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Abstract Navier-Stokes solver, SIMPLE, developed by Gosman and
Pun2 and later modified by Rhie3 to handle both subsonic

In this work, a water cooled arcjet and a radiation and supersonic flows. Later, Jeng included a model for the
cooled arcjet are modeled using the University of heat addition from a laser induced plasma. 4 The arcjet
Tennessee Space Institute arcjet computation code based numerical model has been applied to ammonia, 5

on thermodynamic and chemical equilibrium flow. The hydrogen,1. 6 and argon propellants. 7 In the research
results are compared with experimental results obtained by presented herein, a water cooled arcjet and a radiation
researchers at the Institut fur Raumfahrtsysteme, cooled arcjet are modeled using the existing UTSI
Universtat Stuttgart. Solution convergence problems and thermodynamic and chemical equilibrium arcjet
physical model inadequacies are addressed. Solutions for computation code. Computed arcjet flowfield results are
the arcjets predict results that exceed the experimental compared with experimental results obtained from the
performance by up to nine percent for the radiation cooled Institut fur Raumfarhtsysteme (IRS), Universtat Stuttgart.
arcjet and up to seventy-four percent for the water cooled The objective of this work is to assess the existing arcjet
arcjet. Discrepancies are attributed to energy loss code results, determine code inadequacies, and discuss
mechanisms that are neglected in the computation code. It recommendations for code development
is concluded that a finite rate chemistry model and a two
temperature model should be incorporated into the arcjet
code. In addition, the modeling of electrical conductivity The UTSI Arciet Code
near the anode walls needs to be modified to account for
significantly greater energy losses than are currently The algorithm for the University of Tennessee
predicted by the code. Space Institute arcjet code is a Navier-Stokes solver based

on the SIMPLE (Semi-Implicit Pressure Linked Equation)
Introduction algorithm developed by Gosman and Pun2 and modified by

Rhie3 to accommodate both supersonic and subsonic flow.
Electric arcjet thrusters provide modest thrust and The code is formulated to solve the steady-state Navier-

relatively high specific impulse for space propulsion Stokes equations.
applications. Complex non-linear interactions between
the electromagnetic fields and the plasma propellant The governing equations in the code are solved in a
complicate the understanding of arcjet experimental results transformed coordinate system where the original, non-
and, hence, arcjet performance. Strong coupling between orthogonal, axially symmetric grid is mapped to a grid of
ohmic heat addition and the dynamics of the flow add to unit squares.l The governing equations relate five
this complication. 1 The University of Tennessee Space dependent variables. These are the azimuthal velocity (o),
Institute has been developing a computational model to the radial velocity (v), the axial velocity (u), the pressure
gain a better understanding of the physical processes in an (p), and the static enthalpy per unit mass (h). The
arcjet. This code is intended to be used as a design tool velocities are obtained from the respective momentum
when it is validated and reaches maturity. Such a tool conservation equations for steady, axially symmetric
will decrease the dependence of arcjet design on flow.l Lorentz body forces are included in the radial and
experimentation and greatly reduce hardware development axial momentum equations. The enthalpy is obtained
costs. The algorithm for the arcjet model is based on the from the energy equation which includes ohmic heating,

radiation loss, and the work done by Lorentz forces.
*Graduate Research Assistant, Student Member. AIAA Finally, pressure is obtained from the conservation of
*B. H. Goethert Professor of ES&M, Member, AIAA mass. The azimuthal component of the magnetic field,
tSenior Engineer, Member, AIAA Be, describes the electromagnetic properties of the fluid.
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The axial and radial components of the magnetic field are concentrations in this region that result from thermal and
assumed to be zero. The components of the current (Jx chemical non-equilibrium. 1  The LTE electrical

and J,) are obtained from numerical derivatives of B. conductivity of hydrogen as a function of temperature ad
pressure is shown in Figure 1. Notice that the

The governing equations are linearized by conductivity is essentially zero below 5,000 K. At

transferring the non-linear terms in the equations into the approximately 10,000 K, the electrical conductivity shifts

source terms. The governing equations are transformed to a nearly linear function of temperature and continues

from the physical plane to the computational plane on a this trend over the temperature range of interest for arcjets.

