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Abstract Dust adhesion and contamination in the lunar environment are critical issues that must be addressed for future lunar
exploration missions. Gas jet dust removal is an efficient active cleaning method, but the removal behavior of typical sharp lunar dust
and the effects of key jet parameters under lunar environmental conditions require further investigation. In this study, the influencing
factors of jet dust removal for typical sharp lunar dust were investigated through ground-based simulation experiments and numerical
modeling. First, ground experiments were conducted to evaluate the effects of jet nozzle radius, jet angle, nozzle distance from the
origin, and gas stagnation pressure on dust removal performance. The results show that increasing the nozzle radius, jet angle, nozzle
distance, and gas stagnation pressure can significantly improve the dust removal rate. When the jet nozzle radius increased from 1 mm
to 4 mm, the final removal rate increased from 82.09% to 97.83%. When the jet angle increased from 15° to 90°, the final removal rate

increased from 80.31% to 99.99%, indicating that a larger jet coverage area and stronger gas impact are beneficial for dust removal.
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Furthermore, a numerical model was established by combining a typical sharp lunar dust contact model with the direct simulation
Monte Carlo method for rarefied gas dynamics and the discrete element method for particle motion. The flow-field and lunar dust
transport processes were coupled to simulate the dust removal rate and its influencing factors. Based on this model, the effects of force,
electric, and thermal conditions caused by temperature difference and lunar surface potential were analyzed. The numerical results
show that, as the lunar surface potential increased from 10 V to 25 V, the final removal rate increased from 88.92% to 94.10%. When
the temperature difference increased from 0 K to 300 K, the final removal rate increased from 88.92% to 91.60%. Finally, comparison
between the experimental and numerical results verified the reliability of the numerical model. This study reveals the influence of jet
parameters, sharp particle morphology, and force—eclectric—thermal effects on the removal behavior of typical sharp lunar dust, and
provides a useful reference for the design and optimization of lunar dust mitigation technologies.

Key words Jet dust removal; Typical sharp lunar dust; Influencing factors; Dust removal rate
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Figure 1 (a) Volcanic ash samples of Lunar dust modelled in this paper (b) Lunar dust samples collected by Chang'e-5
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Table 1 The particle size distribution of simulated lunar dust

particle size range mass percentage
(pum) (%)
0~50 62.74
50~75 11.55
75~100 12.05
100~150 13.66
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Figure 2 Jet dust removal ground experimental system
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Figure 3 Images of the ground jet dust removal experiment (a) Before removal; (b) After removal; (c) Binarization result before removal; (d) Binarization result

after removal
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Figure 4 Column diagram of ground experimental removal ratio of jet dust removal under different parameters
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Figure 5 The model of normal contact between an adhesive regular triangular pyramid lunar dust particle and a half-space

2.1.2 DSMC #i3it 5

FEH BRINEER,  ASRHIRIE 15T H )RS IO B PR B e MO S PR IE M 7 A8 i P, A ik
RARESA T . Rk, ASCRAE SRS RE (DSMC) 7B *F dsmcFoamPlus SR fE#s[36""""
WA, 1ZKRARARAE OpenFOAM JHUFEAFHEZE Y SEI, I H AT LUl I MPI SEIL AT THR . A SCR %
B SEAH RRFEGE, BT DR R FIRECN 0.0575%, 7] LAZBS BURL it g s, A
WA SR B -1 0 H R AR B N R R S
2.1.3 Az

FEH BRIAEE R R B A FE A, B R B B E I Fg. B IFe #HRE IR H
R NI Fpy~ AR T1Fg TOESER I ) Fygw SRR IFp FHI1F M3 I F, o BRI, AAH 2B
BENEN ) AT AR AR

F=F,+F. +F+F,,, +F,+F, +F, =mX €))

Wk 6 SRRAA A2 EIRE S EL M, WUE N, TH. IR . N R, A
R I AR IS AR, ATCLBIEANTE . 32, ASCRA S HBOTEH X TR 2 7R BAE
SHALE R R A Is R, ARSI EE A, SRR E Verlet B SEIURE MR A A2 047 B x 5L (1
THEL. BEAh, ISR IS R H ABRE M ETEL L APOLLO H 4B RE S PSIRUASRLIN B R BURFIE, A SCR
F EPTP SR 540 H 2RI J LA BAI00), - LT EPTP (14358 M 4 e A o S SR R 8 H AR (52 75


https://baike.baidu.com/item/%E5%85%83%E7%B4%A0%E6%B3%95/419027?fromModule=lemma_inlink

G
10 —F.
F
2 10 Frn
b Fy
3 10 -
g Vi
= —F)

