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Nomenclature
= freestream speed of sound
= molecular rotational energy
= l/zPooO + Vl^/Too); free molecular pressure

for flat-plate flow
= translational temperature
= 91.5 K; potential well temperature for Morse

potential
= x component of T
= rotational temperature
= body temperature
= average gas velocity in x and y directions,

respectively
—x, y, and z components of molecular velocity
= freestream mean free path

Introduction

T HE development of the Direct Simulation Monte Carlo
method1 for the numerical simulation of the full

nonlinear Boltzmann equation has made possible the
calculation of rarefied transition flow about a variety of basic
body shapes. Cases treated to date using this method include
axisymmetric flow about spheres2 and two-dimensional flow
past cylinders3 and the leading edge of flat plates4"6 aligned
with the freestream. Although much of this work has been for
monatomic gases, schemes for the modeling of diatomic gases
are now available, one of which has been applied to the flat
plate5'6 problem by the present authors.

In the present Note, we describe a detailed Direct
Simulation calculation of the two-dimensional rarefied
hypersonic flow of a diatomic gas past a forward-facing step
placed 48Aoo downstream of a flat-plate leading edge. This
basic departure from the flat-plate case is interesting, since it
represents the interaction of a kinetic flow in the process of
transition to a merged layer with a simple geometrical ob-
struction, leading to the possibility of step-induced flow
separation.
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The Direct Simulation method is a statistical technique in
which the time evolution, including collisions, of a populous
gasdynamic system is numerically simulated by following the
simultaneous motion of a many orders-of-magnitude smaller
number of sample particles. For a particular application,
given a set of initial and boundary conditions together with a
binary collision model the technique may be used to obtain
statistical estimates of all desired flow properties including the
distribution function, at any point in the gas. Accounts of the
method and its relation to the Boltzmann equation may be
found in Refs. 1 and 7.

Binary Collision Model
The binary collision model used in the present calculation is

described in detail in Ref. 6. Briefly, the collision deflection
angle and the Monte Carlo conditional icollision probabilityJ

were treated using the spherical Morse potential.8 For the
treatment of the rotational-translation energy exchange in
inelastic collisions with two internal degrees of freedom in
rotation, a hybrid classical/statistical technique was em-
ployed. This method essentially combines a treatment of the
inelastic exchange based on classical perturbation methods for
a nonspherical potential8 with a simple statistical relaxation
technique.7 The hybrid model is constructed so as to drive the
gas into a state of local energy equipartition while retaining,
for pair relative translational energy et>2kT', far from
equilibrium, a detailed microscopic description of the-
exchange process. The model is efficient, requiring about 0.3
sec of CDC 7600 machine time per 1000 collision calculations.
It correctly simulates rotational-translational temperature
relaxation with the appropriate temperature dependence of
the relaxation time,8 and leads to approximate energy
equipartition at equilibrium for temperatures up to 2000 K.
At equilibrium, the velocity distribution is Maxwellian but
due to overall violation of detailed balancing, the Boltzmann
rotational energy distribution is not achieved.

Results and Discussion
The flow and body conditions, chosen to match those used

in nitrogen experiments by Jeffrey9 were Mx =22.9, T^ =20
K, 7^/700 = 14.4. The freestream pressure and number
density in these experiments were P^ =0.276 N/m2 and
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rtoo !41.0x 1021 molecules/m3, respectively. We take the
definition of Xoo as

where ft(2 '2)* is a collision integral from the transport
theory,10 and where for the Morse potential at Tx = 20 K we
use the valae fi (2>2)* =2.115. The molecule-surface law at the
body boundary was taken to be fully diffuse with complete
accommodation for both translational and rotational energy
modes.

The particle sample size for estimation of flowfield and
surface properties varied with the cell or surface segment
dimensions, but was generally of the order 1000. Very near
the step base, higher densities compensated for reduced cell
sizes with resulting samples in the range 1000-3000.

Figure 1 indicates that the effect of the step on the plate
normal pressure Pn is felt some 13-15Xoo upstream of the face.
As the near surface flow undergoes rapid compression, Pn
rises sharply in front of the step with no sign of a plateau. The
normal pressure rises sharply up the vertical step face, the top
of which is exposed to a high-speed stream and then drops by
a factor of seven as the flow expands around the 90° top
corner angle. Along the top horizontal surface Pn/P<* ap-
pears to approach the undisturbed flat plate pressure5 also
shown in Fig. 1. Forward of the step, quite good agreement is
obtained with the uncorrected data of Jeffrey,9 who

measured pressure in blunt lipped cavities. For x/\^ >48 the
near-surface flow is quite rarefied and corrections to the
pressure data are necessary.

For x/Xoo<30, the gas density (p/poo) contours shown in
Fig. 2 are essentially those for an undisturbed flat-plate
flow.5 There then follows a fairly uniform compression of the
flow in front of the step near the surface, whereas further out
there is only a slight distortion of the developing merged layer
shock. Downstream of the step, the contours recover their
typical transition-merged layer shapes.

Temperature profiles shown in Fig. 3 indicate that much of
the flow is in a highly nonequilibrium state. The partial
profile at x/X^ =47.5 however, obtained in a column of cells
of width Ax = Xoo adjacent to the vertical step face, depicts the
rapid approach to thermal equilibrium at Tw at the step base.
By plotting flow quantities along the line _y /Xoo=-2 /3
x/Xoo + 32 (which intersects the step base) it was inferred that
at the very step base, the gas was in near equilibrium with
T/TX = TR/TV = TW/T00 = 14.4, p/Poo = 10, Pn/P^ = 145.
Some 5X^ downstream of the step the profiles begin to exhibit
flat-plate characteristics once again with a large temperature
jump at the surface.

