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The model included the effects of rotation, radius change,
and stream-surface convergence. An upwind-implicit approx-
imate —factorization scheme was used to solve the turbulence
model equations uncoupled from the flow equations. The nu-
merical scheme was robust, but about 18% slower than the
B-L model.

Calculations were made of a transonic compressor rotor with
significant quasi-three-dimensional effects. The results showed
very close agreement between the B—L and k- models, but
both models failed to capture the measured wake spreading.
Calculations were also made of a transonic turbine vane with
transition and heat transfer. Both turbulence models showed
very good agreement with measured surface pressures. Surface
heat transfer was predicted reasonably well by the B—~L model,
considering the simple transition model used. The low Reyn-
olds number k-w model gave similar results, but the predicted
transition location was sensitive to inlet values of w. Overall
the k-w model behaved well numerically, but predictions were
not decisively better than those made with the B—L model.
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¢, = specific heat at constant pressure
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Introduction

ISTRIBUTED combustion is the term used to denote the
combustion of solid particles, usually metals such as alu-
minum or boron, in the combustion chambers of solid propellant
rocket motors after they have been emitted from the burning
solid propellant surface, but before they pass through the nozzle.
Beckstead' has shown that the unsteady particle combustion can
significantly influence the rocket motor acoustic stability. Mod-
els for distributed combustion have been proposed,” but there
currently exist no methods for experimentally measuring the
unsteady distributed combustion response under conditions that
simulate those found in actual solid propellant rocket motors.
However, it has been shown that in a modulated exhaust
combustion chamber with solid propellant only at the head end
of the chamber, in a so-called cigarette or end-burning mode,
measurements of the unsteady gas velocity as functions of dis-
tance above the burning propellant surface by means of mag-
netic velocimetry,” along with measurements of the unsteady
pressure, combined with a one-dimensional linear acoustic
analysis of the flow within the chamber, can be used to obtain
the propellant pressure-coupled combustion response with a
high degree of accuracy. The analysis assumed that all of the
propellant combustion occurred in a region very close to the
burning propellant surface, allowing the propellant response to
be treated as a boundary condition. Such an assumption is
valid for nonmetallized composite propellants. By modifying
the acoustic analysis as described in the next section, to allow
for distributed combustion away from the propellant surface,
the same experimental technique can be used to measure the
unsteady distributed combustion response.

Analysis
One takes the one-dimensional constant area (variable areas
can be included, but are excluded here for simplicity) unsteady
compressible equations for the conservation of mass, momen-
tum, and energy with mass, momentum, and energy sources
caused by the combustion of the metal particles after they are
emitted from the burning solid propellant surface
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where m, is caused from the particle combustion.
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One subtracts u times continuity from momentum to obtain
u
p—tpu—+—=0 “@

One subtracts »*/2 times continuity and % times momentum
[Eq. (4)] from energy, expanding e, into static internal energy
and kinetic energy, assuming constant specific heats and sub-
stituting the perfect gas law for density to obtain
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The equations are now linearized by assuming each variable
to be the sum of a mean and a small perturbation of the order
of the mean Mach number of the flow, i.e., p = p + p’, etc.
Following Culick,’ terms of the order M? and higher are
dropped and T} is written as 7 + AT.

The governing equations for the mean quantities are sub-
tracted out and solved separately. Since 7' is the isentropic
temperature fluctuation

’

di
YRT v, = (y ~ D, = (1 — yp’ = 6)
p dx

which is valid when terms of the order M? or higher are neg-
ligible, is used to eliminate 7' in the energy equation.

The fluctuating components are then assumed to vary sinu-
soidally with time and are written as

P =pWe™, u' = ae”, m,=myx)e”, T'=Txe™
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where p(x), 6(x), M,(x), and T(x) are complex numbers and
contain both amplitude and phase information. Substituting
into the linearized perturbation equations and dividing out
€, one finally obtains for momentumn and energy
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The term within the brackets in Eq. (9) is the sum of the
nondimensionalized unsteady mass and energy injection
caused by unsteady particle combustion, and R, and-R, are the
pressure- and velocity-coupled responses, respectively, of the
particle combustion. Equations (8) and (9) are then simulta-
neously solved numerically along with the steady-state equa-
tions for mass, momentum, and energy as initial value prob-
lems in a manner similar to Ref. 6, starting at the head end of
the chamber where a pressure oscillation of arbitrary, but
small, magnitude (relative to the mean pressure) and a velocity
oscillation given by the propellant pressure-coupled response
are applied. The governing equations are solved in this manner
to allow arbitrary spatial distributions for both the steady and
unsteady particle combustion. The initial values for the steady-

state equations are the head-end mean pressure, the mean ve-
locity of the gas produced by the solid propellant combustion,
and the mean density at the head end obtained from the adi-
abatic flame temperature and the perfect gas law. Since the
flow within the chamber is one dimensional, only longitudinal
mode acoustic waves are modeled. Since the flow region above
an end-burning grain is being solved for, the pressure- and
velocity-coupled responses in the last term in Eq. (9) are for
the distributed combustion alone. Mathematica was used to
compute and plot the results.

