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Analysis of Rarefied and MEMS Gas Flows Using
Thermodynamically Consistent

Nonequilibrium Hydrodynamic Models
Rho Shin Myong*

ABSTRACT

Considerable parts of gas flows arising in aerospace vehicles, rocket nozzles, MEMS
channels, and thin film growth process are characterized by high thermal nonequilibrium, so
that new equations beyond the continuum Navier-Stokes equations are necessary. Owing to
the low-density and small scale of the characteristic length, the flowfields belong to various
flow regimes; continuum, slip, transitional, and free-molecular. Many computational
methods--either fully kinetic (DSMC) or fluid dynamic (moment equations)--have been
proposed, but it turned out that some have difficulty in solving low-speed MEMS flows and
others fail to satisfy the second law of thermodynamics.

Towards solving this dilemma, an innovative nonequilibrium hydrodynamic computational
model is studied that can cover almost all flow regimes in real geometry. Through a
critical review of the previous models, the advantages of the new model are identified.
Finally, to check its validity, it is applied to some acid test problems; shock structure and
internal flow in MEMS channel.
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Viewpoint of Mathematical Solution
Description Models Methods
Deterministic Classical (quantum) Molecular
Molecular equation of motion dynamics
Probabilistic ~ Klimontovich Liouville  Monte Carlo

Molecular equation equation

Molecular

chaos
Boltzmann equation DSMC Direct
CFD

Thermodynamics
Hydrodynamic Generalized CFD
Continuum hydrodynamics(GH)

Eu’s closure

GH 13 moment equation

¢Sman deviation
from LTE

Navier-Stokes-Fourier
Equilibrium

Euler

Mathematical models and solution
methods for the description of the
motion of gases.
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Fig. 2. Regimes of validity of conventional
mathematical models.
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A&l 1875 Kundte} Warburgoel] 9|3
714 GGl HE o wng
phenomena)o] WAE ol #AAstel FaY
vzEE R do} g 4 () F¥E 13
o] M2W S=Fuj7t A of 2L 6 &2
Weeo] Zrislel FIAE WRel G4 RN
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7 4 o
u=au,+(1—-au, (12)
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