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Francis H. Harlow
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The Particle-in-Cell (PIC) method was developed to sol~’e

numerically for the strongly coritorting 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 h solve for the time-

varying behavior of several materials undergoing large distortions and significant

slippnge in two or threu space dimensions. Despite forty years of intense effort and

considerctble progress, much of the basic challenge remains, No sooner has one dif-

ficulty been overcome than another urises. In addition we demand more: higher

accuracy, faster algorithms, greater generality, and a variety of embellishments,

including the presence of turbulence, multi plmse interpenetration, phasu tmnsi -

tions, relnt.ivistic effec~, chemicnl or nuchmr energy relcnse, interactions with CICC

tmmagnetic fields, and material strength including elastic- piastic und frncturc

~m~~k
Most trnditii]nnl numericnl techniques cun be classified ns L~~~rnn#inn or

I}ulvrinn. In ~,hcir purest forms, ench hI~s~iKnificnnt IIdvnrIlageH nnrl diwivnntngcs.

I,:igrnngi[ln t.cchniqucs, wi~h II c[wrdinnlc systcm thiil fi~llows thu fluid mulion,
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permit sharp resolution of material interfaces but suffer from mesh tangling when

distortions become severe. Eulcrian 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 tl,u Edid.

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 ofcomputaticmal cells with a Lagrangian mesh of

marker particles.

In its initial form, the PIC method is characterized by

● Lagrangian marker particles; mass at points

● Eulerian cells; momentum and energy at cell centers

● Velocity weighting for particle motion

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

● Calculation cycle split into phases

● Explicit formulation, valid for Mach Number ? 0,3

Nulnerous calculations with the original PIC formulation explored shock inter-

actions with mnterial interfaces and the deformations that could occur during hyper-

veloc!ty impact or explosive-driven contortions. Many of these nre described and

illustrrited 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 dfe~ts, and hi~h-explosive energy release. others explured

vnri~tions in the numerical procedure: smenring out the particles tu reduce the jur

ring effects of diwrete point-particle transport, removal of the mesh of Eulerian cells

with one or nnother procedure for cnlculnting pnrticle interactions, or demotiwl of

the pnrticles to the role of mt~rkcrs only.
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This last direction is especially characteristic of the Marker-and-Cell (MAC)

method for incompressible f!uw calculations. Developed shortly after Fromm’s very

successful stream- function-and-vorticity technique for confined incompressible

flows, the MAC method was devised for calculating flows with free surfaces. In its

original and extended forms, the Lechnique is characterized as foliows.

Original MAC

● Eulerian mesh

● Primitive variables (pressure and velocity)

. Staggered variable placement

● Marker particles to show free surface

● Implicit formulation

Some Extensions

● w. materials

● Surface tension

● Creep flow

● Multi phase interpenetration

Splashing drops, sloshing wnves, intcrfnce instabilities, creeping flows, and

three-dimensioniil pollution trnnsport ure among the eorly studies utilizing the

MAC npprunch.

Whercns the MAC method used purticles only as markers, the Particlc-nnd-

Furcc (PAF) tuchniquu depnrted from PIC in the uppositv direction, The particles

became parnmuunt and the cells were eliminated entirely. Fluid-1ike behevior was

nccornplishcd by mums of intmpurticlc f’urces, chosen su os to curr:!spond to u desired

equution ofstnlem This early “free-Lllgr[lnKit~n” ‘Lechniquc wus modcrntely successful

in npplicntion to some two-dimensiorml test problelnd, hut sulfered from fluctuntimw
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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 Dynarnics-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

dimensio~s) 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 di!Yicult 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, arm 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. ‘rhe originators of the PIC method, however, slacked off from its usage in

the late 1970’s, partly because of di~lculties with the method itself, partly in re-

sponse ta needs for other types of methodology (e.g. for far-subsonic multi phtise flow

problems), and partly in response b other interests (e.g., the transport theory of

turbulence).

