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Abstract

The largest source of efficiency loss in conventional arcjets is the energy required to tonize the propellant so an electric
arc can flow. A two-dimensional model showed that with a small amount of cesium it is possible for an arcjet to be run
with the cestum fully ionized but the hydrogen nearly fully molecular. The readily ionized cesium provides adequate
electrical conductivity and the frozen losses are reduced from fifty precent to one percent. To rectify the excessive
damping required to ensure stability the integration method was rewritten as a total variation diminishing scheme,
and a finer grid used. This reduced the damping to levels where fluz was closely conserved. The temperature profile
at the wall was changed from zero gradient to a specified temperature of 1000 Kelvin which would not melt tungsten.
Ezamining the change from conventional to seeded arc behaviour, with no seed the arc forms a narrow core. With
nominal seeding of two percent by mass the arc occupies the entire constrictor. Reducing the seeding with a fized
current has so far not caused a transition but has instead increased the voltage required to pass the current due to the
reduced conductivity.

1 Introduction gen will not start to ionize until the temperature reaches

) 7000K.
1.1 Seeding In arcjets the electrons and heavy species are typi-
cally not in thermal equilibrium with the heavy species
such as ions, atoms, and molecules possessing a lower
temperature. This means that if the temperature of
the heavy species can be kept lower than that of the
electrons then it should be possible to keep the hydro-
gen molecular with no significant dissociation. Since
the alkali metal is much more easily ionized and only
a very small amount of it would be used, the amount
of energy put into dissociating and ionizing the gas is
greatly reduced. Quasi one-dimensional simulations of
cesium seeded hydrogen arcjet thrusters by Oyerokun
(6] in some cases predicted frozen losses of less than one

percent.

Two-dimensional simulations showed an electron to
heavy species temperature difference of up to about a
factor of two in the constrictor. If the arcjet is run at
electron temperatures between 4000K and 7000K then
the numerical model predicts that the buffer hydrogen
should remain nearly fully molecular whilst the cesium
seed is fully ionized.

In conventional arcjet thrusters the exhaust contains
significant amounts of dissociated and ionized propel-
lant. The power supplied to dissociate and then ionize
the propellant is not converted into kinetic energy so
does not contribute to thrust. Such frozen losses are
typically on the order of fifty percent of the energy sup-
plied in conventional hydrogen arcjets.

The idea of seeding is to add a small amount of an
easily ionizable material such as an alkali metal to the
flow which produces the electrons required to pass the
electric current. It was originally hoped that if the arc-
jet could be run with the alkali metal fully ionized but
the buffer gas nearly fully molecular, then the frozen
losses should be all but elliminated. Using a hydro-
gen arcjet seeded with cesium as an example, in the
gas phase cesium is atomic so has no dissociation en-
ergy and is readily ionizable with an ionization energy
of 3.89eV compared to hydrogen with a dissociation en-
ergy of 4.5eV per hydrogen molecule and an ionization
energy of 13.6eV per hydrogen atom. The difference in
ionization energies means that cesium will effectively be
fully ionized at temperatures above 4000 K whilst hydro-
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2 Theoretical Model

2.1 Nomenclature

N

s Specific heat at constant volume [J mol™* K]

e Electron charge [C]

es  Dissociation energy [J]
ei  lonization energy [J]
ey  Vibrational energy [J]

Species internal energy per unit mass [J kg'l]

Planck’s constant [J s]

Current Density [A m"z]

€s
h
hs  Enthalpy of species s [J]
J
k

Boltzmann’s constant [J K'l]
m, Density of species s [kg]
ms Third body efficiency
ns  Species number density [m"a]
ns  Number density rate of change [m s
P Pressure [Pa]
¢s  Charge of species s [C]

-

-3 -1]

ds  Heat flux of species s [Jm™2 s71]

@ Mass-averaged flow velocity [ms™']
@,  Species velocity [ms™']
z,  Species mole fraction

SPDIA - '9-?[1:

1,9)
(€2;)

Diffusion coefficient [m2 s'l]
Electric field [V m™!]
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2.2 Primary Assumptions

The flow was modelled by two fluids, one for the elec-
trons, and another for the heavier species Ha, H, H™,
Cs, Cs*. Due to the high collision rate within the arcjet
the heavy species are assumed to share a common tem-
perature, with electrons possessing a separate tempera-
ture. At the temperatures and pressures within an arcjet
the velocity distributions are assumed to be Maxwellian.

