the data follows the same trend with .. The smaller number
may be due to the fact that the number of vortex pairs was extracted
much closer to the nozzle exit without impingement. Nevertheless, the
similarities between dust streaks and vortices in the compressed shear
layer suggest that the dust on the surface may be entrained by a series
of counter-rotating vortex lines that originate from the compressed
shear layer of the jet and are retained as the jet fans out. The dust
entrainment in the vortex lines is illustrated in Fig. 2d. Similar to the
counter-rotating streamwise vortices observed in turbulent boundary
layers?®?, these vortices transport the heavier dust particles centri-
fugally to regions in between, thereby exhibiting the streak patterns. In
the wall-normal direction, some particles are swept closer to the
surface, while others are ejected away by those vortices. Since particles
are heavier than the gas, they preferentially stay in the low momentum
regions deeper in the boundary layer and eventually deposit into
ridges whereas the vortex scours the surface, entraining material and
leaving depressions.

Numerical simulations of underexpanded jets were performed,
matching the same nozzle geometry and over a range of jet pressure
ratios. They provided enhanced visualization of the flow (Supple-
mentary Fig. 1) and supported the hypothesis that regular periodic
vortical structures (Supplementary Fig. 2) originate close to the nozzle
exit. The three-dimensional viscous, compressible Navier-Stokes
equations were solved using high-order, energy-stable finite-difference
operators on Cartesian grids. Boundary conditions were enforced at
the nozzle surface via a ghost-point immersed boundary method.
Additional details on the numerical scheme can be found in ref. 28 and
also in the Supplementary Material.

To investigate the origin of these vortical structures, data from a
corresponding single-phase experiment was used. The experiment was

conducted using the same supersonic gas jet but impinging on a flat
plate instead of a regolith bed, visualized with nitric oxide planar laser-
induced fluorescence (NO-PLIF)?. The nitric oxide seed gas was at less
than 1% of the overall mass flow rate and can be considered perfectly
mixed within this flow configuration. Figure 4a presents a PLIF visuali-
zation for a jet with . = 50, where the vertical and radial coordinates are
normalized by the nozzle diameter. The image intensity qualitatively
corresponds to the gas density, with higher densities near the nozzle.
These visualizations offer valuable insights into the rapid expansion of
the jet, leading to large jet diameters. In addition, close to the jet
boundary, a region between the barrel shock and jet boundary with
thickness 6 can be observed clearly, which we term the compressed
shear layer. As . increases to 500 in Fig. 4d, the jet boundary becomes
more diffuse, making the compressed shear layer less discernible.

Another important feature is the curvature of the jet boundary.
The boundary of the supersonic underexpanded jet tends to expand
and contract, leaving behind a curved jet boundary and barrel shock as
shown in Fig. 4a. Simultaneously, the velocity difference between the
flow inside the jet and the surrounding ambient environment gen-
erates a radial velocity gradient in the compressed shear layer.
According to the Rayleigh circulation criterion®, this flow is inherently
unstable as the circulation I~ decreases with increasing radius,
expressed as d?/dr<0. This instability arises because the centrifugal
forces within the curved compressed shear layer cannot be balanced
by the pressure gradient, leading to the formation of Gortler vortices.
The Gortler vortices are steady, streamwise-oriented, and counter-
rotating, and they develop within the curved compressed shear
layer®-2,

To determine the existence of vortices within the compressed
shear layer of the jet, the stability parameter—the Goértler number*—is
defined as

c=(%) v P)

5

where k=8§/2 is the ratio of the boundary layer thickness and the
radius of curvature. In this definition, we replace the boundary layer
thickness with the compressed shear layer thickness, as vortices form
in regions of large velocity gradients. The viscous scale is defined as
£=1/Res, where Regs is the Reynolds number based on the compressed
shear layer thickness 6. The final expression for the Gortler number

becomes
12
o-[2(3)]"

where U is the gas velocity just inside of the compressed shear layer,
and v is the kinematic viscosity of the fluid.

The fluid parameters in Eq. (3) are extracted from knowledge of
the flow properties at the exit of the nozzle. The gas velocity is defined
asU=M,./yRT,, where y=1.4 is the ratio of specific heats, R=298.6 )/
kg - K, M.=5.3, and T, is the temperature at the jet exit estimated from
the isentropic relationship and the measured stagnation temperature.
The length scales in Eq. (3) are determined directly from the single-
phase PLIF images. In Fig. 4a, R is the reciprocal of the local curvature k
computed along the z direction from the PLIF images.

