LA-UR -87-1862

JUL Poowoy

LonF-Z20Y 165 |

Los Alamos Nationai Laboratory 8 operated by the Univeriity of Cahfornia for the United Siastes Departmem of Energy under contract W-T4098.ENG-16

LA-UR--87-1862
DE87 011794

TITLE: PIC AND ITS PROGENY

AUTHOR(S): Francis H. Harlow

SUBMITTED T0: Publislied Proceedings of the Los Alamos National Laboratory

Workshop on "Particle Methods in Fluid Dynamics and Plasma
Physics," April 13-15, 1987

DISCLAIMER

This report was prepared as an uccovnt of wark sponsored by an agency of the United States
Giovernment.  Neither the United Statex Government nor any agency thereof, nor any of their
cmployees, mukes any warranly, express or implied, cr ussumes any legal linhility ot responsi-
bilty for the nccuracy, completeness, or usclulness of any information, apparatus, produet, or
process disclosed, or represents that its use would aot infringe privately owned rights, Refer-
ence herein to anv specific commercinl product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply ity endorsement, recom-
mendation, or favoring by the United States Government or uny agency theteal. The views
nnd opinions of wuthors expressed herein do not necusarily state or reflect thuse of the
United States Government or any agency thereof.

By accepiance of 1his artigle. the pubighes 'ecognizes that the U S Governmen retaing a NONERCIysive. Oy aity:Iree icense 10 PubIish O 7eproduce
1ne pubiia! @d form of IA's contnbulion, Or 10 aliow othart ' do 80. for U3 Government purposes

The Los Alamos National Labaraicry requests that the publisher identity 1Nis articie as work performed under the auspicds of the U § Departmani of Energy

M .
LOS Al2fNOS Leshimos NatoralLaborstory
o MASTER BISTDIEC ™ N T : S L


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


PIC ANDITS PROGENY

Francis H. Harlow
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ABSTRACT

The Particle-in-Cell (PIC) method was developed to solve
numerically for the strongly contorting dynamics of several
materials in two or three space dimensions. Related numerical
techniques with Lagrangian marker particles are also dis-
cussed in this brief survey. An extensive bibliography lists

many of the earlier publications describing these techniques.

A generic challenge for numerical fluid dynamics is to solve for the time-
varying vehavior of severa) materials undergoing large distortions and significant
slippage in two or threc space dimensions. Despite forty years of intense effort and
considerable progress, much of the basic challenge remains. No sooner has one dif-
ficulty been overcome than another arises. In addition we demand more: higher
accuracy, faster algorithms, greater generality, and a variety of embellishments,
including the presence of turbulence, multiphase interpenetration, phase transi-
tions, relativistic efTects, chemical or nuclear cnergy release, interactions with elec
tromagnetic fields, and material strength including elastic-piastic and fracture
effects.

Most traditional numerical techniques can be classified as Lagrangian or
Kulerian, Intheir purest forms, each has significant ndvantages and disadvantages.

Lagrangian techniques, with o coordinate system that follows the fluid motion,



permit sharp resolution of material interfaces but suffer from mesh tangling when
distortions become severe. Eulerian techniques, with a fixed coordinate system, are
robust in the face of strong distortions, but suffer from the diffusion of any discontin-
uity traveling with the fiuid.

Numerous variants and hybrids have been devised to mitigate the disadvan-
tages of the traditional techniques. One of these is the Particle-in-Cell (PIC) method,
which combines an Eulerian mesh of computaticnal cells with a Lagrangian mesh of
marker particles.

In its initial form, the PIC method is characterized by

o Lagrangian marker particles; mass at points

o Eulerian cells; momentum and energy at cell centers

° Velocity weighting for particle motion

e  Donor-cell (upwind) advection, carried by particles

®  Calculation cycle split into phases

] Explicit forrnulation, valid for Mach Number > 0.3

Nurnerous calculations with the original PIC formulation explored shock inter-
actions with material interfaces and the deformations that could occur during hyper-
velocity impact or explosive-driven contortions. Many of these are described and
illustrated in the references listed below.