The arcjet was modelled as being axisymmetric so
derivatives in the azimuthal direction were neglected,
although terms constant in 6 were retained, so that an
azimuthal swirl velocity could be accounted for.

Quasineutrality was assumed through the arcjet ex-
cept in the plamsa sheaths at the walls, where due to the
narrowness of these regions grid boundaries are treated
as sheath boundaries.

With charged species present electromagnetic effects
must be taken into account, but within an arcjet the Hall
parameter is much less than one so the magnetic field
can be neglected and only the electric field is required.

Finite rate chemistry however, with non-equilibrium
chemistry and heat transfer must be taken into account
to accurately model an arcjet.

2.3 Conservation Equations

The propellant is assumed to behave as an ideal gas

Total electron energy per unit mass [J kg_l] and modelled by Navier-Stokes equations modified for

Flux vector in z direction
Flux vector in r direction

chemically reacting flow.

Total electron enthalpy per unit mass [J kg'?}&l Mass Conservation

Current [A]

Current density

Jacobian of coordinate transformation
Equilibrium constants

Molecular weight

Collisional energy transfer [Js~'m™?]
Species gas constant [JKg"lK'l]
Source vector

Saha coefficient

Species temperature [K]

State vector

Species slip velocity [m s

Inelastic correction factor of species s
Thermal conductivity [Js™! m™? K“l]
Species viscosity [kgm™! s‘l]
Collision frequency [s"l]
Electrical potential [V]

Mass density [kgm™?]

Electron mobility [m? ohm=!C~?
Electrical conductivity [mho m™}
Viscous stress

Dissociation temperature [K]
Rotational temperature [K]
Vibrational temperature [K]

. o
Average collision integral [Az}

Gradient operator [m"]

Aps 1
ot + r

Op 1 (8purr Opu,r
6t+r( or + 0z

(Bpsuur + Opstus,T

o 5% )=m,n., (species) (1)

) =0 (global)  (2)

2.3.2 Conservation of Momentum
o a
3¢ (Purm) + 5- (oulr +pr — 7eer)

7]
+ 5 (puruzr — TreT) = P"g — 760 +P (3)

1] o
¢ (puer) + By, (puruer — Trg7)
0
*% (puguzr — 79,7) = Trg — purug (4)

0 a 9
2t (P“z")*‘a—; (puruzr — TrzT)+5; (puzr +pr— 'r,,r) -—(-5())

2.3.3 Conservation of Energy

The internal energy form of the energy equation
was used to overcome numerical difficulties encountered
when using the strong conservative form.
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Heavy Species Energy Equation:

(Peg)"'

OP, P, I} -
r ary 'Ufz"a7g‘ + ('97 (Z Pah.svra>
s
1
; (Z pshavra> + — (Z Pahavza)
OP, 0P
S B S
s s

where

_ Aur\2 duz \ 2 ur\ 2 Our Ouz\?
q"“‘“[z(ar) +2(6z) +2(T) +(8z + ar)

Oug u9)2 (8u9)2 2 (au, ou, ur)z
+(3r r + 0z 3 6r+6z+r

™

_ _ 1 _
M,=31¢(7},—:r,)"’:;r (u,H++ueH+-2-6H2V¢H2)

