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Abstract

This paper describes a detailed comparison of experimentally measured arcjet plume properties to
model predictions. The experiments focus on the measurement of the exit plane vector velocity field
and kinetic temperature by laser induced fluorescence. The model is based on a single-fluid
magnetohydrodynamic description of the flow. Reasonable agreement between model predictions and
experimental exit plane velocity profiles is obtained over a wide range of specific power, despite the
complex nature of the flow. At higher powers however, there are significant differences between the
measured and predicted exit plane temperature. At the highest specific power studied, the model
underpredicts the temperature by as much as 2000K and the specific impulse by approximately 20%.
These differences cannot be attributed to the present treatment of the collisionless anode sheath or
finite-rate molecular recombination (dominant frozen flow loss) and is believed to be more closely
related to the treatment of other physical processes such as finite-rate ionization, ambipolar diffusion
or possibly the selection of exit plane boundary conditions. These findings suggests that further
refinements in the treatment of these processes may be necessary in order to extend the predictive
capabilities of the model.

I. Introduction development and flight qualification of low power
(<2 kW) hydrazine arcjet thrusters. 2 -4 However, in

Arcjet thrusters are high specific impulse order to meet a wider range of mission possibilities,
electric propulsion devices that are presently arcjet operating ranges must be extended to higher
targeted for use in stationkeeping and orbit powers (2 - 30 kW). Although much progress has
transfer. 1  In comparison to other propulsion been made in this direction through extensive
alternatives such as low-thrust chemical rockets, laboratory studies, 5-7 it is now evident that scaling
the use of arcjets will enable smaller launch to higher powers will require a better understanding
vehicles for payload delivery because of the of the physical processes that control arcjet
significant savings in propulsion system mass. performance. These include: (i) the physics of arc

root attachment at both the cathode and the anode;
Much emphasis has been placed recently on the (ii) the processes that establish the local plasma

conductivity (i.e., ionization, ambipolar diffusion of
* Research Assistant, Student Member AIAA charged species); (iii) the dissipation of energy via
* Assistant Professor, Member AIAA Joule heating, the subsequent transport of this

: Professor, Member AIAA energy to the internal surfaces of the arcjet, and the
tt Member, AIAA conduction of energy away from these internal
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surfaces; (iv) the magneto-hydrodynamic coupling the model's sensitivity to chemical rate coefficients
of the flowfield to the electrical nature of the arc, is given in Section V. A summary of this study and
and; (v) processes such as dissociation and conclusions are given in Section VI.
vibrational excitation, which give rise to frozen
flow losses and reduce thrust efficiencies.

To better understand these processes, studies II Single-Fluid Model

that include a combination of modeling and The single-fluid model is based on a solution of
laboratory measurements are necessary. The data the axisymmetric Navier - Stokes equations
base generated by the experiments must extend coupled to relations which govern the behavior of
beyond thrust and energy balances, and should be the magnetic and electric fields, as formulated
capable of resolving detail at the level predicted by within the magnetohydrodynamic (MHD)
the computations (i.e., capable of measuring approximation. 14 The model tracks the relative
velocity components, translational, rotational or mole fractions of the various species which
vibrational temperatures, neutral species and comprise the mixture by solving individual species
electron number densities), conservation equations that include source terms

This paper describes our continued effort to for the net production of species via chemical

develop and validate computational models of reactions. The model considers a mixture that

arcjet performance by way of direct comparison to includes atomic and molecular hydrogen (H, H2),

detailed measurements of flow properties. We have electrons (e), and protons (H+). Table I

selected a nominally 1 kW class hydrogen arcjet summarizes the chemical reaction set and nominal

thruster as a benchmark for this comparison, values of the reaction rate coefficients (in modified

Unlike ammonia arcjet flows, the chemical Arrhenius form) used in the calculations. Reverse

composition is relatively simple, and the transport reactions are computed as required by using

properties and chemistry are better known. detailed balance and curve fits (in JANNAF

Furthermore, hydrogen is a strong contender as a format 1 5 ) to the high temperature thermodynamic

propellant for future arcjet demonstration properties derived from spectroscopic data.1 6

missions. In the present study, diffusive transport is

The numerical results presented here are based neglected. This simplification is expected to

on a single-fluid model that has been developed at significantly affect the calculations of the electrical

Olin-Rocket Research Company.8,9 The conductivity, a, in colder regions of the flow and

experimental data are obtained from facilities in the is discussed in more detail later in the paper.

