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The water-cooled laboratory model of the two-stage hybrid thruster TIHTUS is briefly
explained and results of investigations of each stage are presented. Thrust measurements
of the arcjet stage yield a maximum thrust of 3.3 N and a maximum specific impulse of
1430 s with the curves showing no sign of saturation. Hydrogen operation at the inductively coupled stage is presented showing an efficiency of plasma heating of 32% and a
thrust of over 2.3 N is estimated at a specific impulse of lower than 400 s. Theoretical
investigations of magnetohydrodynamic (MHD) effects within the inductive stage are presented. From the obtained terms for magnetic pressure and Lorentz force an optimization
tool for inductively heated plasma sources was derived.

I. Introduction
At the Institut fuer Raumfahrtsysteme (IRS) at
Universität Stuttgart, a new, hybrid, high-power
plasma thruster TIHTUS is currently under development. TIHTUS (Thermal-Inductive Hybrid Thruster
of the University of Stuttgart) is the direct descendant
of ATTILA with the use of different hardware. It is
a two-staged electric thruster and combines a thermal
arcjet (1st stage) with an Inductively Heated Plasma
Generator (IPG3, 2nd stage).
Concerning thermal arcjet thrusters, IRS has had
great success with the model HIPARC, reaching solid
2000 s of specific impulse.
The two-staged thruster is of interest since it provides an increase in exhaust velocity as will be clarified
below, and the possibility of admixing reactive gases
in the electrodeless part of the IPG3, such as CH4 or
CO2 . Figure 1 depicts how the two stages are put together.
The specific impulse Isp of any thermal thruster is
dependent on the propellant temperature T0 in the
combustion chamber and its molecular mass M according to
r
T0
,
(1)
Isp ∝
M
which is why the average propellant temperature
should be as high as possible and why hydrogen is
the favored propellant despite the storage difficulties
connected with it.
From the first stage, a plasma is exhausted into the
second stage. The latter is characterized by high specific enthalpy and high flow velocity. However, these
characteristics are often combined with the presence
of steep radial property gradients as in a hot, energyrich core with a relatively cold gas layer at its edge.

The layer is necessary in order to avoid arc attachment
in the nozzle throat. Nonetheless, it limits the average gas temperature and therefore, according to eq. (2)
also the effective exhaust velocity.
The plasma jet emerging from the arcjet is expanded
into an IPG3’s quartz discharge tube where the cold
gas layer is inductively heated and the core tepmerature increased so that a significant rise of the average
temperature is expected. The principle of an IPG3
will be described below. Still, at this point it must be
anticipated that inductively heated plasmas will show
a temperature maximum at a near-wall position. This
is the case since due to the skin effect the power is
coupled into the plasma close to the coil. Therefore,
in hybrid mode, a rise in specific impulse is expected,
as is a rise in thrust density [1].
As for the development of electric in-space propulsion systems, another hybrid electric propulsion system (HEPS) is a combination of a Hall effect thruster
and a Kaufmann ion thruster [2]. A third multi-stage
concept is VASIMR which has been under development since the 1980s. These two concepts pursue the
target of variable specific impulse, which stands in contrast to the concept of increasing specific impulse.
The principle of superposed DC-RF plasma heating
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is not fundamentally new: Already in 1967 Vermeulen
et al. understood that successful means of increasing
specific thrust include sequential heating of the plume
of a DC arcjet [3]. In other research hybrid plasma
generators are in operation and are applied within industrial applications such as thin film deposition, etc.
[4, 5, 6].
Based on existing hardware, the two stages are investigated separately during hydrogen operation. At
the same time, the plasma flow in the two stages are
calculated numerically. Currently, this is also taking
place for each stage separately.
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II. Experimental Environment
TIHTUS’s ground test facility consists of the two
plasma sources and the vacuum chamber. The size of
the vacuum chamber is about 3 m in length and 2 m in
diameter. The lid of the chamber carries the plasma
source and the external resonance circuit. The rear
end of the chamber is connected to the IRS vacuum
pump system. The total suction power of the system amounts to 6000 m3 /h at atmospheric pressure
and reaches about 25000 m3 /h at 10 Pa measured at
the intake pipe of the system.
The scheme of the facility is depicted in fig. 2. Installed are a gas supply system, water-cooling system
and a data acquisition system. Both parts of the
thruster are water-cooled for the time being. Therefore, coolant flow rates are measured as are the flow
rates of the propellant. However, at a further stage
of development, the plasma source is planned to be
built in a radiation-cooled design, which implies another gain in specific impulse.
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Figure 2

Scheme of the experimental apparatus.

