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Abstract

The flow velocity is of significant importance in plasma
wind tunnels, because the enthalpy and hence the
chemical reaction processes in the boundary layer near
the surface consist mainly of the high velocity. In
real re-entry scenarios, the plasma is resulting from
the strong bow shock in front of the vehicle which is
again the result of the high velocity. In this paper,
a comparison is made between the theoretically es-
timated velocity from basic equations for hypersonic
flow conditions and experimentally gained velocities
using Fabry-Perot-Interferometry. This optical diag-
nostic means is used in the present investigation to
measure the translational temperature and velocity
of nitrogen atoms. Depending on the ambient pres-
sure, velocities between 1000m/s and 4000m/s have
been measured. The detectability limit is the emis-
sion spectra of the flow which is influenced by the
oxygen mass flow and the input power of the gener-
ator. Under the assumption of chemical equilibrium,
several possible comparisons are made leading to the
result that the pure nitrogen flows are considerably in
non-equilibrium.

1 Introduction

Investigations of thermal protection systems (TPS)
are currently being made by numerical calculations
and plasma wind tunnel experiments [1]. The pur-
pose of the experimental investigations is mainly to
understand the chemical behaviour of the TPS that
is used. At Institute for Space Systems (IRS), several
plasma wind tunnel concepts are in operation and they
mainly differ in their pressure and enthalpy envelopes.
According to a certain re-entry trajectory, in a plasma
wind tunnel, the chemical and thermal loads onto the
surface of the vehicle can be simulated. Figure 1 shows
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Figure 1: Simulation capabilities at IRS together with
X-38 trajectory

the envelopes together with the predicted trajectory
for the X-38. Additionally, the plasma generators can
be driven with different gas composition which is of
particular interest for the described material research.

As can be seen from Fig. 1, the enthalpy is one of the
essential values for a reliable re-entry simulation in
plasma wind tunnels. The on-stream conditions natu-
rally depend on the position of a certain probe in the
flow. In principle, total specific enthalpy of a stream-
ing gas is defined by

h = cp T +
1

2
v2 , (1)

where, cp stands for the specific heat of the investi-
gated species, T is its temperature, and v is the ve-
locity of the flow. The high enthalpy condition in the
real re-entry scenario is due to the high velocity of the
vehicle which leads to a strong bow shock in front of
the blunt nose of the vehicle. This means, the high
enthalpy condition originates from the second term in



Eq. 1. In plasma wind tunnels, high enthalpy con-
ditions are generated by expansion of a heated gas
through a nozzle. The reached velocities are much
lower than in an original re-entry case and the first
term in Eq. 1 is of importance, too. In order to in-
vestigate the high enthalpy condition, it is necessary
to know both, the velocity and the temperature of the
flow. Since the re-entry plasma flows as well as the
experimental ones are in chemical and thermal non-
equilibrium, usually the translational temperature is
chosen for calculations. In the present investigation,
the velocity at several supersonic plasma conditions is
determined using Fabry–Perot–Interferometry (FPI).
The results are compared to analytically estimated ve-
locities using Pitot pressure measurements in plasma
wind tunnels. The theoretical approach is described
and an outlook is given that the measured velocities
are below theoretical values which leads to a conclu-
sion that by using the theoretical approach a more or
less conservative estimation of velocity is possible.

2 Theory

The following paragraphs describe the theoretical
approach to estimate the local velocity followed
by the theoretical description of the Fabry–Perot–
Interferometric setup.

2.1 Pitot pressure measurements

The flow velocity v∞ of the free stream can be cal-
culated from the speed of sound a∞ and the Mach
number M∞:

v∞ = M∞ · a∞ . (2)

For the determination of M∞ it has to be distinguished
between a subsonic or supersonic flow. In the present
case of a supersonic flow, the so–called Rayleigh–Pitot
equation is used to calculate the Mach number depend-
ing on the stagnation pressure and the static pressure:
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Here, κ is the isentropic exponent. The equation must
be solved iteratively. The ratio of the pressure in stag-
nation point p0 to pressure in the flow p∞ is approxi-
mately the ratio of the measured Pitot pressure to the
chamber pressure:

p0

p∞
≈

pPitot

pch

(4)

A mean temperature between 5000 and 6000K gives a
speed of sound of 1500 m/s and an isentropic exponent

of 1.1 . The temperature range is deduced from heat
flux measurements, which allow the estimation of the
enthalpy according to Pope’s theory [2]:

h∞ ≈
qfc

K
√

pP itot

Reff

. (5)

with fully catalytic heat flux as:

q̇fc = 1.25 · q̇Cu , (6)

the effective nose radius:

Reff = 2.9 · RProbe . (7)

and the constant K=342 W/(MJ/kg · Pa0,5
· m1,5).