High Temperature Gasdynamics Laboratory at Neglecting the diffusion of neutral species, such as

Stanford University. Details of both the numerical the slip velocity between atomic hydrogen and

model and experiments are available in other molecular hydrogen may be a more reasonable

papers. 8 -12 In this paper, we shall only discuss the approximation, especially in the low density nozzle.

sensitivity of the model to parameters which Recent velocity measurements of atomic hydrogen

influence some of the physical processes described and seeded helium at the exit plane of a 1 kW arcjet

above, such as its sensitivity to changes in electron- verified that slip velocities between species in the

ion and atomic hydrogen recombination rate flow may indeed be negligible. 1 7

coefficients. In a previous paper, 13 we performed In the formulation, the global momentum
a detailed comparison of experimental includes the Lorentz force associated with self-
measurements of flow properties taken at a nominal generated magnetic fields. Body forces associated
power (1.5 kW) to properties predicted by the with excess free charge (space charge) are
numerical model. Our focus here is to extend this neglected within the MHD approximation. Quasi-
comparison over a range of specific power. neutrality is assumed throughout the flow. The

A brief description of the single-fluid model is global energy equation includes Joule heating. The

given in Section II. An overview of the required transport coefficients (thermal

experimental facility is described in Section III. A conductivity, viscosity, electrical conductivity) are

detailed comparison between experimental results computed from the species mole fractions, collision

and model predictions is presented in Section IV. integrals and mixture rules as provided by Yos. 18

A discussion of this comparison and an analysis of The magnetic field, B, is computed from the

2
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magnetic induction equation in the steady-state temperature, since electron thermal conduction is
approximation 14  very efficient and thermalization between electrons

r r  [ r) ] ( and neutral species occurs at a finite rate. Since theV x B (1) single-fluid model used here does not account for

In writing Equation (1), we have neglected the these effects, the model will underpredict the

contributions associated with ion-slip and the Hall electron number density, and in turn, over predict
effect. In the above equation, u represents the the Joule hating rate (per unit volume),
mean mass velocity of the flow and r - 1/poa is P0 - J J/a. In order to compensate for this, a
a measure of the plasma resistivity. A detailed minimum value of the near-electrode conductivity
derivation of Equation (1) can be found in is imposed. This conductivity "floor", amin, is
Reference 14. The current density is derived from found to have a dramatic effect on the computed
the computed magnetic field using Ampere's law. arcjet behavior. In particular, we find that the value

selected for the conductivity floor greatly
The importance of the Hall effect is determined influences the computed arc voltage. For this

by the Hall parameter 1 4 (product of electron reason, a value of ami is selected to provide
cyclotron frequency and mean collision time for reasonable agreement between the computed and
electrons and ions and electrons and neutral measured discharge voltage over a wide range of
species). The Hall parameter is less than unity for power to mass flow rate ratio, P/r. Typical
conditions anticipated in the arcjet. Ion-slip is values of amin correspond to electron number
generally unimportant in highly-ionized plasmas, densities of approximately 1010 cm-3. This value
and is only significant in weakly-ionized plasmas is approximately ten orders of magnitude lower
when the Hall parameter is much greater than unity, than the electron number densities predicted in the

core of the arc. The fact that the computed arcjet
For boundary conditions, we assume a no slipFor boundary conditions, we assume a no slip performance depends so critically on this value

condition for velocity and zero flux condition for furr empaes the nee to inclue a se
. further emphasizes the need to include a self-

species number densities at the electrode surfaces. t i sleces nmber denes the electre surfae consistent treatment of the plasma behavior in the
For temperature, we couple the heat flux at theFor temperature, we couple the heat flux at the near-electrode region of the arcjet. A proposed
electrode surface to a model of heat transfer withinelectrode surface to a model of heat transfer within self-consistent treatment of the quasi-neutral, near-
the anode. Heat transfer to the cathode is electrode region in arcjet thrusters has been recently
neglected. The model systematically calculates the described in the literature. 19, 20

