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Abstract
The thermal arc generator RB3 flows were characterized by laser absorption spectroscopy
and Pitot probe measurement. Firstly, translational temperature and flow velocity distributions in
an argon flow were deduced from measured absorption profile of ArI 772.42 nm. The averaged
specific enthalpy and plasma power for TPS test region was estimated as 3.72±0.48 MJ/kg,
1.77±0.68 kW, respectively. Next, an air flow was diagnosed using OI 777.19 nm line. The specific
enthalpy on the axis was estimated from the deduced temperature, Mach number and
thermo-chemical equilibrium assumption in the plenum. As a result, the specific enthalpy, the
degree of dissociation in oxygen and nitrogen were estimated as 11.1±1.8 MJ/kg, 88.5 % and 3.8 %,
respectively.
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1. Introduction
In developing thermal protection systems (TPS)
for reentry vehicles, arc-heaters are widely used to
simulate such high enthalpy flows because it has a
simple and rugged structure, long operational time and
relatively ease of maintenance 1, 2).
In conventional passive TPS tests, atomic oxygen
has been found to play important roles through
heat-flux enhancement by catalytic effects and
active–passive oxidation of TPS surfaces 3,4). However,
their exact flow conditions are mostly unknown
because they are usually in strong thermo-chemical
non-equilibrium. Although nonintrusive spectroscopic
methods such as emission spectroscopy and laser
induced florescence spectroscopy have been actively
applied to the characterization of such high enthalpy
flows, it is still difficult to measure the chemical
compositions by these spectroscopic methods 5).
Recently, electromagnetic flow control has got an
attention as active TPS 6, 7). This system utilizes the
electromagnetic effect from on-board magnetic source
to reduce aerodynamic heating and increase
aerodynamic drag. Currently as a basic research,
influence of a magnetic probe on a weakly ionized
argon flow generated by an arc-heater has been
experimentally and numerically studied 8-10). Then,
flow conditions are essential for such research.
In this study, laser absorption spectroscopy
(LAS) and Pitot probe were applied to the thermal arc
generator RB3 to characterize argon and air flows.
The specific enthalpy and degree of dissociation in
oxygen and nitrogen were estimated.

2. Experimental Procedure
2.1 Thermal arc generator RB3
The thermal arc generator RB3 was developed at
the Institut für Raumfahrtsysteme (IRS) at the
University of Stuttgart 11). Figure 1 shows a schematic
of the RB3. The RB3 has a bi-throat design. The
nitrogen is supplied from the base of the cathode made
of 2 % thoriated tungsten. On the other hand, the
oxygen is injected at the downstream of the anode
towards the nozzle throat to prevent the cathode from
oxidation. In order to reduce anode erosion, an axial
magnetic field is applied by a coil to move an arc spot
rapidly around.
Two kinds of working gases were used; argon
and air. Here, the air was simulated with
nitrogen and oxygen. The operation conditions are
listed in Table 1.

Fig.1 A schematic of thermal arc generator RB3.

Table 1 Operation conditions.
Argon
Air
Working gas
Ar 5 g/s
N2: 2.4 g/s
O2: 0.6 g/s
Input power
16 kW (650 A) 65 kW (800 A)
Plenum pressure
19.4 kPa
23.6 kPa
Ambient pressure
255 Pa
258 Pa

2.2 Laser absorption spectroscopy
In our experimental condition, Doppler
broadening is several gigahertzes, which is two orders
of magnitude greater than all other broadenings,
including natural, pressure and Stark broadenings 12-13).
The absorption profile k(ν) at the laser frequency ν is
approximated as a Gaussian profile, expressed as,
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Here, ν0 is the center absorption frequency and K
is the integrated absorption coefficient.
ΔνD is the full width at half maximum of the
profile and is related to the translational temperature T,
expressed as
2kBT
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where m, c and kB represent the mass of absorbers,
velocity of light, and the Boltzmann constant,
respectively.
νshift is the shift of the center absorption frequency
by Doppler shift and is related to the flow velocity u,
expressed as,
ν shift =

