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Abstract A modelling study is performed to compare the plasma flow and heat transfer char-
acteristics of low-power arc-heated thrusters (arcjets) for three different propellants: hydrogen,
nitrogen and argon. The all-speed SIMPLE algorithm is employed to solve the governing equa-
tions, which take into account the effects of compressibility, Lorentz force and Joule heating, as
well as the temperature- and pressure-dependence of the gas properties. The temperature, veloc-
ity and Mach number distributions calculated within the thruster nozzle obtained with different
propellant gases are compared for the same thruster structure, dimensions, inlet-gas stagnant
pressure and arc currents. The temperature distributions in the solid region of the anode-nozzle
wall are also given. It is found that the flow and energy conversion processes in the thruster
nozzle show many similar features for all three propellants. For example, the propellant is heated
mainly in the near-cathode and constrictor region, with the highest plasma temperature appear-
ing near the cathode tip; the flow transition from the subsonic to supersonic regime occurs within
the constrictor region; the highest axial velocity appears inside the nozzle; and most of the input
propellant flows towards the thruster exit through the cooler gas region near the anode-nozzle
wall. However, since the properties of hydrogen, nitrogen and argon, especially their molecular
weights, specific enthalpies and thermal conductivities, are different, there are appreciable differ-
ences in arcjet performance. For example, compared to the other two propellants, the hydrogen
arcjet thruster shows a higher plasma temperature in the arc region, and higher axial velocity
but lower temperature at the thruster exit. Correspondingly, the hydrogen arcjet thruster has the
highest specific impulse and arc voltage for the same inlet stagnant pressure and arc current. The
predictions of the modelling are compared favourably with available experimental results.

Keywords: low-power arcjet, plasma flow and heat transfer, numerical modelling,
propellant-type effects
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1 Introduction

Arc-heated thrusters (or arcjets) have been applied
to satellite station-keeping, and have many other po-
tential applications in space propulsion. In the arcjet
thruster, gaseous propellant is heated by a DC elec-
tric arc to a temperature of about 20 000 K, and the
hot gas (plasma) is subsequently expanded through a
convergent-divergent nozzle, in which the gas’s inter-
nal energy is converted into the kinetic energy of an
axially-exhausting supersonic jet and thereby generates
a thrust force. Since the gaseous propellant in an arcjet
thruster can be heated to a much higher temperature,
the arcjet thruster may achieve a specific impulse ap-
preciably higher than that of the conventional chemical

thruster (e.g., rocket) or the resistance-heated thruster
(e.g., resistojet).

Over the past several decades, much efforts have been
devoted to the development of arcjet thrusters at differ-
ent power levels and using a variety of propellants, in-
cluding argon, hydrogen, nitrogen, a nitrogen-hydrogen
mixture simulating decomposed hydrazine, ammonia,
etc. Correspondingly, lots of experimental and mod-
elling results have been reported in the literature *~10!
and the references cited therein. However, due to the
complexity of physical phenomena involved in the flow
and heat transfer processes of the arcjet thrusters, so far
our understanding on the energy conversion and thrust
force generating processes is still incomplete and thus
it is difficult to predict the effect on the thruster per-
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formance of changes in power level, propellant type,
thruster construction and dimensions, etc.

Recently, experimental systems for studying arcjet
thrusters were established at both the Institute of Me-
chanics, Chinese Academy of Sciences and the School of
Astronautics, Beijing University of Aeronautics and As-
tronautics. A series of experimental studies have been
conducted 12 on the low-power (kW-class) arcjet
thruster characteristics for different operational param-
eters (arc currents, gas flow rates or inlet gas pressures)
and thruster structures, using different working gases
(argon, nitrogen, nitrogen-hydrogen mixture, etc.) as
the propellants. Concurrently, modelling studies were
also performed to understand better the operating char-
acteristics of the low-power arcjet thrusters.

Although many modelling and experimental re-
sults concerning hydrogen, nitrogen and argon arcjet
thrusters can be found in the literature, and apprecia-
bly different thruster characteristics (e.g. different spe-
cific impulses, different arc voltages, etc.) are reported,
those results are often obtained for different power lev-
els, different thruster structures and/or for different
thruster operational parameters. In order to clarify the
effect of the propellant type on the thruster charac-
teristics, it is clearly better to compare the thruster
characteristics with the same parameters. Hence, in
this paper the calculated temperature, axial velocity,
Mach number and streamline distributions within the
thruster nozzle are compared for an arcjet thruster us-
ing hydrogen, nitrogen or argon as the propellant, but
for the same thruster structure and dimensions, and for
the same inlet-gas stagnant pressure and arc currents.