The rapid jc-wise deceleration of the flow near the step is
illustrated in the u/a^ profiles shown in Fig. 4. Slip at the
wall has vanished forx/X^^ 43.5 and for the x/Xoo=46.5
profile there is evidence of reverse flow for y/X^^l.
Similarly, v/ax is negative fory/ \ x <; 2 in the normal velocity
profiles in Fig. 4, thus indicating the presence of a region of
clockwise circulating flow in a small, roughly triangular
region with sides 6x — 2Xoo,<5y — 3Xoo at the step base. On this
scale, the local cell size (Ajt=X00,A.y = 2Xoo/3) is rather coarse,
and more detailed calculations wouljd be required to probe the
separation region. Note that Xwan/Xoo —1/10 near the step
base.

Histogram estimates of the reduced Vx distribution func-
tion/! (integrated over Vy, Vz and e coordinates) obtained in
three near-surface cells upstream of the step are shown in Fig.
5. At the most upstream station, where the effect of the step
has not yet been felt, /, is bimodal with the small peak near
Vx/a ^ = 11 due to the collision products in the initial flat-
plate flow. Further downstream/! assumes a Navier-Stokes-
like form as the now-continuum-flow rapidly approaches near
equilibrium at Tw.

Conclusion
The calculations indicate that for the present configuration,

the foward-facing step leads to a fairly localized disturbance
to the overall flow, which further downstream reverts to the
basic flat-plate merged layer structure. Along the plate near
the step, however, the flow suffers a rapid deceleration and
compression accompanying sudden transition to a near
continuum Navier-Stokes-type state nearly in equilibrium at
the body temperature. A very small region of separated and
apparently circulating flow was detected very near the step
base but the cell resolution was rather too coarse to examine it
in detail. This effect might well be magnified by choosing a
larger step height to plate forebody length ratio than has been
treated herein.
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Oscillatory Burning of High-Pressure
Exponent Double-Base Propellants
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Nomenclature
a = coefficient in Vieilles burning rate law
Cd = nozzle discharge coefficient
Kn = ratio of propellant burning area to nozzle throat area
L * = characteristic chamber length
n = pressure exponent in Vieilles burning rate law
p = pressure
pc = mean chamber pressure
R = gas constant
r = linear burning rate
T0 = propellant conditioning temperature
Tf = flame temperature
t =time
a = exponential growth constant of oscillation
at = thermal diffusivity of propellant
pp = propellant density
r = lead time of burning rate oscillation relative to pressure

oscillation
Tch - chamber time constant ,L*/CdRTf
T(h = thermal wave relaxation time, ct(/r2

<j> = amplitude of pressure oscillation
co = frequency

Introduction

THE most familiar examples of low-frequency oscillatory
burning are associated with chuffing experienced with

double-base propellants at low pressures. Many of the ex-
perimental studies of chuffing and low-frequency burning
have been conducted, and theoretical models have been
presented to describe the burning behavior.1'3 The models
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have been moderately successful; however, they use uncertain
values for parameters such as the burning surface temperature
and the activation energy of the burning surface.

In this Note, very-low-frequency burning of high-pressure
exponent propellants is investigated using a strand burner and
an L* burner. The oscillatory burning was observed at in-
termediate pressures and was found to be different from the
oscillatory burning of chuffing. The domain of the oscillatory
burning (L* vs p) is parabolic. An analytic model predicting
the domain of oscillatory burning and the characteristics of
oscillation in the case of very-low-frequency burning are
presented.

Experiments
The propellant used in this study was a double-base

propellant (51.0% nitrocellulose, 35.5% nitroglycerine,
12.0% diethyl phthalate, and 1.5% lead salicylate). The bur-
ning rate measurements were carried out with a nitrogen-
pressurized chimney-type strand burner. Tests for unstable
burning domains were done with a small end-burning-type
rocket motor (L* burner). Propellant grains were 114 mm
diamx40 mm long with the side and one end of the grain
coated by an inhibitor. The burning pressure was measured by
a strain-guage type pressure transducer mounted to the motor
and was recorded by a visicorder. Since the chamber free
volume increased with regressing the burning surface of the
propellant grain, the L* increased with burning time. The bur-
ning tests were conducted with L* = 4-20 m.

The burning rate and pressure exponent of the propellant
are largely dependent on pressure range. The burning rate
characteristics are divided into four pressure zones, as
designated in Fig. 1. The pressure exponent is 0.44 in zone I
above 37 atm, approximately 1.1 in zone II between 37 and 21
atm, 0.77 in zone III between 21 and 11 atm, and 1.4 in zone
IV below 11 atm.

The burning test results by the L* burner showed that the
burning behavior was very dependent on the pressure range
and L*. Typical pressure-time records are shown in Fig. 2. In
zone I pressures above 37 atm, the burning was very stable,
and neither oscillatory burning nor irregular burning was ob-
served. In zone II where the pressure exponent was ap-
proximately unity, a sinusoidal oscillatory burning was ob-
served when L* was short. However, the oscillation
diminished as L* increased during burning. L* observed
oscillatory burning ranged 4-10 m, and the highest amplitude
of pressure oscillation was approximately 7 atm. The frequen-
cy increased with increasing pressure from 6 Hz at 21 atm to 8
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Fig. 1 Burning rate and pressure exponent data showing two high-
pressure exponent zones.


