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ABSTRACT attachment characteristics on the anode
showed that the arcs for atomic gases such

A medium-power ( 10-kW class ) direct- as He and Ar were diffusive though for

current ( dc ) arcjet has been studied to molecular gases such as H 2 , N 2 and NZ+2H 2

understand inner discharge mechanisms and constricted. Accordingly, the operational

to clarify the correlation between characteristics and arc features in the

operational characteristics and arc discharge chamber were found to depend

features in the discharge chamber. The strongly on gas species.

operational characteristics for molecular
gases are found to be sensitive to The present paper describes the

constrictor diameter though for atomic current study on operational charac-

gases to be insensitive. This is because teristics and discharge mechanisms of
their arc attachment characteristics on the medium-power dc arcjets. We examine the

anode are different. Consequently, it is influence of constrictor diameter on

shown from numerical flowfield analyses operational characteristics and arc

that the difference of the arc attachment features for Ar and N 2 using the water-
characteristics between molecular and cooled arcjet. Emission spectroscopy is

atomic gases is due to whether there is carried out, and excitation temperatures in
dissociation process. From emission the plenum discharge chamber and

spectroscopy, the excitation temperatures constrictor are estimated so as to

for Ar are smaller than those for N 2 in the understand particle excitations. In

constrictor, resulting in temperatures on addition, flowfields in the discharge

the center line of 1.1000-1.3000 K for N2  chamber are numerically analyzed using a

and of 6.000-7.500 K for Ar. This feature core-flow model. The calculated results

is chiefly because thermal pinch for N2 is are compared with the experimental ones.

mere effective than that for Ar.

Furthermore, the computational flowfield EXPERIMENTAL APPARATUS

analyses show that the arc radii for Ar

gradually increase downstream in the Figure la shows the cross section of
constrictor and that the arcs attach to the the dc arcjet used in this study. A
constrictor wall though the arcs for N 2  constrictor has a diameter of 6 mm and a

pass through the constrictor. These length of 7 mm. A divergent nozzle has an
tendencies of the calculated physical exit diameter of 34 mm and a half-angle of

properties agree with those of the 26 degee. The convergent-diverging anode

experimental results, made of copper is divided into the nozzle
part and constrictor-plenum chamber part,

INTRODUCTION and both the anode parts are electrically
insulated from each other by a silicon

A medium-power direct-current ( dc ) sheet; thus the current which enters each

arcjet thruster has attractive charac- anode part can be measured as illustrated
teristics of large thrust density; simple in Fig.2 . A cylindrical cathode made of
structure and system for near-future space 2-%-thoriated tungsten has a diameter of
missions 1 -2 such as construction of large 9.8 mm. The gap between the electrodes L
stations and planetary exploration, as shown in Fig.lb is varied by shifting
However, the recent development of arcjet the cathode part. The electrodes are of
thrusters encounters significant problems water-cooled. The plenum discharge
as follows: (1) low thrust efficiency; (2) chamber made of quartz glass tube is 60 mm
short life time due to severe electrode in diameter. Discharge features can be
erosion: (3) decrease in thruster observed from the side of the plenum
performance under continuous operations.3 -4  chamber as shown in Fig.lb . Argon and
The purpose of the present research project nitrogen are used as propellant. The

is to understand the discharge mechanisms gases are injected tangentially into the
in the arcjet chambers, and the final goal plenum discharge chamber. Pressures in
is to clarify the correlation between the the plenum discharge chamber and
thruster performance and the inner constrictor are measured by a mercury

discharge phenomena including electrode manometer. Temperatures of the cathode
erosion and energy transfer. surface are measured by a radiation

thermometer ( MINORUTA IR-630 ) across the
In our previous study, we examined quartz glass tube. An emissivity is

fundamental discharge characteristics for assumed to be 0.39
several gases using a water-cooled
arcjet.8 e  Furthermore, arc features in The arcjet is operated at discharge
the plenum discharge chamber were observed, currents from 80 to 150 A and input power

and arc column diameters, cathode tip levels from 3 to 12 kW . High-frequency

temperatures and current fractions on the discharge of 2 MHz and amplitude 2 kV is

anode were measured. The current used for arc initiation. The arcjet is
settled on a flange of a vacuum tank, into

* Research Engineer, Member JSASS/AIAA which the heated gas is exhausted, as shown
** Graduate Student of Osaka University in Fig.3 . The vacuum tank of 1 m in
+ Professor, Member JSASS/AIAA diameter and 1.5 m long is evacuated to
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Fig.1 Cross section of water-cooled dc arcJet and
electrode configuration.
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D. Fig.4 Electrode configuration with
Power quartz glass ring for emission
Supply measurement in constrictor.