2 Modelling approach

Fig. 1 is a schematic diagram of the low-power arcjet
thruster under study, showing the main dimensions and
the domain adopted in calculation.

The main assumptions employed are as follows. a.
The gas flow in the arcjet nozzle is steady, axisymmet-
ric, laminar and compressible; b. The plasma is in the
LTE (local thermodynamic equilibrium) state, and thus
the thermodynamic and transport properties of hydro-
gen, nitrogen or argon are completely determined by
the local gas temperature and pressure [13~1%]; ¢. The
plasma is optically thin; d. The Lorentz force compo-
nents are included in both the axial and radial momen-
tum equations, and the Joule heating, radiation loss,
viscous dissipation and pressure work are all included
in the energy equation; and e. the azimuthal (swirling)
velocity component is negligible in comparison with the
axial velocity component.

Based on these assumptions, the governing equations
in a cylindrical coordinate system can be written as fol-
lows [15:16]

Mass conservation equation
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Here u and v are the axial (z—) and radial (r—) compo-
nents of the velocity vector V,p and ¢ are the gas pres-
sure and electric potential respectively, while kg and
e are the Boltzmann constant and elementary charge
respectively. The physical properties p, cp, h, i, K, o
and U, are the gas density, specific heat at constant
pressure, specific enthalpy, viscosity, thermal conduc-
tivity, electrical conductivity and radiated power per
unit volume of plasma, respectively. These properties
are stored in pre-compiled plasma property databases,
covering a temperature range of 300 K to 30000 K and
a pressure range of 10 Pa to 3x10° Pa. The symbol &
in Eq. (4) denotes the viscous dissipation term, and is
calculated using

o= () Y (B

—§<v-V>2}. (6)

The pressure work and viscous dissipation terms have
been included in the energy equation (4) since they are
important for the high velocity flow in the thruster noz-
zle. The current density components j, and j, appear-
ing in Egs. (2) ~(4) are calculated using

R ')
]r—_aara]z— az (7)

while the self-induced magnetic induction intensity By
is calculated using

By = 1o / jLéde, (8)
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with pg the permeability in free space.

The LTE assumption is employed here, as in most
DC arc modelling studies. However, the LTE assump-
tion leads to a significant underestimate of the values
of the gas’s electrical conductivity in the near-electrode
region, where the electron temperature is apprecia-
bly higher than correspondent heavy-particle temper-
ature 191, Tt was shown 219 that a proper increase in
the electrical conductivity in the near-anode region to
simulate the non-LTE effects can give reasonable results
in modelling studies of arcjet thrusters. RHODES and
KEEFER ¥ used the following formula to calculate the
electrical conductivity o, of gas in the near-anode re-
gion for a local gas temperature below 10 000 K

Op = (0’10000 — 10) T/lOOOO + 10 S/m, (9)

with 10000 the electrical conductivity at 10 000 K for
the LTE plasma. In the region with temperatures above
10 000 K, the LTE value is used. Eq. (9) shows that the
minimum gas electrical conductivity o, in the near-
anode region is somewhat larger than 10 S/m. This
approach is employed in the present study to allow
more realistic treatment of the arc-root attachment at
the inner surface of the anode nozzle, but the pressure
correction factor suggested in Ref. [9] for the near-wall
electrical conductivity was not used since the gas elec-
trical conductivity is not strongly dependent on the gas
pressure.

Due to the axisymmetry of the thruster nozzle, only
the upper half of the thruster nozzle is taken into ac-
count. The calculating domain used in the modelling
is denoted as A-B-C-D-E-F-G-H-A in Fig. 1, where A-
B-H-A is the cathode, C-D-E-F-J-I-C the anode-nozzle
wall, I-J the inner surface of the cylindrical constrictor,
J-F the inner surface of the divergent part of the nozzle,
B-C the inlet of axially-flowing propellant gas, F-G the
thruster exit, and G-H is the nozzle axis. The calcu-
lating domain includes the gas flow region within the
thruster nozzle and the solid wall region of the anode-
nozzle, so the governing equations are used for both the
gas and the solid regions and solved in a unified man-
ner. For such a case, one must pay special attention
to the solution of the energy Eq. (4), because incor-
rect results may be obtained if the thermal conductiv-
ity and specific heat of solid material are used in the
energy equation for the solid wall region, as shown in
Refs. [15,17]. This difficulty has been overcome using
the following approach. Eq. (4) is solved in the whole
calculating domain, with the gas-phase values used for
K, h, cp, p and o in the gaseous region. While solid-
phase values of k and o are used in the solid region,
gas-phase values of h and c,, at a fixed pressure, are
used in the solid region. Using this approach and not-
ing that h = f;; cpdT + ho and thus Oh = ¢,0T, the
energy Eq. (4) in the solid region (with zero-velocity)
can be reduced to the following correct form:

a< 6T> 1a< 8T> J2+ 52
o + TRs—7— | +

0z ”S& ror > or oy
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%(, or . 8T) o, (10)

% ]z% + JTE
where ks and oy are the thermal conductivity and elec-
trical conductivity of the solid material. The gas spe-
cific enthalpy h and specific heat c, at a fixed pres-
sure are used in the solid region only for expressing the
change in local temperature arising from a change in
specific enthalpy using 8T = 9h/c,, and thus the en-
ergy equation in the solid region can be written in the
same form as in the gas region.
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Fig.1 Schematic diagram of the low-power arcjet thruster
under study. The dimensions and the calculating domain
are also shown

The boundary conditions used in the modelling are
as follows. At the gas-inlet section of the arcjet noz-
zle (i.e. at B-C in Fig. 1), the gas stagnant-pressure
is set to be 2.5 atm, the gas temperature is taken to
be 500 K, the radial velocity component v = 0, and
the axial velocity component u is calculated from the
given inlet stagnant pressure py and the calculated local
static pressure p (obtained by extrapolating the static
pressures at the interior grid points neighbouring the
inlet boundary) using the compressible flow relation:

(v=1)/~ 2

Po v—1 U
— =1 —_— 11
(p ) - ( 2 ) YRT’ 1

where + is the ratio of specific heats and R is the ideal
gas constant. The incoming gas flow rate is determined
by the calculation process, as in Ref. [16].

The temperatures at the upstream end of the anode-
nozzle wall (C-D) for argon, nitrogen and hydrogen ar-
cjet thrusters are fixed at 1100 K, 1300 K and 1300 K,
respectively. These values are in rough agreement with
the extrapolated results from the outer-surface temper-
atures of the arcjet nozzle measured by using an in-
frared pyrometer at the Institute of Mechanics and at
the NASA Lewis Laboratory '8/, On the thruster’s
outer surfaces D-E and E-F, the local heat flux is
governed by thermal radiation to cold surroundings
(300 K), and an emissivity of € =0.3 is used for tung-
sten. Along the anode inner-surface C-I-J-F, the heat
flux is calculated as the sum of a. the heat flux due to
convection and conduction, b. the enthalpy flux car-
ried by the local electron flux or current density, c. the
heat flux due to the electron ‘condensation’ and release
of ‘condensation heat’ 15 at the inner surface of anode,
and d. the radiation exchange between the plasma and
the anode surface.

Zero velocity components are specified at all solid
boundaries; axisymmetric conditions are employed
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along the nozzle axis; and the temperatures and ve-
locities at the exit section of the thruster are calculated
in the iteration process by extrapolating their values at
the interior grid points neighbouring the outlet bound-
ary.

Zero current densities are assumed at all the bound-
aries except for the cathode or anode. The cathode
body is included in the calculation domain, and at
the rear end of cathode (A-B in Fig. 1) u=0, v=0,
T =500 K and 9¢/0z = I/(Aoc,) are used, where I, A
and o, the arc current, cathode end area and the elec-
trical conductivity of cathode material. ¢ = 0 is set at
the outer surfaces of thruster D-E.

The governing equations are solved using the code
developed by HAN and CHEN [0 which is a modi-
fied version of the FAST-2D code ' to include vari-
able gas properties and compressibility. The all-speed
SIMPLE algorithm ¢! incorporated into the modified
FAST- 2D code to simulate the subsonic-supersonic
flow, is used to solve Egs. (1)~ (5) associated with
Egs. (6) ~(9) and (11) and the prescribed boundary
conditions to obtain the distributions of the velocity,
pressure and specific enthalpy (or temperature) in the
entire thruster nozzle. A grid mesh of 89 (z-direction) x
30 (r-direction) are employed in this study. Mass con-
servation is ensured in the calculation, i.e., the axial gas
mass flux is constant for all cross-sections of the nozzle.