temperature distribution and flux condition on the
internal and external surface of the anode. Only the The computed arcjet voltage reflects the
nozzle of the complete anode structure is modeled, resistive contribution to the plasma conductivity, as
A specified heat flux or temperature distribution is constrained within the quasi-neutral assumption.
required at the boundary where the anode/nozzle As a result, the single-fluid quasi-neutral model
joins with the rear arcjet housing. In general, this does not formally treat and therefore capture the
boundary condition is found to have a small effect structure of the non-neutral sheath. The space
on the predicted arcjet performance. Constraining charge generated in the immediate vicinity of the
the current to a direction normal to the anode at the electrodes (within a distance of the order of a
anode surface acts as a condition on the curl of the Debye length) gives rise to an additional voltage
magnetic field on this boundary. At the exit plane, drop. In the case of a collisionless anode sheath,
we assume that the magnetic field is zero. The this may represent an additional mechanism for
flow is assumed to be axisymmetric, and so we heat transfer to the anode. We use a simple model
solve only for the azimuthal component in the to arrive at an estimate of the anode sheath
magnetic field. potential, , . We shall assume that the sheath is

collisionless (valid in low pressure regions of the
As mentioned above, we believe that the single nozzle, when the mean free path, A, is much

fluid model is not capable of accurately predicting greater than the Debye length, AD), and that the
the near-electrode plasma properties and therefore anode fall is strongly positive relative to the
the near-electrode conductivity. In the vicinity of potential of the distant plasma. Furthermore, we
the cathode or anode, property gradients are high shall assume that the total current, J, is carried by
and ambipolar diffusion will create an the electrons within the space charge region, and
overpopulation of electrons and ions in this region, that it is approximately equal to the one-way
Furthermore, we expect an elevated electron ra m e tron flx at te sheath-plasma

random electron flux at the sheath-plasma

3
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boundary. Under these conditions, the voltage drop the single-fluid and a extended two-fluid model in
across the sheath is described by Child's law, 14 and describing the performance of a 10 kW hydrogen
is given here as arcjet thruster has been previously described. 9

1/2

43/4 - 3 J ( "2e ] d (2) III. Experiment
2 Eo \2e)

The arcjet thruster used in the experiment is a 1
kW class radiatively-cooled laboratory-type

Here, E, is the permitivity of free space, e is the thruster designed and built at NASA Lewis
magnitude of the elementary charge, me is the Research Center. The tungsten nozzle has a 0.635
electron mass, and d, is the sheath thickness, mm diameter throat and a conical (20* half angle)
which for a collisionless sheath, can be as large as diverging section with an area ratio of 225 (9.53
the electron mean free path, A,. For conditions mm exit diameter). A more complete description
near the arcjet constrictor, we estimate A, = 3 x of the arcjet design is available elsewhere. 2

10- 5 m. If we assume that the current density to the Baseline operating conditions are 13.7 mg/s of H,
anode is of order 105 A/m2 , equation (2) above propellant with a maximum power dissipation of
gives a maximum value of 0, -13V. For the 1.5 kW (voltage and current levels of 148 V and
results presented here, the sheath voltage is taken to 10.1 A respectively). Some measurements were
be constant over the entire anode surface and the also performed at slightly lower mass flow rates
total power , P - I-4, , is assumed to be driven (13.1 mg/s). At these propellant mass flow rates, it
entirely into the anode. The power lost in the is possible to achieve stable operation at powers as
anode sheath is added to the power dissipated low as 650 W. The arcjet is operated in a 0.56 m
through Joule heating to arrive at the total electrical diameter cylindrical stainless steel chamber 1.09 m
power invested into the device, long. The 0.35 Torr background pressure is

maintained by two 1250 cfm blowers evacuating
We note that this simple treatment of the plasma maiained t m er ea

through 6 inch diameter pipe.sheath is invalid when the densities are sufficiently
high to render the sheath collisional. Under these The experimental data of plume velocity and
conditions, a self-consistent multi-fluid treatment of translational temperature is obtained by laser-
a collisional sheath in a flowing plasma may be induced fluorescence (LIF) excitation of the Balmer
necessary. 2 0  -a transition of atomic hydrogen. In employing

LIF, a laser probe is focused to a small diameter in
The governing single-fluid equations aretege g u ao the arcjet plume. Subsequent fluorescence from

integrated using a finite-volume algorithm
integrated ing a finitevolme algoritm excited atomic hydrogen is collected and imaged

originally developed for magnetohydrodynamic
flows at Los Alamos National Laboratory. 2 1 A onto a detector. Flow properties are determined
flows at Los Alamos National Laboratory. 2 1 A f t w i ih t u ifrom the way in which the fluorescence signal
discussion of the numerical method may be found

varies with the laser frequency (wavelength). This
in References 8 and 9. Its original capabilities spectroscopic technique has several advantages. It