grid of unit cells by numerically applying a Jacobian. A A significant portion of the propellant flow has a

solution is obtained by solving the transformed governing temperature below 5,000 K; these areas include the nozzle

equations sequentially using updated values of the o _s..s cKiit,
dependent variables when they are available and old values Ou- 0.,1 .* 2... . ....

when the updated values have not been calculated. New
values for the dependent variables are relaxed into the
solution. The process of calculating the dependent
variables by stepping through the governing equations is
an iterative one that continues until no further changes in
the solution occur.l Upwind differencing for convective
terms and the inclusion of fourth order pressure smoothing
are mechanisms used to stabilize the dependent variables a
as a solution is approached.l

The velocities along the walls are subject to a no- * . . .
slip condition. The axial distribution of wall temperatures " " " "
is specified, and the normal pressure gradient at the walls 1""* -"

is set to zero. The radial derivatives of the dependent Figure 1. Local thermodynamic equilibrium electrical
S, , r conductivity as a function of temperature and pressure.

variables u, h, andp and the values of v and to are set to
zero on the symmetry axis downstream of the cathode tip, exit and the region near the anode walls. If unaltered, theexit and the region near the anode walls. If unaltered, theand the second derivatives of these variables with respect LT electrical conductivity would be essentially zero foro ,l , e . , a. _ LTE electrical conductivity would be essentially zero forto axial distance are zero at the nozzle exit. The mass

these regions and no current would flow. However, theflow, enthalpy, and swirl velocity are specified at the lasa in these areas is not in euili ,
plasma in these areas is not in equilibrium, conductivityarcjet inlet.1 In the code, it is assumed that the current is not zero, and current can flow. To correct for this
is not zero, and current can flow. To correct for thisflows from the cathode tip and uniformly enters the anode situation, the electrical conductivity below 10,000 K is
situation, the electrical conductivity below 10,000 K iswith no current flow to the anode either upstream of the id l y b t L
interpolated linearly between the LTE electricalnozzle or beyond the nozzle exit. This assumption allows ondtiity at and a electrical

S*r1Aconductivity at 10,000 K and a constant electricalthe azimuthal magnetic field to be specified on all conductivity at te wl te ( y st to
coptta , conductivity at the wall temperature (usually set to 10

computational boundaries. mhos/m). The upper bound for the interpolation (10,000
To numerically model the flow in an acjet the fluid K) was chosen because it provides a common point atTo numerically model the flow in an arcjet the fluid

Se o m , t e , which the electrical conductivities become nearly linearmechanical equations of motion, the energy equation, and
over the pressure range realized in arcjets. Below thiselectromagnetic equations must be solved iteratively and t p rng n
ps. S l spl a pt oint, the LTE assumption breaks down and the electricalsimultaneously. Several simplifying assumptions are

simu . eral s n . a conductivity is not known. The heuristic increase ininherent in the UTSI arcjet computation code to achieve c i n . e h
this. t, e e a electrical conductivity in regions below 10,000 K permitsthis. First, the equations are modeled for steady,

e c , y i current to flow to the wall. This results in a release of
axisymmetric, compressible flow. Second, heavy particle
and electron temperatures are assumed to be equal energy due to the voltage rise across the cool boundaryand electron temperatures are assumed to be equal.

layer and subsequent energy loss to the wall.Therefore, one energy equation can account for the mixture layer and subsequent energy loss to the wall.

of particles. Third, chemical and local thermodynamic
The second heuristic modification adjusts theequilibrium (LTE) are assumed everywhere in the flow.5 en

electrical power deposited into each computation cell
Tw h m a u (J (J/a - U x B)). This power is dependent on electricalTwo heuristic modifications are used to correct
Two i mdi o ae to rr conductivity. The LTE electrical conductivity results indeficiencies in physical models in the code. The first c T L e

an incorrect amount of electrical power deposited in themodification increases the electrical conductivity near the re i e Ti
nozzle where the flow is not in LTE. Therefore, whennozzle wall to simulate super-equilibrium electron
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J-(J/o - U x B) is summed over all cells, the total does Experimental Background
not equal the arcjet power specified in the code input. The
calculated electrical power deposited in the flow is forced In this work, the UTSI computation code is applied
to equal the electrical power of the arcjet by multiplying to the operation of two medium power arcjets with similar
each computation cell by the ratio of the desired electrical geometries - one is water cooled (TT1 thruster), the other
power to the sum of the calculated electrical power is radiation cooled (MARC thruster). Schematics of these
deposited into the flow.l This multiplier is called the thrusters are shown in Figures 2 and 3, respectively.
power ratio. It is given by Notice that the water cooled thruster is composed of