Furthermore, mass spectrometer measurements are
used to estimate the composition of the plasma flow.
With the enthalpies and the compositions at two dif-
ferent pressure levels of p = 1013Pa and p = 10130Pa
the mean temperature can be estimated. Putting
Eq. 3 and the definition for the Mach number together
(Eq. 2), the estimation of the velocity is possible. More
detailed explanations are given in [3].

2.2 Fabry–Perot–Interferometry

In this section the theoretical approach to estimate
the velocity using Fabry–Perot–Interferometry is de-
scribed in detail.

The experimental principle of Fabry–Perot–
Interferometry is to measure the emission of an
atomic line with very high resolution. Two mirrors
are installed at an adjustable distance through which
the light emitted by the plasma is fed (see Fig. 6). The
light enters the interferometer from one side, passes
the mirror and is reflected several times between the
mirrors before it exits the interferometer through the
other mirror. The distance between the mirrors can
be adjusted with high accuracy. In modern setups,
the mirrors are moved using piezo–electric motors and
ramp generators. The measured intensity is recorded
using oscilloscopes. When the distance of the mirrors
is n times half the wavelength of an emission line of
an atom or molecule, constructive interference occurs.
Then, on the oscilloscopes, one or more discrete
maxima can be observed. From the evaluation of
the line shape, its broadening and the shift between
the observation of two emissions under known view
angles, the velocity and translational temperature can
be estimated. The background physics are explained
in the following two paragraphs.

The thermal broadening of an emission line is

∆λT = 2λ0

√

2k Ttr ln(2)

m c2
, (8)

where k is Boltzmann’s constant, m the relative
atomic weight of the particle under investigation, c the
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Figure 2: Expected Doppler–shift for assumed ve-
locities at a nitrogen emission line of λ0 = 821nm and
varying view angle

speed of light, λ0 the centre of the emission line, and
Ttr the translational temperature [4]. The broadening
of the measured line is the addition of the so–called
instrumental broadening and the thermal broadening
leading to

∆λ2

ges = ∆λ2

instr. + ∆λ2

T . (9)

The instrumental linewidth is measured using a known
emission line. A HeNe–Laser is used and its wave-
length and broadening is measured using a wavemeter
(ATOS–Lambdameter).

In order to measure velocities, two separate measure-
ments are needed. This is pictured in Fig. 6. The ve-
locity is hence estimated by applying the Doppler–
effect. Measuring the same emission line orthogonal
to the flow direction and under a certain known angle
leads to two slightly shifted emission lines. The ax-
ial velocity vx can be estimated when the commonly
known equations for the Doppler–effect are solved
resulting in

vx =
∆λD c

λ0 cosα
, (10)

wherein ∆λD stands for the measured shift and α is
the used angle. Measurements orthogonal to the flow,
i.e. under 90◦ are not affected by a Doppler–shift.
Therefore, it can be used as the reference emission line
at λ0 [4]. The theoretically best view angle would be
in flow direction which is not feasible, therefore, an
angle of 45◦ is used.

The calculated shift for assumed velocities is depicted
in Fig. 2 using an emission line of atomic nitrogen at
λ0 = 821nm.

As can be seen, the expected difference is extremely
small. This is one of the major reasons, why a Fabry–
Perot–Interferometer has to be used. With a conven-
tional spectrometer, the resolution to extract these
small deviations is not high enough.
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Figure 3: Measured calibration emission of a HeNe–
Laser at λ = 633nm

In practise, the moving mirror plate generates the
emission lines on an oscilloscope, i.e. intensity ver-
sus time. Hence, the needed wavelength (see Eq. 10
and 8) has to be derived. By varying the distance
of the mirror plates, one or more constructive inter-
ferences of the emission line under investigation can
be measured. Usually, two lines are plotted which is
depicted exemplarily in Fig 3.