. spectroscopic technique has several advantages. It
have been extended by Olin-Rocket Researchhave been extended by Olin-Rocket Research is non-intrusive, and measurements can be made in
Company to include finite rate chemistry, high the vicinity of the exit plane where solid probes
temperature transport properties, radiative losses, would fail due to the high-enthalpy nature of the

would fail due to the high-enthalpy nature of the
and thermal conduction. The computational gridand thermal conduction. The computational grid flow. In addition, the ability to focus the probe
includes the region within the arcjet plenum, throat, l t s slaser to small sizes allows for high spatial
and nozzle. The domain extends to the nozzle exit

resolution. Having high spatial resolution
plane. The model therefore accurately predicts the (aroiately 1 m is patilal iportant

(approximately 100 mm) is particularly important
internal flowfield of the thruster, but is incapable of in low power arcjets where large variations in

in low power arcjets where large variations in
modeling expansion waves immediatelymodeling expansion waves immediately velocity and temperature occur across the small, 1
downstream of the nozzle exit plane. cm diameter of the nozzle exit.

Although there are some obvious limitations toAlthough there are some obvious limitations to Velocity is determined from the Doppler shift of
this model described here, it offers a framework on
which to construct multi-fluid models. 9  the fluorescence excitation spectrum. The

translational temperature is determined from the
Furthermore, it provides an opportunity to guide the s e te esee eittion setrm. Indgshape of the fluorescence excitation spectrum. In
design of higher power thrusters. The usefulness of

4
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contrast to velocity, the temperature is more fluorescence signal from the background emission
difficult to infer due to competing mechanisms which is 30 to 500 times greater. The lock-in
which act to broaden the measured profile as well amplifier (SRS SR530) is synchronized to a
as the complex nature of the overlapping line mechanical chopper at 3 kHz. The output from the
components. For conditions present in the arcjet lock-in is collected and stored in a laboratory
plume, the Balmer-a transition is primarily Doppler computer along with the output from the
broadened and has a Doppler width that is much wavemeter and laser power detector.
larger than the laser bandwidth. As a result, the
shape of the recorded fluorescence spectrum At each spatial point investigated the laser is

accurately depicts the excited state velocity automatically scanned in frequency by varying the
distribution function. The excited state atomic voltage on a (piezo-controlled) 75 GHz intracavity
hydrogen is assumed to be in translational etalon. Radial and axial excitation scans are

equilibrium with the ground state species. Details performed on separate scans by blocking one of the

of the diagnostics have been presented beams. The laser is able to scan over a range of up
previously.10,11 to 2 cm - ', enough to capture most of the

fluorescence excitation line. For adequate signal to
A schematic of the experimental setup is shown noise, scan times are a few minutes in duration.

in Figure 1. The fluorescence excitation laser is a
CW ring dye laser (Spectra Physics Model 380) For a stationary (unshifted) reference, both the

pumped by a 6 W argon-ion laser and operating on arcjet itself and a stationary hydrogen discharge
DCM dye. It produces several hundred milliwatts were used. It is assumed that the flow is

of power at 15,233 cm-' (656 nm) with a nominal axisymmetric which implies that the radial velocity
bandwidth of 10 MHz. Part of the laser beam is is zero at the centerline. The symmetry of both the

passed through a 2 GHz Fabry-Perot interferometer axial and radial velocity profiles confirms this

to monitor mode structure and ensure single mode assumption. The wavemeter provides enough
operation. Another portion of the beam is directed accuracy and repeatability to forego simultaneous
into a wavemeter (Burleigh WA-10) which uses a reference scans. The stationary discharge was

Michelson interferometer to measure laser produced in a low pressure hydrogen cell mounted

frequency to within 0.01 cm-'. A third beamsplitter in a microwave cavity which acted as a source of H

directs the laser to a photodiode detector which atoms with essentially zero average velocity.
monitors laser power. The velocity and temperature are determined by

A beamsplitter divides the laser into two beams a least squares fit to the lineshape model using the
of approximately equal intensity. One beam is for Levenberg-Marquardt method. 2 2  The model

axial excitation and the other is for radial consists of the five components associated with the

excitation. The beams are expanded and then fine structure of the probed transition, with
focused through windows to a waist of 0.1 mm in specified relative intensities and separations. 1 1

the arcjet plume. The radial excitation beam is Doppler broadening is the only broadening
passed vertically through the plume. This allows mechanism considered. There are three parameters

the fluorescence signal to be collected on a that are used to fit the data to the model: Gaussian

horizontal axis normal to both excitation beams. It halfwidth, line shift, and magnitude. The

is collected through an 83 mm diameter window temperature is determined from the Gaussian

with a lens operating at f/5.7 (76 mm diameter, 280 halfwidth. The velocity is determined from the

mm focal length) and imaged onto a R928 shift. The magnitude was necessary to fit the other

photomultiplier tube (PMT) with a magnification of parameters but can also be used to determine