segments that are independently cooled. The internal flow
Power r at c power dcpoted it nw (1) path geometries of the thrusters are nearly identical. Each

has a constrictor with a 2.5 mm diameter and a length of
where 5.0 mm. Each arcjet has an anode-cathode gap of 2.0 mm

and a cathode tip half angle of 30 degrees. There are two
Electricalpower of thearje = geometric differences between the MARC and TT1

thrusters. First, the MARC thruster has a conical nozzle
Electrical power deposited into he flow = J (J/r - U x B) dV . with a half angle of 17.5 degrees while the TT1 thruster's

nozzle is bell shaped. Both nozzles do, however, have anIn the original UTSI arcjet code, thermodynamic and area ratio of 100. The second difference in geometry is thetransport properties were obtained from lookup tables. diameter of the cathode. The diameters are 5.0 mm and
These tables include temperature as a function of enthalpy 6.0 mm for the TTI and MARC thrusters,
for a range of pressures. The transport properties respectively.10l 11

viscosity (4), thermal conductivity (k), and electrical
conductivity (a) are tabulated as a function of temperature During data collection, the operating parameters for
and pressure. "The program used to create these tables the TTI and MARC thrusters were almost identical. Both
uses tabulated collision cross section data for the H2, H.uses tabulated collision cross section data for the H2, H, thrusters operated with hydrogen as a propellant flowing at
H+, and electron system and outputs the internal thermal 0.1 grams/sec. The TT1 thruster ran at 61.3 Amps and
conductivity, a, g, and the binary diffusion 160.1 Volts which yields a power of 9814 Watts. The
coefficients."l.s Because of the assumption of no charge MARC thruster data was collected at 80.2 Amps and
separation, ambipolar diffusion is used. Radiation from 112.9 Volts resulting in a power of 9054 Watts. 12

the hydrogen plasma is modeled as having an optically Experimental data for these thrusters were collected at
thin component and an optically thick component. The Institut fur Raumfahrtsysteme, Universtat Stuttgart. Both
optically thin radiation results in direct energy loss from thrusters were operated in the same vacuum chamber under
the system, and the optically thick radiation is used to comparable pressure levels. The same thrust stand was
obtain an equivalent thermal conductivity. "Both line and used in each experiment1011
continuum radiation were included in the calculation using
the methods described by Griem."l. 9 The thermal
conductivity tabulated in the lookup tables is the sum of
the internal conductivity, conductivity from the optically . A°duU D..4 --

thick radiation, and the energy transport that results from
species diffusion.] The version of the UTSI arcjetcode
used in the present work has additional routines that
replace the lookup tables with curve fits of the table data.
These routines were incorporated into the code so that I
smooth functions were available to replace the tabulated
data. The original tabulated data contained occasional
discontinuities which are believed to be the cause of===
instabilities in the original code. It is felt that the loss of C 1 "' Tatar

accuracy in the property data that results from the curve Cathode .
fits is outweighed by the increased accuracy in a solution c.ltl. r
that has better convergence (the property values calculated
from the curve fits deviate less than two percent from the
tabulated property values). Figure 2. Cross-section of the water cooled thruster (T'1

thruster). The independently water cooled segments are also
shown. 9

3
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temperature profile in the thruster components. This
numerical analysis was performed using the finite element
programming system SMART developed at the Institut
fur Computeranwendungen, Universtat Stuttgart. The

Snumerical modeling "includes heat conduction in the solid
-4 structure, conduction and convection in the gas flow, and

radiation on the surface." 1  The calculated temperature
SI along the inner wall of the anode varies from 800 K at the

1 inlet to 1400 K in the nozzle. Because the TT1 thruster is
S" " .... -- " - comprised of segments that are independently cooled, a

temperature profile of the anode can be determined by
measuring the temperature of the cooling water as it exits

- each segment. 12 The temperature of the inner wall of the
5- TT1 thruster is an approximately constant value of 300 K.