For the analysis of the calculated results, typical
properties of argon, nitrogen and hydrogen plasmas are
listed in Tables 1 and 2 for two characteristic tempera-
tures.

3 Results and discussion

Typical modelling results describing the plasma flow
and heat transfer characteristics of the arcjet thrusters
using hydrogen, nitrogen and argon as the propellants
are presented in Figs. 2 ~ 7, respectively, for a fixed
inlet stagnant pressure (2.5 atm) of the propellant.
Figs. 2 ~ 5 compare the calculated distributions of tem-

perature, axial velocity, Mach number and streamlines
within the thruster nozzle for two different arc currents,
8 A and 10 A.

r (mm)

4 1
\ /=10A 1}7
3 6 9 12 15 18 21
Z (mm)

1175 1200
L
0 3 6 9 12 15 18 21
Z (mm)

Fig.2 Calculated isotherms within the thruster nozzle for
arc currents of 8 A and 10 A with (a) hydrogen, (b) nitrogen
and (c) argon as the propellants. Isotherm interval: 1000 K
in gas-phase region. Calculated isotherms in the solid wall
are also shown

Table 1. Properties of argon, nitrogen and hydrogen at 15000 K
1.0 atm, 15000 K
Properties Specific Specific Electrical Thermal Sonic Viscosity
Enthalpy Heat Conductivity Conductivity Velocity (kg/m/s)
(I/ke)  (I/ke/K) (S/m) (W/m/K)  (m/s)
Ar 3.56 x107  9.24 x10° 7520 2.36 2430 6.47x107°
N, 1.28 x108 223 x10* 7468 2.98 4071 5.16x107°
N, 1.26 x10°  2.79 x10° 6934 6.85 14633  1.92x107°
Table 2. Properties of argon, nitrogen and hydrogen at 5000 K
1.0 atm, 5000 K
Properties Specific Specific Electrical Thermal Sonic Viscosity
Enthalpy Heat Conductivity Conductivity Velocity (kg/m/s)
(J/keg) (J/kg) (S/m) (W/m/K) (m/s)
Ar 2.45 x10° 521 3.018 0.129 1317 1.65x10™ 7
N 6.52 x10° 2598 0.356 0.575 1333 1.20x107%
H» 3.03 x10% 42657 0.710 4.099 7433 5.06x107°
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The isotherms plotted in Fig. 2 show that generally
the temperature distributions, and therefore the over-
all energy conversion processes, in the thruster nozzle
are similar. In particular, the gaseous propellant en-
tering the thruster with a temperature of 500 K ini-
tially undergoes a rapid temperature rise due to arc
heating (Joule heating). The heating of the propellant
takes place mainly in the near-cathode and constric-
tor region where the Joule heating is strong, and the
highest plasma temperature occurs near the cathode tip
where the current density reaches its maximum. Sub-
sequently, the gas temperature in the divergent part
of the nozzle decreases significantly because the ther-
modynamic expansion dominates the Joule heating. It
can be seen that gas temperatures at any given loca-
tion in the nozzle increase with arc current, as expected.
Fig. 2 also shows the temperature distributions in the
solid region of the anode-nozzle (tungsten wall). The
calculated results indicate that except for the heat loss
through radiation from the outer surface D-E, heat con-
duction towards the upstream end C-D is also an impor-
tant heat loss mechanism and thus a correct choice of
the temperature at the upstream boundary C-D is im-
portant for predicting the temperature fields in the solid
wall region. It is seen in Fig. 2 that appreciable radial
gas-temperature gradients always exist in the thruster
nozzle, with an inner hotter core region and an outer
cooler edge region. The radial temperature gradient
near the inner surface of the nozzle is specifically large
in the constrictor region. The gas temperature in the
outer cooler gas region decreases along the radial di-
rection and ultimately approaches the temperature on
the inner surface of the anode-nozzle wall. This result
illustrates the importance of the anode wall tempera-
ture in determining the overall performance of the arc-
jet thruster. Since most of the input propellant flows to-
wards the nozzle exit through the region near the inner
surface of the nozzle or in the outer cooler gas region, as
is seen in Fig. 5, the temperatures of the inner surface of
the anode wall will directly affect the gas temperatures
and velocities in the near-wall region, and thus affect
the thrust force and specific impulse achieved by the
arcjet thruster. In order to increase the calculation ac-
curacy of the nozzle-wall temperatures, the solid region
of the anode-nozzle wall was included in the calculating
domain in this study to treat the coupling between the
heat transfer process in the nozzle flow and that within
the solid wall.