Fig.2 Electrical circuit for
measurement of current
fraction on anode. 0.1-1 Pa during the tests by a rotary pump

and a mechanical booster.

Emission spectroscopy is conducted as
reliable plasma diagnostics in the arcjet
chamber.7 -1o Light comes from the plasma

Manometer in the plenum discharge chamber, or in the
Gs constrictor through a quartz glass slit of

G Vocuum 0.5 mm in width, as shown in Figs. lb and
I Chamber 4. The emission is collected by a lens of

200 mm in focal length or of 80 mm and is
introduced into a monochrometer. The

Plasma Vocuum monochrometer is a diffraction grating type
Jet i Pump SIMAZU GE-100 with linear dispersion 16.6

A/mm and flat diffraction grating 600
grooves/mm. A mercury vapor lamp is used
for alignment in frequency. A

A Lens photographic plate of Kodak Spectroscopic
Type 103F is mounted on the exit slit of

V the monochrometer.

DC The spectral intensities measured in
Power Spectroscope this experiment are line-of-sight values.
Supplyor measured by looking through the arc from

Sthe side perpendicular to the center line
of the arcjet. For line-of-sight

Fig.3 Experimental system with dc arcjet measurements, the intensity values
fixed on flange of vacuum tank. correspond to integrated values of
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intensity as a function of position. If The pressure in the plenum discharge

the arc is axisymmetric in the arcjet chamber vs input power characteristics for

chamber, the emission coefficient is only a constrictor diameters of 3 and 6 mm with Ar

function of the radial coordinate. If and N 2 are shown in Fig.6 . Both the

there is no significant reabsorption of the gases have similar pressure characteristics

emitted radiant energy in the arc, it is in the plenum discharge chamber. The

optically thin. We determine the radial pressures increase linearly with the input

dependent emission coefficient from the powers, and increases in the mass flow

measured spectral intensities using well- rate raise the slopes of the characteristic

known inverse Abel transformations under lines. Further, the pressures with 3-mm

the assumption of axisymmetric and constrictor diameter are higher than those

optically-thin plasmas in the arcjet with 6 mm at a same mass flow rate, and the

chamber. slope of the characteristic line with 3 mm
in diameter is larger.

EXPERIMENTAL RESULTS AND DISCUSSION
Figure 7 shows the current fraction on

In the previous operations, the the anode nozzle vs discharge current

influence of electrode gap and gas species characteristics for constrictor diameters

on discharge characteristics was of 3 and 6 mm with Ar and N 2 . Most of the

investigated.
5s .  

In the present study, discharge current for N 2 enters the anode

we mainly examine how the difference of nozzle part regardless of operational

constrictor diameter influences operational condition, though the current fractions

characteristics and arc features for Ar for Ar are much smaller than those for N=.

and N 2 gases. Constrictors of 3 and 6 mm This difference was reported in Reference

in diameter are used. The axial position 6 . Furthermore, the current fractions

of the cathode tip agrees with that of the for both the gases increase with the

upstream exit of the constrictor; i.e.. the constrictor diameters; especially for N.

electrode gap " L " is zero. with 6-mm constrictor diameter they are
nearly 100 %. The discharge voltage

DISCHARGE CHARACTERISTICS AND characteristics for Ar and N 2 as shown in

CURRENT FRACTIONS ON ANODE Fig.5 are considered from the current
fractions on the anode as follows:

Figure 5 shows the discharge voltage (1) For Ar the discharge mainly occurs In

vs current characteristics for constrictor the plenum discharge chamber; thus the arc

diameters of 3 and 6 mm with Ar and N 2 . is diffusive. The arc with 6-mm

The voltages for N 2 are sensitive to the constrictor diameter attaches more

constrictor diameters; that is, the downstream to the anode than that with 3

voltages with 3-mm constrictor diameter are mm. Since an Increase in the constrictor

larger than those with 6 mm at a same mass diameter lengthens the arc path, the

flow rate. On the other hand, a decrease discharge voltage for Ar increases with the

in the constrictor diameter for Ar slightly constrictor diameter.

