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he primary concern of computational fluid dynamics is

the development and application of numerical methods
to solve the partial differential equations of hydro-
dynamics." These equations, most notably the Navier-
Stokes and Euler equations, describe Newtonian fluids, that
is, gases and simple liquids, over a wide range of condi-
tions. Although very useful, the continuum description of a
fluid has its limits. For example, the flow of a dilute gas
requires a kinetic-theory description.” As a result, various
specialized methods for simulating such flows have been
developed. This column presents one such method, direct
* simulation Monte Carlo (DSMC), developed by Bird in the
1960s.”

Flows are characterized by a variety of dimensionless
quantities. The most useful one for our purposes is the
Knudsen number Kn. This dimensionless quantity is de-
fined as Kn=\/L, where L is the characteristic length scale
of the physical system, and X is the molecular mean free
path. In general, a continuum description is not accurate
when Kn>1/10.

The mean free path A of a molecule in a dilute gas is
given by
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where n is the number density and o is the effective diam-
eter of the molecule. For example, in air at atmospheric
pressure, A=50 nm (about the wavelength of visible light),
whereas in the rarefied upper atmosphere at an altitude of
120 km, the mean free path is several meters. The Knudsen
number for air flow through the 50-nm-wide gap between
the head and platter in a disk drive is Kn=1, and Kn of the
bow shock off the nose of the space shuttle is also of order
unity, because the characteristic size of the nose is meters.

A more general criterion that indicates the breakdown
of the continuum description is the appearance of aniso-
tropic pressure effects. To quantify this criterion, we define
a local Knudsen number as Kn,=\|Vn|/n. Extensive stud-
ies done by Boyd, Chen, and Candler* indicate that the
appropriate criterion for the failure of the continuum de-
scription is Kn,>0.05.

For cases such as those discussed above, the continuum
description based on partial differential equations is inad-
equate, and a particle-based approach is needed. For physi-
cists, the best known particle-based algorithm is molecular
dynamics.” In molecular dynamics, the trajectory of every
particle in the fluid is computed from Newton’s equations,
given an empirically determined interparticle potential. Al-
though molecular dynamics is a useful technique in statis-
tical mechanics, its application is limited to simple hydro-
dynamic flows due to its enormous computational
overhead.® Molecular-dynamics simulations of a dilute gas
are extremely time-consuming even when run on the most
powerful computers. To simulate one cubic millimeter of
air at STP would require 10'® molecules and on the order of
103 floating-point operations to evolve the system for a
mean free time of 107! s. This calculation would take
about 10? years, even on a teraflops machine.

Fortunately, the DSMC method is an efficient alterna-
tive for simulating a dilute gas. The method can be viewed
as cither a simplified molecular-dynamics (DSMC is sev-
eral orders of magnitude faster) or a Monte Carlo method
for solving the time-dependent nonlinear Boltzmann equa-
tion (which describes the evolution of a dilute gas at the
level of the single-particle distribution function). Rather
than exactly calculating collisions as in molecular dynam-
ics, the DSMC method generates collisions stochastically
with scattering rates and postcollision velocity distributions
determined from the kinetic theory of a dilute gas. Although
DSMC simulations are not correct at a length scale as short
as that of an atomic diameter, they are accurate at scales
smaller than that of a mean free path.

The method has been thoroughly tested in high-
Knudsen-number flows over the past 25 years and found to
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