Di~culties with the method perceived at that time (but greatly alleviab:d by

innovative developments in recent years) include

● Ringing (or bunching)of particles

● Fluctuations from discret,e-pnrticle trnnsport effects

● Difficulty in the nccurnte resolution of thin shells of mnteriul

● i,nck l~f’rotntionnt nnd trnnslntitmnl invntinncc
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While PIC-method usage was declining, there was considerable emphasis on

techniques with staggered meshes, resu!ting 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 ofcell-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 rscent directions are discussed in detail in other parts of this volume.
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document much of the early work in developing numerical fluid dynamics

techniques with Lagranginn marker particles:

Francis H. Hnrlow, “Numerical Mct+ods for Fluid Dynamics, an Annotated

Bibliography,” I,os Alamos Scientific Laboratory report LA-4281, (1969).

Junnita Sal:wnrnnd Jean Romero, “Bibliogrriphy, Group T-3, 1955 -1980,”

I,os Ali]mo~ Scientific Laboratory reporl LA-LP-81-29, undated.
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Thert is no attempt to be complete for publications after 1968. Later listings

are limited mostly to activities in Group T-3 of the Los Alamos National Laboratory,

for which a complete bibliography after 1980 has not yet been compiled.

I. THE PARTICLE-IN-CELL (PIC) METHOD

1955

1957

1958

1959

1962

1963

F. H, Harlow, “A Machine Calculation Method for H drodynamic Prob-
5lems,” bs Alamos Scientific Laboratory report LAM -1956 (November ,

1955),

M. W. Evans and F. H. Harlow, “The Particle-in-Cell Method for Hydro-
dynamic Calculations,” Los Alamos Scientific Laboratory report LA-2139
(November 1957).

F. H. Harlow “Hydrodynamic Problems Involving Large Fluid Distortions,”
J. Assoc. Comput. Mach. 4 (1957) 137.

M. W. Evans, and F. H. Harlow, “Calculation of Supersonic Flow Past an
Axially Symmetric Cylinder,”J. Aeronaut. Sci. 25 (1958) 269,

M. W. Evans, and F. H. Harlow, “Calculation of Unsteady Supersonic Flow
Past a Circular Cylinder,” ARS J. 29 (1959) 46.

F. H. Harlow and D, O. Dickman, “Numerical Study of the Motions of
Variously-Shaped Slabs Accelerated by a Hot Gas,” Los Alam.os Scientific
Laboratory report LA-2256 (January 1959).

F. H. Harlow, D. O. Dickmrm, D. E. Harris, and R, E. Martin, “Two Dimen-
sional Hydrodynamic Calculations,-’ Los Alamos Scientific Laboratory
report LA-2301 (September 1959).

M. W. Evans, F. H. Harlcw, and B. D. Meixner, “Interaction of a Shock or
Rarcfaction with a Bubble,” Phys. Fluids 5 (1962) 651.

F, H. Harlow and B. D, Meixner, “Rise Through the Atmosphere of a Hot
Bubble,” Los Alamos Scientific Laboratory report LAMS-2770 (November
1962).

T, D. Riney, “Solution of Visco-Plastic Equntior!s for Axisymmetric Hyper-
velocity Impact,” General Electric ~.~pace Sciences Laboratory report
R62SD95 (December 1962).

B. J, Daly, “The Bounding of Instabilities of the PIC Difference Equations,”
Los Alamos Scientific Laboratory report LA-2414 (March 1963).

R, Bjork, N. Brooks, and R. I%~etti, ”A Numerical ‘1’echni ue for Solution of
3Multidimension Hydrodynamic Prob!ems,” The RAND orporation report

RM-2628-PR (December 1963),
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B. J. Daly, ‘The Stability Properties of a Coupled Pair of Non-linear Partial
Difference Equations, “ Mathematics of Computation 17 (1963) 346.

F. H. Harlow, “The Particle-in-Cell Method for Numerical Solution of
Problems in Fluid Dynamics,” Proc. Symp. Applied Mathematics 15 (1963)
269.

1964 T. D. Butler, “Particle-in-Cell Fluid D namics on the IBM Stretch
Machine,’’ Proc. Computer Appl. Syrnp. 9J 1962 (IIT Research Institute,
Chicago, 1964).