Results

Figure 1 shows the velocity oscillation phase angle relative
to the head-end pressure oscillation as a function of distance
above the burning surface for three values of the real part of
the solid propellant pressure-coupled response (1, 3, and 5)
without distributed combustion. The modulation frequency is
1000 Hz. When the pressure-coupled response is one, the ad-
mittance at the surface is zero and the phase angle is 90 deg,
produced by a classical acoustic wave modified by the low
Mach number mean flow within the chamber. The other so-
lutions show that for nonunity real parts (only the real part
affects the growth or decay of acoustic waves within the cham-
ber), the velocity phase angle shows dramatically altered be-
havior in the region near the burning propellant surface and
that the magnitude of this effect is roughly proportional to the
magnitude of the real part. It is this velocity phase angle be-
havior that is measured in a magnetic flowmeter burner to
obtain the real part of the pressure-coupled response. The
imaginary part was found to have no effect on the phase angle.

Figure 2 shows the effect of a nonzero real part of the dis-
tributed combustion response on the velocity oscillation phase
angle for the same modulation frequency of 1000 Hz. For all
three cases shown, the real part of the propellant pressure-
coupled response has a value of 2. It can be seen in case B
where the real part of the distributed combustion pressure-
coupled response equals 10 that distributed combustion shifts
the velocity phase angle away from 90 deg by an amount pro-
portional to the magnitude of the real part. Case C shows that
this shift begins where the distributed combustion begins to
occur and that by measuring the velocity oscillation phase an-
gle as a function of distance above the burning propellant sur-
face one can deduce the magnitude of the real part of the
distributed combustion response and where it occurs relative
to the burning propellant surface. The imaginary part of the
pressure-coupled response was found to have a very weak ef-
fect on the velocity phase angle. Both the real and imaginary
parts of the velocity-coupled distributed combustion response
were found to have no effect on the velocity phase angle since
the acoustic oscillations are being modeled in the vicinity of
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Fig. 1 Phase angle of the velocity oscillation as a function of
distance above the solid propellant surface without distributed
combustion for three values of the real part of the solid propellant
pressure-coupled response.
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Fig. 2 Phase angle of the velocity osciliation as a function of
distance above the propellant surface for three values of the real
part of the distributed combustion response: A, 0.0; B, 10.0 start-
ing at the propellant surface; and C, 10.0 starting at 5 mm above
the surface.
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Fig. 3 Gas velocity as a function of distance above the propellant
surface for three values of the volumetric mass release rate caused
from distributed combustion.

a velocity node. Therefore, one can obtain the pressure-cou-
pled distributed combustion response without any experimental
ambiguity being introduced by the velocity-coupled response;
the disadvantage is that no information on the velocity-coupled
distributed combustion response would be obtained. Since the
spatial resolution of a magnetic flowmeter is given by the elec-
trode diameter (0.5 mm), the analysis shows that a magnetic
flowmeter burner can measure the magnitude and location of
the real part of the pressure-coupled distributed combustion
response.

The steady-state equations can also be used to study the
effect of the steady-state distributed combustion on the flow
within the burner. Figure 3 shows the effect of three values
for the steady-state volumetric mass release rate resulting from
distributed combustion (0, 100, and 1000 kg/m® s) on the mean
gas velocity above the propellant surface. The volumetric mass
release caused from distributed combustion causes an increase
in the mean gas velocity, which is large enough to be measured
by a magnetic flowmeter, thus allowing the determination of
the location and magnitude of the steady-state distributed com-
bustion. If one assumes that the products of distributed com-
bustion consist of condensed phases only with the result that
heat addition is the only source in the governing equations,
similar effects for both the steady and unsteady flowfields are
found.
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Introduction

N a typical airframe-integrated scramjet, for example, the

NASA Langley-type scramjet, the side walls in the inlet
function as a compression system. The inlet has a bottomless
geometry, and sometimes has a swept angle to guarantee start-
ability. The open bottom results in spillage and the swept angle
increases it. To discuss engine performances, appropriate es-
timation of drags in such an inlet, including the spillage of
mass and momentum, is required.

The shock-wave relation can be applied to analyze the air-
flow in the inlet. However, estimation based on this relation
does not include the end effect of the wall or the open bottom.
Furthermore, when the inflow Mach number is low, or the
swept angle is large, the velocity component, which the shock-
wave relation is applied to, becomes subsonic.’ To date, there
have been relatively few experiments and numerical simula-
tions investigating the characteristics of the inlet drag and
those of the spilled air, and consequently, there are few reports
dealing with these characteristics.>~*

In the present study, several kinds of side-wall compression-
type inlets were tested, and the impulse function and the drag
in the inlet models with spillage were investigated.

Experimental Apparatus

A blow-down-type Mach 4.1 wind tunnel was used in the
present testing.' The total pressure and the total temperature
of the working fluid, air, were 1.6 MPa, and 290 K, respec-
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