The distance between the mirrors can be measured
using a simple calliper gauge. When the emission line
is known as it is for example the case when a laser is
used, the free spectral width ∆λF is

∆λF =
λ2

0

2 d
. (11)

Here, λ0 is the known laser wavelength and d the dis-
tance between the mirrors. This calculation is inde-
pendent from the oscilloscope and its time scale, but
the distance between two constructive interferences is
the free spectral width, too, i.e.

∆λF = m2 − m1 . (12)

The two maxima m1 and m2 are read out as seconds on
the oscilloscope’s time scale. From the Eqs. 11 and 13
the seen distance in seconds can be calculated to a
real length, e.g. in meters. Usually, it is written as a
correction factor K in the form

K =
∆λF /nm

∆λF /s
. (13)

For better data analysis, the measured signal is aver-
aged and a fit using two Gaussian curves is applied.

3 Experiments

The experimental setup is divided into two parts.
Firstly, the description of the plasma wind tunnel fa-
cility and secondly, the hardware adapted for the FPI–
measurements.



4−axis (PWK2(4)) and 2−axis (PWK3)
− +

N2

CH4

2O
CO2

Ar

Air

250.000 m /h3

Thermal arc or
magnetoplasma−

Inductively
generator

6 MW

375 kW

Mechanical probes

at 10 Pa

Moveable table

Resonant circuit

Vacuum chamber

Vacuum system
Power supply

Power supply

dynamic generator

Figure 4: Schematic of the plasma wind tunnels at IRS

Table 1: Experimental conditions

No. I /A pa/Pa ptot/Pa ṁN2
/g/s

1 800 60 686 5
2 500 500 2976 5
3 500 1000 4013 5, 5

3.1 Plasma Wind Tunnels

Plasma wind tunnels are facilities for the partial recre-
ation of re–entry conditions, mainly used to qualify
thermal protection materials. In general, they consist
of a vacuum tank, a pump system for low ambient pres-
sure conditions, a plasma source to generate the high
enthalpy plasma flow, a suitable power supply system,
auxiliary components such as a gas and cooling water,
and the measurement equipment and data processing
system (see Fig. 4).

The present study has been performed in the arc
heated plasma wind tunnels PWK1(4) and PWK2(4).
Their water cooled vacuum chambers are 5 m in length
with a diameter of 2 m. Each chamber is equipped
with a 4-axis positioning system on which the various
probes for plasma diagnostic or specimen support sys-
tems can be mounted. In the coaxial thermal plasma
generator RB3 the test gas is heated up in the dis-
charge chamber by an electric arc and accelerated in
a nozzle. Since contact between the oxygen in the
test gas and the cathode has to be avoided, the air
plasma has to be simulated. Nitrogen is passed along
the cathode into the plenum chamber while oxygen is
injected at the downstream end of the anode near the
nozzle throat [5]. In order to measure and observe the
plasma as well as to optically measure surface temper-
atures of material samples, windows are mounted on
both vacuum chambers. Both tunnels are connected
to a four stage vacuum pump system that can simulate
pressures down to 10 Pa [5].

Three different conditions are investigated. The gen-
erator parameters and the measured total pressure are
presented in table 1.

Figure 5: Double probe for material investigations and
Pitot pressure measurements

Figure 6: Schematic of the Fabry–Perot–
Interferometric setup

3.2 Diagnostics

The Pitot pressure measurements were performed us-
ing a double probe which allows material tests as well
as Pitot pressure measurements in stagnation point
configuration. The probe has an outer diameter of
50 mm, while the size of the sample or the orifice for
pressure measurement is 26.5 mm (see Fig. 5).

At IRS, a Burleigh interferometer is in operation. As
described, for velocity measurements, the Doppler–
effect is used. Therefore, the emission has to be mea-
sured orthogonal and under 45◦ to the flow direction.
In order to measure the velocity in a low density flow
which necessitates a low pressure environment, a fibre
optical setup is used. The interferometer and the used
spectrometer to separate wavelengths are outside the
vacuum chamber and only a water–cooled probe is in-
stalled nearby the plasma flow. Figure 7 shows the
used probe. It consists of two lens systems. Each is



Figure 7: Probe to measure the emission lines under
90◦ and 45◦

Figure 8: Picture of the data acquisition hardware

used to image the same position in the flow, 32mm
above the probe, onto the entrance of the fibre op-
tics cable. The end of the fibre is mounted on the
entrance of the FPI. Actually, the measurements are
made separately by mounting the fibre for 90◦ and af-
ter recording the spectra, the fibre for 45◦ view angle
is mounted (see Fig. 6).