+3k(Ty — Te) L2 (Togay +Tecs) (8)
mgs

3 3
peg =3 (e + pH4) RuTy + 3 (pcs + pos+) RosTy

5 Ry, 0.
+ opna Rty Ty + 2E2H2 9)
e’s —1
5 7 Ry, 0
ety = 5 Ruy Ty — SRy, Ty + —o2 > il (10)
el —1
3 7
ey =eg4 = -2—RHT9 - ZRHTf (11)
3
€Cs = €C0s+ = ‘2‘RCsTg (12)
phg = peg + pr, Ry, Tg + (pu + pu+) RuTy
+ (pCa + PC.9+) RCsTg (13)
P,
hs =es + RaTg =es+ p_s (14)
S

2.3.4 Electron Energy Equation

(Pe e")+ (PeHeuer”'"'(IerT)"‘ Z(PeHeuezT+‘IezT)

J2
= ( - + M, — eq kg Nens, — €ife — R) (15)

Ee= %R,T, + %uﬁ (16)

He = Ee + ReTe (17)

(Phgur + Qgr)"r (phguf + Qgr)"l"‘_ (Phguz + (Igz)
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2.4 Electric Potential

Neglecting the magnetic field Maxwell’s laws simplify
to the generalized Ohm’s law, and the electric potential
is given by,

L)) -2 (%) 4 (+F).

2.5 Dissociation and Ionization

Since the species are not assumed to be in chemical
equilibrium there is a net rate of production or deple-
tion. In this model H; dissociates into H which in turn
ionizes to form H*. Collisions violent enough to dis-
sociate and ionize H> at the same time are rare at the
temperatures inside an arcjet, and so are neglected. Ac-
counting for collisions with heavy species and electrons
the production rate of H due to dissociation is

ng = ANAT™ exp (—%) (muhn + mu,in,)

X (ﬁ,,z - KRT nﬁ,) + k§nengy,, (19)

where for hydrogen A = 5.5 x 102m3mol=1s™?,

B = 435,600Jmol™!, ny = —1.0 [7], 7, are the third

body efficiencies, and K, 4is and kS are the reaction
constants.[2]

Only electrons were considered capable of causmg ion-
ization, so the rate of production of H* or Cs* is given
by,

ns4 = Rne (Ssns — nens4), (20)
where Sheppard’s recombination rate coefficient was used as
it is accurate up to 60000 K. [8]

InLe— —4. 0833)

Rsp, = 6.985 x 1042 (in ot 3571

Sh X exp[ 0.8179 m-s
(21)

2.6 Transport Properties

The conservation equations require transport coeffi-
cients to determine the fluxes of mass, momentum, and
energy.

The global velocity is defined as @ = 2 37, psis, and
the slip velocities are defined by V, = @, — . For neutral
species the slip velocity is given by

n;V; = —D;Vn;, (22)

and for charged species by

niVi = —=D;Vn; + qini i Eezternal =
(23)

The first approximation for the coefficient of binary
diffusion diffusion [1] is

_ T3 (M + M3) 1
D;; =2.628 x 1 7‘/ . 24
ij 628 x 10 2M, M, P(Qg;’l)) (24)
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where M is the molecular weight of the species, P is the
pressure in atmospheres, T is in Kelvins, and (Q(*') is
the collision integral in units of angstroms squared.

To solve the multicomponent diffusion coefficients as
given by Hirschfelder, Curtiss, and Bird [1] would be
computationally intensive, so the simpler method of
Krier et al. [3] is used.

1—uz;
j#i Dij
The first approximation to the viscosity coefficient in
a single species fluid [1] is
o-6 Y.ML vM
)

and as before the multicomponent viscosity is compu-
tationally intensive, so the mixture rule of Mitchner and
Kruger [5] was used:

Hmiz N Z z e (27)

D; = (25)

i = 2.6693 x 1 [Kgm~'s7],  (26)

i=1 j=1 n]X:]
where @2
Xii = 2m,J <Q ) (28)
tj —
<ﬂ$? M)

The first approximation of the coefficient of thermal
conductivity in a pure fluid [1] is

VvT/M 15 R 111

— -5 _ s
K = 8.3227 x 10 @Dy = 1" Jm

(29)
for particles without internal degrees of freedom, and
for those with;
I5R (4é 3
Kpolyatomic = T'M‘l‘ E—E + ‘5
The thermal conductivity of the mixture can then be
calculated in the same manner as the viscosity.

