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Abstract
In the present work, a complete 2D chemical and thermal non-equilibrium numerical model
coupled with a relatively simple sheath model is developed for hydrogen arcjet thruster.
Conduction heat transfer in the anode wall is also included in the model. The operating voltages
predicted by the model are compared with those in the literature and are found to be in close
agreement. Power distributions for the various operating conditions are obtained, anode radiation
loss primarily determines the thruster efficiency. Higher thruster efficiency was found to be
associated with longer arc length. At cathode ion diffusion contribution dominates except at low
input current where thermo-field electron current is dominant.
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1. Introduction

The spacecraft propulsion system used in today’s space
mission is witnessing an increase in electric thrusters due to
their markedly higher specific impulse (Isp) compared to
chemical thrusters. Chemical thrusters use the chemical
energy stored in bonds of propellant, which limits the specific
impulse. On the other hand, electric thrusters overcome this
deficiency by using electrical energy for heating and/or
accelerating the propellant. Electric arcjet thruster, one of the
electric thrusters, provides a specific impulse up to 1500 s,
higher than the chemical rockets and resistojets [1–3]. The
arcjet thruster consists of a converging-diverging nozzle
attached to the battery’s anode and a conical tip cylindrical
rod placed in the convergent section as a cathode. The pro-
pellant gas is passed through the nozzle, and the potential
difference creates an electric arc between electrodes, passing
through the constrictor region. The arc adds energy in the
form of heat to the propellant, and with the help of a nozzle,
the propellant gas is accelerated, producing thrust.

Vavilov et al [3] has presented a review study on the
arcjet with low power consumption. The arcjet thrusters have
a higher thruster to weight ratio when compared with the
electrostatic and electromagnetic thruster [1, 2], which
implies that a mission can be completed in a lesser time with a

lower weight thruster. Therefore, arcjet technology offers
significant benefits over other electric propulsion options for
many advanced mission applications [4]. Various satellites,
such as ARGOS (P91-1), Kodama, and Telstar-401 [1, 5],
used the arcjet thrusters for their mission. Further, arcjet is
looked forward to as propulsion systems for small spacecraft
due to its structural simplicity [6], and Blinov et al [7] con-
firming the technical possibility of designing an arcjet thruster
for smallsat with power consumption 60–70W and specific
impulse 300–350 s. Wollenhaupt et al [8] also discussed
suitable arcjets for various missions like station keeping, orbit
raising, and interplanetary transfer and their advantages.
According to Wollenhaupt et al [8], these features of arcjet
with simplicity and scalability in design will make them a
suitable candidate for commercial application as commercial
application focus lies on low production costs and high
reliability.

Over the years, several studies have been carried out,
both numerically and experimentally, on arcjet thrusters.
Tang et al [9] performed a preliminary life test of a low-
power arcjet thruster to characterize and measure the thrus-
ter’s performance operated with argon, nitrogen, and simu-
lated hydrazine. Miller et al [10] developed a thermal and
chemical non-equilibrium numerical model to simulate the
plasma flow inside the high-power hydrogen arcjet thruster.
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The model calculated the anode fall by solving the current
density balance equation at anode and cathode fall by assuming
it to be ionization potential plus one-half of the dissociation
potential of the gas. The model predictions were compared
with experimental data of the Stuttgart TT1 radiation-cooled
arcjet thruster operating around 100 A input current and
0.1 g s−1 propellant mass flow rate. The calculated discharge
voltage was reported to be within 1%–10% and specific
impulse within 5%–10% of experimental data. Megli et al [11]
independently developed a thermal non-equilibrium numerical
model called the MKB model for simulating plasma flow for
simulated hydrazine thruster, and Lu et al [12] developed the
cathode sheath model for coupling with the MKB model. The
MKB model and Lu’s cathode sheath model with anode sheath
voltage from anode probe measurements predicted the oper-
ating voltage within 6% error for a mass flow rate of 50mg s−1

and an arcjet current of 9.8 A for simulated hydrazine thruster
[13]. Fujita et al [14] conducted numerical analysis on a low-
power hydrogen arcjet by taking account of the chemical and
thermal non-equilibrium. The model incorporated a sheath
model at the electrode boundaries to evaluate the electrode
potential drops coupled with the flow calculation. The model
predicted the discharge voltage within 15% error and over-
estimated specific impulse by 5%–15% when compared with
the results of IRS ARTUS-4 arcjet. Fujita suggested a need for
more accurate treatment of interactions between the electrode
and plasma flow for accurate discharge voltage prediction.
Fujita et al [14] and Lu et al [12] calculated electrode sheath
voltage by solving diffusion, current density balance, and heat
flux balance equation at the cathode surface. The difficulty in
electrode sheath voltages calculations results in a scatter of
predicting operating voltage of  -20 40 V [15].

Messaad et al [16] developed a numerical model applied to
a vacuum arc discharge interacting with a Cu cathode at a low
current (4–50 A). The model estimated the temperature and
electric field strength at the cathode surface, electrons emitted
and total current density, cathode spot radius, different kinds of
power densities heating and cooling the cathode, and the plasma
electron density. Lun et al [17] developed a model for the
vacuum-arc cathode-spot and plasma region to predict the per-
formance of vacuum-arc thrusters operating roughly in the arc
current range of 80–300 A. Lun et al [17] reported the con-
ventional-based cathode-spot model with many simplifying
assumptions predicted spot radius, surface temperature, electric
field, current densities, plasma densities, and energy fluxes. The
most recent research conducted in the area has been done by
Wang and his co-workers, where the plasma flow feature [18]
and species diffusion [19] in a low-power nitrogen–hydrogen
arcjet and plasma characteristics of a nitrogen arc [20] were
studied by simulation of non-equilibrium arcjets to better
understand the arcjet physics. Shen et al [21] studied the start-
ing-up process of arcjet thruster with arc voltage signals. Sun
[22] simulated and compared the arc characteristics within the
converging-diverging and traditional cylindrical plasma torches.

From the above literature survey, one can note that the
earlier models predicted operating voltage based on a simple
assumption for calculating electrode sheath voltage, ignoring the
working physics. More recent models solve multiple complex

equations for obtaining electrode sheath voltage. In addition, the
application of these models depends on experimental data of
temperature and its profile on anode inner surface in boundary
conditions. This study presents a complete stand-alone simplified
yet physical consistent model for predicting thruster’s operation
and improving prediction. Further, models for electromagnetic
arc, anode nozzle temperature, and sheath effect are coupled two-
way with the compressible flow solver, which allows a dynamic
moment of the arc with the flow. Moreover, unlike other models,
the present model does not need to hold arc attachment down-
stream of the constrictor. The numerical model validates the
available experimental data in the literature and predicts the
power of 1–3 kW hydrogen arcjets for a range of operating
conditions. Finally, a study is carried on cathode current dis-
tribution, power distribution, and losses inside the arcjet for
various operating conditions.

2. Modelling approach

In order to accomplish the mentioned objectives, a chemical and
thermal non-equilibrium numerical model was developed. The
arcjet thruster was modeled as a 2D axisymmetric thruster with
plasma flow in chemical and thermal non-equilibrium. The
model includes an anode nozzle for studying heat conduction
and radiation and a sheath model at both the electrode walls. The
momentum equation in the azimuthal q direction is incorporated
to account for swirl inside the thruster. The model also incor-
porates viscosity, heat conduction, species diffusion, Joule
heating, Lorentz force, and collisional energy transfer between
electrons and heavy species. The following section describes the
numerical model in more detail.