u ⋅ν 0
cos θ ,
c

(3)

where θ is the incident laser beam angle to the flow.
Figure 2 shows a schematic of the LAS
measurement system. A tunable diode-laser with an
external cavity (Velocity Model 6300, New Focus,
Inc.) was used as the laser oscillator. Its line width is
less than 300 kHz. The laser frequency was scanned
Collimate lenz,
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over the absorption line shape. The modulation
frequency and width were 1 Hz and 30 GHz,
respectively. The laser intensity was sufficiently small
to avoid the influence of absorption saturation 14). An
optical isolator was used to prevent the reflected laser
beam from returning into the external cavity. An
etalon was used as a wave-meter. Its free spectral
range was 0.75 GHz.
The probe beam was guided to the chamber
window through an optical fiber. The fiber output was
mounted on a one-dimensional traverse stage to scan
the flow in the radial direction. The probe beam
diameter was 2 mm at the chamber center. To reduce
plasma emission, transmitted laser intensity was
measured at 3 m away from the plume using a photo
detector (DET110/M, Thorlabs, Inc.) with a 2-mm
pinhole and a band-pass filter whose full width at half
maximum was 10 nm. A parabola mirror allowed
scanning of the plume without synchronizing the
detector position with the probe beam position.
Signals were recorded using a digital oscilloscope
(NR-2000, Keyence Co.) with 14-bit resolution at the
sampling rate of 20 kHz. The target lines were those
of argon at 772.42 nm and atomic oxygen at 777.19
nm.
2.3 Pitot probe
The Pitot probe developed at IRS was used to
measure the Mach number. Figure 3 shows a
schematic of the Pitot probe. This probe is
geometrically similar to the material support system
for TPS tests. This is so-called European standard
geometry; the outer diameter of 50 mm and
corresponding on material sample diameter of 26.5
mm 11).
The ratio of the Pitot pressure pPitot to the ambient
pressure pamb is related to the Mach number M by
Rayleigh supersonic Pitot formula, expressed as
γ

Optical stage

Va cuum
Chamber

Safety tube

Bema splitter
Fiber
coupler

Isolator
Glow tube
PD

Etalon

PD

Laser

Mirror

Prabora mirror
with BPF and PD

Laser controller
Function generator
Ochilloscope

Fig.2 LAS measurement system.
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where γ is the specific heat ratio. Figure 4 shows
calculated Mach number as a function of the
pressure ratio for the various specific heat ratios.
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Fig. 3 A schematic of Pitot probe.
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3. Results and Discussion
3.1 Argon flow diagnostics
Figure 5 shows a photo of the argon plume. The
measured plane was 100 mm away from the nozzle
exit. The incident laser beam angle to the flow was
85.2 degree. The eight absorption signals were
measured every 3 mm in the range of 0<x<42 mm.
Here, x is the distance between the flow axis and the
laser path. Typical absorption signals in the flow and
the glow tube and etalon signal are shown in Fig.6.
Because the measured signals are composed of
path-integrated absorption coefficient, Abel inversion
was applied to obtain the local absorption coefficient.
When axisymmetric distributions of flow properties
are assumed, the absorption coefficient is obtained by
the Abel inversion as,
π∫
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Fig. 6 Typical transmitted laser and etalon signals.

Fig. 4 Mach number as a function of the pressure
ratio for the various specific heat ratios.
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Here, r is the radial coordinate and the R is the plume
radius. The absorption coefficients are dependent on
the frequency. Then the Abel inversion should be
conducted frequency by frequency. Here, after

curve fitting to the path-integrated absorption profiles,
the absorbance is extracted every 0.05 GHz from the
fitted curves, and then the absorption profile is
calculated by numerical integral 15).
Figure 7 shows deduced temperature and the
velocity distributions from measured broadening
width of the profile and the shift. On the axis, both
distributions have peak values of 4414 K and 3190
m/s, respectively.
In this experimental condition, the degree of
ionization would be so small that the chemical
potential is neglected and the specific heat ratio at the
constant pressure Cp is assumed almost constant for
the variation of temperature. Thereby, the specific
enthalpy h is expressed as,
1
h(r ) = C pT (r ) + u(r )2 .
2