III. Arcjet Thruster Stage
A. Experiment

A thrust stand of parallelogram-type is integrated in
the ground test facility at IRS, in which HIPARC-W
has been investigated. The thrust causes a repulsion
onto the bearings. In order to measure this thrust,
the thrust stand pivots around sharp blades. A sensor
measures only horizontal force initiation via a beam
Segment 4 Segment 2
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Thermal arcjets have been investigated for decades.
Arcjet thrusters cover a wide range of input power from several 100 W to some 100 kW. In principle, an
arcjet plasma torch is operated with a central cathode
and an annular anode. The propellant is injected into
the ring-shaped gap between the two electrodes. Electric power is transferred to the propellant by means of
Ohmic heating within an electric arc between anode
and cathode as sketched in fig. 2. At IRS, in cooperation with NASA (National Aeronautics and Space
Administration), the non-optimized laboratory model
HIPARC-R (High Power Arc Jet - Radiation-Cooled)
has been designed. The thruster is intended for input
powers of up to 100 kW and uses hydrogen as a propellant. It is able to produce thrust of 6 N at a thrust
efficiency of 29%. The specific impulse exceeds 2000 s
at 100 kW with hydrogen as propellant with no sign of
saturation [14]. Still, by increasing the power level and
modifying the design to a regeneratively cooled design
this value might be raised even further [14]. Figure 3
shows HIPARC-W (Water-Cooled), which is intended
for the laboratory model arcjet stage of TIHTUS. It
has a segmented anode so that the nozzle length can
be varied.

Gas Injection

Segment 3 Segment 1

Figure 3

Set-up of HIPARC-W.
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in bending sensor. The detailed principle of the thrust
stand is described by Winter [7].
Using thrust measurement with the thrust stand
described, it was found that with only two nozzle segments, the thrust approaches its maximum. When the
nozzle is short, the arc will remain in the nozzle throat
and not reach out far into the diverging part of the nozzle where Ohmic heating has a decelerating effect [8].
According to
F = ṁce ,
(2)
the thrust would then decrease. Further tests have
also been performed using a 4-segmented nozzle with
the third and fourth nozzle electrically isolated from
the anode. An increase in thrust was expected since
in super-sonic flow a diverging nozzle increases flow
velocity. However, an increase in thrust could not be
reported. This indicates that the nozzle may not be
adapted or that thrust might be lost at the tiny gaps
that originate at the points of isolation.
For two anode segments, the measured thrust is
plotted versus arc chamber pressure in fig. 4. The maximum thrust measured in this measurement campaign
is 3.34 N at 50 kW electric power, with the potential of being increased. The curves show no sign of
saturation, indicating that the thrust will increase as
well. HIPARC-W with four anode segments was operated with a maximum electric power of approximately
125 kW. Input power Pin = Pel + Pgas is the sum of
the electric power input and the power from the cold
gas pressure with which the propellant is fed to the
thruster. The overall efficiency of an arcjet device may
hrustP ower
be defined as thrust efficiency ηT = TInputP
ower [9] or
ηT = ηnozzle ηf ηth .

(3)

Nozzle efficiency ηnozzle denotes the losses by aerodynamic expansion processes, ηf denotes frozen-flow
efficiency as derived in [9] and ηth thermal efficiency.
The latter is measured via the temperature difference
and the flow rate of the cooling water flowing in and
out of the plasma generator during operation. Thrust
performance is furthermore calculated as
PT = ηT Pin =

1 F2
,
2 ṁ

(4)

Thrust F [N]

3

Mass flow rate:

300 mg/s
200 mg/s
100 mg/s

2,5
2
1,5
1
0,5
0

ṁ
[mg/s]
300
100

ηth
[%]
79.6
60.7

ηf
[%]
44.5
45.5

F
[N ]
3.34
1.41

Isp
[s]
1129
1431

ṁ
Pel
Pgas
PT
[mg/s] [kW] [kW] [kW]
300
50
2.6
18.1
100
35
0.8
9.9

ηT
[%]
34.3
27.7

with thrust F and mass flow rate ṁ. Values of the
present HIPARC-W measurement campaign are listed
in tab. 1 for maximum thrust (at 300 mg/s) and maximum exhaust velocity (at 100 mg/s) which was derived
by eq. (2).
Another method to determine thrust is indirect measurement by a baffle plate. Usage of a baffle plate
is especially interesting for heavy thrusters producing low thrust. The plate is positioned in the plasma
plume and is deviated by the thruster’s exhaust. The
thrust can be derived from a load cell mounted on the
aft side of the plate. A major concern in the development of the baffle plate for high enthalpy plasmas
is the high temperature effect on the measurement.
In order for the baffle plate not to warp due to the
high temperature influences, the plate used is of watercooled design. Currently, the set-up is being developed
and the plate calibrated by a pendulum thrust stand.
A disadvantage may lie in gas-dynamic effects, when
the plasma flows around the edges of the plate. The
great advantage, however, is that the complex assembly of the two-stage thruster with all its cooling lines
and current wiring does not need to be mounted onto
a thrust stand inside the vacuum chamber where the
lines would affect the measurement by their momentum but can be flanged to the chamber and be installed
immovably. Thus, the supply of the thruster remains
uncritical.

IV. Inductively Coupled Stage

4
3,5

Table 1 Characteristic performance of TIHTUS’s
arcjet stage HIPARC-W with two anode segments
and hydrogen plasma: all values measured except
Isp , ηf and PT

200
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Figure 4 Thrust versus arc chamber pressure for
HIPARC-W with 2 anode segments.

The 2nd stage of TIHTUS is represented by IRS’
IPG3 (Inductively Heated Plasma Generator) [16]. It
principally consists of an induction coil (sketched in
fig. 5) with a length of l = 0.12 m. The copper coil surrounds a quartz discharge tube of 88 mm in diameter
and 2.2 mm thick into which the propellant is injected.
The coil has a mean diameter of 0.1 m, 5.5 windings
and is called primary or inductance coil. The entire
system is surrounded by two plastic half shells. The
cooling system for the discharge tube is embedded in
the shells. The hollow solenoid is water-cooled from
the inside and part of a resonance circuit, which itself
is again inductively coupled to a so-called Meissner
feedback circuit, see [16].
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Figure 6

Figure 5
IPG3.

Photographs of IPG3 in operation with hydrogen. Generator (left) and plasma plume (right).

Inductively heated plasma generator

The left side in fig. 5 represents the mounted injection head. It provides axial access for optical measurements and contains the gas injection and the connection to the pressure sensor which measures the total
pressure at the rear end of the tube. The plasma
source is mounted in axial direction outside the tank
as can be seen in the photograph of fig. 6. The plasma
tank itself has a length of 2 m and an inner diameter
of 1.6 m.
In order to understand the function of the generator, the plasma can be described as a lossy secondary
coil of a transformer. Seven capacitors – each with
6 nF± 20%– complete the resonance circuit. From this
model the nominal operating frequency can be estimated by
1
fnom ≈ √
,
(5)
2π LCtot
where L is the inductance of the primary coil and Ctot
the total capacity. With the configuration used within
the scope of this work (5.5 windings and 4 capacitors),
a nominal operating frequency of fnom = 0.64 MHz is
obtained.
The alternating current in the coil induces a mostly
axial magnetic field which itself induces a mostly azimuthal electric field. This field is oriented inverse
to the coil’s current field and initiates an electric discharge in the propellant. Due to field damping effects
the skin effect occurs and mainly the gas close to

the wall is heated. At high specific power levels the
Lorentz force causes a contraction of the plasma column towards the coil axis, giving it the effect of a
slightly converging-diverging nozzle [10].
The IPG3 at IRS was developed by Herdrich and
optimized for use with oxygen as propellant. He could
show that there are three discharge modes, the first one
of which, at low voltages, is the capacitive discharge
mode, the second and third ones being inductive discharge modes [15]. However, the second mode leads to
medium power induction and subsonic plasma flows,
and the third mode to highest power induction and supersonic plasma flows, so this is the operational mode
of choice.
The magnitude of mutual influence between magnetic field and flow field can be estimated by the two
dimensionless numbers. The magnetic Reynolds number Rm describes the connection between flow field and
magnetic field and is calculated by
Rm = vσµ0 L,