2.1. Basic assumption

The thruster is assumed to operate in the steady mode, and the
gas flow in the arcjet thruster is laminar and compressible. A
simple hydrogen molecule has been chosen as a propellant,
and chemical non-equilibrium is modeled with four species—
diatomic molecule, monoatomic neutrals, single-level ionized
ions, and electrons. Strong coupling is assumed between the
neutrals and ions, called together heavy species, implying that
the temperatures of all heavy species are the same

@ @( )T T T .i n g However, thermal non-equilibrium is modeled
by considering different temperatures for electrons. The
convection velocity of all species in the flow is considered to
be the same. The plasma is assumed to be quasi-neutral, i.e.
the number density of ions and the number density of elec-
trons are equal =( )n n .i e The individual species are assumed
to obey the ideal gas law. The model incorporates ambipolar
diffusion, heat conduction, viscous shear and dissipation,
ohmic heating, Lorentz force due to the self-induced magnetic
field in the ionized gas, collisional energy transfer between
electrons and heavy species, and energy lost through radiation
from the anode surface. Radiation from the plasma is
neglected. Based on the above-discussed assumptions, the
resulting governing equations are described next.
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2.2. Governing equations

The set of governing equations for solving plasma includes
conservation equations of mass, species, momentum, and
energy for viscous, compressible flow with the Lorentz forces
and Joule (Ohmic) heating as source terms in momentum and
energy equations, respectively. The temperature in the anode
nozzle domain is solved using a steady-state heat conduction
equation 2D steady-state Maxwell’s equations combined with
Ohm’s law (neglecting Hall effect and ion slip) and Ampere’s
law (neglecting displacement current) give the magnetic
induction equation used to obtain the magnetic field inside the
plasma. The other electromagnetic variables are calculated
from the computed magnetic field. The complete set of gov-
erning equations along with the sheath model are presented
next in order.

Mass conservation equation for fluid.

r
r

¶
¶

+  =¯ · ( ¯ ) ( )V
t

0. 1

Species conservation equation

r
r

¶
¶

+  = - ¯ · ( ¯ ) ¯ · ( )V F
t

m n . 2i
i

i i i

Here, t is the time, V̄ is the velocity of the gas, r is the density
of the gas, ri is the density of the ith species, mi is the mass of
the ith species, ni is the production rate of the ith species, and
Fi is the mass diffusion flux of the ith species. The species
mass density is given by r = m n ,i i i where ni is the number
density of ith species. Fick’s law of diffusion gives the dif-
fusion flux as r= - ̄F D ,i i i where Di is the diffusion coef-
ficient of the ith species. Depending on the propellant, the
number of species equations will vary.

Momentum equation for fluid

tr r
¶
¶

+  = - +  + ´( ¯ ) ¯ ·( ¯ ¯ ) ¯ ·( ) ¯ · ¯ ¯ ( )V VV I J B
t

p . 3

Here p is the pressure of the gas, I is the identity matrix, J̄ is
the current density, B̄ is the magnetic field inside the flow
domain, and the ´¯ ¯J B is the Lorentz force on the flow due to
the arc column. The t in the above equation is defined as

⎜ ⎟
⎛

⎝

⎞

⎠
t m d=

¶
¶

+
¶

¶
- ̄·V̄v

x

v

x

2

3
.ij

i

j

j

i
ijg

Here mg is the viscosity of the gas, vi are velocity in ith
direction, and dij is Kronecker delta function

Thermal non-equilibrium is modeled by solving separate
equations for the mixture’s total energy and for the energy of
the free electrons. The total energy conservation equation for
fluid is given as

åt

r r

r

¶
¶

+ 

=  +  + + 

-D - D +

( )
( ) ¯ · ( ¯ )

¯ · ¯ ¯ · ¯ ¯

¯ · ¯ ( )

V

V

J E

t
e h

k T k T D h

Q Q . 4

i i i

t t

h h e e

rxn,h rxn,e

Here k k,h e are the thermal conductivity of heavy species and
electrons, T T,h e are the temperature of the heavy species and
electron, hi is the enthalpy of ith species,DQrxn,h andDQrxn,e

is the total energy change due to the chemical reaction bound
to heavy species and electrons listed in table 1, and Ē is the
electric field. The ¯ · ¯J E represents the volumetric Joule
heating added to the flow due to the arc.

Electron conservation energy can be given as

tr r r
¶
¶

+  =   + + 

-D + -

( ) ¯ · ( ¯ ) ¯ · ( ¯ · ¯ ¯ )

¯ · ¯

( )

V V

J E

t
e h k T D h

Q E .
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e e e e a e e

rxn,e coll

Here, Ecoll represents collision energy transfer between elec-
tron and heavy species given as

⎛

⎝
⎜

⎞

⎠
⎟r

n n
d
n

= + + -
+

( )E
m m m

k T T3 .coll e
eH
coll

H

eH
coll

H
s

eH
coll

H
B e h

2

2

Here n n+, ,
eH
coll

eH
coll and neH

coll
2

are collision frequencies of
- -+e H , e H, and -e H ,2 respectively. The coefficient ds

in the above equation is a necessary correction for the fact that
-e H2 collisions are inelastic in nature. The inelastic coef-

ficient ds is taken to be 3000 in the current study [11]. Here it
should be mentioned that significant uncertainties in ds are
noted in the literature [15], therefore ds is selected such that it
gives a better prediction for experimentally observed operat-
ing voltage.

In the above equations, et is the total energy, ht is the
total enthalpy and are calculated as

å å= + = + +
¯ ¯V V

e y e y e y e
2 2i

i it

2

h
h h e e

2

and

r
= +h e

p
.t t

Table 1. List of the chemical reaction and their reaction rates for hydrogen gas.

No. Reaction Reaction rate coefficients Drxn (eV) References

1 + « +2H M H M2 = ´ -
K

Tf1
1.764 10 42

h
−4.48 [27]

2 + + « ++H e M H M = ´ -
K

Tf2
1.45 10 33

h
2.5

−13.6 [27]

3 +  +H e 2H e2 s= á ñK vf3 4.48 [28]
4 + « ++H 2e H e = ´ -

K
Tf4

1.95 10 20

e
4.5

−13.6 [27]
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Here r r= /yi i is the mass fraction and ei is the internal
energy of ith species. The internal energy of individual spe-
cies ei is calculated using statistical mechanics and is given
[23] for a diatomic molecule as

= + +
Q
-

+ Q
+

Q

-Q

-Q

( )
( )
/

/

/

/

/

e R T R T
R

e

R
g g

g g

3

2 1
e

1 e

i i i
i
T

i

T

T

h h
v

e,1
1 0

1 0

v h

e,1 h

e,1 h

and for the monoatomic particle as

= + Q
+

-Q

-Q

( )
( )
/

/

/

/
e R T R

g g

g g

3

2

e

1 e
.i i i

T

Th e,1
1 0

1 0

e,1 h

e,1 h

Here, Ri a specific gas constant of ith species. qr is the
characteristic rotational temperature, qv is the characteristic
vibrational temperature, and qe,1 is the electronic characteristic
temperature for the first energy level. The gj is the degeneracy
of the jth electronic energy level. These values were taken
from the thesis of Megli et al [24].

