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Fig. 2 Sample thrust curve plotted vs. velocity. Reactant mixture is
3CH4 + 2O2 + 10N2 at initial conditions Pl = 51 atm, Tl = 298 K.
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= °°. The presence of the thrust parameter causes the Ray-
leigh line to pass through the point

(v2/v,, P2IP{) = [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,

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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systems that include hydrazine, whereas ion engine systems
require a separate propellant storage and feed system. There-
fore, EP systems based on arcjet thrusters are of particu-
lar interest and are presently being developed worldwide.
Laboratory and advanced development work is ongoing in
Italy,2-4 Germany,5-6 Japan,7-9 and the U.S.10-14 with flight
system qualifications completed in the U.S.14 An arcjet pro-
pulsion subsystem is being used operationally for North-South
station keeping15 on the commercial Telstar 4 communications
satellite while ion engines will be used for North-South sta-
tion keeping by Japan and Europe onboard experimental sat-
ellites in 199416 and 1997,l respectively.

This Note describes the design and initial parametric per-
formance test results of an advanced laboratory model arcjet
engine designated MOD-B. Data is presented over a specific
power range of 16-36 J/mg where specific power is defined
as the engine input electrical power divided by the propellant
mass flow rate. The specific impulse performance data is also
compared to information available in the literature for engines
operating at similar conditions.

Facility, Apparatus, and Procedures
The facility used for these tests, designated VP-2, consists

of a vacuum plant, power supply system, propellant feed
system, data acquisition system, dedicated diagnostics, and
laboratory services.3-4 The vacuum plant is composed of a
four-stage, roots blower-based pumping group connected to
a 1.6-m-long and 0.8-m-diam steel vacuum chamber. The
pumping speed is 19,000 m3/h at a background pressure of
0.03 mbar during engine operation. Hydrogen and nitrogen
are supplied to the facility in the proper ratio to simulate fully
decomposed hydrazine. The mass flow rates are measured
individually using thermal-type mass flow meters, whereas the
total mass flow rate is measured using a coriolis force-type
mass flow meter. All flow meters are manufacturer calibrated.
Measurements from the coriolis force-type mass flow meter
are used in the performance calculations since this meter has
exhibited the best reproducibility and accuracy (±2%). The
propellant gases are supplied to the engine at an inlet pressure
of 1 bar at room temperature. A laboratory power supply
system provides a high-voltage pulse of up to 2000 V to start
the arcjet, whereas a ballasted power supply provides between
0.5 and 2.0 kW to operate the engine. The engine startup and
run voltages are measured using voltage probes, whereas the
current is measured using a shunt. The thrust stand is a par-
allelogram, swing-arm-type device that uses a linear voltage
displacement transducer and multiweight calibration system
to measure engine thrust with an accuracy of ±5% of the
reading. An optical pyrometer with a wavelength range be-
tween 0.8-1.1 jam, a temperature measurement range of 600-
3000°C, and a spot size of 5 mm is used to measure the
temperature along the engine body with an accuracy of ± 10°C.

A schematic of the MOD-B low-power arcjet engine is
shown in Fig. I.3-4 The engine is designed to better mimic the
thermal characteristics of flight-type engines13-14 than other
laboratory model engines being tested elsewhere.6-8-10-12 The
MOD-B engine builds on the experience of a previous engine
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design, the MOD-A engine,2-4 and provides flexibility for noz-
zle, gas injection plate, cathode and heat rejection geometry
variations while still maintaining a flight-oriented configura-
tion. The MOD-A nozzle block is made from 2% thoriated-
tungsten (2%Th-W) and is expensive to manufacture since it
is fairly large. Therefore, a small, low-cost 2%Th-W nozzle
insert was designed for the MOD-B engine. The MOD-B
nozzle insert is press-fit and lapped into the anode cap. The
length and diameter of the molybdenum anode cap can be
changed to provide a low-cost method of varying the heat
rejection surface area. In addition, the length of the thermal
dam is increased compared to the MOD-A engine to further
thermally isolate the nozzle region from the rest of the engine
and its mounting interface. The engine design forces the pro-
pellant to flow through a square helical groove in the outer
surface of the internal insulator to regeneratively cool the
thermal dam region and preheat the gas. The MOD-B engine
is tested with two constrictor geometries: 1) a baseline (BIL)
geometry characterized by a diameter of 0.62 mm and a length
of 0.64 mm and 2) a second geometry (Geo. 2) with a diameter
of 1.02 mm and a length of 0.59 mm. Both engine geometries
have conical nozzles with a half-angle of 20 deg and an area
ratio of 100.