(30)

The electrical conductivity formulation used was that
of Krier et al. [3]:

_ i 2e4 TH4 + Tos+
16 \| mmekTe Ea;&e z,(nﬁi'l))

(31)

3 Numerical Scheme

The governing equations are finite differenced, and
the flow equations are integrated by a total variation
diminishing scheme which is second order accurate in
space and first order accurate in time. The electric po-
tential equation is solved by successive over-relaxation.

The flow equations can be written in vector vector
form 25, 8U 1 (0F  9G

wr(amta)=s (32
and converted into the natural coordinate system (¢, 7)

so that . -
U  OF oG
TJE+5E-+5;—TJS’ (33)
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where J is the jacobian, F = Fr, — Gz, and G = Gz —
FT{.

Using an Euler time integration the TVD scheme be-
comes

n+l _ rrn
Ui,j "Ui.j

2 (130 ()-258) oy -
2 (11002550 ooy
ot (s030 ) - 3420 (000"

(34)
where 1) is the flux limiter such as superbee, minmod,
or Van Leer, and the flux ratios r are given by

Fiya — F
T (35)
z+% E+1 - F:'_%
"y FF_I _f:"‘% , (36)
[ F‘_’_&

+ ~
with Ti-} and ik by analogy and r;_ using G.
Ft

is Roe’s flux given by

Bt = 2 (F(UR) + F (UF) - 3 3 Mbuar,  (37)

where

Uiﬁ_% =U; + (-;—&U - :}5(2):'U) (38)
1 1
Uf}-% = Ui + (—‘56-'+1U - 25(2)i+1U) . (39)

3.1 Numerical Grids

The grid used is based upon the German TT1 arcjet,
with the constrictor stretched to give a length to diam-
eter ratio of ten. This is because for a seeded arcjet
which is to be run at much lower temperatures than a
conventional arcjet, the electrical conductivity is much
lower hence less power deposited per unit volume. Thus
to deposit a comparable amount of energy the seeded
arcjet needs a longer constrictor for the propellant to
flow through and be heated.

A second mesh was used for the electric potential cal-
culation, which was much finer in the cathode tip region,
and did not extend upstream of the constrictor inlet,
saving computational effort. Potentials on the fine grid
were then interpolated onto the flow grid.



Fine grid used for arcjet simulation
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Figure 1: Grid on which Flow is Modelled
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Figure 2: The Flow Grid near the Cathode Tip

3.2 Boundary Conditions

The inlet flow is assumed to be uniform and subsonic,
where the mass flow rate and temperature are specified.
The pressure gradient was set to be zero at the inlet.
The inlet gas composition was taken to contain only a
minimum amount of dissociated hydrogen and ionized
hydrogen and cesium. These minimum values were not
zero due to numerical problems if they were allowed be-
low .certain limits. The remaining bulk of the mixture
was taken to be molecular hydrogen with a seed mass
fraction of two percent atomic cesium.

For the velocities, the inlet flow is assumed to be uni-
form and parallel to the thruster walls. The inlet az-
imuthal velocity was specified to be a certain fraction of
the inlet axial velocity, currently zero.

No current is allowed to exist at the inlet so the slip
velocities were set to zero, and the electron temperature
set equal to the gas temperature. All other quantities
are calculated from the state equations and quasineu-
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Figure 3: FElectric Potential Grid shown overlapping the
Flow Grid

trality.

In the supersonic regions of the exit plane, the pres-
sure, temperature, mass fractions, and velocities are ex-
trapolated, and the density is then calculated.