Pressure p is calculated using ideal gas law r=p RT .h

Here å=R y R
i i i is the specific gas constant of the propellant.

The steady-state magnetic induction equation is obtained
from Maxwell’s equation and Ohm’s law. The equation can
be written as

m s
-

 ´  ´
+  ´ ´ =

¯ ( ¯ ¯ ) ¯ ( ¯ ¯ ) ( )B
V B 0. 6

0

The current density is calculated from the magnetic field
as

m
=

 ´¯ ¯
( )B

J . 7
0

Here m0 is the free space permeability and s is the electrical
conductivity of the gas.

Temperature distribution in the anode nozzle domain is
described by the steady-state heat conduction equation

  =¯ · ( ¯ ) ( )k T 0. 8s s

Here ks is the thermal conductivity of the anode nozzle and Ts

is the temperatures inside the anode nozzle.
The governing equations for plasma flow and steady-state

magnetic induction equation (equations (1)–(6)) are discretized
using an unstructured cell-centered finite volume method. For the
flow equations (equations (1)–(5)), second-order accurate AUSM
+-up [25] scheme (in all calculations, we set =¥M

=K0.01, 0.75u and s = 1.0) with Venkatakrishnan limiter
[26] is used to compute convective fluxes. The gradient terms for
viscous fluxes are calculated based on the second-order accurate
least-square gradient method. After spatial discretization, the
equations become ODEs in time. These are then integrated using
an explicit four-stage Runge–Kutta method, and by stepping in
time, the steady-state solution is achieved. The steady-state
magnetic induction equation (equation (6)) is solved using the
Gauss–Seidel iterative method to determine the magnetic field
and current density at each time step. The Joule heating and
Lorentz force are calculated from the magnetic field and added as

a source term in the energy and momentum equations. The
steady-state heat conduction equation (equation (8)) is discretized
using the finite element method and solved using the conjugate
gradient iterative method with a successive relaxation. The
computer code for these equations is written in FORTRAN 95.

2.3. Chemical reactions

The chemical reaction scheme in the present model includes
dissociation and the first level of ionization of hydrogen mole-
cules. Table 1 summarizes the chemical reactions for hydrogen
considered in the current model. A set of reactions containing a
particular species are considered for calculating the production
rate ni for that particular species equation (equation (2)).

The production rate ni, of the ith species due to all the kth

chemical reactions å ån n« ¢
= =

¢
S S

j

N
kj j j

N
kj j1 1

s s is

⎡

⎣
⎢

⎤

⎦
⎥å  n n= ¢ - -n n

= =

¢

=

¢ ( ) ( ) ( )n K n K ni
k

N

kj kj k
j

N

j k
j

N

j
1

f,
1

b,
1

s

kj

s

kj

r

and the energy changes due to the reaction DQrxn is

⎡

⎣
⎢

⎤

⎦
⎥å  D = - Dn n

= =

¢

=

¢ ( ) ( )Q K n K n .
k

N

k
j

N

j k
j

N

jrxn
1

f,
1

b,
1

rxn

s

kj

s

kj

t

The above equation is summed over all Nr number of
reactions contributing to the formation of ith species and Nt total
number of reactions. Here Ns is the total number of reactants and
¢Ns is the total number of product species. The nkj is the coeffi-

cient of species Sj in kth reactions for reactant and n¢kj is the
coefficient for the product. The Drxn is the energy of the reac-
tion, given in table 1. The K kf, is forward reaction rate and K kb, is
a backward reaction rate for the kth reaction. The reactions and
their forward reaction rates considered in this research are given
in table 1. For two-way reactions, the backward reaction rates are
calculated from the forward reaction rate and the equilibrium
constants as = /K K K ,k k kb, f, eq, where K keq, is an equilibrium
constant for the kth reaction. The equilibrium constants are cal-
culated using methods of statistical mechanics. The equilibrium
constants for dissociation reactions «( )A 2A2 are

⎛
⎝

⎞
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⎝
⎞
⎠

⎡
⎣⎢

⎤
⎦⎥

å

å

p

q

= ´

-

´ -

q

-

-




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/

/
/

K
m k T

h

g

T
g

k T

e

2

1

1 e
e

exp

j j
k T

r
T j j

k T
eq

A B h
2

3
2

diss,A

B h

j

v

j

,A B

,A2 B

2

and ionization reactions « ++ -( )A A e are

⎛
⎝

⎞
⎠

⎡
⎣⎢

⎤
⎦⎥

å
å

p
= -

-

-

+






/

/
K

m k T

h

g

g k T

2 e

e
exp .

j j
k T

j j
k Teq

e B e
2

3
2 ion,A

B e

j

j

,A B

,A B

Here kB is Boltzmann’s constant, h is the plank constant,  j is the
electronic energy of the jth level,diss,A2

is the dissociation energy
of A2 molecule and ion,A is the ionization energy of the A atom.
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2.4. Thermodynamics and transport properties

One key aspect of a successful simulation of arcjet thruster is
a better estimation of thermodynamic and transport proper-
ties. The specific heat capacity is calculated using statistical
mechanics [23]. The specific heat capacity at constant volume
for a diatomic molecule is given as

⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥

⎛
⎝

⎞
⎠

= + +

+
Q

+

Q

Q

-Q

-Q

( )
( )

( ( ) )
/

/

/

/

c R R R

R
T

g g

g g

3

2 sinh

e

1 e

i i i
T

T

i

i

T

T

v,
2

2

2

e,1
2

1 0

1 0
2

v

v

e,1

e,1

and for a monoatomic particle is given as

⎛
⎝

⎞
⎠

= +
Q

+

-Q

-Q

( )
( ( ) )

/

/

/

/
c R R

T

g g

g g

3

2

e

1 e
.i i i

T

Tv,
e,1

2
1 0

1 0
2

e,1

e,1

The transport properties are calculated using the Chap-
man–Enskog theory. The mean free path mixture rule is
employed to calculate the viscosity of the mixture [11]

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟å

å
m

m

c
=

= =

( )
n

n
. 9

i

N
i i

j

N
j ij

g
1 1

s

s

Here c = W W[ ¯ ¯ ]( ) ( )
/m m2 ,ij ij i ij ii

2,2 2,2 and the sum is carried
on all the Ns number of species.

The viscosity of a pure fluid is given by Hirschfelder [29]

m = ´ W- ¯ ( )
/M T2.6693 10 .i i ii

6 2,2

Here, W̄( )
ij
2,2 is the energy averaged collision integral for

interaction between species i and j in [ ]A ,02 mij is reduced
mass, and Mi is the molecular weight of ith species.