(6)

where v, σ, µ0 and L stand for plasma velocity, effective electric conductivity, vacuum permeability and
characteristic length, respectively. Adapting the magnetic Reynolds number to the IPG3 plasma configuration, i.e. by introducing the skin depth
δ=√

1
,
πµ0 σf

(7)

yields Rm = 1..5 [10]. This shows that magnetic fields
do have an influence on the plasma flow and should
not be considered separately from flow field. Another
interpretation is that magnetic field lines are carried
quite far along the flow direction by the plasma.
The Stewart number is defined as
St = σB 2 L/(ρv) = σvB 2 /(ρv 2 /L),

(8)

with B as magnetic flux density. This number relates
electromagnetic force density to gas dynamic force
density and yields St ≈ 1 for the IPG3. Hence, the
strength of the electromagnetic force density is in the
same order of magnitude as the gas dynamic force density. This analysis confirms the existence of the MHD
effects within the optimized IPG3.
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A. Theoretical Model

The theoretical model has been developed starting
from the time-dependent Maxwell equations
~
∂E
~ ×H
~ = −~j,
εr ε0
−∇
∂t
and
µr µ0

~
∂H
~ ×E
~ = 0,
+∇
∂t

(9)

(10)

~ E,
~ ε0 , εr and µr describe the vectorial
wherein H,
magnetic field, the vectorial electric field, the vacuum
dielectricity, the relative dielectricity and the relative
permeability, respectively. Starting from this set of
equations, a brief calculation leads to the well known,
time independent electrodynamic Helmholtz equations
~ + k2H
~ =0
4H

(11)

~ + k2E
~ = 0,
4E

(12)

k 2 = −iωµ0 σ + ε0 µ0 ω 2 = µ0 ω(ε0 ω − iσ).

(13)

and

where the squared wave number is represented by

Here, εr and µr are assumed to be approximately
one. The quantity ε0 ω is of the dimension of conductivity and can be understood as a surrogate term
for the dielectric mode of discharge. The real part
of k describes the electromagnetic wave propagation
velocity and characterizes the dielectric mode. The
imaginary part of k describes the attenuation of electric and magnetic fields and thus the inductive mode of
discharge. It has been determined that the dielectric
mode can be neglected at these operational frequencies [16]. Likewise, the final simplified electrodynamic
Helmholtz equations for inductive discharges are

and

~ − iµ0 ωσ H
~ =0
4H

(14)

~ − iµ0 ωσ E
~ = 0.
4E

(15)

One–dimensional solution

Supposing an infinitely long solenoid, the resulting
magnetic field inside the tube is axial–symmetric, i.e.
it is constant in z and φ and has differing radial components caused only by field attenuation. Therefore,
the generated electric field and discharge is purely azimuthal and differs in r only. The use of cylindric
coordinates is reasonable here. Given this, the cylindric Laplace operator is
4=

1 ∂
∂2
1 ∂2
∂2
+ 2 + 2 2 + 2.
r ∂r ∂r
r ∂φ
∂z

This equation is a so-called Bessel differential equation. The solution adapted to this problem is
Hz = C1 J0 (ar) + C2 N0 (ar)

with a = ζ/r [17]. Here, J0 is a first kind Bessel
function of order zero and N0 is a second kind Bessel
function of order zero, C1 and C2 are constants. However, N0 has a singularity for x = 0. The magnetic
field can not be infinite. Hence, C2 must be zero. Finally, supposing the magnetic field H is undamped
(Hz = Hcoil ) at the tube wall (r = R), the solution of
the one–dimensional Helmholtz equation is
Hz = Hcoil

J0 (ar)
.
J0 (aR)

(20)