Figure 4b shows the normalized radius of curvature as a function
of downstream distance for n. = 50. The radius of curvature increases
to its maximum and then decreases as the flow approaches the wall.
The variation of R with the jet pressure ratio is shown in Fig. 4c, which
encompasses over two decades of variation in r.. The same procedure
was repeated for another dataset of impinging jets* to extract R at a
different M,=2.6 and n.=3.4-18.5, which agrees with our data and
follows a similar power law of R ~ r]}/ 3 with a fitted exponent of
approximately 0.33 (close to 1/3).
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Fig. 4 | Single-phase jet profiles under varying ambient pressures. a, d Planar
laser-induced fluorescence images of a Mach 5.3 jet impinging on a flat plate at
n.=50 and n. = 500, respectively. The scale for the color bar represents the image
intensity, which qualitatively translates to the gas density. b The measured radius of
curvature and e compressed shear layer thickness as a function of downstream
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distance for . =50. ¢ The radius of curvature and f compressed shear layer
thickness as a function of the jet pressure ratio. The scale bar is 1.38 cm. Vertical
bars in (b) and (e) show the standard deviation from analysis of various single-phase
images at similar conditions. Vertical bars in (c) and (f) show the variation of R and
& in the range of z/D, used.

The variation of 6 with downstream distance is shown in Fig. 4e,
showing a rapid growth up to z/D. = 3.5, coinciding with the growth of
the radius of curvature. After this value, 6 grows at a slower rate, likely
due to wall effects. The variation of the compressed shear layer
thickness with n. for current experiments, along with data from ref. 34,
is shown in Fig. 4f, where 6 is normalized by D, and M;l, with the latter,
to ensure collapse of the data. Similarly, with the radius of curvature,
the compressed shear layer thickness for current experiments and
data from ref. 34 follow a power-law scaling of & ~ /¢ with a fitted
exponent of approximately 0.167 (close to 1/6).

From the measured # and §, the Gortler number can be acquired.
For a Blasius boundary layer, the wave number that corresponds to the
maximum instability growth rate (8) for a given Gortler number has
been determined before®. Although the lunar lander has a large ret-
ropropulsion rocket engine resulting in a supersonic plume, the
ambient density in the lunar environment is so small that the jet and its
compressed shear layer is likely laminar. As a result, the relationship
between B and G can still be applied here to extract the wavelength
A=2mr6/B and the number of streaks by rewriting Eq. (1) as n=nD/A.

The number of counter-rotating vortices computed from the
Gortler instability using gas-phase data is shown as purple triangles in
Fig. 3. They match exceptionally well with the direct measurements of
the ejecta streaks, which provides strong support to our model.

In addition, with the scaling of the jet impingement diameter D ~
nY? from Fig. 2b and 6 ~ nY/° from Fig. 4f, we can now formulate a
prediction for the scaling of n versus ., which corresponds to the
number of counter-rotating vortex pairs within the compressed shear
layer at impingement. The scaling is shown as a red solid line in Fig. 3,
which agrees with the overall trend of the experimental results.

It is important to note that, as . grows to larger values, the jet
boundary and corresponding compressed shear layer become difficult
to identify because the flow in this regime is close to being sub-con-
tinuum, and the jet boundary becomes diffusive with no clear
demarcation as shown in the PLIF image in Fig. 4d. Therefore, the
scaling for § is potentially valid only up to n.=500, where the jet

boundary becomes diffusive, and a defined compressed shear layer is
no longer present.

Furthermore, the number of streaks that appear in the lunar
landing missions was extracted directly from Fig. 1. Since most of the
data only contains a small section of the plume-surface interaction
region, the number of streaks are summed over a range of angles in
order to estimate the total number of streaks surrounding the landing
site. The estimated number ranges from 30 (Chang’e-6) to 70 (Apollo
15) with only about a factor of two in difference. Such a small difference
is surprising given the wide range of variations in landing conditions,
lander payload, and the rocket engine design. In addition, the number
is systematically higher in Apollo missions than the Chang’e missions,
which could be attributed to the fact that the camera mounted on the
Apollo landers was tilted whereas the Chang’e cameras face straight to
the surface. Without more information, however, it is difficult to cor-
rect for this difference.