reduces the voltage. These tendencies are (2) For N 2  the arc passes through the

related to arc features in the discharge constrictor and attaches to the expansion

chamber and arc attachment on the anode, nozzle, which is called a constricted arc.

which will be explained later. The arc column with 3-mm constrictor

100 .- 100 I
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Fig.5 Discharge voltage vs current characteristics
for constrictor diameters of 3 and 6 mm with
Ar and N .
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Fig.6 Pressure in plenum discharge chamber vs input power
characteristics for constrictor diameters of 3 and
6 mm with Ar and N2 .
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Fig.7 Current fraction on anode nozzle vs discharge current
characteristics for constrictor diameters of 3 and
6 mm with Ar and N2 . Itox and In are the discharge
current and the current entering the anode nozzle,
respectively.
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therefore Joule heating is expected to
S7 --'-au cause energetic excitations.

Solid Cathode N - .

_ - - When the energy distribution between
S--5, electronically excited states can be

0_ described by a Boltzmann equilibrium

X 3-0- Ar *-) distribution. an excitation temperature can
A-- be inferred. The relations between the

Slogarithm of the normalized radial-
S - Meosured point dependent spectral intensity and the

S * potential energy are plotted in Fig.10 .

20- C Since the plotting gives a straight line.

C an unique excitation temperature can be
Q_ determined.

A A A Figure 11 shows the radial profiles of
0 1.0- X A 0 B the excitation temperature in the plenum
oO discharge chamber with 6-mm constrictor

diameter for Ar and N2 at a discharge
Scurrent of 150 A. The excitation

temperature has a peak on the center line
0 , of the arcjet and decreases radial-outward

80 100 120 140 160 from the center axis. Particularly, the
profiles with low mass flow rates of 0.290

Dischcrge Current, A g/s for Ar and 0.645 g/s for N 2 are almost
flat from the center line to a radial
position of about 1 mm; on the other hand.

Fig.8 Surface temperature near cathode the temperature with 0.804 g/s for N2
tip vs discharge current steeply decreases from about 0.8 mm. The
characteristics with 0.38 g/s peak temperatures on the arcjet axis for
for Ar and with 0.31 g/s for N2 . both the gases increase with the mass flow

rate. Thus, an increase in the mass flow
rate Is expected to enhance thermal pinch
effect of the arc column, as described
later. In addition, the excitation
temperatures for both the gases range from

diameter is constricted more strongly by 7,000 to 12,000 K , and the pressures in

the constrictor wall compared with that the plenum discharge chamber from 20 to 50

with 6 mm, and an increase in the electric kPa: hence the degrees of dissociation and

field is brought about in the narrower ionization are estimated to be about 1 and

constrictor. Hence, the discharge voltage below 0.05 . respectively, under the

for N 2 increases with decreasing assumption of thermodynamic equilibrium.

constrictor diameter because of a large

increase in the electric field in the arc The most active region in the arcjet

column, though the arc with 3-mm chamber is in the constrictor, in which

constrictor diameter attaches even more energetic Joule heating and complicated

upstream to the anode than that with 6 mm; chemical reactions are expected to take

though the electrical conductivity with 3 place. Figure 12 shows the radial

mm increases compared with that with 6 mm profiles of the excitation temperature in

owing to an increase in the arc temperature the constrictor with diameters of 3 and 6

as shown later. mm for Ar and N 2 at a discharge current of
150 A. The excitation temperatures for Ar

CATIODE SURFACE TEMPERATURES are smaller than those for N 2 . This is
considered below. Most of the arc current

Figure 8 shows the surface temperature for Ar enters the wall of the plenum

near the cathode tip vs discharge current discharge chamber upstream of the

characteristics for Ar and N 2 with mass constrictor, though the arc for N 2 is

flow rates of 0.38 and 0.31 g/s, inclined to attach to the expansion nozzle.

respectively. The constrictor diameter Therefore, the heating process in the

and electrode gap are 6 and 8 mm. constrictor for Ar is not as active as that

respectively. The temperatures near the for N 2 because of a smaller amount of

cathode tip for both the gases are about current in the constrictor. Furthermore.

