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c.  Purpose

Granular materials are ubiquitous in our daily lives and basic to many industries.  Nevertheless, understanding their dynamic behavior remains a major challenge to fundamental science.  This program combines theoretical and experimental studies to explore and understand the physics of granular materials.

e.  Approach

Igor Aranson (85%), M. Sapozhnikov (100%), Jie Li (100%), W. K. Kwok (40%), V. Vinokur (10%), M. D. Rosenmann (40%)

A traditional focus of our theoretical effort is the fundamental problem of the onset of motion or fluidization in granular materials under shear stresses.  We refer to this phenomenon as partial fluidization. Our approach is based on the hydrodynamic equation of momentum conservation combined with phenomenological Ginzburg-Landau type equations for the order parameter at the first order phase transition from granular solid to fluid. In this context the order parameter describes the degree of fluidization of granular flow.  The role of temperature in the order parameter equation is played by the relative shear stress. Using this approach we can successfully describe the observed phenomenology of slow granular flows, including exponential decay of the velocity profiles, two types of avalanches, stick-slips in granular shear cell experiments etc.  The theory is in quantitative agreement with experiments and leads to verifiable predictions. We consider it an important breakthrough in our understanding of the dynamics of granular materials.  The significance of our successes were anticipated by Nobel Prize laureate Prof. P. G. de Gennes, in his recent review paper, Rev. Mod. Phys. 71, S374 (1999), where he writes “... the statistical physics of grains is still in its infancy. Some basic notions may emerge: ... the possibility of describing surface flows with equations coupling the two phases and reduced to a simplicity reminiscent of the Landau-Ginzburg picture of phase transitions.''  Our program is beginning to reap the fruits of Prof. de Gennes’ vision.  

The research thrust of our theoretical program is the study of dynamic self-assembly of micro and nano particles by electromagnetic fields in non-aqueous solutions. Understanding the unifying principles of self-assembly of complex systems such as macro-molecules, diblock copolymers, micro-magnetic systems and the ensembles of charged particles is the key to future advances in nanoscience. The electric field driven self-assembly of colloidal particles in clusters and lattices in aqueous solutions (so-called strong electrolytes) has received increasing attention in the last years due to possible applications in bioanalysis and micro/ nanofabrication. In contrast, non-aqueous solutions or weak electrolytes, which are often characterized by a small conductivity and significant deviation from bulk neutrality, remains poorly understood. Low conductivity of non-aqueous solutions allows the application of a strong electric field without substantial heating and electrolysis, a condition often impossible to attain in strong electrolytes.  In non-aqueous systems the electrostatic interaction is often the dominant one, which opens the possibility to tune the resulting patterns by adjusting the amplitude and frequency of the applied electric field.  Recently we pioneered a continuum approach of self-assembly and pattern formation in metallic microparticles. The theory is formulated in terms of two conservation laws for the densities of immobile particles (precipitate) and bouncing particles (gas) coupled to the Navier-Stokes equation for the liquid. This theory successfully reproduces the correct topology of the phase diagram and the primary patterns observed in the experiment: static crystals and honeycombs and dynamic pulsating rings and rotating vortices.

Currently, we perform three experiments with ac-driven granular materials:  electrostatic driving of small conducting and dielectric particles in air; electromagnetic manipulation and self-assembly of microparticles in poorly conducting liquids, and driving of granular layers by modulated gas flow. A new development of our electrostatic experiment is the study of effects of poorly conducting liquids and reduced particle size on dynamic self-assembly. Depending on the conductivity of the liquid, we observed a variety of novel phenomena, such as the formation of periodic arrays, rotating vortices and pulsating rings. 

The second important development is the experiment with gas-fluidized layers. By periodic modulation of the airflow, we were able to control air bubble formation and achieve more uniform particulate fluidization.  These results are especially important for fluidization of fine and cohesive powders. 

This mode of collaboration, where experiment and theory compliment each other at every stage of the development, has proven to be very fruitful.  It engenders a powerful synergy that stimulates new approaches to these subtle granular phenomena.
f.  Technical Progress

Experimental studies of electrostatically driven self-assembly of microparticles :

We conducted studies of granular media consisting of metallic microparticles immersed in a poorly conducting liquid in strong DC electric field. We observed that the granular materials self-assemble into a rich variety of novel phases. These phases include static precipitate: honeycombs and Wigner crystals; and novel dynamic condensate: toroidal vortices and pulsating rings. In addition, we carried out experimental studies of micron-size silver particles. Depending on the experimental conditions, the particles self-assemble into long chains directed along the electric field lines, form vortices or some other structures. The observed structures can be explained by the interplay between charged granular gas and electrohydrodynamic convective flows in the liquid. 