Supposing that the denominator is constant and a
function of the efficient plasma radius R, eq. (20)
gives the radial distribution of the externally applied
magnetic field Hz . Furthermore, applying eq. (10) to
eq. (20) yields the radial electric field distribution
Eφ = Hcoil

a J1 (ar)
σ J0 (aR)

(21)

and the radial distribution of current density
jφ = Hcoil a

J1 (ar)
J0 (aR)

(22)

resulting from Ohm’s law, respectively. Here, J1 is
a first kind Bessel function of order one. Equations
(20)–(22) can be re–written by using the help functions deduced in the subsection below for the complex
arguments. Exemplarily, for Hz this leads to
Hz (δR, r) = Hcoil

F (r) + iG(r)
.
F (δR) + iG (δR)

(23)

All deduced help functions principally depend on the
ratio of the skin depth δ to a radius r or R. Hence,
varying the attenuation factor δ/R with a constant
plasma radius R immediately reduces the dependency
of δ/r on the radial position r. Thus, interesting quantities like the radial distribution of field damping and
the phase displacement depending on the attenuation
factor can be calculated with
1
|Hz |
= 2
Hcoil
F (δR) + G2 (δR)

 
 2
δ
δ
· F (r)F
+ G(r)G
R
R
  
 2 !1/2
δ
δ
+ F
(24)
G(r) − F (r)G
R
R

(16)

Applying eq. (16) to eq. (14) yields
d 2 Hz
1 dHz
+
− iωµ0 σHz = 0.
(17)
2
dr
r dr
√
Substituting r by using ζ = −2i·r/δ in eq. (17) leads
to
1 dHz
d 2 Hz
+
+ Hz = 0.
(18)
2
dζ
ζ dζ

(19)

and
Φ = arctan



F (δR) G(r) − F (r)G (δR)
F (r)F (δR) + G(r)G (δR)



.

(25)

The distributions for different attenuation factors are
depicted in fig. 7 and 8, where the effective plasma

5 of 10
29th International Electric Propulsion Conference, Princeton University,
Oct. 31 - Nov. 4 2005

(−1)m 22m in the first case and (−1)m 22m−1 in the
latter. Applying these results to eq. (27) gives
 4m
∞
X
(−1)m (4m)! R
C=
22m [(2m)!]4 δ
m=0

(28)

and
D=−

Figure 7 Radial field distribution for different attenuation factors and R = 0.042 m.

 4m−2
∞
X
(−1)m (4m − 2)!22m R
.
2[(2m − 1)!]4
2δ
m=1

(29)

In the following the integral of J02 (R = r) over r will
be needed. Hence, it is sufficient to integrate only
C(R = r) + iD(R = r) over r and to divide by R in
order to obtain
(−1)m (4m)!
A=
22m (4m + 1)[(2m)!]4
m=0
∞
X



R
δ

4m

(30)

and
B=−

 4m−2
∞
X
R
(−1)m (4m − 2)!22m
. (31)
4
2(4m
−
1)[(2m
−
1)!]
2δ
m=1

Applying the same method to eq. (26) leads to the
missing functions F and G as according to
(−1)m
2m
2 [(2m)!]2
m=0



R
δ

4m

(−1)m 22m
G=−
2[(2m − 1)!]2
m=1



R
2δ

4m−2

F =

Figure 8 Radial phase displacement for different
attenuation factors and R = 0.042 m.

radius R has been approximated by the inner tube
diameter.
Obviously, the lower the attenuation factor, i.e. the
stronger the skin effect, the stronger the field damping
and phase displacement. This complies with what was
expected.
Help Functions

In order to simplify the evaluation of the solutions
given by eqs. (20–22), the complex Bessel functions J0
and J02 have to be separated into their real and imaginary parts. A Bessel function is defined by
(−1)m  z n+2m
,
Jn (z) =
m!(n + m)! 2
m=0
∞
X

(32)

and
∞
X

.