0 50 100 150 200

Particle Diameter (ium)

K6 Lbhkl R b B R AR I B 4232 TRy Bl

Figure 6 Force-Level Analysis of Lunar Dust Simulation During Jet Dust Removal at the Material Surface Contact Stage
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Figure 7 Simplified Computational Model for Jet Dust Removal
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Table2 Basic parameter settings for lunar dust particle transport calculation

Parameter Value
Equivalent Spherical RadiusP®! ¢ pm) , 7, 75=35, re€ (20, 65}

Time Step (s) , At 2x107
Poisson’s Ratio, v, 0.2

Density (kg/m3) , P, 2750

Young’s Modulus (Pa) , E, 4.19%107

Relative Permittivity, g, 2.9

Surface Energy (J/m2) , 7 0.02

Gravitational Acceleration (m/s2) , g 1.622
Lunar Surface Potential (V) , @, 10

K3 GRAERNEASHRE

Table 3 Basic parameter settings for numerical simulation of jet impingement on a flat plate

Basic Parameter Value Molecular Parameter Value
Number of Grid Cells 252,340 Molecular Weight (kg) 46.5%10°%7
Number of Simulated Molecules ~2,580,000 Molecular Diameter (m) 4.17x1010
Time Step (s) , At 2x107 Rotational Degree of Freedom 2
Steady-State Sampling Start Time (s) , ¢ 0.001 Vibrational Degree of Freedom 1
Initial Wall Temperature (KD , T, 300 Viscosity Coefficient (N-s/m?) 1.656x1073
Gas Stagnation Temperature (KD , T, 300 Viscosity Index 0.74
Initial Jet Velocity (m/s) , v« 323m/s
Jet Temperature (KD , T 252.2K
Ni(il/icl;l;ar’ N;:nber Density in Flow Field 1 53%10%/m?

2.3 R
23.1 SRS HIKEH
(1) SHRms 1242 i s
ANFEHT T BRI R R GRS O 2 S H0R B X BR AR AR, A SR B R AR A AR EiE s
AR A B R TR, A Z R A A CE R, B CE BR AL H A R T AE I ) 1 A
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average velocity distribution
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Figure 10 Particle Distribution in the xy Plane at t = 0.01s = (a) 5,=20mm; (b) s,=25mm; (¢) s,=30mm; (d) 5,=35mm

(2)

Removal Ratio (%)
Ratio (%)

T
0 2 4 6 8 10

20mm 25mm 30mm 35mm
Time (ms) Distance From the Jet Nozzle To the Origin

P11 A [ SATIE 1 B B R AT BR A () AR RN A AL s (b) 3 AP 3T R R/ A FOIR T

Figure 11 Lunar dust removal ratio and velocity at different nozzle distances from the origin (a) Curves of lunar dust removal ratio over time; (b) Bar chart of

lunar dust average velocity distribution
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Figure 13 Lunar dust removal ratio and velocity at different jet angles (a) Curves of lunar dust removal ratio over time; (b) Bar chart of lunar dust average

velocity distribution
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Figure 16 Lunar dust removal ratio and velocity under different gas stagnation pressures (a) Curves of lunar dust removal ratio over time; (b) Bar chart of lunar

dust average velocity distribution
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Figure 18 Lunar dust removal ratio and velocity under different lunar surface potentials (a) Lunar dust removal ratio over time; (b) Lunar dust average velocity
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Figure 19 Comparison of jet removal ratios from different studies
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Figure 20 Comparison of average removal rate of jet dust removal experiment and numerical simulation under different parameters

22




K 4 S 5 BUBE R R A L HARZERT HE

Table 4 Comparison of experimental and numerical simulation removal ratios and their errors

Dust Removal Rate (%) Model

Variable  Variable
Experimental Numerical  Error

Name Values
Results Results (%)
Nozzle 1 71.83 82.09 12.50
Radius 2 83.87 88.92 5.68
(mm) 3 90.21 95.66 5.69
4 97.52 97.83 0.32
Distance 20 69.36 76.00 8.74
(mm) 25 78.65 83.90 6.26
30 83.87 88.92 5.68
35 87.97 96.83 9.15
Jet 15 73.78 80.31 8.13
Angle 30 81.25 84.09 3.38
®) 45 83.87 88.92 5.68
60 91.93 97.88 6.08
75 96.14 99.90 3.76
90 99.23 99.99 0.76
Stagnation 1000 76.13 84.67 10.09
Pressure 2000 83.87 88.92 5.68
(Pa) 3000 86.18 93.13 7.46
4000 91.05 95.29 4.45
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