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A granular vibration pumping system employing a vertically oscillating pipe offers a promising approach for
particulate transport. When a pipe is inserted into a granular bed and vibrated, powder materials can climb in the pipe
owing to the so-called granular capillary action. While most of the prior studies have focused on the effects of vibration
parameters and pipe geometry, the influence of powder bed pressure remains unclear. This study experimentally and
numerically examines the impact of externally applied pressure on particle climbing behavior. The results show that the
applied pressure markedly increases the particle climbing height by promoting the inflow beneath the pipe and
enhancing interparticle forces. In some cases, particles become transportable under externally applied pressure. In
addition, the climbing height increases with the vibration frequency under externally applied pressure, owing to greater
acceleration. However, excessive pressure may cause jamming, which can limit the improvement of transport

performance.
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Fig. 1 Granular capillary action in a granular vibration pumping system
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Fig.3 (a) Steel weight and (b) its placement on top of the powder
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Table 1 Simulation parameters

Simulation parameter Particles Acrylic

Density [kg/m?] 2500 1200
Poisson’s ratio 0.23 0.35
Young’s modulus [MPa] 320 3200
Coefficient of restitution for contact with particle 0.7 0.1
Coefficient of friction for contact with particle 0.3 0.7

Rolling friction coefficient for contact with particle ~ 0.01 0.01

11925 mm

Fig. 4 DEM simulation model
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Fig. 5 Temporal variations of climbing heights under different
pressure conditions, with vibration applied for (a) 120 s and
(b) 300 s (vibration amplitude: 3 mm; frequency: 20 Hz)
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Fig. 6 Temporal variations of calculated climbing heights under
different pressure conditions (vibration amplitude: 3 mm;
frequency: 20 Hz)
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Fig.7 Temporal variation of calculated particle inflow and outflow
at the bottom cross-section of the pipe during 1.5-1.6 s
after vibration onset (powder pressure: 3.3 kPa; vibration
amplitude: 3 mm; frequency: 20 Hz)
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Fig. 8 (a—d) Calculated particle velocity vectors in one vibration
cycle; (e) relative vertical velocities of particles in the pipe
with respect to the pipe during 1.5-1.6 s after vibration onset
(vibration amplitude: 3 mm; frequency: 20 Hz; pressure:
3.3 kPa)
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Fig. 9 Calculated cumulative particle flows at the bottom cross-
section of the pipe during 1.5-2.0, 9.5-10, and 19.5-20 s
after vibration onset under different powder pressures
(vibration amplitude: 3 mm; frequency: 20 Hz)
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Fig. 10 (a) Cylindrical region beneath the pipe used for calculating
volume fractions. (b) Volume fractions of particles within
the region under different powder pressures (vibration
amplitude: 3 mm; frequency: 20 Hz)
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Fig. 11 Calculated particle velocity vectors near the cylindrical
region below the pipe at 1.5 s after vibration onset under
powder pressures of (a) 0 kPa and (b) 9.9 kPa (vibration
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Fig. 12 Particle velocity distributions at 1.53125 s after vibration
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Fig. 15 Particle pressure as a function of depth from the top surface of the powder bed under different
powder pressures: (a) before pipe vibration and (b) during downward motion of the pipe (vibration

amplitude: 3 mm; frequency: 20 Hz)
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: mass of particle 7
. velocity of particle i
: moment of inertia of particle i

: angular velocity of particle i

. gravitational acceleration

: normal contact force from particle ; to particle 7

: normal overlap between particle i and particle j

Nomenclature

[kel
[m/s]
[kg'm’]
[rad/s]

: number of contacts of particle 7 [-1

[m/s?]
[N]

. tangential contact force from particle j to particle i [N]

: normal spring constant between particle / and particle j

[N/m]

: tangential spring constant between particle i/ and

particle j [N/m]

: normal damping coefficient between particle i and

particle j [N-s/m]

. tangential damping coefficient between particle i and

[N-s/m]
[m]

particle j

. tangential overlap between particle / and particle j [m]
: normal unit vector from particle j to particle i [-]
: tangential unit vector to ny; -]

: normal relative velocity from particle j to particle i

[m/s]

RSt ZHETE L LER LN,

(] AfFZe D —FR1, ISPS BHifE (JP24KK0096),
MEXT HL#F5E B FEM IR BB 2 (JPMXS0320200063)
OPFICE VFERL 720 S IR L THEZRT,

v,,j

~

Q & =

S

| =% X =

References

P. Sonar, H. Katsuragi, Fracturing-induced fluidization of
vibrated fine-powder column, Powder Technol. 421 (2023)
118405.