(33)

The functions F and G are also known as Kelvin functions.
All help functions listed below are necessary for the
evaluation of the theoretical results within the next
two subsections:

A

(26)
B

where the argument z is complex and n as the order
of the function is zero or positive integer [18]. The
general equation for squared Bessel functions is



δ
R





δ
R






δ
R
 
δ
D
R
 
δ
F
R
C

∞
X

 z 2n+2m
(−1)m (2n + 2m)!
.
Jn2 (z) =
m!(2n + m)![(n + m)!]2 2
m=0
(27)
Knowing that z = aR with a = (1 − i)/δ, one can
see that the central term responsible for receiving an
overall complex result can be reduced to (1 − i)2m .
Sampling the control variable m shows that all even
numbers of m yield real and all odd numbers of m
result in imaginary terms. Consequently, one can write

∞
X

=
=

R

1
Re
R

Z

1
Im
R

Z

J02 (ar)dr

0
R
0

!

,

!

,

J02 (ar)dr


= Re J02 (aR) ,


= Im J02 (aR) ,
= Re (J0 (aR))

and
G



δ
R



= Im (J0 (aR)) .
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(34)

Magnetic Pressure

The field distribution functions resulting from the
one–dimensional Bessel model can be used to investigate the pinch effect. This effect describes a plasma
constriction based on electromagnetic forces, e.g. in
the case that the magnetic pressure exceeds the plasma
pressure or even reaches a non–negligible magnitude in
the context of plasma interaction. The so-called theta
pinch is investigated here, named after the international notation for the azimuthal direction of plasma
current. The simplified momentum equation yields
~ · p = ~j × B
~
∇

(35)

with p = p(r) for an inviscid, quasi-neutral, static,
steady state plasma without gravitational influences.
The one–dimensional formulation is
dp
= j φ Bz .
dr

(36)

Usually, the unknown current density is eliminated
using a simplification of eq. (9) and thus obtaining solution
µ0 Hz2
= pm,ref
(37)
pm =
2
after integration over r. This term depends on the
magnetic field only and will serve as a reference quantity. Equations (20) and (22) give the necessary information for a straight forward calculation as in
pm

=

Z

2. For strong field attenuation (δ/R ≤ 0.2) the magnetic pressure passes into pm,ref . This shows that
the published term for magnetic pressure (37) is
valid for strong field attenuation only.
3. The existence of a maximum shows that there is
in principle a possibility to optimize over δ/R in
respect to the magnetic pressure eq. (37) and the
thermal tube load respectively.
Knowing this optimum, one can express the operational frequency in eq. (7) as
f∼

R

jφ Bz dr
0

2
= µ0 Hcoil

=

Figure 9 Normalized distribution of the magnetic
pressure in relation to pm,ref depending on δ/R in
respect to the Bessel approach and the exponential
approach.

2
µ0 Hcoil
2

R

!

a
J0 (ar)J1 (ar)dr
J02 (aR) 0


1
1− 2
.
(38)
J0 (aR)
Z

Clearly, the result is of complex character although
the physically effective quantity cannot have imaginary parts. Magnetic pressure is a consequence of
directed Lorentz forces which are not always directed
inwards due to phase displacement. These oscillating
forces compensate themselves over time. Hence, the
term of interest is the real part of eq. (38)


 
2
µ0 Hcoil
C
δ
=
1− 2
,
(39)
pm
R
2
C + D2
which can easily be obtained by applying the help functions derived before. The distribution of pm /pm,ref
over δ/R is depicted in fig. 9.
As can be seen in fig. 9, the exponential approach
without field damping yields excessive values, whereas
the exponential approach with field damping yields the
same results as the Bessel approach at high power, i.e.
strong skin effect (δ/R → 0). Considering the red
curve (Bessel approach) points out three facts:
1. There is a maximum at δ/R ≈ 0.57. This value is
identical with the value for the maximum power
injection described by Herdrich [16].

1
.
σR2

(40)

Assuming a constant effective plasma radius R shows
that the higher conductivity of hydrogen compared to
oxygen plasma demands a lower operational frequency
in order to work with an optimized configuration. Using eq. (40) in eq. (5) shows that either the inductance
or the total capacity of the IPG has to be changed
(increased) in order to optimize the generator:
LCtot ∼ σ 2 R4 .