2,000 K and just at the upstream locations the temperatures for Ar with 6-mm

about 1,000 K in the present experimental constrictor diameter are higher than those

conditions under the assumption of the with 3 mm, though the temperatures for N 2

constant emissivity,of 0.39 for the smaller. This difference is explained as

radiation thermometer, follows:
(1) For Ar the current fraction entering

EMISSION SPECTRA AND EXCITATION the expansion nozzle with 6-mm constrictor

TEMPERATURES diameter is larger than that with 3 mm, as
shown in Fig.7 . Thus, the Joule heating

Emission spectra from the plenum with 6-mm constrictor diameter is enhanced

discharge chamber and constrictor are compared with that with 3 mm.

examined to understand reaction processes (2) For N 2  thermal pinch works more

in the arc-heated region. Figure 9 shows effectively with the narrower constrictor.

the typical raw spectra emitted from the though the current fraction to the

plenum discharge chamber for Ar and N 2 . expansion nozzle with 6-mm constrictor

Only atomic ion spectra for Ar and N 2 gases diameter is greater than that with 3 mm.

are observed in both the plenum chamber and Hence, the arc temperature in the

constrictor in every operation, and constrictor increases with decreasing
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Fig.lO Typical relations between logarithm of normalized spectral
intensity and transition energy for Ar and N .
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Fig.11 Radial profile of excitation Fig.12 Radial profile of excitation
temperature in plenum discharge temperature in constrictor with
chamber with 6-mm constrictor diameters of 3 and 6 mm for Ar
diameter for Ar and N2 at 150 A. and N2 at 150 A.

constrictor diameter. distribution is generated near the edge of
It is noticed that the temperatures for N2 a constricted arc column by thermal pinch
steeply decrease radial-outward from radial effect, which brings about a great amount
locations of about 1.2 mm with 6-mm of heat transfer from the arc column to the
constrictor diameter and about 0.5 mm with surrounding cold gas due to thermal
3 mm though the profiles for Ar are almost conduction. Molecular gases such as H2 ,
flat. This feature is because thermal N 2 and N2+2Ha have large thermal
pinch is more effective for N2 than for Ar. conductivities, the arcs of which are
In general, a large slope of a temperature inclined to be strongly constricted.
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The propellant gases of Ar and N2 are
used for the present calculations. The
equations of mass, momentum and energy

T2 Const conservations are as follows:

R C[ Arc column region ]

d ml

-dZ d z ()

Ar Column Momentum:

d (mi u) + q u (r:) =-A d p  
(2)Cold Flow d z d Z

N F Energy:

d (m, r h) -q h ( rI) E-W (3)is z

Cold flow region
Fig. 13 Core - flow model lass:

d in

dz (4)

Momentum:
dz (m2 u 2 ) -q u (r) =-Az dp (5)

d z (5)

d
The remarkable difference of the d z (m h ) -q h(r:)=W (6)

discharge characteristics and are structure
between atomic gases such as He and Ar and where p denotes the pressure, u the
molecular gases such as H , N 2 and N2 +2H1 velocity, A the cross sectional area, m the
were observed in the present experiments mass flow rate in the are column or cold
and Reference 6 . This is expected to be flow region, q the radial mass flow rate
because inherent physical properties of per unit axial length entering the cold
gases are different in the arcjet discharge flow region from the arc column, h thechamber, which are reaction processes, total enthalpy, I the discharge current, E
specific heat, electrical conductivity and the electric field and W heat conduction
thermal conductivity etc. We numerically from the arc column to the cold flow
analyze arcjet flowfields to understand region. r. is the radius of the arc
their structure, i.e., the interaction column; u(rz) and ho(rx) denote the
between the are and gas flow, arc velocity and total enthalpy on the boundary
attachment on the anode and energy between the arc column and cold flow
transfer, and to clarify the influence of region, respectively. The subscripts 1
gas species on the arc-heated flowfield. and 2 signify the arc column and cold flow

region, respectively. q is the following
MODELING OF ARC-HEATED FLOWFIELD variable:

The present analysis is carried out q =2 r p (r ) ur(r )-uz(r ) dr (7)
using a core-flow model

1 2
-"

4 
as sketched in d 2

Fig.13 . An are-heated flowfield is where p is the density; p (r.), u.(rx) and
divided into two regions; one is a current u.(r.) are the density, radial and axial
conduction region, i.e., are column on the components of the velocity on the boundary,
center line of the arcjet, and the other is respectively.
a cold gas flow region surrounding the arc
column. We assume for simplification of m=p A u (8)
calculation as follows: (1) The temperature
in the cold flow region is constant, and
it is equal to the wall temperature; (2) he= u