F. H. Harlow, “The Particle-in-Cell Computing Method for Fluid
Dynamics, “ in Methods in Corn utational Physics, Vol. 3, B. Alder,

iS. Fernbach, and M. Rotenk:rg, E s. (Academic Press, New York, 1964).

T. D. Riney, ‘Theoretical Hypervelocity Im act Calculations,” General
EElectric Space Sciences Laboratory report R64 D13 (February 1964).

C. L. Mader, ‘The Two-Dimensional Hydrodynamic Hot Spot,” Los Alamos
Scientific Laboratory report LA-3077 (June 9, 1964).

1965 A. A. Amsden and F. H. Harlow, “Numerical Calculation of Supersonic
Wake Flow,” AIM J. 3, (1965) 2081; AIAA Selected Reprint Series, Vol. 4,
Computational Fluid Dynamics, C. K. Chu, Ed. (196!3).

F. H. Harlow, “Numerical Fluid Dynamics,” American Mathematical
Monthly 72, No. 2, Part U (1965) 84.

C. L. Mader, “The Two-Dimensional Hydrodynamic Hot Spot, Vol. H,”
Los Alamos Scientific Laboratory report LA-3235 (April 3, 1965).

1966 A. A. Amsden, “The Particle-in-Cell Method for Calculation of the Dynam-
ics of Compressible Fluids, ” Los Alamos Scientific Laboratory report
LA-3466 (June 1966).

F. H, Harlow and W. E, Pracht, “Formation and Penetration of High Speed
Collapse Jets,” Phys. Fluids9(1966) 1951.

W. R, Gage and C. L. Mader, “Three-Dimensional Cartesian Particle-in-Cell
~~l;;siions,” Los Alamos Scientific Laboratory report LA-3422 (Janunry

!

1967 C. L. Mader, R. W. ‘1’ayior, D. Venable, and J. R. Travis, “Theoretical nnd
Experimental Two-Dimensional Interactions of Shocks with Density
Discontinuitles,” Los Alamos Scientific Laboratory report LA-3514
(February 10, 1967),

T. D. Butler, I. Henins, J. Marshall, and R. Morse, “Conxial Snowplow
Discharge,” Proc. APS Topical Conf, Pulsed High-Density Plasmas,
Los Alamos Scientific Laboratory repolt LA-377(I (September 29, 1967).

1968 T. 1), f3utlcr nnd J. L, Cook, “Numcricnl Annlysis of a Conxial Accelerator,”
Phys. Fluids 11 ( 1968) 2286.
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1969

1975

1976

1977

197t?

T. D. Butler, J. L, Cook, and R. L. Morse, “MHD Simulation of Co-Axial
Plasma Flow,” in Proc. APS Topical Conf. Numerical Simulation of Plasma,
Los Alamos, September 18-20, 1968, Los Alamos Scientific Laboratory
report LA-3990 (September 30, 1968).

T. D. Butler, I. Henins, F. C. Jahoda, J. Marshall, and R. L. Morse, “Coaxial
Snowplow Discharge,” Phys. Fluids 12 (1969) 1904.

A. A. Amsden, G. F. Bertsch, F. H. Harlow, and J. R. Nix, “Relativistic
Hydrodynamic Theory of Heavy-Ion Collisions,” Phys. Rev. Lett. 35 (1975)
905.

F, H. Harlow, A. A. Amsden, and J. R. Nix, “Relativistic Fluid Dynamics
Calculations with the Particle-in-Cell Technique,” J. Comput. Phys. 20
(1976) 119.

A. A, Amsden, J. N, Ginocchio, F. H. Harlow, and J. R. Nix, “Comparison of
Macroscopic and Microscopic Calculations of High-Energy zONe + Z38U
Collisions,” Phys. Rev, Lett. 38 (1977) 1055.

A. A. Amsden, A, S. Goldhaber, F. H. Harlow, P. Mdller, J. R. Nix, and
A. J. Sierk, “Hydrodymrnical Calculations of Heavy -Ion Collisions,” Proc.
Symp. Macroscopic Features Heavy-Ion Collisions Pre-Equilibrium
Processes, Hakone, Japan (September 1977).