(41)

However, it is unknown how the effective plasma radius
R will behave at hydrogen operation. This is objective
to further experimental investigation.
Lorentz Force

The integral Lorentz force F~L can be generally calculated by integration of the Lorentz force density f~L
over the volume:

Z
Z

~
f~L dV = Re
F~L = Re
(~j × B)dV
. (42)
V

V

~ and H
~ instead of ~j and B
~ yields for the radial
Use of E
Lorentz force density
2
fr = µ0 Hcoil
a

J0 (ar)J1 (ar)
.
J02 (aR)

(43)

Integrating incompletely over the volume yields
#
"
Z R
a
J0 (ar)J1 (ar)rdr , (44)
Fr = c · Re
J02 (aR) 0
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2
with c = 2lπµ0 Hcoil
. This term can be expressed as

c
Fr = · Re
2

RR
0

!
J02 (ar)dr
−R ,
J02 (aR)

(45)

as shown in [10]. The complex arguments can be removed again by using some help functions:


 
c
c
AC + BD
δ
Fr = − R· 1 − 2
= − R·f
. (46)
2
C + D2
2
R
The result is negative because of the inside directed
Lorentz force. The distribution of f over δ/R is depicted in fig.10. The figure shows a maximum at

UA and hydrogen flow rate. Figure 11 shows the variations of anode power with anode voltage for a varying
H2 flow rate. Anode power increases quadratically
with UA and decreases approximately linearly with
mass flow rate. The power induced into the plasma
Pind can be estimated from PA when neutral gear operation power of the generator is assessed. This can
be done during operation without plasma load. The
power used here is lost to the components of the facility
such as, amongst others, in the form of electromagnetic
emission or the oscillator tube. Measured neutral gear
power follows a polynomial profile of 2nd order and
is as well displayed in fig. 11. The maximum power
coupled into the plasma is estimated
Pind (UA ) ≈ PA (UA ) − PA,ng (UA ).

(47)

The ”neutral-gear-power-related” efficiency ηng is
hence derived as
ηng =

δ/R ≈ 0.50. The other maximum at δ/R −→ 0 is
academic and not reached in reality in the context of
partially ionized (low temperature) plasmas. Moreover, eq. (46) shows that Fr is linear in R for constant
attenuation factors, δ/R.
B. Experiment

All experiments described below were performed using the IRS-IPG3 configuration of 5.5 coil windings
and four capacitors, which gives a nominal operational
frequency of 640 kHz. This configuration is the optimum configuration developed to be used with oxygen
as propellant. In other words, using the same configuration with hydrogen means that the IPG3 no longer
works near the optimum point which is characterized
by a maximum magnetic pressure and power induction.
In this experiment mass flow rates of 120 mg/s,
300 mg/s and 600 mg/s of H2 are investigated. The
vacuum chamber was evacuated to an ambient pressure of 25, 31 and 43 Pa under operation, respectively.
This pressure is low enough for comparison purposes
since the pressure inside the discharge tube is as high
as 265, 310 and 325 Pa, respectively. A photograph
(fig. 6) shows the generator in operation with hydrogen.
The facility is voltage controlled and during operation the anode voltage UA and anode current IA at
the resonant circuit’s triode are measured. Thus, the
energy input rate PA = UA IA can be observed. Experimental measurements of plasma arc voltage were
performed by systematically varying the anode voltage

(48)

and yields 53.7% for operation with 120 mg/s hydrogen. From the power induced into the plasma, a part
is lost to the cooling water, indicated by ηth and measured as described for the arcjet stage. The ”thermal”
efficiency of the generator with a coil of 5.5 turns in
120 mg/s hydrogen is as high as 60.6%. As mentioned
above, IRS’ IPG3 has three modes of operation. The
point of transition from capacitive to inductive discharge mode depends on ambient pressure, gas flow
rate, and on operational frequency. It has been optically observed and the characteristic shows that in the
experimental investigation presented here, the 3rd discharge mode has not been reached. The IPG3 system
has not yet been optimized for hydrogen operation.
Recent studies consider oxygen operation ([16], [10]).
However, the 3rd discharge mode is the operation
mode of choice since high anode powers can be reached
at low thermal losses. This means that the third
mode provides the highest efficiencies. The efficiency

50

Mass flow rate:

600 mg/s
300 mg/s
120 mg/s

40

Power P [kW]

Figure 10 Qualitative distribution of the Lorentz
force depending on δ/R.