The subsonic regions at the outlet boundary are near
the nozzle walls, where the pressure is assumed to be
constant across the subsonic boundary layer. Tempera-
ture is then calculated from the isentropic solution given
the pressure change across the exit. Velocities are spec-
ified to keep the mass flux constant.

At the outlet the current density is set to zero, so no
current is allowed in the exit plane, forcing the current
to attach upstream of the exit.

The centreline boundary of the arcjet is a symmetry
boundary along the axis of the thruster, so the radial
and swirl velocities are set to zero, and a zero gradient
condition is imposed on all of the other flow variables.

At the boundary walls species densities were assumed
to have zero gradient for simplicity. Zero gradient was
applied to the electron temperature due to the high
electron mobility. For the heavy species temperature it
should ideally be modelled by including a heat transfer
model in the anode block, but to save on computational
effort a simpler method was used. The original zero
gradient conditions which were used to reproduce the
results of Oyerokun [6] were replaced by setting the gra-
dient equal to zero before the gas temperature reached
1000 Kelvin and equal to 1000 Kelvin afterwards. One
thousand Kelvin was chosen since this is a little less than
the melting point of tungsten which many arcjet anode
blocks are made of. For a seeded arcjet however the
electric arc occupies the entire constrictor and as such
the constrictor must be made of an insulator or else the
current will attach and not pass down the constrictor.
Consequently in a seeded arcjet the constrictor could
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not actually be made of tungsten but 1000 Kelvin was
still felt to be a reasonable temperature to expect the
constrictor walls to withstand especially if regenerative
cooling was used.

To create a boundary layer the no slip condition on
the bulk velocity was enforced, although this does not
apply to the species slip velocities if a current is to pass.

For the electric potential the upper wall is treated
as an insulator with zero gradient until the end of the
constrictor, where the wall is then conducting and set
to a fixed reference potential. On the cathode tip the
potential is determined by the specified current which
is only allowed to attach there. At the cathode tip the
current at a given timestep can be calculated using

nj—1
0P,
=3 X - ()
j=
nj—1 8
- g Z (G r}) 03—5 (Bi41,5 — ¢ij).  (40)
j=0

At a given timestep the electron pressure term will be
a constant, C. Comparing this current to the specified
current, and setting the difference to zero by adding a
constant amount A to each current ¢; ; we have

I'—Iapec = 0 = C—Ispec

dA T2 (42)
Thus to pass the specified current the correction A is
simply A = (I — Iypec) m where ¢75" = ¢i; —
A.All other quantities at the wall can then be calculated.

4 Results

Seed Mass Fraction 2%
Mass Flow Rate 0.2 g/s

Inlet Temperature | 500 K
Applied Current 17V

Table 1: Run Conditions

Figure 9 shows that the cesium is very rapidly ionized
as it enters the constrictor region, and the resulting ions
are well spread throughout, and not concentrated in a
core.

With the operating parameters as in table 1, it can
also be seen that the electron temperature (figure 6)
and gas temperature (figure 5) do not get high enough
to cause any significant dissociation or ionization above
the artificial minimum level, which was set for numerical
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Figure 4: Density in a Seeded Arcjet
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Figure 5: Gas Temperature in a Seeded Arcjet

reasons. This can be seen in figure 8 for the H; mass
fraction.

Since the hydrogen is not dissociated or ionized, but
the cesium is nearly fully ionized throughout most of
the constrictor, the current density (figure 7 follows the
profile of the cesium ions, and as such is also almost
uniformly spread across the constrictor. When passing
through the arc attachment region on the anode, there
is no noticeable dissociation or ionization, and no ioniza-
tional instabilities were observed, that could cause the
hydrogen to ignite and revert to conventional operation.

Looking again at the gas and electron temperatures,
significant non-equilibrium can be seen to exist with the
electron temperature a couple of thousand Kelvin hotter
in the constrictor. It should also be noted that these
temperatures are similar in both value and profile to
those obtained by Oyerokun [6].

