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Table 1 Stall warning time

% speed
60
70
80
90

100

Rotor 4,
unswept

Progressive stall
<0.10s
<0.10s
0.35s
0.1 s

Rotor 6,
backward swept
Progressive stall
Progressive stall
0.2s
>2.0s
0.2s

are attenuated through a shock structure rotating at blade
passing frequency. Attenuation of rotating disturbances is less
for the rotor designed for reduced tip shock strength (R6),
and stall can be detected earlier in the process, as was the
case for R6.

Summary
Two single-stage, transonic compressor designs were tested

for the presence of modal wave development in the process
leading up to aerodynamic stall. The two rotors had similar
design points (speed, pressure ratio, mass flow) and were
tested in the same rig under the same operating conditions.
The stalling process of both transonic rotors was associated
with the growth of small amplitude rotating waves (modal
waves) for all speeds tested. Prestall time of emergence of
the waves is believed to be correlated with the shape of the
stage characteristic (speed line). In cases where the speed line
slopes of the two rotors were virtually identical, the swept
rotor (R6) exhibited more stall warning time than the unswept
design, suggesting that reduced shock strength due to back-
sweep may favor advanced detection of the modal waves.
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Nomenclature
A = tube cross-sectional area
a = sound speed
F = thrust
H = assigned enthalpy
h = sensible enthalpy
M = Mach number
P = static pressure
q = heat
R = gas constant
T = temperature
U = velocity
v = specific volume
y = specific heat ratio
A//, = enthalpy of formation
p = density

Subscripts
1 = initial state
2 = final state

Superscripts
* = Chapman-Jouget detonation velocity
" = current iteration in Newton-Raphson numerical

scheme
0 = reference temperature

Introduction

T HE use of steady, equilibrium-chemistry, one-dimen-
sional control-volume equations to analyze ram accel-

erator performance has been documented and good agree-
ment between theory and experiment has been observed for
successfully started projectiles operating in the subdetonative
regime (U < 0.85 x (7*).1"4 The one-dimensional formula-
tion does not permit detailed understanding of flowfield behav-
ior inside the control volume, but does emphasize the impor-
tant dimensionless groups useful in quantifying overall per-
formance. The dimensionless groups are A/, projectile thrust
(FA4P,), and energy release (kq/CpTi). If finite rate kinetics
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are assumed instead of equilibrium chemistry, then an addi-
tional dimensionless group representing the induction time of
the mixture can be formed.

One-dimensional control-volume theory cannot predict a
priori if a projectile geometry and gas mixture combination
will work successfully. This must be done with a more so-
phisticated calculation such as computational fluid dynamics
(CFD).5 The results of CFD calculations and/or experiments
can be used to define the performance envelope of the pro-
jectile in terms of the previously mentioned dimensionless
groups. Once the performance envelope of a projectile has
been defined, one-dimensional control volume theory can be
used to screen potentially suitable gas mixtures. The primary
motivation for this is to allow a fixed geometry to function at
higher velocities using mixtures that have progressively higher
sound speeds and comparable levels of energy release.

The NASA Lewis CET89 code is capable of calculating
various one-dimensional, equilibrium-chemistry flows.6 The
CET89 code was modified to include one-dimensional ram
accelerator performance calculations. The modified code ef-
ficiently calculates thrust curves for a given initial gas mixture
and has full access to the original thermodynamic database.7

This allows the reduction of data and evaluation of potential
fuel mixtures to be done in a systematic manner. Application
of the results of the computer program must be done so with
the acknowledgment that the absence of kinetic effects can
have serious implications for the performance of the projec-
tile. The location of the energy release around the projectile
is of vital importance to performance and is something that
will change with different reactant gas mixtures.

Discussion
The governing equations for the one-dimensional ram ac-

celerator are given by Eqs. (1-3):

plUl = p2U2 continuity (1)

P, + p,U} + (FIA) = P2 + p2m momentum (2)

//, + itf? = #2 + i£/| energy (3)

Enthalpy is defined by Eq. (4):

H = A//)' + (h - h()) (4)

Following the derivation in Gordon and McBride,6 the three
governing equations are reduced to two by substituting con-
tinuity into momentum and energy which, along with the
assumption that M2 = 1 (thermally choked end state), results
in Eqs. (5) and (6J"7:

PI __ i - yJ(p2/Pi) -
P2 1 + (F/AP{)

2 = Hl + ly2R2T2[(p2/Pl)2 -

(5)

(6)

Equations (5) and (6) are used to implement a Newton-
Raphson iteration scheme to determine the final state of the
process6:

P" - (P,/P2) - 0

H" - H, = 0

(7)

(8)

P" and H" are the current guesses at pressure and enthalpy
and comparison with the right-hand sides of Eqs. (5) and (6),
respectively, and they determine if convergence is achieved.
Corrections for the current values of pressure and tempera-

ture are arrived at by solving the following set of two equations
simultaneously6:

d[P" - (P,AP2)] /M d[P" -
"\p

(9)

A /« hr
d((H" - H2)/R] i , (Pt}^ d[(H" - H2)/R] A 7 IT,

(H" - H2)
R (10)

A /»(P2/Pi) and A /,,(T2/Ti) are the two unknowns being solved
for and represent corrections to the current guessed values of
P2 and T2. The current values of P2 and T2 are used to calculate
the coefficients and nonhomogeneous terms in Eqs. (9) and
(10). Iteration stops when the corrections become sufficiently
small (<0.5 x 10~4). The presence of the thrust parameter
(FIAP\) modifies the terms in Eq. (9), but has no influence
on Eq. (10). Expanded expressions for the coefficients and
nonhomogeneous terms in Eqs. (9) and (10) are given in
Liberatore7 and Gordon and McBride,6 respectively. After
the final state is determined, the energy released is calculated
from the change in enthalpy of formation from reactants to
products:

(H)

As a result of the chosen sign convention positive values of
Ag denote exothermic reactions.