A. A. Arnsden, F, H. Harlow, and J. R. Nix, “Relativistic Nuclear Fluid
Dynamics,” Phys. Rev. C 15 (1977) 2059.

A. A. Amsden. A. S. Goldhaber. F. H. Harlow. and J. R. Nix. “Relativistic
Two-Fluid Model of Nucleus-Nucleus Collisions,” Phys. Rev. C 17 (1978)
2080,

G. 13ertsch and A. A. Amsden, “Theoretical Analysis of Heavy Ion Collisions
at Intermediate Energy,” Phys. Rev. C 18 (1978) 1293,

n, STREAM-FUNCTION-AND VORTICITY METHOD.

Although this is not a PIC-like method, a brief bibliography is included here for

reference.

1963 J. E, Frornm, “A Method for Cumlmting Nonsteady, Incompressible, Viscous
Fluid Flows)” Los Alamos Scientific Laboratory report LA-29i0 (September
19, 1963).

J, Il. Fromm and F. H. Hnriow, “Numerical Solution of the Problem of
Vortex Street Develo ment,” Ph s, Fluids 6 ( 1963) 975. Also republished in

? 6the AIAA Series o Selected eprints, Vol. 4, “Cnmputntlonal Fluid
Dynamics,” C. K. Chu, Ed. (1968).



1964

1965

1967

J. E. From-n, ‘The Time Dependent F1OWof an Incompressible Viscous
Fluid,” in Methods of Computational Physics, Vol. 3, “Fundamental
Methods in Hydrodynamics,” Alder, Fernbach, and Rotenberg, Eds.,
(Academic Press, New York, 1964) pp. 345-382.

F. H. Harlow and J. E. Fromm, “Dynamics and Heat Transfer in the von
Karman Wake of a Rectangular Cylinder,” Phys. Fluids 7 (1964) 1147.

J. E. Fromm, “Numerical Solutions of the Nonlinear E~uatinns for a Heated
Fluid Layer,” Phys. Fluids 8 (1965) 1757.

J. E. Fromrn, “Finite Difference .Methods of Solution of Nonlinear Flow
Processes with Application to the Benard Problem,” Los Ala.mos Scientific
Laboratory report LA-3522 (January 4, 1967).

III. THE MARKER-AND-CELL (MAC) METHOD, PLUS SOME OF ITS
EXTENSIONS AND MODIFICATIONS

1965

1966

1967

F. H. Harlow, J. P. Shannon, and J. E. Welch, “Liquid Waves by Computer,”
Science 149 (1965) 1092.

F. H. Harlow and J. E. Welch, “Numerical Calculation of Time-Dependent
Viscous Incompressible Flow,” Phys, Fluids 8 (1965) 2182; Selected Papers
in Physics, Vol. VI (The Physical Society of Japan, Tokyo, 1971).

F. H. Harlow and J. E. Welch, “Numerical Study of Large Amplitude Free
Surface Motions,” Phys. Fluids 9 (1965) 842.

F. H. Harlow, J. P. Shannon, and J. E. Welch, “Un Calculateur Qui Fait Des
Vagues,” Sciences 7 (1966) 14.

J. E, Welch, “Computer Simulation of Water Waves,” Datamation 12,
No. 11 (1966)41.

J. E. Welch, F. H. Harlow, J. P, Shannon, and B. J. Daly, “The MAC
Method,” Los Alamos Scientific Laboratory report LA-3425 (March 1966).

B. J. Daly, “A Numerical Study of Two-F1uid Ray Ieigh-Taylor Instability,”
Phys. Fluids 10 (1967) 297.

B, J, l’)aly and W. E. Pracht,, “A Numerical Sludy of Density Current
Surges,” Phys. Fluids 11 (1967) 15.

F. H. Harlow and J, P. Shannon, “Computer’s Analysis Captures Delicate
Crown of a Splashing Drop,” Dateline in Science 2, No. 24 (December 15,
1967).