Numerical Modeling Results

Figure 3. Cross-section of the radiation cooled thruster Calculations using the UTSI arcjet computation
(MARC thruster). code were performed on an axially symmetric grid.

Figures 4 and 5 contain grids for the MARC and TT1
Under the operating conditions just described, the thrusters, respectively. These grids have 51 axial and 31

TT1 thruster produced a thrust of 0.626 N. This results in radial positions. A cell compression factor of 1.2 was
a specific impulse, Isp, of 638.2 seconds and efficiency of used during grid creation. This means that the axial
18.52 percent. Isp and efficiency are calculated using the length of each cell is 80 percent of the length of the cell

following formulas. to its left between the inlet and cathode tip. From the
cathode tip to the exit, the length of each cell is increased.

s _ T (2) The radial cell compression uses a similar procedure
mp g except it compresses the cells as the boundaries are

approached from the center of the grid. This grid
P TI compression allows higher resolution of the flow near the

Eff PKE - T (3) boundaries and cathode tip where high resolution is
Pelectric 21V u

required

where xo' 1 rcit gr

T= thrust 0.125

mp= mass flow rate of propellant

g = 9.81 m/s 2
o.oo

I= current
V = voltage .

0.075

The MARC thruster produced a thrust of 0.866 N which
yields an Isp and efficiency of 882.8 seconds and 41.42

0.050

percent, respectively.12 These results verify that
regenerative heating of the propellant in the radiation 5
cooled arcjet results in better performance. Part of the o.o5s
increased performance in the radiation cooled thruster is a
result of its having a higher inlet pressure. 12

0.00 0.01 0.02 0.03 0.04 0.05 0.0

A thermal analysis of the radiation cooled thruster
was also performed. 11 Experimental thruster surface

temperatures were obtained using a pyrometer and Figure 4. MARC thruster computation grid with 51 axial and
strategically placed thermocouples. These temperature 31 radial positions. Grid developed using a compression
data were input to a finite element model to obtain the factor of 1.2.
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xo0- 1 significantly at the cathode tip. Distributing the entering
0.- - current over five cells was attempted in an effort to reduce

these gradients. This had no effect on convergence. Since
the arc spot - the point of arc attachment on the cathode -

o.'"o - is actually much smaller than one grid cell, the calculated
current density at the cathode tip is smaller than in reality.

S0075 - Distributing the current over more than five grid cells may
S "- J reduce the adverse gradients in the dependent variables at

Sthe cathode tip; however, it would reduce the current
0.0o

=  density in this region even further and would likely result
Sin significant error in the solution. Because the physics
S that take place at the tip of the cathode are not currently

-. understood, the method of distributing the energy flow
over a few cells has not been changed in the code.

o.ooo0 - i Residual errors in the rest of the flow are generally one or
0.0 0.o1 0.02 .03 o.o o.os two orders of magnitude below those at the cathode tip.

*xlal distance -a

Figure 5. T1 thruster computation grid with 51 axial and 31 The second problem with the flow computations
radial positions. Grid developed using a compression factor only occurs in the simulation of the water cooled arcjet
of 1.2. (TT1 thruster). Problems arise in the boundary layer next

to the cold wall, especially around sharp corers. In these
areas, the residual errors for the velocity components are

Table 1. Operating parameters input to model. larger than those of the other dependent variables.
Residual error is defined as follows:

Operating
Parameters MARC Thruster TIThruster Residual error -S+ fP + fss + fwq + fee -fpPp (4)
Current (Amps) 80.2 61.3
Power (Watts) 9054 9814
Propellant flow rate (mg/sec) 100 100 where
Propellant inlet temperature (K) 904.9 294.9
Swirl angle (degrees) 45 45 (p = a dependent variable

S = the source term for the cell being considered
The operating parameters input into the model f= flux through the cell wall

match those for each arcjet (Table 1). The inlet n = the cell to the north
temperature of the propellant is the only parameter in s = the cell to the south
Table 1 that is not specified in the experimental data. w = the cell to the west
The arcjet code sets this temperature to the temperature of e = the cell to the east
the anode at the inlet. The higher inlet temperature for the p = the grid cell being considered.
MARC case simulates regenerative heating. Wall
temperature profiles are also input to the program. The first five terms in the definition of residual error

represent the increase in a variable in the grid cell being
considered. This increase is a result of the source term of