The inclusion of the parameter (FIAP^ into the Hugoniot
equations expands the final results by one dimension, from
two discreet points to a line. The two endpoints are the Chap-
man-Jouget detonation and deflagration points and all of the
intermediate points on the curve satisfy Chapman-Jouget
constraints, with the exception of a thrust force being pro-
duced inside the control volume.

Figure 1 shows the result of a calculation plotted in the
thermodynamic plane (pressure ratio vs specific volume ra-
tio).

The thrust curve can be divided into two regions, the det-
onation branch and the deflagration branch. These two re-
gions are divided by the maximum thrust point, which occurs
when (v2/v{) = 1. In the classical Rankine-Hugoniot analysis
that does not include the thrust parameter (FIAP±), a solution
along the line (v2/v,) = 1 is impossible because it implies M2
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Fig. 1 Sample thrust curve plotted in the thermodynamic plane.
Reactant mixture is 3CH4 + 2O2 + 10N2 at initial conditions Pl =
51 atm, T, = 298 K.
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Fig. 2 Sample thrust curve plotted vs. velocity. Reactant mixture is
3CH4 + 2O2 + 10N2 at initial conditions P, = 51 atm, Tl = 298 K.

= °°. The presence of the thrust parameter causes the Ray-
leigh line to pass through the point

(v2/v, = [1, 1 + (FIAP,)}

shifting it closer to the Hugoniot curve. As the value of the
thrust parameter is increased, the two respective solution points
in the thermodynamic plane move closer to one another until
the maximum thrust value is attained. At this point, the Ray-
leigh line can be tangent to the Hugoniot curve at only one
point

= [1, 1 + (F/APt)\max]

and the two solutions collapse to one.
Figure 2 shows the same calculation from Fig. 1, but it is

plotted in terms of thrust and energy release as functions of
velocity. Not shown in the plot are negative-valued solutions
(net drag) that extend from both sides of the curve. The
Chapman-Jouget deflagration is never observed in reality
and the thrust curve in Fig. 2 provides an explanation for this.
A perturbation away from the Chapman-Jouget detonation
point will result in a force restoring it to the original velocity
while a perturbation away from the Chapman-Jouget defla-
gration point will result in a force deflecting it further from
the original velocity. It is assumed, by analogy, that some
portion of the thrust curve near the Chapman-Jouget defla-
gration point will be physically unrealistic. A method for
quantifying this region has not been developed, and so the
thrust curve is shown in its entirety.

Conclusions
A quick and efficient method of calculating one-dimen-

sional ram accelerator performance has been developed through
modification of the NASA Lewis CET89 computer code. The
modified program is best used for analyzing subdetonative
ram accelerator propulsion and for evaluating prospective
reactant mixtures. Caution has to be exercised when using
the results of these calculations because reaction kinetics play
a major role in the operation of the ram accelerator where
combustion is premixed in nature. One-dimensional theory
also fails to predict successful operation above the Chapman-
Jouget detonation speed.
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Introduction

E LECTRIC PROPULSION (EP) has recently attracted
renewed attention in the space community due to the

mass savings and/or payload increases it can provide to geo-
stationary satellites. Although EP has been around for quite
a long time, EP systems have been recognized as a mature
technology for potential use in space only during the past
several years. This is due to several factors. First, extensive
EP test programs have not only improved the system perfor-
mance, but have largely resolved the concerns related to EP
integration and compatibility with the spacecraft. A second
factor is the competition in the telecommunications satellite
community, which pushes satellite subsystems towards higher
performance to enhance the satellite capacity. In this sense,
EP systems are attractive since they can offer launch mass
reductions, increased on-orbit life, and/or payload mass in-
creases that fully justify the development costs. Finally, power
generation and storage systems that are now available on-
board communications satellites can also provide the power/
energy requirements of an EP system.

Two EP system technologies are presently under devel-
opment in Europe for orbit maintenance of telecommunica-
tions satellites: 1) arcjets and 2) ion engines.1 Low-power
arcjets (1 kW-class) can offer substantial propellant mass sav-
ings with respect to chemical propulsion systems due to their
higher specific impulse. In addition, arcjet systems have a
lower dry mass and are less complex than ion engine systems,
whereas ion engine systems, based on specific impulse con-
siderations alone, typically provide a larger propellant mass
reduction. Arcjet thrusters also minimize spacecraft integra-
tion difficulties with monopropellant or bipropellant chemical
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