A typical test matrix includes input current values ranging
from 8 to 16 A with propellant mass flow rates of 41 and 51
mg/s. The test sequence starts at the highest current and mass
flow rate values. After ignition, the engine is allowed to reach
steady-state operation and thermal equilibrium (approxi-
mately 30 min) before a performance data point is collected.
Following data collection, the electrical power and mass flow
are turned off simultaneously in order to check the thrust
balance zero drift. The engine is then restarted and set up for
collection of the next data point.

Results and Discussion
The two MOD-B engine geometries were tested at similar

conditions. The voltage drop in the arc was found to be higher
for the larger diameter Geo. 2 constrictor, contrary to ex-
pectations. For example, at a mass flow rate of 41 mg/s and
current values of 15.7 A and 13.8 A, the B/L MOD-B, 0.62-
mm-diam configuration had arc voltage drops of 78.5 and 82.7
V, respectively, while at the same conditions, the larger Geo.
2, 1.02-mm-diam constrictor configuration had arc voltage
drops of 90.7 and 93.6 V, respectively. The shorter constrictor
length coupled to an increased constrictor diameter, which
reduces the plenum chamber propellant pressure, should have
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Fig. 1 Schematic of the MOD-B low-power arcjet.

Fig. 2 MOD-B operating characteristics map. (Temperature values
have an uncertainty of ± 10°C, the Isp, Eff., and specific power have
uncertainties of ±5, ±10, and ±2% of the value, respectively. The
error bars shown are typical for the Isp and Eff. data points, the
symbol size represents the uncertainty in specific power while the
symbol size is much greater than the uncertainty for the temperature
values.)
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resulted in a smaller arc voltage drop. In addition, the Geo.
2 anode with the larger diameter constrictor operated at higher
absolute temperatures, as can be seen in Fig. 2, which shows
the anode temperature T as a function of specific power. As
can be seen, the absolute temperature values at a specific
power of 27.5 J/mg differ by approximately 160°C, with the
BIL MOD-B configuration showing lower temperatures. This
temperature difference is believed to be caused by a much
smaller surface contact area between the anode insert and
radiation cap in the Geo. 2 configuration than in the BIL
configuration. This is likely caused by the nonrepeatability of
the lapping procedure used to seat these two parts. The pro-
cedure nonrepeatability will result in a slightly different in-
terference fit that manifests itself as a different surface contact
area. A reduced surface contact area results in reduced heat
conduction between these parts and causes the anode tem-
perature to increase. Since the anode temperature is known
to have a strong dependence on the voltage drop between the
electrodes, it is suggested that in this case perhaps the anode
temperature variations are affecting the arc voltage drop.

The MOD-B arcjet specific impulse (Isp) and efficiency
(Eff.) are also shown in Fig. 2. The specific power ranges
from 16 to 36 J/mg for engine input powers of 650-1400 W.
The specific impulse varies between 345-471 s over this spe-
cific power range, while the engine efficiency ranges from 36
to 29%, respectively. In spite of the different voltage-current
and anode thermal characteristics between the two MOD-B
geometries, the specific impulse values lay within ± 10 s on
the specific impulse-specific power characteristic.

A comparison between MOD-B engine operation with data
from other researchers is shown in the specific impulse-spe-
cific power characteristic of Fig. 3. The data shown from other
researchers is from test results with similar vacuum chamber
background pressures and propellant inlet conditions (room
temperature at 1 bar). References 7 and 10 report data from
strictly laboratory model-type arcjets, which feature short en-
gine lengths and thick-walled designs. Short engine lengths
preclude the use of regenerative cooling, while the thick walls
conduct heat away from the anode, significantly reducing its
temperature. These two considerations cause reduced per-
formance due to the lower effective propellant gas temper-
atures, as can be seen in Fig. 3. Reference 9 reports results
from a regeneratively cooled laboratory model arcjet, whereas
Ref. 13 reports performance results from an engineering model,
flight-type low-power arcjet. As can be seen in Fig. 3, MOD-
B arcjet performance is similar to the performance of these
two engines, validating the advanced design of the MOD-B
engine.
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Fig. 3 Comparison of MOD-B performance data with data from the
literature. (The Isp and specific power have uncertainties of ± 5 and
±2% of the value, respectively, for MOD-B data. The error bars
shown are typical for the Isp while the symbol size represents the
uncertainty in specific power.)