The thermal conductivity is calculated as follows

= + + ( )k k k k . 10h e r

Here, kh is the heavy species thermal conductivity, ke is the
electron thermal conductivity, and kr is the reactive thermal
conductivity. The heavy species thermal conductivity is cal-
culated as

⎛

⎝
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⎞

⎠
⎟⎟å

å
k

c
=

= =

( )k
n

n
11

i

N
i i

j

N
j ij

h
1 1

s

s

and the thermal conductivity of a pure fluid is given by
Hirschfelder [29]

⎜ ⎟
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⎞
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M
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R
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5
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i
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Here Ru is the universal gas constant.
Electron thermal conductivity is calculated as

=
W

+ W + W + W+ + +

¯
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( ) ( ) ( )k
n k

n n n n2
e

e e ee
2,2

H H H e
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2,2

H H e
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2 2

and the reactive thermal conductivity is calculated for

dissociation reactions «( )A 2A2 as [30]

=
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H
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and ionization reactions « ++ -( )A A e as [31]
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Here, N0 is total particle density, NA is the Avogadro number,
and DH is the enthalpy of the reaction.

The variations of thermal conductivity of hydrogen
plasma with temperature obtained from the present model
along with corresponding values from the literature [34] are
shown in figure A1 of the appendix.

The effective diffusion coefficients Di are calculated from
the mixture rule [11]

å
=

-

¹

( ) ( )
/

D
x

x D

1
. 14i

i

j i j ij

Here å= /x n ni i j j is the mole fraction of ith species. Dij is

a binary diffusion coefficient [29] given as

= ´
+

W
- ( )

¯ ( )D
T M M

M M p
2.628 10

2

1
.ij

i j

i j ij

7
3

1,1

Here W̄( )
ij
1,1 is the energy averaged collision integral for

interaction between species i and j in [ ]A .02

The ambipolar diffusion coefficient of hydrogen is given
by [32]

m m
m m

= = =
+
+

( )D D D
D D

. 15a a,e a,i
e i e i

e i

Here m = /eD k Tj j B is mobility.
The electrical conductivity generalized by Weber et al

[33] is used in the model

ås =
-( ) ( )n

m k T
n Q0.532

e
. 16

j j j
e

2

e B
e

1

Here Q je is the collision cross-section between the electron
and the jth species particle.

The variations of electrical conductivity of hydrogen
plasma with temperature obtained from the present model
along with corresponding values from the literature [34] are
shown in figure A2 of the appendix.

Note that for calculation of the transport properties, the
collision integrals and collision cross-sections were taken
from the literature [34], and the Coulombic collision integrals
are taken from Mason et al [35]. The temperature-dependent
curve fit is used for the calculation of collision integrals and
collision cross-sections.

2.5. Sheath model

The electrons having higher mobility get absorbed by the walls,
charging the surface negative relative to the bulk plasma and
leaving behind a net positive charge within the Debye length
from the wall. This positive charge region near the electrode
walls is the plasma sheath. The arcjet models, which ignore the
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plasma sheath effect, underestimated the voltage/operating
power. However, calculating sheath voltage is cumbersome, and
including it in the primary model considerably slows down the
simulation. Therefore, some arcjet models [19, 36, 37] either
ignore the sheath effect or assume some sheath potential. Megli
et al [11] assumed a total sheath voltage fall of 13 V, and Miller
et al [10] took cathode voltage drop equal to the ionization
potential plus one-half of the dissociation potential of the gas.
Others like Fujita et al [14] and Lu et al [12] calculated electrode
sheath voltage at the cathode surface by solving current density
balance and heat flux balance equations with a third equation
that assumes ion current towards cathode at the sheath edge is
equal to the ambipolar diffusion flux from the plasma.

A simplified sheath model, inspired by previous work of
Fujita et al [14], Lu et al [12], Messaad et al [16], and Lun
et al [17], is considered in this study. The model presented in
the literature [12, 14, 16] assumes the net heat flux to the
cathode to be zero. However, in reality, a considerable
amount of heat is conducted to the cathode to be transferred
again to the propellant upstream. Therefore, in the present
model, instead of solving the heat flux balance equation,
which assumes net heat flux to be zero at the cathode surface,
the heat generated is redistributed in the sheath to upstream
flow through cathode surface by conduction. For obtaining
the sheath potential, current density balance at the cathode
surface (equation (17)) is solved.

The sheath model is simple and two-way coupled with
the primary arcjet model and adequately complete to capture
essential sheath physics effects. A decoupled model predicts
the operating voltage, but the energy added due to sheath to
bulk plasma in the arcjet is not accounted for, which leads to
an error in correctly predicting the energy distribution. It is
assumed that the arc attaches at the cathode spot over an area
As with uniform current density. The current conducted
comprises of three components, namely current density due to
ion diffusion towards the cathode ( jid), electron current den-
sity due to the electrons with enough directed thermal energy
moving from the bulk plasma towards the cathode ( jth), and
electron current density due to the thermofield emission of
electrons from the cathode spot area ( jem). The current density
balance at the cathode sheath can be written as

= = + + ( )/j I A j j j . 17cathode 0 s id th em

The ions at the sheath edge are assumed to enter the
sheath at Bohm velocity from the plasma. Therefore, the ion
current density due to ion diffusion ( )jid can be written as

= +( ) ( )/j en k T T m . 18id d B ed id i

Assuming collisionless sheath and Maxwellian electron
energy distribution, the electron current density ( )jth arising
due to the electrons with enough directed thermal energy can
be expressed as

⎜ ⎟
⎛
⎝

⎞
⎠p

f
= - ( )j en

k T

m

e

k T2
exp . 19th d

B ed

e
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Here f < 00 is the sheath potential, nd is the number density
of ion, Ted is the electron temperature, and Tid is the ion
temperature at the sheath edge.

Finally, the electron current density ( )jem due to the
thermo-field emission of electrons with the extended Schottky
emission equation following [12] is given as

⎜ ⎟
⎛
⎝

⎞
⎠

f p
p

=
( )

( )j AT
e

k T

q

q
exp

sin
. 20em c

2 weff

B c

Here, f f pe= - /eE 4weff w c 0 is the effective work func-
tion of the cathode lowered in the presence of an electric field
Ec in the vicinity of the cathode spot at a temperature Tc [12]

and = ( )/
q E

T110 000

0.75
c

c
4 3 is the fraction of the electrons

escaping by the tunnel effect through the metal surface
potential barrier [12]. The term p p( )/q qsin accounts for the
contribution of the tunneling electrons to the current density
of the emitted electrons. The electric field at the cathode spot
Ec is calculated as f= /E dc 0 [38]. Here f0 is a sheath
potential, and d is the sheath thickness. The sheath thickness
(not including the pre-sheath) is on the scale of Debye length
[12], and therefore, for the present study, the sheath thickness
is taken as Debye length l=( )d .D The electric field Ec thus
observed is of the order of -10 V m9 1 equivalent to the field
observed by Messaad et al [16] and Lun et al [17].

The cathode tip temperature is chosen to be the tungsten
melting temperature 3680 K [12], which is also in agreement
with the cathode spot temperatures found in the study of
Messaad et al [16]. Even though the arcjet cathode is made of
thoriated tungsten, an elemental study on arcjet cathode tip
composition indicates that the thorium evaporates during the
arcjet operation, and after hours of operation, the cathode tip
area is left with pure tungsten [39]. Therefore, the work
function (f = 4.55 eV0 ) and Richardson constant
( = ´ - -A 6 10 A m K5 2 2) of pure tungsten is considered for
this study [40]. Substitution of the above equations (18)–(20)
into (17) gives us the expression for the current density at the
cathode sheath.
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The number density of ion (nd) and electron temperature
(Ted) at the sheath edge are taken from the simulation and are
values of the finite volume cell immediately next to the
cathode tip.