2
h (9)

The temperature in the arc column region is 2
radially uniform and axially variable under
thermodynamic equilibrium; (3) The E (10)
pressures in both the regions balance, and a A (1
they are radially uniform and axially
variable; (4) Axial heat transfer is W=- 2 r, k - (11)
neglected; (5) Viscosity is neglected; (6) dr r
Axial gas flow is considered in both the where h is the specific enthalpy, a the
regions; (7) Current density is radially electrical conductivity, k the thermal
uniform in the arc column region; (8) conductivity and T the temperature.
Dissociation is considered for nitrogen
molecular, and first ionization is The equations of state and enthalpy
considered for argon and nitrogen atoms, for nitrogen gas are written as follows:
though the generation of nitrogen State:
molecular-ions is neglected; (9) Electrical
input power is not dissipated into = ( +x+3 a) T (12)
bresstrahlung and heat conduction loss to p M (
the wall.

h= (4 ++6 a) _k E d E 3
GOVERNING EQUATIONS AND Mm M M N ( 1 3 )

BOUNDARY CONDITIONS where M is the particle mass, in which

8
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subscripts are added for signifying Tio = 10,000 K ( Constant

particle species; x and a are the degrees
of dissociation and ionization, respec- T1 = 500 K ( Constant )
tively, as follows:

Another boundary condition Is required for
x - (14) determination of all the physical

p quantities at the upstream boundary.
. Thus, the ratio of mass flow rates in the

(15) dual flow " mio/m
0
o " is an iterative

p parameter as explained later.

The degrees of dissociation and
ionization for nitrogen gas are determined METOD OF NUMERICAL SIMULATION
by law of mass action as follows:
Dissociation: The above equations are transformed

2 into nine nondimensional ones with the
-= f (a, x, T, p) corresponding nine variables of dTr/dz,

n : dui/dz. du 2 /dz, dp/dz, drx/dz, dhi/dz,

exp E i dx /dz. da /dz and q . The closed
Sx (16) equations are solved computationally by

Z T Runge-Kutta method with LU factorisation;

lonization: that is, the variables are integrated in
the downstream direction from the cathode

S = f (a, X, T, p) tip to the arc attachment point, where the
radius of the arc column Is equal to the

2 •. - -E wall radius. In this calculation, the
ex p I (17) gradients of the physical quantities are

ZN 
k

sT frozen near the sonic point to avoid its

where Z and n represent partition functions singularity, and the subsonic flow is

and number densities, respectively; Ed and connected smoothly with the supersonic one.

E, the dissociation and lonization

energies, respectively, and ko the Solving the basic equations for a set

Boltzmann constant. of the inlet parameters with an arbitrary
ratio of mass flow rates in the arc column

The electrical conductivity for a and cold flow region, the arc attachment

partially ionized gas is expressed using positions on the anode for Ar exist in the

the theory by Kantrowitz et al.
x s .1e  as constrictor. Hence, a real solution for

follows: Ar Is determined by varying the ratio of
I 1 mass flow rates at the inlet so that the

+ -- (18) axial positions of the sonic point and arc0  
a aO attachment point can be made in agreement.

where a I denotes Spitzer-Harm electrical Here, we assume that Joule heating does not

conductivity for a fully ionized plasma and occur downstream of the arc attachment

a - Chapman-Cowling one for a weakly point. As for N 2 , the arcs do not

ionized gas. Experimental data are used attach to the anode, even to the expansion

as thermal conductivities for Ar and nozzle. Thus, a series of the numerical

N 2 .x7
1

.x integration is carried out for variation
of the ratio of mass flow rates at the

The interface conditions between the upstream boundary until the Mach number of

arc column and cold flow region are the cold gas flow reaches unity at the

determined from the privious experimental downstream exit of the constrictor, and a

data and analyses
e '"

2 
as follows: real solution for N2 is determined by the

supersonic expansion condition.

pX=p2=p (19)
CALCULATED RESULTS AND DISCUSSION

T (r) = 1 Ti (20) The electrode configuration with a
constrictor of 6 mm in diameter and 7 mm

I long, as shown in Fig.lb, is used for the
h (ri) = 2 hi (21) present calculations. The discharge

current is 150 A, and the mass flow rate is
1 varied.