The FPI itself uses a lens to widen the beam before
it passes the mirrors. The mirrors are adjusted by
three knobs to get a homogeneous interference pattern
which strongly depends on the parallel adjustment of
the mirrors. To separate the emission, an additional
spectrometer is used for wavelength separation. The
output is finally recorded using a photomultiplier tube
of type Hamamatsu R955. The oscilloscope to be
used is a two channel storage oscilloscope (Agilent).
which allows averaging and can be read out by a com-
puter for data acquisition.

As already mentioned, the thermal arc-jet genera-
tor RB3 generates a supersonic plasma flow with an
under-expanded free stream. Hence, regions of ex-

pansion and shock fronts results in the free stream.
The flow velocity is decreasing with several discrete
velocity losses at the shock position. In the present
investigation, the position of the probe has an im-
portant influence on the velocity. A comparison can
be made when the FPI–measurements and the probe
measurements are performed at the same position.
Unfortunately, the minimum distance of the quite long
FPI–probe is 240mm from the generator’s nozzle exit.
Some measurements of interest (see Laux [3]) are at
x = 180mm. The decrease in velocity using the total
pressure probe and the Eqs. 2 and 3 leads to the as-
sumption that in between these 60mm, no significant
velocity change should be measured.

4 Results

In the following two paragraphs the results are de-
scribed.

4.1 Nitrogen Flows

The optical measurements were performed using the
atomic nitrogen emission line at λ = 821nm. Figure 9
shows an exemplary resulting plot of a measurement
under 90◦, i.e. orthogonal to the flow direction, and
under 45◦.

The diagram shows three different lines. For the un-
shifted line under 90◦, only the Gaussian fit is de-
picted. The recorded data for the view angle 45◦

is shown in grey and the fit is shown with the bro-
ken line. As can be seen, the 90◦–fit and the 45◦–fit
are shifted. This is due to the Doppler–effect. In
fact, there can be two maxima identified for each or-
der. This is due to the fact, that the atomic nitrogen
emission line at 821nm has two fine structure levels
at λ = 821, 632nm, λ = 821, 18nm. These maxima
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Figure 9: Fabry-Perot interferometric result for flow
condition 1



Table 2: Results for the three flow conditions

No. vtot / m/s vFPI/m/s TN/K
1 5263 ± 1403 3761 ± 140 9200
2 3375± 900 1875 ± 64 7100
3 2702± 721 685 ± 477 7400

can naturally be identified by a high resolution FPI–
measurement.

From the measurement of the shift the velocity can be
estimated. The broadening of the line gives the trans-
lational temperature. Table 2 shows the measured re-
sults by FPI and the estimated ones by Pitot pressure
measurements.

The deviations in the FPI–measurements are calcu-
lated from the evaluation of all four maxima. Since
the data fit is made using four Gaussian curves that
are summed to one curve (see Fig. 9), each Gaussian
curve can be moved and positioned for one maxima
of the measured data. The deviations in the theoreti-
cally calculated values are due to the uncertainties of
the estimation of the Mach number and the speed of
sound. Additionally, FPI–measurements have about
30% of error [4]. Taking into account these deviations,
the results are indeed comparable. However, there are
several possible reasons for the deviation as will be
explained below.

First, as already mentioned, at test condition 1 the
axial position is slightly different. A simple calcula-
tion using the principle of linear momentum results
in a lower velocity at a distance farther away from
the generator of about 1000m/s. So, the deviation is
probably a result of the different positions.

A second possibility can be the different experimental
estimation of the velocity. Indeed, since the line shift
resulting from the different view angle are very small
(see Fig. 2), the velocity measurement error is about
30%. But the temperature estimation is much lower
sensitive with respect to best Gaussian fit. There-
fore, the velocity additionally has been estimated using
the temperature from the FPI–measurements. Fur-
thermore, chemical equilibrium is assumed. Using
the equations 2 and 3 the velocities are 8600m/s,
4900m/s, and 5000m/s for the flow conditions 1–3,
respectively. The isentropic exponent is κ = 1, 1 and
the Mach number is taken from the total pressure mea-
surements. However, these velocities are far too high.
This indicates, that the measured temperature (from
Tab. 2 is not useful for an equilibrium calculation.