The model requires the cathode spot area (As), over which
the current attaches the cathode. The study conducted by Harris
et al [42] on cathode erosion suggests that the arc spot is non-
stationary, expanding and/or moving around on the cathode tip
at an undetermined frequency. Harris et al [42] reported two
distinct surface features on the thoriated-tungsten cathodes: a
central raised dimple surrounded by a larger melted region, and a
single cathode spot was assumed to exist on the cathode dimple
for arcjet cathodes operating in a diffuse discharge mode. Curran
and Haag’s [43] found a crater of more than 0.8mm diameter at
the cathode tip of a 1.2 kW hydrazine arcjet thruster. Within the
main crater on the tip, a second molten crater with a diameter of
approximately 0.16 mm was present, the point of arc attachment
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during steady-state operation. The 0.16 mm crater corresponds
to an attachment area of approximately ´ -2 10 m .8 2 Moreover,
Bearns et al [44] found the current density profile at cathode tip
constricted in size when the mass flow rate is increased for a
constant current and expanded in size when current is increased
for constant mass flow rate. In the experiments on vacuum
discharge with a copper cathode for a fixed current, Daalder et al
[41] found craters with diameters varying over a wide range. For
example, at 4.7 A the crater diameter varies between 1 and
m8 m. The experiments show a general shift to a larger value of

crater diameter with an increase in arc current. A close exam-
ination of the crater diameter data for current less than 40 A
reviled the crater area increased logarithmically with the current,
as can be seen in figure 1. Similar logarithmic trends were also
observed in the model of Messaad et al [16]. It is to be noted that
in the experiments of Goodfellow et al [46], where current
values were high, ranging from 600 to 1400 A, cathode operates
under a different operating condition, the arc length seems to
increase exponentially with current. Lu et al [12] pointed out that
the average current density estimation based on cathode spot
area may be a good one for the high-power arcjet but a poor one
for the low-power arcjet. Experimental data of Curran et al [45]
on medium power arcjet shows the drop in the voltage increased
by two-fold and in higher current input cases to more than three-
fold when the mass flow rate was dropped evenly from 21.2 to
16.1mg s−1 and further down to 11.2 mg s−1, as can be seen in
figure 2. Such a drop in voltage with a decrease in mass flow
rate must be accompanied by an exponential rise in the cathode
spot area. Based on the preceding discussion, the cathode spot
area was assumed to increase logarithmically with current and
decrease exponentially with mass flow rate as

= + -

´ - + ´- -
{ ( [ ]) }

{ ( [ ]) } ( )
A I

m

9 log 30 A 13.4

exp 5 0.5 mg s 0.9 10 m . 22
s 10 0

1 8 2

Ions and electrons in the sheath region get accelerated by
the sheath potential. Ions moving towards the cathode enters the
sheath with Bohm velocity. These ions further get accelerated in
the sheath region to a higher velocity and, therefore, to higher
kinetic energy. These high-energy ions impact the cathode, and
energy generated gets deposited on the cathode surface. The
thermofield electrons emitted by the cathode spot have thermal
energy equivalent to k TB c and are further accelerated by the
sheath potential. These high-energy electrons collide with heavy
species and thereby heat the propellant near the cathode spot. On
the other hand, the electrons diffusing towards the cathode get
decelerated due to the sheath potential. Only very few electrons
with high enough thermal energy reach the cathode. It is
assumed that these diffusing electrons will get absorbed by the
cathode. Therefore, the heat generated in the cathode sheath
region can be given as

⎛
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⎠
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em
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The study by Messaad et al [16] on the low current vacuum
arc cathode region concluded that the spot radiation could be
neglected with respect to the other cooling phenomena of the
cathode. Therefore, for the present model, spot radiation has
been neglected. The heat flux at the cathode surface is assumed
to increase linearly from zero at the inlet starting point of the
cathode to a maximum at the cathode tip. The maximum heat
flux at the cathode tip is obtained such that heat flux integrated
over the cathode surface area isQ .cat Curran et al [46] found that
the cathode energy losses were between 1% and 5% of the total
input power. Therefore, the total heat deposited in the cathode

Figure 1. Variation of crater area on a copper cathode with
current [41].

Figure 2. Current/voltage characteristics for different mass flow
rates.

7

Plasma Sci. Technol. 24 (2022) 025505 D Akhare et al



sheath region (Qcat) is assumed to be conducted to the cathode
and entirely distributed to flow in the inlet section of the arcjet.

At the anode inner surface, as there is no thermofield
emission, the equation (21) without the thermofield emission
term is modified to equation (24) to obtain current density at
the anode surface [10].

⎜ ⎟
⎛
⎝

⎞
⎠p

f
= - + ( )j en

k T

m
en

k T

m

e

k T2
exp . 24anode d

B e

i
d

B e

e

0

B e

Note that the sign is reversed in equation (24) as the ions
move in the opposite direction, and electrons move in the
direction of current flow. As the current density at the anode
does not exceed the random thermal flux of electron

( )¯j ,n ec
anode 4

e a potential well exists which repels excess

electrons in random thermal flux. Therefore, this yields a
voltage drop. Equation (24) can be rearranged to obtain
sheath potential as

⎜ ⎟⎜ ⎟
⎡

⎣
⎢

⎛
⎝

⎞
⎠

⎛

⎝

⎞

⎠

⎤

⎦
⎥f

p
= + +

( )
/

25

k T

e

m

m

j

en k T m
ln

2
ln 1 .0,anode

B e e

i

anode

d B e i

The anode sheath voltage comes out to be negative
~ -( )1 V for the operating conditions discussed in this study.
This implies that the current at the anode is primarily due to
electron diffusion, and the negative sheath voltage turns back
the excess thermal flux of electrons beyond those required by
the circuit [10, 15].

2.6. Boundary condition

The simulations are carried on two separate computational
domains, the flow domain and the anode nozzle domain. The
two computational domains are shown in figure 3. The plasma
flow and steady-state magnetic induction equations
(equations (1)–(6)) are solved in the flow domain, whereas the
steady-state heat conduction equation (equation (8)) is solved
in the anode nozzle domain.

The plasma flow domain and the anode wall domain are
solved alternately, and each provides boundary conditions for

the other and a two-way coupling is established. Solution of
plasma provides heat flux to the anode (see table 3) and
solving heat equation in the anode wall provides interface
temperature for the plasma. This process is repeated over
several iterations to obtain a steady-state solution in both
domains. The boundary conditions for the continuity,
momentum, energy, and magnetic induction equation on the
flow domain are summarized in table 2, and the boundary
conditions on the anode nozzle domain are summarized in
table 3. According to Megli [24], the radiation loss of opti-
cally thin plasma to the anode nozzle is less than 1% of the
total input electrical power. Therefore, radiation loss from
flow to the anode nozzle is neglected.

Here Tamb is the ambient temperature and Tbg is the
temperature of gas near the anode inner surface, e is the
emissivity of the anode outer surface, sr is the Stefan–
Boltzmann constant, and a is the divergence angle.

3. Results and discussion

3.1. Model simulations

The flow part of the numerical model was initially validated
against standard compressible benchmarks like CD nozzle
flow [47]. After that, the numerical model was used to
simulate hydrogen arcjet thruster and validated by comparing

Figure 3. Schematic of the arcjet thruster showing computational
domains (the flow domain and the anode nozzle domain) with
boundaries.