u (ri) = - u, (22)
The arc attachment points and

SdT T1 discharge voltages calculated for Ar and N 2

Idr ~ 0. 69 (23) are presented in Table 1 . The discharge
d r) r i ri voltage for N 2 Is estimated as the

where (dT/dr),x is inferred under the integration of the electric field from the

assumption that the radial profile of the cathode tip to the downstream exit of the

arc temperature is a Gaussian distribution constrictor because of no existence of arc

with a peak temperature of T 1 and with a attachment point for calculation.

temperature on the boundary of T 1 /2 .
The axial variations of the arc column

The boundary conditions at the inlet, radius for Ar and N 2 are shown In Fig.14 .
i.e., in the axial position of the cathode Though most of the arcs for both the gases

tip are determined from the present expand downstream In the plenum discharge

experimental results of the pressure po and chamber, they converge near the constrictor

arc radius r1 o as represented in Table 1. inlet. This feature is not real from the

and the temperatures of T1 o and T 2 as previous discharge observations." It is

follows: expected to be because of the assumption of
radial pressure balance in the dual flow

9
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Table 1 Upstream boundary conditions; calculated arc attachment
positions and discharge voltages for Ar and N2

Mass Flow Pressure Arc Radius Ratio of Mass Arc Attachment Discharge
Rate [g/s] at Upstream at Upstream Flow Rate Position [mm] Voltage [V]

Boundary[kPa] Boundary [am] at Upstream
Boundary (mi/m2)

0. 2 20 3. 5 4. 07 3. 9 9. 3Ar 0. 4 35 3. 0 4. 55 4. 8 14. 20. 6 50 2. 75 4. 77 6. 2 20. 50. 8 60 2. 5 4. 98 7. 2 26. 5

0. 2 25 3. 25 0. 88 25. 4
Ns 0. 4 35 3. 0 0. 4 9 No 2 9. 30. 6 4 5 2. 7 5 0. 43 At ta chmen t 3 2. 60. 8 54 2. 5 0. 38 35. 7

that is, the neglection of radial gas flow. dissociation and ionization as shown in
An increase in the mass flow rate decreases Fig.18 and the enthalpy in the arc column
the arc radius at a same axial position; as shown in Fig.19 are related to the
i.e., thermal pinch works effectively with temperature and pressure. The degrees of
a large mass flow rate. The arc radii for ionization for both the gases range from
Ar gradually increase downstream in the 0.03 to 0.12. The degree of dissociation
constrictor, and the arcs attach to the for Nz is beyond 0.9; i.e., under high
constrictor wall. Therefore, an increase dissociation. It is noticed that the
in the mass flow rate for Ar locates the enthalpies for N2 are much larger than
arc attachment point more downstream as those for Ar. This is because a large
presented in Table 1 . However, the arcs amount of dissociation energy for N2 is
for N2 pass through the constrictor and do included in the enthalpy.
not attach even to the expansion nozzle.
This is chiefly because of the assumption Figure 20 shows the axial variations
of thermodynamic equilibrium even in the of the electric field and input power per
expansion nozzle. We need to improve the unit length for Ar and N2 . The electric
present analytical model. field is related to the electrical

conductivity which depends strongly on the
Figure 15 shows the axial variations temperature and the cross sectional area

of the Mach number for Ar and N2 . The of the arc column with the constant
Mach numbers in the arc column increase discharge current. The electric fields
downstream for both the gases. However, for both the gases steeply decrease
the Mach number in the cold flow region downstream in the plenum discharge chamber
for Ar has a peak owing to a large axial because the temperatures and cross
variation of the cross sectional area of sectional areas of the arc columns increase
the cold flow region. The propellant gas drastically. However, there are small
of Ar is drastically accelerated near the decreases in the electric field in the
arc attachment point and of N2 in the constrictor owing to small variations of
expansion nozzle. the arc temperature and cross sectional

area of the arc column. Further, the
The axial variations of the temper- electric fields for N 2 are larger than