Summary
An advanced laboratory model low-power arcjet thruster,

MOD-B, was tested over an input power range of 650-1400
W. Two MOD-B engine constrictor geometries were inves-
tigated and at 24.7 J/mg the baseline configuration gave a
specific impulse of 405 s with an efficiency of 31.7% at a mass
flow rate of 41 mg/s and an input power of 1.0 kW. The MOD-
B arcjet specific impulse-specific power characteristic was
compared to data available in the literature for other engines
operating at similar test conditions, and was shown to exceed
the performance of laboratory engines and to closely mimic
the performance of flight-type engines.
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Introduction

T HE ignition transient of a solid rocket motor (SRM)
employing a pyrogen igniter can be defined as the time

interval from the onset of the igniter flow to the time a quasi-
steady flow develops. A little-understood portion of the start-
ing transient for (star) slotted head-end grain configurations
is the time interval encompassing the initiation of the igniter
flow, the first appearance of a flame on the star grain, and
the subsequent flame spread over the star slot region.

Previous analyses1"7 for motors such as those used on the
Space Shuttle agree quantitatively well with test data, except
for the time period that directly involves burning of the head-
end star grain segment. Discrepancies during this time period
are believed to arise from three factors: 1) the flowfield is
assumed to be one-dimensional, 2) the star geometry in the
head-end segment is approximated by variations in port area
and grain burning perimeter, and 3) the igniter flowfield is
not accounted for.

The authors have previously presented a numerical calcu-
lation method utilizing the time-dependent, two-dimensional
Navier-Stokes equations, which calculates the subsonic flow
induced in the slot by the supersonic igniter plume.8 The focus
of the present study is the calculation of the initial portion of
the ignition transient, beginning with the start of igniter flow
and ending when the head-end star slot segment of the motor
is fully burning. The expanding igniter plume, the complex
flow patterns within the star slot, heat transfer to the pro-
pellant grain, and subsequent propellant burning are consid-
ered.

Analysis
The geometry considered is that of the Space Shuttle SRM,

consisting of a head-end, star slot segment and three long
circular port (CP) grains. Flow in the head-end slot region is
assumed to be two dimensional, whereas that in the down-
stream CP region is assumed to be axisymmetric. As shown
in Fig. 1, several planes of symmetry exist in the head end,
corresponding to the number of slots. Reference 8 presents
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Fig. 1 Geometry of the Space Shuttle SRM star slot.

the full set of governing equations, including appropriate source
terms due to propellant burning in both the slot and CP re-
gions. The igniter exit parameters at the condition of maxi-
mum igniter mass flow are taken as reference values. The
distance from the motor centerline to the bottom of the slot
is taken as the reference length.

The purpose of the present analysis is to present a meth-
odology for examination of the interaction between the igniter
plume, the developing flowfield within the head-end star grain
slots, and the rate of flame spread over the grain surface.
Both convective and radiative heat transfer to the propellant
grain surface are considered. The convection model utilizes
a correlation developed by Kays and Leung,9 used previously
to correlate heat transfer within the O-ring gap of the Space
Shuttle nozzle-to-case joint,10 given by

Nu = 0.l52ReQ9Pr
0.833[2.25 /;,(0.114/te°-9) + 13.2/V - 5.8] (1)

where the Reynolds number is based on the hydraulic di-
ameter of a single star grain slot. Comparison of the predic-
tions of this correlation with cold-flow experimental data taken
in a one-tenth scale model of the Space Shuttle head-end slot
is given in Ref. 10. Following Johnston,7 we consider only
segments of the propellant grain that lie adjacent to burning
propellant, assume that the propellant surface absorbs and
the flame emits perfectly, and utilize a shape factor of 0.5 for
the unignited adjacent segment. This results in the following
expression for the radiative heat transfer coefficient:

h, = (o-/2)(rfl
2
a rwall) (2)

where cr is the Stefan-Boltzmann constant and rflame is the
flame temperature. The propellant burning rate is taken as

r = rref(p/pref)" exp[crp(Tp. - Tref)] (3)

The grain is considered to be a semi-infinite slab whose tem-
perature is initially uniform. Heat transfer to the slab from