The calculated axial velocity and Mach number dis-
tributions within the thruster nozzle are shown in
Figs. 3 and 4. Because the calculated axial velocity
and the corresponding Mach number in the initial con-
vergent segment of the thruster nozzle are small, no
isolines of the calculated axial velocity or Mach num-
ber can be seen in this segment. Fig. 3 shows that the
gaseous propellant flowing into the nozzle is rapidly ac-
celerated to high velocity within a short axial distance;
a large radial gradient of the axial velocity exists in the
thruster nozzle, and the axial velocity in the thruster
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Fig.3 Calculated axial velocity contours within the
thruster nozzle for arc currents of 8 A and 10 A with (a)
hydrogen, (b) nitrogen and (c) argon as the propellants.
Isoline interval: 2000 m/s for hydrogen, and 500 m/s for
nitrogen and argon

nozzle increases with arc current. Figs. 3 and 4 show
that the flow field in the thruster nozzle can be roughly
divided into three distinct regions with different values
of the Mach number (Ma), similarly to that in a con-
ventional laval nozzle though the details in flow fields
are different. The gas velocities within the convergent
segment of the thruster nozzle are relatively low and
the corresponding Mach numbers are below 1, i.e. the
flow is subsonic. Due to the conversion of both the
pressure and thermal energy into the kinetic energy of
the gas flow, a transition occurs from the subsonic to
the supersonic regime (i.e. a transition from Ma < 1
to Ma > 1) within the constrictor region. The flow be-
comes completely supersonic (Ma < 1) in the divergent
segment of the thruster nozzle. It is worth noting that
the predicted axial velocity is always highest near the
downstream end of the constrictor, and then decreases
gradually along the axis of the divergent nozzle (as also
seen in Fig. 6(b)). Such a predicted axial variation of
axial velocity is consistent with the measurements [°!
for a hydrogen arcjet thruster. This axial variation of
axial velocity is different from that for a conventional
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Fig.4 Calculated Mach number contours within the
thruster nozzle for arc currents of 8 A and 10 A with (a)
hydrogen, (b) nitrogen and (c) argon as the propellants.
Isoline interval: 0.4

supersonic divergent nozzle, and represents a new fea-
ture of the arcjet nozzle flow, as affected by Joule heat-
ing and Lorentz force. Larger axial components of the
Lorentz force appearing near the downstream end of the
constrictor accelerate the gas flow, and additional Joule
heating appearing there also affects the axial velocity.
However, as is seen in Fig. 4, the calculated Mach num-
ber always increases along the axis of the divergent noz-
zle, similarly to that in a conventional supersonic diver-
gent nozzle. Due to the appreciable difference in their
molecular weights or mass densities, when hydrogen is
used as the propellant of the arcjet thruster, the axial
velocity, including the exhaust velocity at the nozzle
exit, is significantly higher than both of nitrogen arcjet
thruster and argon arcjet thruster, as expected. Hence,
the specific impulse (corresponding to the average ax-
ial velocity at the nozzle exit) of the hydrogen arcjet
thruster is significantly higher than that of both the
nitrogen arcjet thruster and the argon arcjet thruster.
This result is consistent with the available knowledge
in the field of electric propulsion [2°). However, Fig. 4
shows that the differences in the calculated distribu-

tions of the Mach number between the hydrogen, ni-
trogen and argon arcjet thrusters are very small. This
is because that the speed of sound also depends on the
molecular weight of the gas, and the speed of sound in
the hydrogen plasma is appreciably higher than those
in both nitrogen and argon plasmas, with a reference
in Tables 1 and 2 for values of the speed of sound.
Fig. 5 shows the calculated streamlines within the
thruster nozzle. The predicted streamline distributions
demonstrate that most of the incoming gaseous propel-
lant flows towards the nozzle exit through the outer
cooler region near the anode-nozzle wall. Although
a very high temperature core associated with higher
gas velocity is produced by the arc in the constrictor
region, only a small part of gaseous propellant flows
within the arc region. The effect of the central hot arc
on the gas flow is likely to generate an electro-thermal
“plug”, which forces most of the gaseous propellant to
flow into the cooler region near the inner surface of the
nozzle 1. This “plug” effect means that the arcjet
nozzle flow is different from an ideal one-dimensional
nozzle flow, where parameter profiles at successive