2.7. A notch filter with a nominal 10 A (23 cm-) relative excited H atom densities.

bandwidth is placed directly in front of the PMT to The effect of saturation was evaluated by
filter extraneous light other than that from the comparing LIF line profiles for a range of laser-
transition of interest. A 0.4 mm aperture is power levels. For the 0.1 mm laser spot size, the
mounted directly in front of the filter at the focal fluorescence was found to be linear below 60 mW.
plane of the imaging lens to act as a field stop and Thus all data was taken with laser powers well
determine the measurement location in the plume below this level.
as well as the axial and vertical spatial resolution.
Phase sensitive detection is used to discriminate the Two typical fluorescence excitation scans are

5
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shown in Figure 2. The scan on the left is taken
from the plume centerline 0.4 mm from the exit where P is the arcjet power in kilowatts.
plane with axial excitation where the measured We also note that although a power dependent
temperature is 4500 K. The scan on the right is value of ,mi, is employed in the computation for
from the colder, 600 K reference cell. At the range of specific powers studied here, a more
temperatures below about 1000 K, the Balmer-a appropriate model for the current-power
lineshape begins to look more like a doublet. This characteristics would include a mass flow
is due to the fine structure discussed briefly in the dependence on ami n (i.e., a dependence on specific
previous section and in more detail elsewhere.' 1  power). The dependence on specific power is not
The solid lines correspond to the model's fit to the included in this study, and we assume that over the
data. The fluorescence intensity is the ratio of the range of specific powers investigated here,
output signal from the lock-in amplifier to the adjustments in the value of Cmin are insignificant.
signal from the photodiode which monitors laser
power. Accounting for laser power in this way In the simulations, a value of D, -13V is taken
preserves the lineshape since the fluorescence is for the anode sheath voltage. This value is found
linear and not saturated. The power varies by up to to accurately reproduce the performance
10% as the laser scans in frequency. Both profiles characteristics of a 10kW hydrogen arcjet9 and is
were normalized by their areas to facilitate approximately that estimated by Child's Law when
comparisons of the lineshapes between the hot and the collisionless sheath thickness approaches the
cold gases. These profiles consist of 70 to 200 data electron mean free path. The sensitivity of the
points each, with the data taken at one second computed arcjet performance to values of the
intervals. Profiles from regions further from the sheath voltage drop is discussed in Section V.
centerline require longer scan times due to
decreased signal-to-noise ratios. For the calculations presented here, we have

assumed an isothermal boundary condition (T =
1400K) for the surface where the nozzle assembly
is attached to the remaining arcjet structure.

IV. Results Although this assignment is somewhat arbitrary, we

As described in Section II above, a-priori find that on the basis of a comparison to

knowledge of the current-power operating calculations that employ an adiabatic boundary

characteristics of the arcjet was necessary in order condition, the computed flow properties are only

to establish a value of the conductivity "floor", weakly sensitive to this boundary condition.

omin. Figure 3 shows the measured and predicted Unless otherwise stated, the experimental
variation in operating current versus operating measurements presented here are for hydrogen
power for a specific power of 90 MJ/kg and three mass flow rates of 13.7 mg/s. This is
values of the conductivity floor. For a single approximately 7% higher than the mass flow rate
conductivity floor, we find that the predicted used for earlier comparisons to model
current-power characteristics are best modelled by predictions. 1 3 Figures 4 - 6 compare the computed
a value of min = 4.07 mho/m. We note however, and measured exit plane velocities and kinetic
that use of a single value of armn may be temperature for values of specific power,
inappropriate, as it is evident in the figure that this P/ rh -64, 73, and 110 MJ/kg. In all cases, there
value of amin over predicts the arc current at low seems to be good agreement in magnitude and in
arc powers, and underpredicts the current at high profile shape (near the jet core), between the model
arc powers, over the range of powers studied here. predictions and experimental measurements of exit
In general, use of a single value of acmi = 4.07 plane axial velocity (see Figure 4). The systematic
moh/m can result in a 25-30% overprediction or differences between the model predictions and
underprediction of the arcjet operating voltage for a experimental results in the regions close to the
given specific power. In order to more accurately nozzle wall may be indicative of additional post-
model the current-power characteristics, we use a nozzle flow expansion that is not simulated by the
variable omin that is quadratically dependent on model. We note that the measurements are made
the arcjet power: with a finite spatial resolution (0.1 mm)

n - -3.969 +11.529P - 4.099P2  moh / m approximately 0.4 mm from the true exit plane and
may capture the gasdynamic behavior in the region