Convergence Problems the grid cell and the flux into the grid cell from the four
adjacent cells. The last term in the definition is the flux

There are two areas in the flow that experience large of the variable in question out of the grid cell being
fluctuations during the calculation process; thus, it is considered. The largest residual errors for the axial
quite difficult to make the arcjet code converge to a velocity in the TT1 thruster are located in the region
solution. The first problem area occurs at the cathode tip between the cathode tip and the expansion corer at the
and is common to every case run. All of the current that constrictor entrance. The velocities in this region ae
enters the flow from the cathode is distributed over three observed to fluctuate about a mean value, and the overall
grid points in the flow. Therefore, the current density is solution does not change significantly with these
very high in these cells. The radially adjacent cells have fluctuations.
no current addition. Therefore, the large gradients that
result are the likely cause of fluctuations in the dependent The residual errors in axial velocity for the MARC
variables that make it impossible to reduce residual errors thruster are concentrated well downstream of the cathode

5
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tip. The magnitudes are an order of magnitude lower than In an effort to reduce residual errors in the solutions
for the water cooled thruster. Therefore, the region for both thrusters, grid densities and grid aspect ratios were
extending from the cathode tip to the anode is only a varied. This variation did not improve convergence.
problem for the water cooled thruster. There is a physical Therefore, the original 51 x 31 grid solutions will be used
explanation for this difference. The boundary layer is for comparison with experimental results. It is stressed
much colder for the TT1 thruster than for the MARC that the TTI performance parameters could change by as
thruster. Therefore, the flow in this region of the TT1 much as 10 percent if the solution were to converge to a
thruster has much less thermal energy and may not be able more acceptable level. (The MARC thruster solution
to turn the corer at the constrictor inlet without flow changed about 10 percent when it converged down from
separation. The TT1 thruster also operates at a lower inlet the TTI level of error.) Table 2 contains results for these
pressure than the MARC thruster. 12 Therefore, the two cases. The arcjet model predicts better performance
pressure gradients in the water cooled thruster are likely to for the radiation cooled arcjet as expected. The better
be lower than in the radiation cooled thruster. Since the performance of the MARC thruster is attributed to a
ability of a flow to turn a comer increases with increasing higher inlet pressure and regenerative heating of the
pressure gradients and thermal energy, the flow in the TT1 propellant.
thruster is less likely to turn the corer without flow
separation. Flow separation is a time dependent The power ratios for both arcjets are far from the
phenomenon. Because the arcjet code assumes desired value of one (Table 2). For the MARC thruster
equilibrium steady-state physics, it cannot resolve time the electrical power deposited into the flow is much
dependent phenomena. Hence, the residuals in the area of greater than the arcjet electrical power. The opposite is
flow separation in the TTl thruster will not reduce. Since true for the TTI thruster. The electrical power deposited
the boundary layer in the MARC thruster is much hotter into the flow is the sum of the power in each of the cells
and has greater pressure gradients, the flow is energetic (J-(J/o - U x B)). 7 It is a function of J and c, and J is
enough to turn the comer without experiencing significant determined from the magnetic field which is a non-linear
unsteady flow. Lower residuals are obtained as a result. function of a. This non-linear coupling in calculating

Table 2. Numerical and Experimental Results for MARC and TT1 thrusters.

MARC Thruster TT1 Thruster

Numerical Experimental Numerical Experimental

Thrust (N) 0.943 0.866 0.823 0.626

Isp (sec) 943.2 882.8 840.1 638.2

Efficiency (%) 45.10 41.42 32.22 18.52

Inlet Pressure (atm) 1.04 Not available 0.777 Not available

Power Ratio 0.398 Not applicable 1.943 Not applicable

6
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power makes it difficult to determine the exact source of Watts. 12 Since the TT1 thruster and the vacuum chamber
error. 7 Since the electrical conductivity is the transport walls are both at room temperature, radiation losses from
property that most significantly effects power, the power the surface of the arcjet are negligible. Hence, the energy
ratio should be unity (assuming electrical conductivity is transfer from the hot gas into the walls should equal 1,591
correct). This implies that if the electrical conductivity Watts. The arcjet code predicts a loss to the walls of 356
were correct, the electrical power deposited into the flow Watts through the combined effects of conduction aid
would equal the electric power of the arcjet (IV). radiation from the plasma to the inner walls. Therefore,