6
(@
s £
1=8A 2.3%
—

Fig.5 Calculated streamlines within the thruster nozzle
for arc currents of 8 A and 10 A with (a) hydrogen, (b)
nitrogen and (c) argon as the propellants. Isoline interval:
0.2x107° kg/s for hydrogen and 1.0x10~° kg/s for nitrogen
and argon
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cross-sections of the nozzle are uniform, and decreases
the effective throat area of the thruster nozzle. Since
most propellant flows in the cooler near-wall region,
the inner-surface temperatures of the anode-nozzle wall
will directly affect the gas temperatures and velocities
in the near-wall region and thus affect the thrust force
and specific impulse of the arcjet thruster, as discussed
above.

The calculated potential distributions within the
thruster nozzle are shown in Fig. 6 with an inlet stag-
nant pressure of 2.5 atm, an arc current of 10 A and
using (a) hydrogen, (b) nitrogen and (c) argon as the
propellants. It is seen that the potential drop occurs
mainly in the near-cathode, near-anode and constrictor
region.

2 (a)
_ ' 0,01 -0.0001
£ \ ‘
E ] ‘
< )
— ,,-0L601
-2 . .
3 6 9
Z (mm)
21(b)
N — o1 -0,001
-1
’g . ‘\40@ )-1.0 \ \
T 7~ j
-2h . ,
3 Z(mm) 9
21 (o)
-0.01
- ~-0.1 \
€ 0%7?20 -10 ) \
-2 .

ol

6 Zmm)
Fig.6 Calculated potential distributions within the
thruster nozzle with (a) hydrogen, (b) nitrogen and (c) ar-
gon as the propellants with an inlet stagnant pressure of
2.5 atm and an arc current of 10 A

For a fixed inlet-gas stagnant pressure at 2.5 atm
and a constant arc current of 10 A, Fig. 7(a) and (b)
compare the calculated variations of the plasma tem-
perature and axial velocity along the nozzle axis, re-
spectively, for the hydrogen, nitrogen and argon arcjet
thrusters. Fig. 7(a) shows that due to the influences of
arc heating and thermodynamic expansion, the plasma
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Fig.7 Comparison of calculated variations of (a) plasma
temperature and (b) axial velocity along the thruster nozzle
axis and (c) current density distributions along the anode
surface for an arc current of 10 A, with hydrogen, nitrogen
and argon as the propellants

temperature increases very rapidly at first, and then
decreases appreciably to comparatively low values as
the propellant flows towards the thruster exit. The
maximum plasma temperatures appearing in the region
near the cathode are 25 210 K, 20 190 K and 18 530 K,
respectively, for hydrogen, nitrogen and argon arcjet
thrusters. Correspondingly, the highest specific en-
thalpy in the hydrogen arcjet thruster is significantly
higher than that in the nitrogen arcjet thruster and
higher again than that in the argon arcjet thruster (cf.
Table 1 and Table 2 for the typical values of the specific
enthalpy). Hence, much more electric power would be
required to supply the hydrogen arcjet thruster than the
nitrogen arcjet thruster, for which in turn more power
would be required than for the argon arcjet thruster.
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Indeed, the arc voltages obtained in this modelling
study are 102.2 V, 48.1 V and 24.9 V, respectively, for
the hydrogen, nitrogen and argon arcjet thrusters for
a constant arc current of 10 A. Due to the high ther-
mal conductivity of hydrogen plasma, the hydrogen arc
column is more constricted, i.e. the rate of decrease of
temperature is higher than those for either nitrogen or
argon as the propellant. The axial velocity distributions
along the thruster axis shown in Fig. 7(b) are different
from the temperature distributions. The axial velocity
increases rapidly at first but then decreases gradually as
the propellant flows towards the thruster exit, and the
axial velocity assumes its maximum value at the axial
location 0.55 mm downstream of the constrictor due to
complicated interaction of Joule heating, Lorentz force
and thermodynamic expansion. In the divergent part
of thruster nozzle, the axial velocities at the nozzle cen-
tral line decrease from maximum values of 17 200 m/s,
5797 m/s and 4043 m/s to 11 460 m/s, 4308 m/s and
3400 m/s at the thruster exit for the hydrogen, nitro-
gen and argon arcjet thrusters, respectively. It is also
seen in Fig. 7(b) that, due to the different molecular
weights of hydrogen, nitrogen and argon, the axial ve-
locities of the hydrogen plasma along the nozzle axis
are much higher than those of the nitrogen and ar-
gon plasmas. Fig. 7(c) compares the current density
distributions calculated along the inner surface of the
anode-nozzle for hydrogen, nitrogen and argon arcjet
thrusters, and shows that the peak current densities
at the anode attachment region are 6.6x10° A/m?2,
4.9x10% A/m? and 4.6x105 A/m? for the hydrogen,
nitrogen and argon arcjet thrusters, respectively. The
peak current densities occur at about 0.5 mm down-
stream of the constrictor. It is also seen in Fig. 7(c)
that the arc root attachment at the anode surface for
the argon arcjet thruster is more diffusive than those
for either nitrogen or hydrogen arcjet thruster. It is
worth to note that similar trends in the maximum tem-
peratures and axial velocities were also found in the
modelling study of transferred arcs with hydrogen, ni-
trogen and argon as the working gases 22