Q. Wang, J. Gu, Y. Pang, Y. Zuo, G. Mo, X. Zhang, Water
extraction and collection from icy lunar regolith by microwave
heating, Acta Astronaut. (2025) S0094576525002516.

B. A. Lomax, A. Selmeci, A. Riitzler, T. Schild, M. D. Symes,
E. Bonsall, C. Schréder, M. Conti, R. Lindner, J. D. Carpenter,
Identifying an efficient endpoint for oxygen extraction from
lunar regolith simulant pellets using molten salt electrolysis,
Acta Astronaut. (2025) S0094576525002504.

G. B. Sanders, W. E. Larson, Integration of in-situ resource
utilization into lunar/Mars exploration through field analogs,
Adv. Space Res. 47 (2011) 20-29.

G. B. Sanders, W. E. Larson, Progress made in lunar in situ
resource utilization under NASA’s exploration technology
and development program, J. Aerosp. Eng. 26 (2013) 5-17.
W. Zhang, S. Jiang, J. Ji, D. Tang, A drilling tool design and
in situ identification of planetary regolith mechanical param-
eters, Adv. Space Res. 61 (2018) 2444-2456.

T. Zhang, B. Wang, H. Wei, Y. Zhang, C. Chao, K. Xu, X.
Ding, X. Hou, Z. Zhao, Review on planetary regolith-
sampling technology, Prog. Aerosp. Sci. 127 (2021) 100760.
G. E. Klinzing, Historical review of pneumatic conveying,
KONA Powder Part. J. 35 (2018) 150-159.

(9]

[10]

(11]

(12]

[13]

[14]

[15]

: tangential relative velocity from particle j to particle i

[m/s]
. friction coefficient [-]
: particle radius [m]
: Poisson’s ratio [-]
: Young’s modulus [Pa]
: elastic modulus [Pa]
. coefficient of restitution [-]
: torque from particle j to particle i [N-m]
: rolling friction torque from particle j to particle i
(N-m]
: relative angular velocity from particle j to particle i
[rad/s]
: rolling friction coefficient [-]
: granular pressure [Pa]

: diameter of the cylinder containing the granular layer

[m]
: bulk density of the granular layer [kg/m?]
: active earth pressure coefficient [-]
: depth from the top surface of the granular layer [m]
. internal friction angle of particles [rad]

M. C. Jena, S. K. Mishra, H. S. Moharana, Experimental
investigation on maximizing conveying efficiency of belt
conveyors used in series application and estimation of power
consumption through statistical analysis, Environ. Prog.
Sustain. Energy 42 (2023) ¢14031.

C. Liu, P. Wu, L. Wang, Particle climbing along a vibrating
tube: A vibrating tube that acts as a pump for lifting granular
materials from a silo, Soft Matter 9 (2013) 4762—4766.

F. Zhang, K. Cronin, Y. Lin, C. Liu, L. Wang, Effects of
vibration parameters and pipe insertion depth on the motion
of particles induced by vertical vibration, Powder Technol.
333 (2018) 421-428.

M. Adachi, K. Shirode, S. Yamato, K. Tanaka, H. Kanamori,
Granular vibration pumping system for handling and charac-
terizing particulate materials, Rev. Sci. Instrum. 95 (2024).
M. Adachi, K. Shirode, N. Hatano, K. Tanaka, H. Kanamori,
Climbing characteristics of millimeter particles in granular
vibration pumping system, Powder Technol. 447 (2024)
120200.

C. Liu, F. Zhang, P. Wu, L. Wang, Effect of hoisting tube
shape on particle climbing, Powder Technol. 259 (2014)
137-143.

H. Kawamoto, K. Kubo, R. Kikumiya, M. Adachi, Vertical
transportation of lunar regolith and ice particles using vibrat-
ing tube, J. Aerosp. Eng. 34 (2021) 04021097.

LIAN RS



[16] P. A. Cundall, O. D. L. Strack, A discrete numerical model [19] R. Aoki, H. Tsunakawa, Pressure measurement of powder

for granular assemblies, Géotechnique 29 (1979) 47-65. layer in hopper, J. Res. Assoc. Powder Technol. Jpn. 2 (1965)
[17] H. Sakaguchi, E. Ozaki, T. Igarashi, Plugging of the flow of 189-194.

granular materials during the discharge from a silo, Int. J. [20] Funtaikougaku No Kiso Henshu linkai, Funtaikogaku no Kiso,

Mod. Phys. B 07 (1993) 1949-1963. Nikkan Kogyo (1992).

[18] F. Fan, E. J. R. Parteli, T. Péschel, Origin of granular capil-
larity revealed by particle-based simulations, Phys. Rev. Lett.
118 (2017) 218001.

Vol. 63 No. 3 (2026) 117