6
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of the nozzle lip. The differences however, are presented in Figure 7. As can be seen in Figure 7,
within the experimental uncertainties. The good agreement between simulations and
increased uncertainty in the measured velocity as experiment was obtained for centerline values of
one moves outwards from the central arcjet axis temperature at relatively low specific powers (50
arises from the concomitant drop in signal as a MJ/kg), however, rather poor agreement (factor of
result of the dramatic drop in excited state number two difference) was obtained at the higher values of
density. specific power (110 MJ/kg). Both the

measurements and simulation clearly indicate that
As can be seen from Figure 5, there is when the input power is more than doubled, the

reasonable agreement between the simulated and imeasuable agreement between the rimlated an centerline velocity increases by only 30%. This is
measured spatial variation in the radial velocity consistent with the observed variation in thrust with
component for the range of specific powers studied. changes in operating power 2 for medium power
Positive and negative values in Figure 5 representPositive and negative values in Figure 5 represent hydrogen arcjet thrusters. The experimental results
data taken at positions extending across the entire also indicate that the kinetic temperature increases

also indicate that the kinetic temperature increasesarcjet plume. Since the laser is directed downwards by a factor of three over the range of powers
by a factor of three over the range of powerswith respect to the laboratory reference frame, a studied. At higher powers, there is an increased
studied. At higher powers, there is an increased

negative velocity implies downward motion and is fraction of the enthalpy convected out the nozzle.
not to be confused with motion of the flow along a The increased specific impulse therefore comes at
direction towards the arcjet axis. The measured the expense of thrust efficiency (defined here ast he expense of thrust efficiency (defined here asradial velocities are found to vary nearly linearly 2 P ). Figure 8 shows the computed
with increasing distance from the arcjet axis. The .w reasing distance frm the arcjet ax. The variation in both the specific impulse and efficiency
measured velocities are in satisfactory agreement with arcjet power at a constant mass flow rate of
with model predictions near the arcjet exit plane 13.1 mg/s. Although the computed thrust
core. However, we find that there is a noticeable e is sn to se with increasing
difference b efficiency is seen to decrease with increasingdifference between model predictions anddifference between model predictions and specific power, the experimental measurements
experimental measurements made at positions far g t eiienc mus a re

suggest that the efficiency must fall more
from the plume axis. We emphasize again precipitously to account for the considerable rise in
however, that the model forces the radial velocity exit plane temperature.
component to zero for the internal flowfield
calculation in order to invoke a no-slip boundary The measurements of temperature are based on
condition. In fact, additional gasdynamic effects the measurements of Doppler broadened
near the lip of the nozzle may be captured in the fluorescence excitation profiles and are found to be
measurements of the radial velocities. It is very sensitive to the baseline fitting procedure. 1 1

noteworthy that both the measurements and The experimental uncertainty is greater for
calculations indicate that the radial velocities are temperature than it is for velocities, and is reflected
only weak functions of the arcjet specific power. in the scatter in the experimental data. Despite the
Also, the magnitude of the radial velocity reaches increased uncertainty, we find that the discrepancy
approximately 4 km/s for the highest specific between measurements and model predictions lies
power studied. This occurs near the nozzle lip, outside of the expected experimental uncertainty in
where the measured axial velocity is of the same temperature for the higher specific power cases.
magnitude thus implying a 450 flow direction at this For the highest specific power investigated here, we
spatial location, find that the model underpredicts the temperature

by at least 50% over a good portion of the arcjet
As can be seen from Figure 6, a significant radial domain (r < 2 mm). The reason for this

difference between model predictions and difference is speculated on in Section V. There has
experimental measurements of exit plane been some question raised 2 3 as to wether the
temperature is evident, both in magnitude and in excited electronic state that is probed in these
profile shape. In particular, we find that the experiments is produced with excess kinetic energy
discrepancy increases with increasing specific resulting from dissociative recombination. This is
power. certainly possible, although it should be noted that