For the case under study, i.e. with the same thruster
configuration as well as the same inlet-gas stagnant
pressure and arc currents, Fig. 8 compares the calcu-
lated radial profiles of the gas temperature (a), axial
velocity (b) and Mach number (c) at the nozzle exit
plane (F-G in Fig. 1) for the case of a fixed inlet stag-
nant pressure of 2.5 atm, a constant arc current of 10 A
and using hydrogen, nitrogen and argon as the propel-
lants, respectively. As is seen in Fig. 8(a), the predicted
temperatures at the centre of thruster exit plane are
2097 K, 4270 K and 2367 K, respectively, for the hydro-
gen, nitrogen and argon arcjet thrusters, i.e. the nitro-
gen arcjet thruster assumes the highest exit tempera-
ture. An interesting phenomenon observed in Fig. 8(a)
is that the highest temperature of argon does not ap-
pear at the centre of the thruster exit, i.e. the argon
temperature does not decrease monotonically from the
central line to the nozzle wall. Such a non-monotonic
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Fig.8 Comparison of calculated radial profiles of (a)
plasma temperature, (b) axial velocity, (¢) Mach number
at the thruster exit plane for an arc current of 10 A, with
hydrogen, nitrogen and argon as the propellants

temperature profile differs from available experimental
and modelling results for either hydrogen or nitrogen-
hydrogen arcjet thrusters >23].  However, such a
non-monotonic temperature profile was observed by
WALKER [24 in an experimental study of a helium ar-
cjet thruster. The non-monotonic temperature profile
indicates that the gas in the central region of the nozzle
expands to a temperature lower than that in its outer
region, while the gas temperatures in that outer region
are appreciably higher than the nozzle-wall tempera-
ture. Fig. 8(b) and (c¢) show that the predicted maxi-
mum axial velocities at the arcjet exit are 11 460 m/s,
4308 m/s and 3400 m/s, while the highest Mach num-
bers are 3.59, 3.55 and 3.75, respectively, for the hy-
drogen, nitrogen and argon arcjet thrusters. Although
the magnitudes of the axial velocity at the exit of arc-
jet thruster for the three propellants are different due
to their different molecular weights (with a much larger
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exit velocity for the hydrogen arcjet thruster), the Mach
number profiles are almost the same because the sonic
velocity also depends on the molecular weight of the
gases, as mentioned above.

In this study, the inlet axial velocity of the gas is cal-
culated using Eq. (11) from the pre-set stagnant pres-
sure and the local static pressure, rather than from a
pre-set gas flow rate. The mass flow rate of the pro-
pellant gas is determined by the calculation process it-
self 161 After a converged solution was obtained, the
calculated gas density p and axial velocity u at the noz-
zle exit section can be used to calculate the mass flow
rate G of the propellant gas using G = fom (pu)2mrdr,
while the specific impulse I, of the arcjet thruster, de-
fined as the thrust force per unit weight flow rate of
propellant and with s as its unit, is calculated using
I, = F/(Gg) = [;° (pu®)2mrdr/ (Gg). Here rq is the
radius of the nozzle exit, and F' and ¢ are the thrust
force and the gravitational acceleration, respectively.
For the case with inlet stagnant pressure of 2.5 atm and
arc current of 10 A, the calculated mass flow rates are
15.2 mg/s, 48.6 mg/s and 53.3 mg/s, the thrust forces
are 111 mN, 133 mN and 113 mN, and the specific im-
pulses are 731 s, 273 s, and 212 s, for hydrogen, nitro-
gen and argon arcjet thrusters, respectively.