(6)

The plasma power P is defined as,
P(r ) =

∫

r

2π r ρ (r )u (r )h(r )dr ,

(7)

0

where ρ is the density expressed as ρ =pamb/kBT.
4000
Velocity

3000

Measured plane

2000

85.2º
100mm

Temperature, K

1000
0

5000
Temperature

2500

0

0

10

20

30

40

Radial position, mm
Fig. 5 Photo of the argon plume.

Fig. 7 Temperature and velocity distributions.
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composition in the discharge part was calculated by
assuming thermo-chemical equilibrium. In the
calculation, the following 11 chemical species were
considered: N2, O2, N, O, NO, N2+, O2+, N+, O+, NO+,
and e–. Their equilibrium constants were obtained
from Ref. 16. In addition, the specific heat at a
constant pressure, the gas constant and the specific
heat ratio were computed as the sum of the
contributions of all species. Figure 11 shows the
calculated mole fraction and specific enthalpy as a
function of the total temperature. The deduced
temperature by Eq. (9) was 5350 K.
As a result, the estimated specific enthalpy, the
degree of dissociation in oxygen and nitrogen were
11.1±1.8 MJ/kg, 88.5% and 3.8 %, respectively.
0.14

Fig. 8 Specific enthalpy and plasma power distributions.

3.2 Air flow diagnostics
Figure 9 shows measured absorbance on the axis
at 100 mm from the nozzle exit. In the air flow, the
absorption signal was too small to be detected off-axis.
Then, the profile on the axis was analyzed without
Abel inversion. The deduced temperature from the
line broadening was 3237±303 K. Here, the error was
the standard deviation of eight profiles.
Since there was not stationary atomic oxygen
source, the velocity was estimated from the measured
Mach number by the Pitot probe using.
u = M γ RT .

Absorbance -LN(I0/I)

Figure 8 shows distributions of the specific enthalpy
and the plasma power. The averaged specific enthalpy
and plasma power for the TPS test region (r<13.25
nm) were 3.72±0.48 MJ/kg and 1.77±0.68 kW,
respectively. This value corresponds to 10.9 % of the
input power.
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Fig. 9 Measured absorbance and a Guass fit.
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Figure 10 shows measured Pitot pressure
distributions and deduced Mach number distribution
using Eq. (4). The Mach number on the axis was
estimated as 1.94.
The specific enthalpy and degree of dissociation
in oxygen and nitrogen were estimated as follows.
Assuming an isentropic expansion and chemically
frozen flow between the plenum and the plume, the
total specific enthalpy is estimated as,

0

∫
=∫

h=
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0
T

0
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1
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2
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.
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Here, T0 is the total temperature and hchem is the
chemical potential. Since the total pressure measured
in the plenum was as high as 23.6 kPa, the chemical
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where, R is the gas constant.
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Fig. 10 Pitot pressure and deduced Mach number
distributions.
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4. Conclusions
The thermal arc generator RB3 flows were
characterized by laser absorption spectroscopy and
Pitot probe as follows.
(1) In the argon flow, the translational temperature
and the flow velocity distributions measured by
LAS using ArI 772.42 nm line have peak values
of 4414 K and 3190 m/s on the axis.
(2) The averaged specific enthalpy and the plasma
power for the TPS test region were estimated as
3.72±0.48 MJ/kg and 1.77±0.68 kW, respectively.
This value corresponds to 10.9 % of the input
power.
(3) In the air flow, the absorption signal of OI 777.19
nm line was detected only on the axis resulting in
the deduced temperature of 3237±303 K.
(4) The Mach number measured by Pitot probe was
1.94 on the axis.
(5) The specific enthalpy, degree of dissociation in
oxygen and nitrogen on the axis were estimated
as 11.1±1.8 MJ/kg, 88.5 % and 3.8 %,
respectively.
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