F. H. Har!ow and J. P. Shannon, “Distortion of a Splashing Liquid Drop,”
Science 157, No. 3788 (1967) 547,

F. 11. Ha.rlow and J. P, Shannon, “The Splash of a I.iquid Drop,” J, Appl.
Phys. 38 ( 1967) 3855,
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1968

1969

1970

1971

1972

1973

C. W. I-Iirt and J. P. Shannon, “Free Surface Stress Conditions for
Incompressible Flow Calculations,” J. Comput. Phys. 2, No. 4 (1968) 403,

B. J. Daly, “Numerical Study of the Effect of Surface Tension on Interface
Instability,” Phys. Fluids 12 (1969) 1346

R. K.-C. Chan, R. L. Street, and T. Strelkoff, “Computer Studies of Finite-
Amplitude Water Waves,” Standford University technical report No. 104
(June 1969).

B. J. Daly, “A Technique for Including Surface Tension Effects in
Hydrodynamic Calculations,” J. Comput. Phys. 4 (1969) 97.

A. A. Amsden and F. H. Harlow, “The SMAC Method: A Numerical
Technique for Calculating Incompressible Fluid Flows, ” Los Alamos
Scientific Laboratory report LA-4370 (May 1970).

F. H. Harlow and A. A. Amsden, “A Simplified MAC Technique for
Incompressible Fluid Flow Calculations,” J. Comput. Phys. 6 (1970) 322,

B. D. Nichols, “Recent Extensions to the Marker-and-Cell Method for
Incompressible Fluid Flows,” Proc. Int. Conf. Numer. Methods Fluid Dyn.
2nd, Berkeley, California (September 15-19, 1970).

W. E. Pracht, ‘Trnplicit Solution of Creeping Flows, with A~plications to
Continental Drift,” Proc. In~. Conf. Numer, Methods Fluld Dyn. 2nd,
Berkeley, California (September 15-19, 1970).

P. I. Nakayama and N. C. Romero, “Numerical Method for Almost Three-
Dimensional Incompressible Fluid Flow and A Simple Internal Obstacle
Treatment,” J. Comput. Phys. 8 (1971) 230.

B. D. Nichols and C. W. Hirt, “Irn roved Free Surface Boundary Cone! itions
for Numerical Incompressible- $ low Calculations,” J. Comput. l-:,ys. 8
(1971) 434.

W. E. Pracht, “A Numerical Method for Calculating Transient Creep
Flows,” J. Comput. Phys. 7 (1971) 46.

C, W. Hirt and J. L. Cook, “The Calculation of Three-Dimensional Flows
Around Structures and Over Rough Terrain,” J. Comput. Phys. 10 ( 1972)
324.

B. D, Nichols and C. W. Hirt, “Transient Three-Dimensional Fluid Flow in
the Vicinity of Large Structures,” Proc, Int. Conf. Numer. Methods Fluid
Dyn. 3rd, Paris, France (July 3-7, 1972).

R. S. Hotchkiss and F. H. Harlow, “Air Pollution TransDort in Street
Canyons,” Environmental Protection Agency report No. E~A-R4-73-029
(1973).
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1974

1975

1978

B. D, Nichols and C. W. Hirt, ‘*Calculating Three-Dimensional Free-Surface
Flows in the Vicinity of Submerged and Exposed Structures,” J. Comput.
Phys. 12 (1973) 234.

A. A. Amsden, “Numerical Calculations of Surface Waves: A Modified
ZUNI Code with Surface Particles and Partial Cells,” Los Alamos Scientific
Laboratory report LA-5146 (May 1973).

F. H, Harlow and L. R. Stein, “structural Analysis of Tornado-Like
Vortices,” J. Atmos. Sci. 31 (1974) 2081.

L. R. Stein and F. H. Harlow, “Numerical Solution of the Flow Structure in
Tornado-Like Vortices, ” Los Alamos Scientific Laboratory report
IA-5713-MS (September 1974).

C. W. Hirt and J. L. Cook, “Perspective Displays for Three-Dimensional
Finite Difference Calculations,” Comput. Fluids 3 (1975) 293.