Table 2. Boundary conditions at flow boundaries.

Flow domain (A-B-C-D-E-F)

Variable Inlet (A-G) Outlet (C-D) Anode (D-E-F-G)
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the numerical prediction with the experimental data available
in the literature [48, 49].

The thruster used for the validation is shown in figure 4.
The tungsten nozzle has a 0.635 mm diameter, a 0.25 mm
long constrictor, a conical (30 half-angle) convergent section,
and a conical (20 half-angle) diverging section with an area
ratio of 225 (9.53 mm exit diameter). The thruster was
operated with a mass flow rate of 13 mg s−1 and 10.3 A input
current. Figure 5 shows comparison of predicted radial pro-
files of axial velocity, temperature and electron number
density with the experimental data [48, 49]. The comparison
is reasonable. The inclusion of more complex chemical
reactions, such as the formation of +H2 and +H3 is expected to
improve the electron number density prediction. These can be
included in the future as improvements to the model.

The contours for the temperature and velocity inside the
arcjet obtained from the simulation are presented in figure 6. As
can be seen from figure 6(a), the temperatures inside the flow
domain are high inside the constrictor as the primary deposition
of energy due to arc happens in the region of the constrictor.
The temperature drops as the high enthalpy flow in the con-
strictor gets converted to high-velocity flow (figure 6(b)) after
passing through the divergent section of the arcjet. The arc
attaches to the anode wall downstream of the constrictor,
resulting in a high heat flux at the arc attachment point.
Therefore, temperatures are high in the anode domain down-
stream of the constrictor (figure 6(a)). The temperature variation
is not very high in the anode domain as the thermal conductivity
is very high for the tungsten. Some amount of heat gets back to
the flow from the anode domain, resulting in a rise in temper-
ature near the anode wall in the convergent section.

Furthermore, the operating powers for various operating
conditions predicted by the model were cross-examined with
the experimental data reported by Curran et al [45]. Curran
et al [45] performed an experimental investigation to evaluate

hydrogen arcjet operating characteristics in the range of 1–
4 kW on a series of nozzles. The operating power reported by
Curran et al [45] on nozzle insert-1 geometry was used to
examine the present model as nozzle insert-1 geometry was
operated over the broadest range of test conditions. A grid-
independence study was performed on the geometry of nozzle
insert-1 prior to cross-validation of operating powers.

3.2. Grid independence study

Grid independence study was performed on three meshes with
1092, 4175, 16317 number of elements in the flow domain
(minimum cell sizes of 25.4, 12.7, and 6.3 μm in the con-
strictor region) and with 1314, 5006, 19 530 number of ele-
ments in the anode nozzle domain, respectively. The sheath
model calculation takes the electron temperature in the cell
neighbor to the cathode tip as the electron temperature at the
sheath edge. The simulations are conducted with a pointed
cathode tip. As the grid is refined, the current density near the
cathode tip rises due to the pointed cathode tip, which is not
the actual case, resulting in a rise in electron temperature. This
dependency of local electron temperature in the neighboring
cell of the cathode tip on the grid leads to an error in sheath
potential and, therefore, the operating voltage when the grid is
changed. The grid independence studies are conducted on a
global variable, whereas the sheath potential depends on a
local variable. Therefore, for the grid independence study, the
only voltage obtained in simulation excluding the sheath
voltage is considered, i.e. the column voltage. The column
voltage is obtained for hydrogen thruster operating at a mass
flow rate of 16.1 mg s−1 and 16.1 A input current on these
three meshes.

The Richardson extrapolation procedure [50] is used to
obtain the column voltage extrapolated to zero mesh size,
assuming a single dominant error term of order ƥ, where ƥ is
observed order of convergence. The grid independence study
results are summarized in figure 7, where the variation of
discretization error of column voltage on all three grids is
plotted (log–log plot) against the mesh size. The observed
order of convergence for column voltage is found to be 2.8.
The discretization error for the grid with 4175 elements in the
flow domain and with 5006 elements in the anode nozzle
domain is less than 0.5%, and therefore, the grid was selected
to conduct further studies.

Table 3. Boundary conditions at anode nozzle boundary.

Anode nozzle domain (D-E-F-G-H-I)

Variable Inlet (G-H)
Anode outer surface (H-
I-D) Anode inner surface (D-E-F-G)

Ts =¶
¶

0T

n
s es= - ( )q T Ts

4
amb
4 es a= + - -¶

¶
 ( )∣ ∣ ( ) ( )q k j k T T T sinT

n e rh
5
2 B h s

4
bg
4h (Heat flux incident on anode

inner surface)
=T 300 Kamb

e = 0.8

Figure 4. Arcjet thruster dimensions (in mm).
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3.3. Arcjet thruster performance prediction

The values of operating power obtained in the work of Curran
et al [45] for nozzle insert-1 are compared with the model
predictions in table 4. The comparison of current-voltage
characteristics is plotted in figure 8. The predicted operating

Figure 5. Comparison of axial velocity (a), temperature (b), and number
density of electron (c) at the exit plane of hydrogen arcjet thruster with
experimental data [48, 49] ( = =-m I13 mg s , 10.3 A1 ).

Figure 6. Contours of gas/plasma temperature and anode wall
temperature (a), and gas axial velocity (b) inside arcjet thrus-
ter ( = =-m I13 mg s , 10.3 A1 ).

Figure 7. Variation of discretization error with minimum grid size.

10

Plasma Sci. Technol. 24 (2022) 025505 D Akhare et al



power and voltage values for a mass flow rate of 16.1 and
21.2 mg s−1 for various current values are seen to be within
4% error. However, for a low mass flow rate (11.2 mg s−1),
errors are somewhat larger. This could be due to a marked
decrease in thruster stability observed in the experiments [45].
The fluctuation in experimental voltage data was more than
14 V, as can be noted in figure 8.

The authors of [45] attributed fluctuation to damage in
the form of melting in the constrictor regions of the anode and
also to dynamic arc characteristics. Post-test measurements
revealed constrictor diameter had increased from 0.61 mm to
approximately 0.71 mm, and the arc gap increased by as
much as 0.13 mm in some cases. Lu et al [12] estimated that

cathode erosion might yield an additional 3–5 V to the plasma
voltage because the arc length increases as the cathode tip
recede. The erosion effect is not accounted for in the present
arcjet model, which may lead to higher uncertainties in
voltage predictions. It is quite likely that the constrictor dia-
meter may have increased to 0.7 mm for the propellant low
mass flow rate of 11.2 mg s−1 due to the arc attachment at the
anode closer to the constrictor exit, hence causing erosion and
fall in voltage. Therefore, the voltage predicted by the model
for the mass flow rate of 11.2 mg s−1 is higher than the value
observed in experiments. Considering the experimental
uncertainties, the total voltage prediction agrees quite well
with the experimental values. Even though the sheath model
was calibrated to operate on nozzle insert-1 geometry with a
constrictor diameter of 0.61 mm, the model performed very
well on geometry with a different constrictor diameter of
0.635 mm, discussed in the Model validation section.