Note that when the lander is approaching the lunar surface from
afar, erosion first occurs as a cloud or haze, where no coherent dust
structures are visible®>*® because 1,>10° is so large that the jet
boundary is diffusive and no instability has occurred. When the lander is
closer to the surface, the streaking stage begins*, which is due to the
larger local gas pressure and density from prior gas injection. As a result,
the jet boundary and resulting compressed shear layer begin to emerge.
Only at this moment, the streak pattern can be observed. Therefore, we
approximate the effective . when the lander is close to the surface to
be approximately n. -~ 500. For any . larger than this critical number,
the diffusive jet boundary will preclude any streaks from forming.

The universal nature of Gortler instabilities provides a compelling
explanation for the consistency observed between scaled-down
experiments on Earth and actual lunar landings. It is also noteworthy
that, despite the inherently turbulent nature of supersonic flows on
Earth, the supersonic flow in extraterrestrial applications could actu-
ally be laminar, which tends to generate flows at low Reynolds number
but high Mach number (and high particle loadings) that have not been
considered previously.
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Finally, the streak patterns have not been observed in landing
footage on Mars because the ambient pressure on Mars is twelve
orders of magnitude higher than that on the Moon. As a result, it is
likely that the rocket engine exhaust plume is both supersonic and
turbulent, similar to Earth conditions. However, the heterogeneous
distribution of ejecta, concentrated by turbulent instead of laminar
vortical structures, still applies, but not as regular as that on the Moon.
Moreover, we predict that the streak patterns should be similar for
landing on the Moon and small asteroids with no atmosphere, because
the pattern should only become apparent when the pressure ratio
decreases to 500 or below.

Methods

The experiments were conducted at NASA Marshall Space Flight
Center as part of the Plume Surface Interaction Physics Focused
Ground Test 1 and 2, two experimental campaigns geared towards
gaining a more comprehensive understanding on plume-surface
interaction physics application to extraterrestrial landings. Two coor-
dinated experiments were conducted in order to capture the multi-
phase flow and the single-phase flow behavior.

The first experiment was conducted inside a vacuum chamber
with a diameter of 4.5 m and a volume of 75 m?, capable of reaching
2.67 Pa, a lunar-relevant condition. As shown in Fig. 2a, the experi-
mental setup is composed of a regolith bin, with the supersonic nozzle
placed at the edge of the bin, which allowed for visualization of both
the crater and ejecta evolution. A low-speed camera captured the
particle and crater formation with a top-down view, and a high-speed
camera was used to capture the evolution of the crater. Although
various particle sizes and different materials were used for the
experimental campaign, this study focuses on the silica sand particles
with a mean diameter of 150 microns. This is due to the clear view of
the ejecta streaks provided with the silica sand particles over the other
materials tested.

The second experiment was conducted inside a 6-m vacuum
chamber, with the matching ambient conditions as in the multiphase
study. The experiment consisted of a single-phase supersonic jet, the
same used as in the multiphase experiments, impinging on a rigid flat
plate. To visualize the single-phase jet, planar laser-induced fluores-
cence (NO-PLIF) of seeded nitric oxide was used®. Less than 1% of the
overall mass flow consisted of the seeded NO, which was premixed
with heated nitrogen. A 10 Hz Nd:YAG pumped dye laser system was
used to generate a tunable output of 226 nm. The laser sheet inter-
rogated the flow at the centerline, and the fluorescence images were
captured with an intensified SCMOS camera. PLIF was primarily used
for flow visualization, focusing on key flow features such as the jet
boundary and stagnation shocks.

Details of the simulation results can be found in the Supplemen-
tary Material. Here, we summarize some key aspects of the simulation.
Numerical simulations were conducted with two nozzle geometries: a
converging (sonic) nozzle, where boundary conditions were set to
ensure choked flow (M.=1), corresponding to the lower range of jet
pressure ratio; and a supersonic converging-diverging nozzle with an
exit Mach number M,=5.3, designed to match experimental condi-
tions. Simulations of free jets were performed to isolate and investi-
gate the origin of streamwise streaks. These streaks were identified by
visualizing the streamwise vorticity component in cross-sectional
views of the jet near the nozzle exit, revealing pairs of clockwise and
counterclockwise vortex structures, which were counted after the flow
reached a steady state. All simulations were run on the Great Lakes
high-performance computing cluster at the University of Michigan,
managed by Advanced Research Computing.

Data availability
All the data supporting this work are available from the corresponding
author upon request.

Code availability
Codes for simulations are available from Jesse Capecelatro (jcaps@u-
mich.edu) upon request.
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