C. W. Hirt, B. D. Nichols, and N. C. Romero, “SOLA - A Numerical Solution
Algorithm for Transient Fluid Flows,” Los AJamos Scientific Laboratory
report LA-5852 (April 1975).

L. M. Stephani and T. D. Butler, “A Numerical Method for Studying the
Calculation Patterns of a Fluid in a Cavity,” Los Alamos Scientific
Laboratory report LA-6014 (October 1975).

C. W. Hirt and J, D. Rarnshaw. “Pros~ects fo~’Numerical Simulation of
Bluff Body Aerodynamics, “ in Aerodynamic Drag Mechanisms of Bluff
Bodies and Road Vehicfes, G. Sovran, T. Morel, and W. T. Mason, Jr., Eds,
(Plenum Press, New York, 1978).

C. W. H}rt, J. D. Ramshaw, and L. R. Stein, “Numerical Simulation of
Three-Dimensional Flow Pasi Bluff Bodies,” Comput. Methods Appl. Mech.
Eng. 14 (1978) 93.

B. D. Nichols and C. W. Hirt, “Numerical Simulation of BWR Vent Clearing
Hydrodynamics,’’ Trans. h, Nucl, Sot. 28 (1978) 416.

B. D. Nichols and C. W. Hirt, “Numerical Simulation of Hydrodynamic
Impact Loads on Cylinders,” Nucl, Sci. Eng. 68 (1978) 143.

IV. IMPLICIT TECHNIQUE (KNOWN AS THE ICE METHOD FOR REASONS
THAT ARE NOW IRRELEVANT) FOR ALL FLOW SPEEDS, INCORPOR-
ATED INTO BOTH PARTICLE TECHNIQUES AND OTHERS WITHOUT
PARTICLES,

1968 F, H. Harlow and A. A. Amsden, “Numerical Calculation of Almost Incom-
pressible Flow,” J, Cornput. Phys. 3 ( 1968) 80.

1970 F. H. Harlow, A, A. Amsden, and C. W. Hirt, “Numerical Calculation of
Fluid F1OWSat Arbitrary Mach Number,” Proc. Int. Conf, Numer. Methods
Fluid Dyn. 2nd, Berkeley, California, September 15-19,1970.
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1971

1973

1974

F. H. Harlow and A. A. Amsderi, “A Numerical Fluid Dynamics Calculation
Method for All Flow Speeds,” J. Corn ut. Phys. 8 (19’71) 197; AM Selected

fReprint Series, Vol. 15, Computer F uid Dynamics--. flecent Advances (New
York, 1973).

A. A Amsden and C. W. Hirt, “YAQUI: An Arbitrary I,agrangian-Eulerian
Computer Program for Fluid Flow at All Speeds,” Los Alarnos Scientific
Laboratory report LA-51OO (March 1973),

J. U. Brackbill and W.E. Pracht, “An Implicit Almost-La angian Algo-
Yrithm for Magnetohydrodynamics,” J. Cnmput. Phys. 13 (197 ) 455,

W. C. Rivard, 0, A. Farmer, T. D. Butler, and P. J. (Y]lourke, “A Method for
Increased Accuracy in Eulerian Fluid D namics Calculations,” Los Alamos

?/Scientific Laboratory report LA-5426-M (October 1973).

F. H. Harlow and A. A, Amsden, “Multi-Fluid Flow Calculations at P.11
Mach Numbers,” J. Comput, Phys. 16(1974) 1.

“v.IMPLICIT-MULTIFIELI.) -FLOW (IMF) AND RELATED TECHNIQUES

1974 A. A. Amsden and F. H. Harlow, “KACHINA: An Eulerian Computer
Program for Multifield Fluid Flows,” Los Alamos Scientific Iiaboratory
report LA-5680 (December 1974),

1975 T. D. Butler, “ Multi-Phase Flow Methods for Reactor Safety Analysis,”
Trnns. Am. Nucl, Sot. 21 (1975) 217.

T. D. Butler and N. C, Romero, “Numerical Simulation of Flow in an
Unwraf?ped Downcomer,” Trans. Am, Nucl, Sot. 22 (1975) 260.
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