4.1 Comparison to Unseeded Arcjets

Without seeding the gas in an arcjet is heated much
more strongly in the core region, and so a significant
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Figure 6: Electron Temperature in a Seeded Arcjet
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Figure 7: Current Density in a Seeded Arcjet

temperature difference exists between the core and the
walls. (Figuresl0). In the seeded arcjet the tempera-
tures experienced are much lower and so the tempera-
ture is much more uniformly distributed in the radial
direction, except for right at the cathode tip where the
heating is especially strong.

The heating is due to the current pushed through the
plasma, and as shown in figures 7 and 11 there is a big
contrast between seeded and unseeded arcjet operation.
In the unseeded arcjet the current is confined to a narrow
core region where ionized hydrogen is present, whereas
for the seeded arcjet the current and the temperature are
nearly uniformly distributed. One implication of this is
that if the constrictor of a seeded arcjet was made of a
conductor then the current would attach at the earliest
possible location, i.e. the entrance to the constrictor.
If the current were allowed to attach in such a manner
without passing down the length of the constrictor, then
the propellant flowing through the plasma would just
experience a very brief interval of passing through the
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Figure 8: H2 Mass Fraction in a Seeded Arcjet
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Figure 9: Cs™ Mass Fraction in a Seeded Arcjet

strong current and would not be greatly heated. The
seeded arcjet needs the comparatively long constrictor
since the current and temperature are less, to supply
the energy to the gas to heat it to a high temperature.
In this run the heavy species are a couple of thousand
Kelvin cooler than the electrons, indicating that a longer
constrictor still, say with a length to diameter ratio of
twenty, would be preferable to allow the gas to heat up
more closely to the electron temperature.

The hydrogen in the unseeded arcjet is mostly molec-
ular in the outer flow, transitioning to ionized in the core
where the current flows. In a seeded arcjet at the operat-
ing conditions of table 1, the hydrogen is fully molecular
throughout the flow, whereas the cesium rapidly transi-
tions from fully atomic to fully ionized as it enters the
constrictor where there is heating by the current. (fig-
ures 8 to 9). At this operating condition frozen losses
are minimized.

Work is currently underway to examine the nature
of the transition from seeded to unseeded behaviour.
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Figure 11: Current Density in an Unseeded Arcjet

Whether the transition is abrupt at a critical seeding
fraction or occurs slowly over a range of seed fractions
has yet to be determined. Results so far show that re-
ducing the seed fraction with a constant applied current
have not narrowed the arc which still occupies the entire
width of the constrictor. To compensate for the reduced
conductivity the potential along the constrictor has in-
creased instead of ionizing the hydrogen.

5 Conculusions

.The two dimensional code developed proves to within
its limitations, that it is indeed possible to run a ce-
sium seeded hydrogen arcjet thruster in a regime where
the hydrogen is fully molecular, yet the cesium is fully
ionized, due to the difference in the dissociation and
ionization energies of hydrogen and the ionization en-
ergy of cesium, and also the electron-heavy temperature
disparity which favours ionization rather than dissocia-
tion. This should lead to much higher efficiencies since
the frozen losses will be greatly reduced.

As predicted by Oyerokun’s one-dimensional model
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[6] the current density was uniformly distributed in the
constrictor, the implication of which is that the constric-
tor must be made of an insulator. Due to the high tem-
peratures encountered in the seeded arcjet this poses a
problem since few materials are able to withstand such
high temperatures and ceramics which can withstand
the heat become semiconducting at those temperatures.
Consequently it is predicted that some sort of regenera-
tive cooling will be required.

Reducing the seed mass fraction from two percent to
one percent is not enough to cause transition to a narrow
arc as in conventional arcjet operation, but instead the
potential along the constrictor merely increases due to
the reduced conductivity.
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