These results are consistent with earlier for the highest specific power case, the model

comparisons 1 3 of the measured and predicted significantly overpredicts the specific impulse
centerline axial velocity and temperature variation (about 1000s), which, for conditions close to that

with specific power. These earlier data are of the high specific impulse case, has been

7
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measured to be approximately 830 s. 6  An performance. It is apparent that there is an
overprediction of 20% in the Isp is consistent with underprediction in the dissipated power, and
the observed difference in the measured and therefore an underprediction in the exit plane
computed temperatures. temperature. Part of the discrepancy may be

accounted for by the simplified treatment of the
Although measurements of exit plane electron anode sheath. We used here an upper limit to the

number density and ground state atomic hydrogen sheath potential, Q,, of 13V, which represents a
number densities under the above mentioned 10% loss of power to the arcjet anode. According to
conditions have not been made, it is noteworthy the experimental data, increasing the dissipated
that the predicted centerline values, which can be power by this amount (i.e., assuming no electrical
inferred from the predicted radial variation as power loss to the anode) can lead to as much as a
shown in Figure 9, are consistent with 1000 K increase in the exit plane centerline
measurements previously reported in the literature, temperature. It is important to note however, that it
For a specific power of 113 MJ/kg and a mass flow the model predictions that does not reflect such a
rate of 13.1 mg/s, a centerline exit plane electron trend in that a 10% increase in power raises the
number density of 1020 m-3 falls within the temperature by a mere 300 - 400 K.
centerline value of 1019 m-3 reported by
Manzella 2 4 at a downstream location of 1 cm, and The electron third-body recombination rate used
a centerline value of 1021 m 3 reported by Zube, 2 5  here is representative of that estimated for a
1 cm upstream of the exit plane inside the strongly recombining low temperature (i.e., 3000-
expansion nozzle. More recent measurements 26 of 4000 K) plasma28- The conditions in the
the electron number density in the arcjet throat constrictor of the arcjet are that of a high
indicate that the axial electron number densities are temperature (> 30000 K) ionizing plasma. A
2-5 times higher than that predicted for the highest proper treatment of the ionization/recombination
specific powers studied. Centerline values of the processes would require the coupling of a
ground state atomic hydrogen 2 cm from the exit collisional-radiative model to the flow calculations.
plane as high as 5 x 1018 m-3 have been At this time, such an addition to the model would
reported, 2 7 indicating that additional plume be prohibitively expensive from a computational
expansion or hydrogen recombination may be standpoint. If the rate presently employed is too
taking place within a very short distance of the exit low, then the ionization rate calculated from
plane, detailed balance will also be low. This will result

in too low a constrictor electron number density (as
is observed 2 6 ), and hence too low a conductivity.

V. Discussion A low conductivity will give rise to a relatively
high voltage drop over a shorter distance (for the

Although the single fluid model predictions and same current density) and hence a shorter arc
measurements of arcjet velocities compare length. In order to increase the flow temperature
favorably, the differences observed between (decrease the thrust efficiency) we must therefore
predictions and measurements of exit plane increase the recombination rate that is employed in
temperatures at higher specific powers (> 75 the simulation so that the arc penetrates further into
MJ/kg) suggest that some features of the model the supersonic region of the expanding flow.
require further refinement. It is apparent that there Simulations were performed for values of 10 and
is a systematic underprediction of the exit plane 100 times that of the nominal recombination rate
temperature. This result is consistent with the coefficient that is used, for the highest arcjet
overprediction of specific impulse, based on specific power studied. The results of this
measurements made on similar thrusters at NASA computational study indicate that changes of such
Lewis. We find that these differences cannot be magnitude have only a marginal influence on the
accounted for by refinements in the anode (internal) exit plane temperature. More dramatic differences
heat transfer model. Instead, we believe that there between the true electron-ion recombination rate
are physical processes that are either not included coefficient and that employed here would be
in the model (i.e., ambipolar diffusion), or are necessary to account for the differences in the
included but not accurately represented (i.e., measured and predicted exit temperature.
ionization), which must account for the observed
differences in predicted and measured arcjet Perhaps a more important process not accounted

