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Goal for Experimentation: Provide precise and detailed experimental

results in simple enough geometries to validate simulations.
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» Introduction: Regimes of Powder Flow
» Objectives

» Force Transmission through granular
layers

»Jenike Shear experiments

» Couette Experiments
»Open Bed — Continuous Axial Flow
»Local normal stress measurements
»Comparison with theory



A Visual Example of grain Flow: Solid-like,

Liquid -like (Transition) and Gas-like :

— Gas-Like
Rapid Granular

P— Liquid-Like
Intermediate
— Solid-Like

Quasi-Static

2 mm Steel particles in a Rotating Drum



Regimes of Powder Flow
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Quasi-static (Solid-like): Rapid Granular (Gas-like):
> Material is dense (v =V,) » Material is dilute

Particles interact by collision only

Particles interact by forming force chains >
» Material behaves like a dense gas
>

>
> Bulk of Material behaves like a solid
>

Soil mechanics and plasticity theory apply Kinetic theory describes the flow



Intermediate Regime of Flow

. Liquid-Like Behavior

Coexistence of collisions & enduring contacts

Dilatancy to allow shearing
High solid fraction (v < v_): Dense flow

Power-law dependency of shear stress to shear rate: T o 7}” (n<1)

Map of Powder Flow Regimes
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Project objectives

Develop validated continuum models for
frictional flow of granular materials in the
quasi-static and intermediate regime, including
regime transitions from

A. Quasi-static to intermediate
B. intermediate to inertial

Develop theoretical models in terms of particle
properties

Perform experiments to validate the models



Development of Normal Stress Measuring Sensors

“In house” developed sensor Tested sensors
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Stress Transmission through Granular Layers

Principle of Measurement and the Jenike Cell

Principle of Measurement

(schematic representation) Modified Jenike cell
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Stress Transmission through Granular Layers

Averaged Stress Results
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Stress Transmission through Granular Layers

0.1 mm Glass, h=1.6 cm, Applied Pressure =1 Psi

1.4 +
12 £
1
\0.8 T
O-(PSZ) E No Shear .
0.6 _E Unloading ;_
0.4 _ \ Shearing __
0.2 _é No Toad ’
0-""5'“I‘"‘.‘""i""l""!l—'l"
0 50 100 150 200 250 300 350
Time (s)

2 mm Glass, h=2.5cm

0.1 mm glass
L=1.6cm
Pressure: 1 Psi

2.0 mm glass

L=2.5cm

Pressure: 1 Psi
and 2.0 Psi



Comparison of Experiments and Simulations

The “fast” Jenike cell

Detail
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Jenike cell simulations

Simulations set up as closely to the
CCNY experiment as possible

Stresses computed by dividing the sum
of the contact forces acting on the wall
by the area of wall or sensor

Normal sensor mimics the experimental

Sensor

Case: external load 1psi; velocity 16

mm/sec

®* Normal Stress Sensor



Comparison of Simulation and Experiment
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Stress fluctuates significantly around one psi

Fluctuating range agrees



Stress Transmission through Granular Layers

Conclusions

 Normal-stresses are transmitted unaltered through thin,

sheared layers of non- cohesive powders

« Stress shows significant fluctuations.

« Stresses are not transmitted uniformly in static layers as
the material “freezes” depending on its history

« DEM simulations and measured stresses in a “fast”

Jenike cell agree in average value and fluctuations



Axial Flow Couette Device

Experimental Apparatus

Powder Feed ROt_atmg
Cylinder
H,
Normal
Over- _ i Stress
burd Rotating D8
ireen Cylinder { L Sensors
Shearing h .
Gap y Stationary
Outer
Wall
Stress
Sensors
» Allows closed-bed (Batch) and open-
Powder . :
Discharge bed (continuous) experiments




Couette Device
Experimental Apparatus

Stationary Wall

Rotating Wall
View from above Side view
(Wide-gap Shearing) (Narrow-gap Shearing

With Stress Sensor)



Normal Stress Measurement in Shearing Zone
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Effect of Bed Height on Normal Stress
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Shear Stress vs. Cylinder Length
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> Shear Stress strongly depends on shear rate: T = f(7)




Ratio of Shear vs. Normal Stress
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Basis of “Order Parameter” (OP) Model

Intermediate reqgime is some combination of the two extremes:

e Characterizes the phase or "state” of the granular material

;O = 0 4" Pure fluid [} — l —r-I Pure solid
e Order parameter is defined by

<Z >—-I Number of solid contacts
p=
< VA > Total number of contacts I U

More fluidlike behavior

Solidlike behavior

More fluidlike behavior




Shear to Normal Stress Ratio

Comparison of “Order Parameter” (OP) Model

with experimental Measurements
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Ratio of Shear to Normal Stresses in the Couette for

Rough and Smooth PE particles of 4 mm in diameter

Apparent Friction Coefficient in Couette Experimentfor4 mm Polyethylen
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Conclusions

An Axial-flow Couette Shearing Device was developed to measure
rheological behavior of granular beds

In highly-concentrated beds, the bulk stays in the quasi-static regime
due to packing

The bed has to decrease its solid fraction for the transition to the
Intermediate regime

Shear stress-Shear rate dependency increases at higher shear rates
due to collisions between particles as the dominant interaction

Normal stress is independent of shear rate and increases linearly
with height

Comparison of Order Parameter Model (OPM) and experiments in
the Couette are quite good.



Future Work

v Couette Experiments — study the influence of:
v Particle shape (glass chips, sand)
v’ Particle roughness (naturally rough, agglomerates)
v’ Particle size distribution (fines, coarse, mixtures)
v Interstitial gas
v Particle stiffness (soft, elastic)
v’ Evaluation of DEM models

v  Hopper flow Experiments

v' Conical-bottom } Stress, Fluctuation and

v Flat-bottom Flow rate measurements

v Feedback for evaluation of Hypo-plastic models
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