The upstream walls of electrodes are normally assumed
to be adiabatic in an attempt to isolate the thruster from the
rest of the assembly. However, in an actual scenario, some
amount of heat is transferred by conduction from the hot
anode nozzle to other parts of the system [1]. The assumption
of adiabatic upstream walls results in the amount of energy
that should have been lost to be conducted back into the flow.
Furthermore, the model neglects the radiation loss from the
plasma. These are possible reasons that explain the over-
prediction of thrust and specific impulses by the model. The
predicted specific impulse and the corresponding exper-
imental values can be seen in figure 9. The predicted specific
impulse is 5%–30% higher than the experimental value, fol-
lows the trend observed in the experiments. Larger deviations
are observed for low current operations.

There is a mismatch between the formula reported by
Curran for the calculation of efficiency and the data presented
in table 2 of the literature [45]. Therefore, the authors of this
research paper recalculated the efficiency using the expression
presented in the literature [45]

Table 4. Comparison of the predicted operating power with
experimental values.

Operating power

m -( )mg s 1 ( )I A

Experimental
values
[45] (kW)

Model pre-
dictions
(kW) Error (%)

11.2 9.4 1.13 1.03 8.8
15.5 1.56 1.52 2.6
21.7 1.91 2.07 8.4

16.1 6.9 1.01 0.98 3.0
9.2 1.24–1.25 1.21 2.4–3.2
16.1 2.03–2.07 2.03 0–1.9
21.1 2.58 2.63 1.9
25.0 2.99 3.09 −3.3

21.2 6.8 1.09 1.06 2.7
9.5 1.40 1.38 1.4
14.5 1.99–2.05 2.02 −1.5–1.5
19.4 2.61–2.69 2.61 0–3.0
27.1 3.63 3.49 3.8

Figure 8. Comparison of current/voltage characteristics with
experimental data [45].

Figure 9. Comparison of specific impulse with experimental
data [45].
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The comparison of computed efficiency from the present
model and the recalculated efficiency from the literature is
shown in figure 10. The efficiencies are over predicted,
especially for lower currents. The specific impulse was
overpredicted higher for lower current, and the efficiency
expression varies quadratically with the specific impulse.
Therefore, predicted efficiencies for lower currents show a
larger deviation. This could be due to the underprediction of
energy losses for lower currents.

3.4. Arc column voltage

The column voltage is the voltage across the arc without
sheath and is shown in figure 11. The column voltage
increases with an increase in mass flow rate and decreases
slightly with an increase in input current. The variation in
column voltage is primarily due to arc dynamics. With an
increase in the mass flow rate, the arc attachment point on the
anode moves downstream, making the arc longer, therefore
increases the column voltage. On the other hand, with an
increase in input current, the arc attachment point on the
anode shifted slightly upstream, reducing the arc length and,
therefore, slightly reducing column voltage.

In the simulations, the Hall parameter for electrons
w n » -- - ( )/ 10 10 1B c

2 3 was found to be very small
near the constrictor region. Here wB is the gyro frequency and
nc is the collision frequency of electrons. The low Hall
parameter implies that the collision phenomenon is dominant,
and therefore, electrons move dominantly in the direction of
the electric field instead of the ´E B direction [5], as can be
seen in figure 12. The phenomenon of diffusion of electrons
from the arc column to the anode inner surface is guided by
the radial component of the electric field. The speed by which

the electrons diffuse depends predominantly on the electron
mobility (or electron diffusion coefficient) in the surrounding
gas, and it will determine the arc attachment point. The
mobility is given as m n= /q m ,mob e c where collision fre-
quency is ån r= ~( )c n Q T .

i i ic e e e Here ~c Te e is the
thermal velocity of electrons. Therefore, electron mobility can
be expressed as

m r~ ( )/ T1 . 27mob e

This equation (27) can be interpreted as more density
causes more number of collisions, thereby reducing the electron
mobility. When an input current increases at a constant mass
flow rate, the propellant’s specific energy increases, which
results in an increase in the velocity of the propellant. As the
mass flow rate should remain constant, the density decreases in
the constrictor region, as seen in figure 13. It can be seen from
equation (27) that the mobility increases as density decreases.
This increase in mobility enhances electron diffusion towards the

Figure 10. Comparison of efficiency with experimental data [45]. Figure 11. Variation of column voltage with currents for different
mass flow rates.

Figure 12. Mean charged-particle motion in crossed electric and
magnetic field for various Hall parameters (Jahn [5], figure, 5-5).
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inner surface of the anode, which shifts the arc attachment point
upstream and reduces the arc length. An increase in temperature
with an increase in input current slightly counters the reduction
of arc length. Therefore, with an increase in input current, there
is a slight reduction in arc length. On the other hand, when mass
flow rate increases with constant input current, the density
increases in the constrictor region, as seen in figure 14, while the
temperature changes slightly. The higher density reduces the
mobility and slowdowns the process of electron diffusion
towards the inner surface of the anode, thereby shifting the arc
attachment point downstream and increasing the arc length.

3.5. Cathode sheath

The sheath voltages at the anode were found to be around
−1 V, also the case for Lun et al [19], which is insignificant

in comparison with the operating voltage. However, the
sheath voltages at the cathode were found to be around 20–
40 V. The cathode sheath voltage for the various operating
condition is shown in figure 15. The cathode sheath voltage
was found to decrease with the current, primarily due to an
increase in the cathode spot area. It is interesting to note that
the cathode sheath voltage increased when the mass flow rate
was raised from 11.2 to 16.1 mg s−1 but decreased when the
mass flow rate was raised to 21.2 mg s−1.

The variation of the cathode sheath energy input fraction
in operating power is plotted for the various operating con-
ditions in figure 16. The plot shows that the cathode sheath
energy input fraction in operating power decreased with an
increase in input current. One can note from figure 16 that a

Figure 13. Variation of density along the radial direction at
constrictor exit for different input currents at = -m 16.1 mg s .1

Figure 14. Variation of density along the radial direction at
constrictor exit for different mass flow rates at =I 16.1 A.

Figure 15. Variation of cathode sheath voltage with currents for
different mass flow rates.

Figure 16. Variation of the percentage of input power added by the
cathode sheath with currents for different mass flow rates.

13

Plasma Sci. Technol. 24 (2022) 025505 D Akhare et al



higher percentage of energy gets added by the arc inside the
flow for high mass flow rates and input currents. Therefore,
arcjets operating at high mass flow rates and input currents are
expected to deliver a better performance. On the other hand, a
considerable fraction of energy will be deposited in the
cathode sheath region for lower mass flow rates and currents.

