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Fig. 1. (a) Rotating drum; (b) the experimental particles.
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Table 1.  Various properties of the experimental

particle materials.

ORI g/ (g-em—3) E#%/ mm
ABS 1.04 3,4,6
i3 2.40 3,4,6
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Fig. 2. (a) The original grayscale image; (b) the particles
identified by deep learning; (¢) the coordinates of the iden-

tified particles; (d) boundaries of the identified particles.
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Table 2.  Basic information of the particles and the
rotating drum.

28 Bl
A% /em 0.1
BFEE/ (g cm ?) 1.04
AL 15 UL 2 [R] 1A BE 4 2R 0.45
AR5 AL 2 [] AW 52 2R 0.8
T HAR fom 18.4
KBRS /om 0.1
B /em 9.2

FPEA E /Pa 2.3 x 105—2.3 x 10°

BYIEE /Pa 0.9 x 105—0.9 x 10°
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Fig. 3. The simulation image.
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Fig. 4. (a) The temporal evolution of the angle of repose of
the granular bed for 3 mm particles at a rotating drum
speed of 1.2 (°)/s; (b) the corresponding temporal evolu-

tion for 3 mm particles at a rotating drum speed of

16 (°)/s.
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Fig. 5. (a) Relationship between A# and rotational speed 2 for ABS material, with an enlarged view of the inflection point in the

upper right corner; (b) relationship between A@ and rotational speed §2 for glass material, with an enlarged view of the inflection

point in the upper right corner.
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Fig. 6. (a) The probability distribution function of 3 mm particles at different rotational speeds; (b) the probability distribution

function of 4 mm particles at different rotational speeds.
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Fig. 7. The relationship between AO/AOy and Fr* for
glass, with an inset showing the enlarged view of the inflec-

tion point.
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Fig. 8. (a) Relationship between A@ and Fr* for glass, with an inset showing the enlarged view of the inflection point; (b) rela-

tionship between A6 and Fr* for ABS material, with an inset showing the enlarged view of the inflection point.
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Abstract

Flow-state transitions in granular materials constitute an important problem in nonequilibrium statistical

physics and granular physics, and are closely related to geophysical hazards such as landslides, snow avalanches,

and debris flows. In particular, the transition of a granular pile from intermittent collapse to continuous steady

flow is widely regarded as a key step in the initiation and evolution of many natural hazards. Although previous

studies have shown that this transition is governed by factors such as particle size, friction, shape, and
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boundary conditions, the role of particle elastic modulus in modulating the transition threshold remains
insufficiently understood. In this work, we combine rotating-drum experiments and matched numerical
simulations to systematically investigate the transition from a hysteretic state to steady flow in monodisperse
granular systems by varying particle radius and material elastic modulus. By tuning the drum rotation rate and
employing high-speed imaging together with image-processing techniques, we extract key dynamical quantities
such as the free-surface inclination angle. Based on these measurements, we introduce a dimensionless
deformation parameter associated with differences in material modulus. We further propose a modified Froude
number, denoted as Fr**, that explicitly incorporates elastic-modulus effects. Our results show that, for
systems with different particle sizes and elastic moduli, the transition thresholds are significantly scattered when
expressed in terms of the conventional Froude number. In contrast, when recast in terms of the modified Froude
number Fr** these thresholds collapse onto a single unified criterion. In other words, the transition from the
hysteretic regime to continuous steady flow can be described by a single dimensionless parameter that
simultaneously accounts for inertia, gravity, and elastic deformation. These findings demonstrate that particle
elasticity plays a systematic and quantifiable role in granular flow-state transitions. The proposed modified
criterion provides a foundation for establishing a unified predictive framework for critical conditions, improves
the practical applicability of hazard-threshold estimation, and provides experimental support for understanding

the nonequilibrium rheology and constitutive behavior of granular media.

A unified criterion for granular flow transition

Experiment: Elastic deformation Matched DEM Fr — Different thresholds x
rotating drum depends on modulus simulations

High-speed imaging wp 0(t) Dimensionless parameter

Modified Fr — Collapse ¥

Keywords: rotating drum, hysteresis, avalanching, transition

DOI: 10.7498/aps.75.20260209 CSTR: 32037.14.aps.75.20260209

130901-10


http://doi.org/10.7498/aps.75.20260209
https://cstr.cn/32037.14.aps.75.20260209
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

PRI S R - RS R
R B REW XA EFA

Continuous—flow transition in granular flow within a rotating drum

LIULin  GE Zhuan  ZENG Zhikun  JIANG Yonglun  WANG Yujie

5] Fi{ &, Citation: Acta Physica Sinica, 75, 130901 (2026) DOI: 10.7498/aps.75.20260209
CSTR: 32037.14.aps.75.20260209

TELR T2 View online: https://doi.org/10.7498/aps.75.20260209

A ZE View table of contents: http://wulixb.iphy.ac.cn

AT ARG HAh SCEE

Articles you may be interested in

7 A5 B ACDURR S8 A B A2 S AR A B A B F e A B

Electron transport layer of tin dioxide deposited by reactive plasma and its application in perovskite solar cells

WyFEEEAR. 2023, 72(17): 178401 https:/doi.org/10.7498/aps.72.20230693

PRI AT AL P SR A 10 52 S 5
Experimental study on boundary layer of internal flow visible supersonic nozzle

YIBR2A4R. 2024, 73(16): 164702  hitps:/doi.org/10.7498/aps.73.20240713

BaF PRV 05— PSR
First—principles study of phase transition of BaF , under high pressue

YIBR2A4R. 2022, 71(1): 017102 https://doi.org/10.7498/aps.71.20211163

AR A U B R zetaA N AR W e RS L B RS i B

Rotational electroosmotic slip flow of power—law fluid at high zeta potential in variable—section microchannel

YrHE2E . 2022, 71(13): 134701 https://doi.org/10.7498/aps.71.20212327

B FU TRRA AL o IRV G B 4 A O B B
Robustness of integrated gate commutated thyristor in switching self—clamping mode

YrHE2A 4. 2025, 74(11): 118501  https://doi.org/10.7498/aps.74.20250120

e 555 BT VI L DM R XS Fl 5 e WO CHE il v S T AN ARUE MR (52
Synergistic effect of rotation and strong shear flow on interface instability in laser additive manufacturing of dilute alloys

PIFAEA. 2025, T4(19): 196401 https://doi.org/10.7498/aps.74.20250829


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.75.20260209
http://wulixb.iphy.ac.cn
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.72.20230693
https://doi.org/10.7498/aps.72.20230693
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.73.20240713
https://doi.org/10.7498/aps.73.20240713
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20211163
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20211163
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20211163
https://doi.org/10.7498/aps.71.20211163
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.71.20212327
https://doi.org/10.7498/aps.71.20212327
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.74.20250120
https://doi.org/10.7498/aps.74.20250120
https://wulixb.iphy.ac.cn/article/doi/10.7498/aps.74.20250829
https://doi.org/10.7498/aps.74.20250829

	1 引　言
	2 研究方法
	2.1 实验细节
	2.2 实验图像处理
	2.3 数值模拟模型
	2.4 模拟角度计算

	3 结果与讨论
	3.1 迟滞状态和稳流状态
	3.2 角度的概率分布
	3.3 不同颗粒尺寸对迟滞-连续转变的影响
	3.4 不同颗粒模量对迟滞-连续转变的影响

	4 结　论
	参考文献

