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This study investigates the effects of continuum breakdown on the surface aerothermodynamic properties
(pressure, shear, heat transfer rate) of a sphere in Mach 10, 25, and 45 flows of nitrogen gas in regimes varying from
continuum to rarefied gas. A rotational energy relaxation model is employed in the computational fluid dynamics
code and is tested to confirm its accuracy. As the global Knudsen number is increased, from continuum flow to a
rarefied gas, the amount of continuum breakdown seen in the flow and on the surface is increased. This increase in
continuum breakdown affects the surface properties, such that an increase in the differences between computational
fluid dynamics and direct simulation Monte Carlo method is observed. As the Mach number is increased, the amount
of continuum breakdown observed in the flow is increased, but the gradient length local Knudsen number stays
approximately constant. Even though the amount of continuum breakdown has increased, the difference between
computational fluid dynamics and direct simulation Monte Carlo method remains relatively constant. The last part
of this study compares the results of the sphere with that of the analogous cylinder case. At the same global Knudsen
number, the differences in the surface properties between computational fluid dynamics and direct simulation
Monte Carlo method increase when the simulation is run axisymmetrically.

Nomenclature

= pressure coefficient

heat flux coefficient

shear coefficient

mean speed, m/s

molecular diameter, m

energy per unit volume, J/m?3

gradient length local Knudsen number
global Knudsen number

Boltzmann constant, 1.38 x 10723 J/K
characteristic length, m

Mach number

mass, kg

relative mass, kg

average probability

pressure, Pa

heat transfer rate, W/m?

Reynolds number

translational temperature, K
freestream velocity, m/s

collision number

ratio of specific heats

internal degrees of freedom

mean free path, m

viscosity, Pa - s

mean collision rate, 1/s

density, kg/m?

= collision cross section, 5.81 x 1072! m?,
accommodation coefficient

shear stress, Pa, relaxation time, s
variable hard sphere temperature exponent
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Subscripts

cont = continuum

LT = Landau-Teller
)4 = park

part = particle

r = rotation

ref = reference value
v = vibration

00 = freestream

I. Introduction

ITH a renewed desire to send humans back to the moon

and beyond there is a need for accurate studies of the flow
behavior over hypersonic vehicles to precisely determine how they
will perform when entering an atmosphere. Experiments and flight
tests are extremely difficult and expensive, and so there is need for
computational models that can be used for design and development
of hypersonic vehicles.

A hypersonic vehicle that is entering an atmosphere will go
through many different flow regimes due to the change in atmos-
pheric density with altitude. The flow can be characterized by the
following Reynolds and the Knudsen numbers:

Re= (pUL)/;r  Kn=(A/L) x (1/pL) 1)

The flow can be considered continuum when the Knudsen number
is much less than one. In the continuum regime, flows should be
simulated using traditional computational fluid dynamics techniques
by numerically solving the Navier—Stokes equations. However, when
the Knudsen number becomes larger, the continuum assumption in
the Navier—Stokes equations starts to breakdown. This is due to the
fact that these equations are derived from kinetic theory based on the
assumption of small perturbations from an equilibrium velocity
distribution function [1]; therefore, computational fluid dynamics
(CFD) only works in near equilibrium flows. When the Knudsen
number grows, only a noncontinuum technique can be used, such as
the direct simulation Monte Carlo (DSMC) method [2]. DSMC is a
Monte Carlo particle method for simulating nonequilibrium gas
flows. DSMC is required for accurate flow analysis of hypersonic
rarefied flows for which the continuum flow equations are invalid and
can be used in any dilute gas flow. Unfortunately, DSMC is about an
order of magnitude more expensive than traditional CFD methods
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