ature in the arc column for Ar and N2 are those for Ar in the constrictor. This is
shown in Fig.16 and of the pressure in also because the cross sectional areas of
Fig.17 . After the temperatures for both the arc columns for N2 are larger than
the gases increase downstream from an those for Ar; that is, the arcs for N2 are
initial value of 10,000 K to about 11,000 strongly constricted compared with those
K, the temperature for Ar decreases steeply for Ar. The discharge voltages are
up to the arc attachment point because estimated by integration of the electric
of a large increase in the velocity, and fields, as represented in Table 1 . The
the temperature for N2 also decreases from calculated values for Ar and N2  almost
the downstream exit of the constrictor coincide with the experimental results as
owing to supersopic expansion. shown in Fig.5 only with low mass flow
Accordingly, thermal energy is found to be rates for Ar and N2 , considering electrode
converted smoothly into kinetic energy in fall voltages of about 10 - 20 V are
the arcjet discharge chamber. The maximum neglected for this analytical model. The
temperatures of about 11,000 K for Ar and input power, i.e.. Joule heating per unit
N2 are achieved in the constrictor, and length multiplies the electric field by
increases in the mass flow rate raise the the constant discharge current of 150 A
maximum temperatures. This tendency of Consequently, the tendency of the Joule
the calculated temperatures agrees with heating per unit length agrees with that of
that of the above experimental ones. The the electric field. The electrical input
axial variations of the pressure for Ar and power consumed in the plenum discharge
N2 can be understood from those of the chamber for Ar is compared well with that
temperature and velocity, and thus the in the constrictor, though most of the
pressures for both the gases decrease input power for N2 is dissipated in the
downstream. In addition, the degrees of constrictor.
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The axial variations of the heat those for N 2 . This is explained asconduction per unit length from the arc follows. The molecular gas entering thecolumn to the cold flow region are shown arc column from the cold flow region isin Fig.21. The energy transfers due to dissociated up to a degree of about 1 andheat conduction for Ar increase downstream is ionized to that of about 0.1 underup to the arc attachment positions and for thermodynamic equilibrium, though onlyN2  up to the upstream exit of the ionization process for the atomic gas.constrictor, while the electrical powers The enthalpy for the molecular gasare mainly stored in the form of the including a large amount of dissociation
enthalpy; i.e., the temperatures and energy is greater than that for the atomicdegrees of dissociation and ionization gas, as shown in Fig.19. In consequence,
increase downstream. The heat conductions the arc column for the molecular gas of N2for Ar decrease near the arc attachment is not able to take in the mass from thepoints owing to large increases in the surrounding cold flow region under thevelocity. On the other hand, the Joule present calculated energy balance. Forheating for N2 is balanced by the heat example, the energy required forconduction to the cold gas flow in the introduction of unit mass is about 5.7constrictor, and hence the temperature and MJ/kg for Ar and about 43 MJ/kg for N., andenthalpy in the arc column almost have no the energy for Na is much larger.
variation in the constrictor. In
addition, increases in the mass flow rate The difference of arc attachmentfor both the gases raise the heat characteristics between molecular andconductions per unit length from the arc atomic gases Is due to whether there iscolumns to the cold flow regions because dissociation process. The arcs of atomicthe radial gradients of the temperatures gases such as He and Ar are inclined toincrease in spite of smaller arc radii, expand downstream, so-called diffuse arcs,i.e., smaller surface areas of the arc and to attach to the walls of the plenumcolumns. It is noticed that the heat discharge chamber or constrictor because oftransfers of conduction for Ar are smaller a large amount of the mass entering thethan those for N at all of the axial arcs and a little energy required only forpositions. This is because of the larger ionization. On the other hand, the arcsthermal conductivity for N2 . of molucular gases such as Ha, Na and

Figure 22 shows the axial variations small increase in the cross sectional areasof the radial mass flow rate per unit of the arc columns, so-called constrictedlength from the arc column to the cold flow arcs, owing to a small amount of the mass
region for Ar and N2 . The mass flow rates from the surrounding cold gases to the archave negative values: that is, there exist columns and much energy consumed for highthe masses entering the arc columns from dissociation.
the cold gas regions, and in other words
the area ratios of the arc columns to the CONCLUSIONS
cold flow regions increases downstream.
Accordingly, the arcs are inclined to From the present operational experi-
attach to the anode as the absolute ments and numerical flowfield analyses onvalues increase downstream. The absolute the lO-kW class water-cooled dc arcJet, the
values for Ar are greater than those for following results were mainly obtained:N2 ; thus the arcs for Ar are expected to (1) The operational characteristics forattach more upstream to the anode than molecular gases were found to be sensitive
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chamber has a peak on the center line of 1990.
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from the center axis. An increase in the R.M. and Zube. D.M.," Preliminary Plume
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to Joule heating was found to be converted Temperature Gas Transport Properties,"
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