1,235 Watts that should be entering the walls remain in
To determine the sensitivity of the code solution to the calculated flow. An equivalent gas thermal

the electrical conductivity, the MARC case was run with conductivity that is 1/4 the correct value would explain
electrical conductivity increased by 10 and then 20 percent this result.
Increasing electrical conductivity by 20 percent increases
the power ratio by 5 percent. The increased electrical Conduction is modeled using Fourier's law
conductivity has insignificant influence on the (q"=kequivalentVT). Since the equivalent thermal
performance parameters. The sensitivity analysis was not conductivity is comprised of radiation effects, diffusion
repeated on the TT1 thruster because poor convergence effects, and thermal conductivity, one or a combination of
would lead to unreliable results. these components must be underpredicted in the model.

However, it seems unlikely that the equivalent thermal
conductivity has large enough error to explain the

Comparison of Numerical and Experimental Results discrepancy in heat transfer loss. Therefore, the
temperature gradient at the walls is not great enough to

A comparison of numerical and experimental drive adequate energy into the walls.
performance parameters for the MARC and TI1 thrusters
is shown in Table 2. The numerical results for both Losses from the MARC thruster experiment can be
thrusters are higher than the experimental results. The estimated by calculating the radiation from the surface of
numerical results for the MARC thruster exceed the the arcjet. This radiation energy loss, along with
experimental results by 7 to 9 percent The differences are conduction losses into the test stand, should equal the
much larger for the TT1 thruster; the numerical results energy transferred from the hot gas to the inner walls of
exceed the experimental results by 31 to 74 percent. The the arcjet Knowing the temperature profile of the arcjet
numerical pressure at the inlet is 1.04 atm and 0.777 atm outer surface from the finite element analysis, 12 radiation
for the MARC and TT1 thrusters, respectively. Although losses are calculated using
experimental pressures are not known, propellant feed line
pressures and numerical modeling at the Universtat /4 4 \
Stuttgart indicate higher operating pressures for the Radiation loss = EA (Ts-T,) (5)
radiation cooled thruster. 12 This agrees with the UTSI
arcjet code solutions, where

The numerical solutions are expected to be slightly E = total emissivity for tungsten at the surface temperaturel3
higher than the experimental results because some loss a = 5.6699 x 10-8 Watts/mZ.K 4

mechanisms are neglected in the arcjet code. The A = surface area
discrepancies in the MARC results are small enough to be Ts = arcjet surface temperature
attributed to these neglected loss mechanisms. Differences T. = temperature of vacuum chamber walls.
in the TTI results, however, are due to poor convergence
in addition to the neglected losses. Notice that the model This equation assumes that the surface is gray and neglects
underpredicts the difference in performance between the radiation transfer between different locations on the arcjet
water cooled thruster and the radiation cooled thruster. surface. If the vacuum chamber is assumed to be at room
The loss mechanisms neglected in the code are partly temperature (T,=300K), 530.4 Watts of radiation are
responsible for this discrepancy. Underestimated energy emitted from the arcjet. Additional energy is lost byloss at the walls via conduction in the gas accounts for the conduction to the arcjet test stand. The arcjet code predicts
remaining discrepancy. In the water cooled case, the an energy loss of 326.6 Watts via radiation and conduction
temperature gradient of the gas at the wall is much larger from the flow. Therefore, at least an additional 204 Wattsthan in the radiation cooled case. As a result, more energy (530.4 Watts - 326.6 Watts) in the gas should be lostwill be lost at the walls in the water cooled thruster. In through conduction. Here again, the underestimated
the TTI experiment, the cooling water carried away 1,591 conduction losses are likely to be a result of low