8
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for in the model is species diffusion. In the single- current distribution within the nozzle. It is well
fluid model, this can be accounted for to first order known that the arc attachment points extend well
by the addition of diffusive fluxes for both neutral beyond the constrictor and into the expanding
and charged species (ambipolar diffusion), portion of the anode/nozzle in these low power
Because of the significant temperature gradients arcjet thrusters. 2 9 Constraining the magnetic field
that can exist in the arcjet constrictor (10 K/m), it to be zero at the exit plane may limit the extent to
is necessary to include thermal diffusion. A more which the arc penetrates out from the constrictor
rigorous treatment of the decoupled electron, ion, and therefore constrain the ohmic dissipation to the
and neutral species dynamics would require the subsonic portion of the flow thereby increasing the
addition of an appropriate momentum equation for nozzle performance.
each plasma constituent. Such multi-fluid models
would permit the diffusion of electrons and ions
into colder regions of the constrictor and nozzle, VI Summary and Conclusions
thereby elevating the local plasma conductivity,
and removing the need to artificially impose a In this paper, we have described a detailed
conductivity "floor" in the region near the nozzle comparison of experimentally measured low power
wall. hydrogen arcjet plume properties to model

predictions. The experiments focus on the
The extension of the single fluid model to twoThe extension of the single fluid model to two measurement of the exit plane vector velocity field

fluids has been previously described. 9 A two fluid and kinetic temperature by laser induced
model, with the electrons distinguished from both fluorescence. The model is based on a single-fluid
the neutrals and ions, would allow for the possible magnetohydrodynamic description of the flow.
departure from local thermal equilibrium. In the Excellent agreement between model predictions
two fluid model, energy is added to the electron and experimental exit plane velocity profiles is
pool through Joule heating, and is transferred to the obtained over a wide range of specific power,
heavier species by both elastic and nonelastic despite the complex nature of the flow. At higher
processes (ionization, dissociation). An elevated however, there is significant differencepowers however, there is significant difference
electron temperature is established, especially near between the measured and predicted exit plane
the anode, due to the more efficient conduction of temperature. The model underpredicts the
electron energy across regions of the plasma where temperature by as much as 2000K. These
steep temperature gradients may exist. This two- differences cannot be attributed to the present
temperature nonequilibrium would also help in treatment of the collisionless anode sheath or finite-
maintaining an elevated plasma conductivity, and rate molecular recombination (dominant frozen
would therefore also result in an increase in arc flow loss) and is believed to be more closely related
length and therefore decrease in nozzlelength and therefore decrease in nozzle to the treatment of other physical processes such as
performance or thrust efficiency. finite-rate ionization, ambipolar diffusion or

In general, we find that the differences in possibly the selection of exit plane boundary
measured and predicted exit plane temperature conditions.

cannot be accounted for by uncertainties in atomic The simulations overpredict performance (Isp)
hydrogen recombination rate coefficients. We find at the higher specific powers studied. This
that a large (i.e., order of magnitude) change in the overprediction in performance is consistent with the
rate coefficients for third-body enhanced underprediction in temperature and implies an
recombination of atomic hydrogen (H + H + M -> overprediction in the thrust efficiency or nozzle
H2 + M) has only a minor influence on the performance. The thrust efficiency is shown to be
calculated exit-plane temperature field and arcjet only marginally sensitive to order of magnitude
performance. This indicates that frozen flow lossesanges in the value of the electron third-body
associated with finite-rate molecular recombination recombination rate coefficient that is employed in
processes are difficult to recover under present the simulation. However, little data is available as
arcjet design constraints. to what value of this rate coefficient is appropriate.

At present, the computational domain is limited This suggests that further refinements in the

to the exit plane of the arcjet. We impose a zero treatment of finite-rate ionization and species

magnetic field constraint on this boundary. This diffusion in these thrusters may be necessary in
boundary condition is expected to influence the order to extend the predictive capabilities of the

9
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Reaction A (cm 3 /mol s) B E (kcal/mol)

HH+H M-+H2 +M 6.4xl0' 7  -1 0

H+ +e+ M-- H+M 5.26x10 26  -2.5 0

H2+e- H+H+e 1.91x10" 1 203,000

H+ +e+e - H+e 7.08x10 39  -4.5 0

Table 1. Chemical reaction mechanisms.
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Figure 1. Schematic of experimental facility.
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Figure 2. Typical fluorescence excitation scans (symbols) and predicted (lines)
taken with the laser focused along the spatial variation in exit plane axial

centerline 0.4 mm from the exit plane. velocity. rh = 13.7 mg/s.
The more narrow profile with resolved
features is taken from a 600 K low , , , ,
pressure stationary discharge cell.
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