Our modelling results can be compared with the
available experimental data. Concerning the kW-
class hydrogen arcjet thruster, CAPPELLI and his co-
workers [%:25:26] reported the experimental results us-
ing an arcjet thruster designed and built at the NASA
Lewis Research Center. The thruster nozzle consisted
of a 0.635-mm-diameter constrictor, a divergent nozzle
with half-angle of 20 degrees, and an exit/constrictor
area ratio of 225 [?°1, For a mass flow rate of hydrogen
propellant of 13.3 mg/s and an input electric power of
0.994 kW, the gas temperature measured by a spectro-
scopic method near the centre of the nozzle exit was
about 2050 K 26/, The axial velocity, measured by
using a laser-induced fluorescence method, decreases
monotonically along the nozzle axis from the peak
value of approximately 17.5 km/s at the axial loca-
tion 1.3 mm downstream from the constrictor to around
12 km/s at the exit plane 51 Although accurate com-
parison of our modelling results with their experimental
data is impossible due to the different constrictor diam-
eters (0.70 mm vs. 0.635 mm), exit/constrictor area
ratio (200 vs. 225), semi-angle of diverging nozzle seg-
ment (15° vs. 20°) and operational parameters of the
hydrogen arcjet thrusters employed in our modelling
study, reasonable agreement can still be seen. The
modelling results corresponding to the measured val-
ues (listed above) of 13.3 mg/s, 0.994 kW, 2050 K, and
17.5 km/s at the location 1.3 mm downstream of the
constrictor decreasing to around 12 km/s at the nozzle
exit, are 15.2 mg/s, 1.022 kW, 2097 K, and 17.2 km/s
at the location 0.55 mm downstream of the constrictor
decreasing to 11.5 km/s at the nozzle exit, respectively.

Plasma sheaths at the cathode and anode surfaces
are not included in the present modelling study. Devi-
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ations from LTE are only considered in the calculation
of the electrical conductivity by empirically enhancing
its values in the region near the anode surface, as sug-
gested in Ref.[9]. A more comprehensive modelling ap-
proach should include plasma sheaths and more com-
plete treatment of non-LTE effects, but this remains a
highly challenging task due to the lack of reliable mod-
els and property data. Even the question of how to
calculate the gas species composition and the thermo-
dynamic and transport properties of two-temperature
plasmas (which are a class of non-LTE plasma) is still
being seriously debated in the plasma science and tech-

nology community 27

4 Conclusions

A modelling study was carried out to compare the
plasma flow and heat transfer characteristics of low-
power hydrogen, nitrogen and argon arcjet thrusters
for the same thruster structure and operational pa-
rameters (inlet-gas stagnant pressure and arc current).
The results show that the common features of the arc-
jet thrusters using different propellants are as follows.
The propellant is heated by Joule heating mainly in
the near-cathode and constrictor region, with the high-
est plasma temperature appearing near the cathode tip;
similarly to a conventional laval nozzle flow (although
details in flow field details are different), the flow in the
arcjet convergent-divergent nozzle can be divided into
subsonic, transonic and supersonic flow regimes with
the transition from subsonic to supersonic regime oc-
curring within the constrictor region. The highest axial
velocity appears inside the divergent nozzle (near the
downstream end of the constrictor) instead of at the
nozzle exit. Most of the input propellant gas flows to-
wards the thruster exit through the cooler region near
the anode-nozzle wall. Due to their appreciably differ-
ent properties, using hydrogen, nitrogen or argon as the
propellant leads to some quite different thruster char-
acteristics. For the same inlet stagnation pressure and
arc current, the average axial velocity at the thruster
exit (and therefore the specific impulse) for the hydro-
gen arcjet is significantly higher than that for the ni-
trogen arcjet and even higher again than that for the
argon arcjet, while the maximum temperature at the
exit plane for the hydrogen thruster is lower than that
for the nitrogen or argon thruster. Although LTE is
assumed, with the only non-LTE effect included being
an increased gas electrical conductivity in the near-wall
region, the modelling predictions are reasonably con-
sistent with the available experimental results for the
hydrogen arcjet thruster.
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