7
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temperature gradients at the walls. Therefore, it is The anode to cathode voltage drop is calculated by
reasonable that underpredicted conduction losses account taking the line integral of the electric field (E=J/o-UxB)
for the code's underprediction of performance differences over any path between the anode and cathode. The anode
between the MARC and TT1 thrusters. Figures 6 and 7 to cathode voltage drop was calculated for the TT1 and

are three dimensional plots of the temperature MARC thrusters by first taking the line integral of the

distributions in the MARC and TT1 thrusters, electric field axially from the cathode tip to some
respectively. Notice that the temperature gradient at the downstream location on the centerline. Then, the integral
MARC anode wall in both the constrictor and the is completed by taking the line integral of the electric field

upstream area in the nozzle expansion results in heat radially from the centerline to the anode wall. This
addition to the gas (Figure 6). In the TTI thruster, the procedure was repeated for all centerline positions. The

gas temperature at the anode wall is always greater than anode to cathode voltage drop for the MARC thruster is
the wall temperature. Therefore, energy is leaving the about three times the experimental value (Figure 8). This
flow along the entire length of the TTl anode, indicates that the electrical conductivity is too low.

SThrustere Similar analysis for the TTI thruster results in a
MARC Thruster Temperature Profile

numerical anode to cathode voltage drop of less than two
- thirds of the experimental value (Figure 9). This result is

indicative of an electrical conductivity that is too high.
These trends in electrical conductivity also explain why

Sthe power ratio (PelectricoC/J 2) is both greater than one for

8 the TTI thruster and less than one for the MARC thruster.
_ The fact that the LTE electrical conductivity is higher in

-- --- -- one case and lower in the other is an indication of the
Sstrong influence of electrical conductivity in the arcjet

E model. The non-constant voltage drops predicted by the
Scode (Figures 8 and 9) indicate an error in the distribution

Sof electrical conductivity. A proper distribution of
electrical conductivity would result in a constant voltage

o . . .I I . . I drop since voltage drop is independent of path. The
5 -10 5 0.0 5 0 Is results shown in Figures 8 and 9 can be explained by the

Length Scale (mm)
fact that, in the nozzle, the electrons are not in

Figure 6. Three-dimensional plot of the temperature equilibrium with the heavy particles.5 This situation
distribution in the MARC thruster. The temperature at the would be remedied by adding a chemical non-equilibrium
cathode tip reaches 60,000 K; it has not been plotted. model and a two-temperature model to the code. Thus, the

thermal and chemical equilibrium assumptions would be
TTI Thruster Temperature Profile eliminated. The non-equilibrium models are currently

being added to the UTSI arcjet computation code. 14

MARC Thruster Anode To Cathode Voltage Drop
Cal. 0 Exper.

40400--

I
0

0 -

a 0

I 100- -

*5 .10 -5 0.00 5 10

Length Scale (mm)

Figure 7. Three-dimensional plot of the temperature o.o0 n o o.o 0.05 o.06
distribution in the TT1 thruster. The temperature at the Axial Distance (m)
cathode tip reaches 75,000 K; it has not been plotted.

Figure 8. MARC thruster anode to cathode voltage drop.
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TT1 Thruster Anode to Cathode Voltage Drop the energy lost into the walls. Three factors account for
the underprediction of energy losses. First, conduction

20- 0 losses are determined to be greatly underestimated because
temperature gradients at the walls are too small. Second,

Sthe arcjet model does not account for the release of energy
10 at the walls due to recombination because of the

equilibrium assumption; this mechanism may play an
important role in energy loss at the walls. Third, the

100 arbitrarily chosen value for electrical conductivity at the
Swall greatly influences the electrical power deposited into

the gas at the wall and, hence, affects energy losses.
50

Two major changes need to be made to the physical
models in the arcjet code. First, non-equilibrium models

o. ' ' ' ' ' ' ' '' ' ' '.' ' ' '.. need to be added before correct transport properties will be
attained in the nozzle. Second, the current model for

Axl Distace convection losses at the walls needs modification to
Figure 9. TT1 thruster anode to cathode voltage drop. account for increased energy losses. The present

convection loss model requires the temperature gradient in
the gas at the wall. The present code may not adequately

Summary and Conclusions resolve the boundary layer. Hence, the temperature
gradient at the wall is not known, and convection is not

Modeling the water cooled TT1 thruster and the being modeled properly. If these modifications do not
radiation cooled MARC thruster has revealed serious result in better solutions, improved methods for
inadequacies in the UTSI arcjet computation code. The determining transport properties are required before better
code fails to properly simulate both the observed voltage solutions are possible.
and all of the energy losses present in an arcjet. A detailed
comparison of experimental and numerical results
indicates the need to modify the code to include both finite References
rate chemistry and a two temperature model to track
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