Variants of the original formulation were explored by a number of investiga-
tors. Some of these added new elements uf physics: radiation flow, multiphase inter-
penetration, relativistic effects, and high-explosive energy release. Others explored
variations in the numerical procedure: smearing out the particles to reduce the jar-
ring effects of discrete point-particle transport, removal of the mesh of Eulerian cells
with one or another procedure for calculating particle interactions, or demotion of

the particles to the role of markersonly.



This last direction is especially characteristic of the Marker-and-Cell (MAC)
method for incompressible fluw calculations. Developed shortly afier Fromm’s very
successful stream-function-and-vorticity technique for confined incompressible
Nows, the MAC method was devised for calculating flows with free surfaces. In its
original and extended forms, the lechnique is characterized as foliows.

Criginal MAC

® Eulerian mesh

® Primitive variables (pressure and velocity)
® Staggered variable placement

® Marker particles to show free surface

e Implicit formulation

Some Extensions

® Twomaterials

® Surface tension

® Creep flow

® Multiphase interpenctration

Splashing drops, sloshing waves, interface instabilities, creering flows, and
three-dimensional pollution transport are among the early studies utilizing the
MAC approach.

Whereas the MAC method used particles only as markers, the Particle-and-
Force (PAF) technique departed from PIC in the opposite direction. The particles
became paramount and the cells were eliminated entirely. Fluid-like behevior was
accomplished by means of interparticle forces, chosen sv as Lo correspond to u desired
equation of state. This early “free-Lagranginn” technique was moderately successful
in application to some two-dimensional test problems, but suifered from fluctuations
that especinlly manifested themselves in ragged hehavior of materinl interfaces.

‘I'here has been essentinlly no further work on the interparticle-force npproach



beyond the original explorations; modern “free-Lagrangian” and related techniques
have followed somewhat different approaches to the treatment of interactions among
particles.

It may stretch the definition of "particle” methods to include the Dynamics-of-
Contours (DOC) technique in this summary. The "particles” no longer follow ele-
ments of fluid; instead they trace the motion of points (or surfaces in multiple space
dimensions) at which the densities of mass, momentum, and energy have specified
values. The incentive for this approach is that it automatically ensures fine spatial
resolution in regions of steep gradients. The technique is especially appropriate in
one space dimension, where tests exhibit an excellent degree of accuracy. In two
space dimensions, usefulness is limited by some difficult topological constraints,
which subsequent investigators have partially overcome (Zabusky and associates).

The original PIC method found considerable use in the two decades after its
invention, ana variants of it have been used well after that time. The Soviets appar-
ently have made extensive use of the technique, which they call the Large-Particle
method. The originators of the PIC method, however, slacked off from its usage in
the late 1970's, partly because of difficulties with the method itself, partly in re-
sponse to needs for other types of methodology (e.g. for far-subsonic multiphase flow
problems), and partly in response to other interests (e.g., the transport theory of
turbulence).

Difficulties with the method perceived at that time (but greatly alleviated by
innovative developmentsin recent years) include

] Ringing (or bunching) of particles

° Fluctuations from discrete-particle transport effects

° Difficulty in the accurate resolution of thin shells of material

° iack of rotntional and translational invariance



While PIC-method usage was declining, there was considerable emphasis on
techniques with staggered meshes, resulting in the development of Arbitrary-
Lagrangian-Eulerian (ALE) techniques, principally with velocities at vertices. Im-
plicit techniques extended the calculational capability to all flow speeds and the
ideas of mesh adaptability became popular.

In recent years, descendants and cousins of PIC have re-emerged. The advan-
tages of cell-centered velocities for calculations of distorting material interfaces with
slip have been exploited by means of extended Godunov techniques to couple pres-
sure and velocity fields. Many new ideas are being explored for particle representa-
tions without the underlying Eulerian grid. Clothed with a variety of improve-
ments, PIC itself is demonstrating new muscle for robust problem solving. Many of
these racent directions are discussed in detail in other partsof this volume.
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