Finally, the last approach to extend the measured data
is to calculate the enthalpy from chemical equilibrium
depending on temperature. Again, the Mach numbers
are taken from the pressure measurements. Together
with the measured heat flux data, according to Mar-

vin and Pope, the enthalpy can be estimated. In
Fig. 10, the enthalpy is plotted versus temperature.

For the estimated enthalpies at flow conditions 1–3,
the resulting temperatures are 4800K, 4900K, and
5300K. These equilibrium temperatures are below the
temperatures estimated by the FPI–measurements.
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Figure 10: Calculated enthalpy assuming chemical
equilibrium as a function of temperature

This leads to the assumption that the chemical non-
equilibrium is of considerable influence. Probably, the
nitrogen atom is highly excited leading to the by FPI
measured high temperatures and hence to an underes-
timation of the velocity using chemical equilibrium as-
sumptions. The measured velocities vFPI and the cal-
culated velocities vtot assuming chemical equilibrium
from the beginning, i.e. without using the tempera-
ture measurement, leads to velocities within the error
range of the FPI–measurements.

4.2 Nitrogen-Oxygen Flows

For the investigation of material behaviour during a
re-entry flight, one is interested in air plasma. Cur-
rently, materials using silicon carbide protection lay-
ers are favoured. These materials complain differently
depending on the oxygen partial pressure and temper-
ature [3]. At certain conditions, a so–called passive to
active transition occurs ongoing with a sudden temper-
ature increase and much higher specific material loss.
At IRS, measurement techniques are in use to investi-
gate this behaviour [1]. Recent material investigations
show that the flow velocity has an influence on the
transition from passive to active oxidation and reverse.
The measurements of Laux in pure nitrogen showed
also that the rest of oxygen in the vacuum chamber
under so–called pure nitrogen conditions can trigger
these transition process. Nevertheless, the investiga-
tion of oxygen emission lines are of special interest.
Unfortunately, the used fibre optics setup could not be
used for oxygen measurements. As an additional in-
vestigation, the generator is driven with nitrogen and
oxygen is added. The plasma state changes and the ni-
trogen emission line disappears at higher oxygen mass
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flows. A real air composition has not been reached.
Figure 11 depicts the results together with investiga-
tions from Laux.

The tendency is obvious. The velocity increases due to
the higher total mass flow and the same result is seen
from the equilibrium calculations. As already con-
cluded at the three flow conditions discussed above,
the measured velocities are lower than the calculated
ones.

The effect, that the nitrogen emission line disappears
at higher oxygen mass flows, underlines the assump-
tion of highly excited nitrogen in flow conditions 1–3.
The additional mass flow results in lower excitation of
the nitrogen and hence in a lower emission.

5 Conclusion and Outlook

In this paper, a comparison is made between the-
oretically calculated flow velocities from total pres-
sure measurements and the assumption of chemical
equilibrium and Fabry–Perot–Interferometry. For the
three flow conditions the measured velocity from FPI–
measurements is lower than the theoretically esti-
mated ones. The temperatures evaluated from the line
broadening is in good agreement with the approach to
use Pitot pressure and heat flux measurements. The
measurements with varying oxygen mass flow shows
the same tendency for the resulting free stream veloc-
ity as predicted by Laux. Since the transition from
passive to active oxidation is additionally influenced by
the flow velocity, it is important to know the flow ve-
locity. In combination with the material tests of Laux

further investigations can now be performed using the
velocity measurements or the velocity estimation from
pressure measurements knowing that this velocity vtot

is slightly too high.

Further improvements could be done using better fibre

optics leading to higher efficiency of the transmission
and in consequence to the possibility to investigate for
example atomic oxygen emission lines. In supersonic
flows, it is additionally necessary to perform total pres-
sure measurements to find out the position of the shock
fronts. At these positions, where discrete changes in
all flow characteristics are present, the evaluation of
the deviations between the 45◦ and 90◦ is not feasible.
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