Experimental studies of thin gas-driven granular layers 

We conducted experiments with a thin gas-fluidized granular layer with large heavy (bronze or glass beads) and small cohesive particles (flour, titanium dioxide, etc). For heavy particles, we find that the system   revealed a sequence of well-defined transitions as the amplitude and frequency of the gas flow modulation are varied. The observed patterns include sub-harmonic squares and stripes, disordered and quasi-periodic structures. The wavelength of sub-harmonic patterns increases with the mean flow rate and decreases with the modulation frequency.  For light and cohesive particles. we observed that flow modulation dramatically improves the fluidization properties. 

Theoretical studies:

We carried out a detailed comparison of soft particle molecular dynamics simulations with the theory of partially fluidized shear granular flows in the highly non-stationary regime of stick-slip oscillations in sheared granular layer. Numerical experiments were conducted for a thin Couette cell using soft particle molecular dynamics code in two dimensions. We applied the order parameter theory of partially fluidized granular flows and found a good agreement with simulations and experiments. 

The self-assembly and pattern formation in metallic microparticles immersed in a poorly conducting liquid in DC electric field was successfully described in the framework of continuum theory.  The theory was formulated in terms of two conservation laws for the densities of immobile particles (precipitate) and bouncing particles (gas) coupled to the Navier-Stokes equation for the liquid. This theory successfully reproduced the correct topology of the phase diagram and the primary patterns observed in the experiment: vortices, rings and honeycomb clusters.

g.  Future Accomplishments

Theoretical activity. 

We will continue to develop our highly successful approach to granular dynamics using phenomenological field equations and large scale molecular-dynamics simulations. Taking advantage of access to the most powerful unclassified computer in the world at the National Energy Research Center for Scientific Computing, we performed two-dimensional soft particle simulations in the highly-nonstationary regime of stick-slip oscillations and compared our order parameter model for partially fluidized granular flows. We plan to perform three-dimensional simulations and generalize our theory for the case of granular flow with both shear and vibration. 

We plan to further explore our ac-fluidized bed experiment by performing three-dimensional soft particle simulations with modulated airflow. For this purpose, we will solve simultaneously, the equations for particles and the Navier-Stokes equation for air with corresponding boundary conditions at the bottom plate. 

We plan to generalize and validate our continuum description of dynamic self-assembly in electrostatically-driven microparticles.  We plan to develop a particle simulation model to describe self-assembly of wires and chains- phenomena which cannot be captured in the framework of continuum theory. 

Experimental activity. 

We will continue our study of the dynamics of small conducting and dielectric particles in our experiments on electrostatically driven granular media.  A new research direction will be the study of self-assembly of sub-micron particles and bio-particles (large bacteria and viruses) for the purpose of bio-analysis and microfluidics.  We plan to extend our studies to micro and nano-particles and nano-wires. Many interesting results can be expected when the particle size becomes smaller than 1 micron. In order to observe the dynamics, we plan to use X-ray fluorescent microscopy at the Advanced Photon Source. 

We will continue our experimental studies of the dynamics of particles in ac-driven gas flows. Currently, most of the experiments are performed with relatively large particles (so-called Geldart-B type). We plan to extend our studies to cohesive and small particles such as flour and carbon toner (Geldart-C) which is relevant for many industrial applications.  We will also explore new applications of our novel type of fluidization, such as in large-scale generation of hydrogen in fluidized bed reactors and large-throughput decontamination of air. 

h.  Relationships to Other Projects

This effort has strong collaborations with programs at Los Alamos National Laboratory, University of California at San Diego, University of Kansas, University of Bayreuth, Germany, Institute of Theoretical and Experimental Physics, Moscow, and the Technion and University of Jerusalem, Israel. In year 2001, BES Center of Excellence on Granular Flow and Kinetics was awarded to 4 DOE Laboratories (ANL, Ames, LANL, Sandia), and our program plays a crucial role in this project.  We held an international workshop on Self-Assembly in Chemistry, Biology and Hard Materials, a Eurosummer School and a NATO Advanced Studies Institute on Pattern Formation, Granular Physics and Soft Condensed Matter. Our program also has traditionally strong ties with FWP 58906 ``Superconductivity and Magnetism’’ and FWP 59002 “Materials Theory Institute” and the new Argonne Theory Institute.



	