PA − PA,ng
PA

Anode Power PA

30

20

Cooling Power Pth,loss
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0

0

1000

2000
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4000

5000
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Figure 11
Power characteristics of IPG3 in hydrogen plasma at various mass flow rates. Symbols
denote measured values; straight lines calculations.

8 of 10
29th International Electric Propulsion Conference, Princeton University,
Oct. 31 - Nov. 4 2005

of plasma heating ηP l , is derived as
ηP l = ηth ηng =

PP l
,
PA

(49)

where PP l is defined as the part of the power that remains in the plasma and is not lost to the coolant.
These equations lead to the powers listed in tab. 2.
According to Herdrich, this method of determining
plasma power lies within a range of precision of 20%
[16]. This was shown by means of calorimetric measurements at IPG3 at IRS. The approximate hydrogen
plasma power in IPG3 is thus calculated to 17.5 kW using the 5.5-turn coil. Note that the values presented in
tab. 2 denote the efficiency of plasma heating, i.e. the
power in the fluid related to the input power and not
thrust efficiency.
Theoretical variation shows that below a specific impulse of 700 s the frozen-flow efficiency ηf approaches
100% [9]. The plasma power can hence give a clue to
the thrust power PT as according to
PT = ηnozzle ηf PP l .

(50)

Assuming ηnozzle as high, for the inductive stage of
TIHTUS, calculations yield the values listed in tab. 3.
Note that here only the inductive stage of TIHTUS
is investigated, implying that neutral gas was injected
into the generator instead of plasma as supplied from
the arcjet thruster, as will be the case in TIHTUS.
Performance Model

The precise prediction of the temperature and velocity profile of a plasma gas leaving the plasma generator
orifice is difficult because of the uncertainties in the
physical properties of a plasma. Empirically, it is proposed that the anode power can be expressed as
PA = K1 UA2 + K2 UA + K3 ,

(51)

Table 2 Characteristic performance of TIHTUS’s
inductive stage for a coil of 5.5 turns in hydrogen
plasma.

where K1 , K2 and K3 are each linearly dependent on
hydrogen mass flow rate. The best fit values of the
anode power calculated from eq. (51) as functions of
anode voltage and mass flow rate are superimposed on
the experimental data and are presented in fig. 11 as
straight lines. The same procedure can be applied in
the calculation of thermal loss through the generator’s
cooling water. The relationship between the best fit
values was calculated from eq. (51) for all the experimental measurements of the anode power and yields
an overall error of <10%. The thermal loss is typically
between 20-30% with an overall average of 28% of the
anode power.

V. Summary and Outlook
The hybrid thruster TIHTUS, consisting of an electrothermal arcjet as a first stage combined with an
inductive HF-stage, offers the possibility of not only
increasing the specific impulse but also the thrust density. Preliminary laboratory tests look very promising.
A simple model was derived in order to estimate the
generator’s performance on hydrogen operation beforehand. Thrust measurements of the arcjet stage
yield a maximum thrust of 3.3 N and a maximum specific impulse of 1430 s with the curves showing no sign
of saturation. Hydrogen operation at the inductively
coupled stage is presented showing an efficiency of
plasma heating of 32% and a thrust of over 2.3 N is
estimated at a specific impulse of lower than 400 s.
The single inductive stage does not reach the favored (3rd ) mode of operation. The theory described
above for the IPG3 provides the possibility of optimizing coupling efficiency and by means of targeted
frequency variation in order to maximize power induction and magnetic pressure inside the tube. This is
the objective for the future as well.
Next, the two stages will be assembled and the
hybrid mode will be ignited and investigated. For diagnostic purposes, the baffle plate will be set up inside
the ground test facility.

Acknowledgements
ṁ
p∞
PA
PP l
ηP l
[mg/s] [Pa] [kW] [kW] [%]
600
43
51
4.6
8.9
300
31
47
7.8 16.5
120
25
53
17.5 32.5
Table 3 Performance prediction of TIHTUS’s inductive stage for a coil of 5.5 turns in hydrogen
plasma.

ṁ
PP l
[mg/s] [kW]
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4.6
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pinj ηf
F
Isp
[Pa] [%] [N ] [s]
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