3.6. Power distribution and losses

In a typical arcjet, the electrical energy (input power) is added
to the flow by an arc, and a small part of enthalpy comes with
the inlet flow (inlet enthalpy). The arc heats the flow and
raises the temperature through the process of collisions
between the ions in the arc column and gas particles in the
constrictor region, called Joule heating. The electrical energy
supplied to the arcjet increases the flow velocity by convert-
ing itself into kinetic energy. Simultaneously, the supplied
energy also gets converted to various other forms of energy,
leading to losses. The energy added to the propellant through
the arc in the constrictor region raises the enthalpy of flow. A
portion of power added to the propellant gets conducted to the
anode through its inner surface, of which a fraction of energy
is given back to the propellant in the early part of the con-
vergent section as regenerative heating of propellant, and the
rest gets radiated to space as radiation loss. After the expan-
sion process, some part of the enthalpy gets converted to
useful kinetic energy, while the rest exits the thruster with
propellant, resulting in exit thermal losses. Some part of Joule
heating is used to break the bonds and ionize the propellant to
assist the flow of the arc. During expansion through the
divergent section, the temperature drops, resulting in recom-
bination reactions. Due to the decrease in pressure, thus
reaction rate, and limited length of the thruster, a fraction of
ions and atoms exit the thruster without recombining,
resulting in exit chemical losses. A small fraction of flow
kinetic energy whose velocity is in the radial direction is lost
as it does not take part in thrust generation called divergence
loss. All these losses combine to restrict the overall thrust
efficiency of the arcjet thruster to around 30%–40%. Sche-
matic illustrating various power losses in an arcjet thruster is
shown in figure 17. The schematic illustrates various power
losses similar to figure 18 of Wollenhaupt et al [8]; however,
the losses have been categorized somewhat differently in the
present study.

The various components of energy distribution with the
current for 16.1 mg s−1 mass flow rate are shown in figure 18.
As the current is increased for a particular mass flow rate, the
specific energy of the propellant raises, thus increasing the
propellant temperature. The rise in temperature with an
increase in input current in the constrictor region causes a rise
in the fraction of energy conducted to the anode from 0.18 for
6.9 A current to 0.33 for 25 A current. Whereas the regen-
erative heating fraction remains nearly constant around 0.07–
0.08 for all currents due to the low thermal conductivity of the
propellant, leading to higher anode radiation loss with an
increase in current. The rise in temperature with an increase in
input current also leads to a higher fraction of dissociation and
ionization reaction, resulting in higher chemical power losses
with the rise in input current. However, it is interesting to note
that the fraction of exit thermal power loss drops with the rise
in current. The overall fraction of loss increases with an
increase in input current, which results in a lower kinetic
energy gain for flow, thus a drop in the thrust efficiency. The
above-discussed trends can be observed in figure 18 for the
mass flow rate of 16.1 mg s−1. Loss in the efficiency of the

Figure 17. Schematic illustrating various power losses in an arcjet thruster.

Figure 18. Variation of power distribution with the current
for = -m 16.1 mg s .1
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thruster with an increase in current is mainly due to an
increase in anode radiation loss.

The various energy distribution components with the
mass flow rate for 16.1 A current are shown in figure 19.
Interestingly, only anode radiation losses fraction reduced
with an increase in mass flow rate as the arc diameter became
smaller, reducing the temperature of the flow near the anode
inner surface and, therefore, the heat flux to the anode. The
arc had also moved downstream for a higher mass flow rate.
The presence of arc in the downstream region leads to the
addition of heat to flow far downstream, therefore increasing
both fractions of exit thermal and chemical power losses.
However, the variation in both fractions of exit thermal and
chemical losses is slight. The reduction in radiation loss
fraction increased the fraction of energy associated with
kinetic energy, improving efficiency.

3.7. Cathode current distribution

The current distribution at the cathode tip for the current
sheath model is discussed in this section. The model accounts
for thermofield emission, and the current due to it was found
to be relatively constant for all operating conditions around
3.6–5.4 A. The relatively constant thermofield emission cur-
rent may be due to assuming a constant temperature at the
cathode. Nevertheless, the result may not be very far from the
actual case as the Messaad et al [16] showed the temperature
changed only by 200 K for the current changing from 10 to
30 A. Lu et al [12] as well pointed out that the increase of the
cathode tip temperature did not affect the overall results
significantly. The thermofield emission current slightly
increased due to a change in an electric field at the cathode tip
with the current. The currents due to electrons diffusing
towards the cathode were negligible due to high barrier sheat
potential, which is also consistent with the results of Lu et al

[12]. Therefore, the rest of the current is conducted by the
ions diffusing towards the cathode. The input current com-
ponents at the cathode tip are plotted in figure 20. As the
thermofield emission currents are relatively constant and
currents due to electrons diffusing towards the cathode are
negligible, the ion diffusion current varies proportionally with
the current. It is interesting to note that the increase in current
due to ions diffusing towards the cathode increases while the
cathode sheath potential drops with an increase in input
current. This is mainly due to the rise in the number density of
ions near the cathode spot with a rise in input current.

4. Conclusion

A 2D axisymmetric thermal and chemical non-equilibrium
model of arcjet thruster was developed. The model incorpo-
rates one equation sheath model (both at anode and cathode),
which is two-way coupled with the plasma flow. The model
also solves heat conduction in the anode nozzle wall. The
model successfully predicted operating voltage for a range of
operating conditions of propellant mass flow rate and input
current. The model also reasonably predicted the specific
impulse and efficiency. However, the values were somewhat
over those predicted at low currents. The following conclu-
sion may be drawn from this study.

1. For a hydrogen arcjet [45] operating over a range mass
flow rate of 11.2–21.2 mg s−1 and input current range of
10–30 A, the anode sheath voltages are found to be
negligible (around −1 V), and the cathode sheath
voltages varied from 20 to 40 V. The cathode sheath
voltage decreased with an increase in input current.
Whereas for an increase in mass flow rate, the cathode
sheath voltage showed a non-monotonic behavior. The

Figure 19. Variation of power distribution with mass flow rate
for =I 16.1 A.

Figure 20. Variation of components of input current at cathode spot
with the input current for different mass flow rates.
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model can be applied to other thruster geometries once
the arc area attachment equation is calibrated.

2. Variation in mass flow rate or current influences
propellant density in the constrictor and thereby the
arc. Higher propellant mass flow rate leads to higher
density in the constrictor region, slowdowns the
electron diffusion, thereby causing an increase in arc
length. On the other hand, an increase in current
decreases density in constrictor and hence decreases arc
length.

3. A parametric study on the variation of power distribu-
tion with operating conditions (input current and
propellant mass flow rate) was carried out. With an
increase in input current, the anode radiation loss and
exit chemical loss increased, and thermal loss
decreased. With an increase in mass flow rate, anode
radiation loss reduces while thermal and chemical
losses remained nearly constant.

4. The anode radiation loss seems to be the main factor
responsible for the variation of thrust efficiency. The
drop in anode radiation loss mainly results in a rise in
thrust efficiency with an increase in mass flow rate and
lower input currents. Thrusters operating at high
efficiencies were noted to have a longer arc length.

5. Of the three current components at the cathode tip,
current due to electrons diffusing towards the cathode is
negligible due to high barrier sheath potential. The
curves for current due to ion diffusion and thermo-field
electron emission show a cross-over at low input
current value. Interestingly at low input current, the
current at cathode is primarily due to thermo-field
electron emission, while at higher currents, cathode
current primarily comprises ion diffusion current. The
current due to thermo-field electron emission is nearly
constant at all operating conditions owing to near
melting temperature at cathode spot.
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Appendix

The transport properties are important for obtaining accurate
numerical simulations. Of these, the thermal conductivity and
electrical conductivity of hydrogen plasma are critical for
accurate simulation of physical processes in an arcjet. It was
ensured that all the properties used in the present simulations
are consistent with the data available in the literature. The
variation of thermal conductivity (see figure A1) and

electrical conductivity (see figure A2) of hydrogen gas/
plasma with temperature obtained in the present model is
plotted and compared with data from literature [34] up to the
temperature of 30 000 K.
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