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Abstract—The objective of this study is to ameliorate tran-
sient heat flux measurements up to 60 MW/m2 in high en-
thalpy plasma wind tunnels. Usually so-called null-point
calorimeters are used, which means the temperature inside
a known material is measured with a thermocouple and by
solving the heat conduction problem under the assumption
of one-dimensional, semi-infinite heat transfer the surface
heat flux can be calculated. The surface heat flux in the
present case is determined by solving the inverse heat con-
duction problem of the system using a non integer identified
model as a direct model for the estimation process. There-
fore, calibration measurements using a known variable heat
flux are applied. The advantage of the system identification
process is, that critical design aspects of the sensor which
lead to significant disturbances in the assumption of one-
dimensional, semi-infinite heat conduction, are accounted
for. In the paper, a classical null-point calorimeter as well
as a new sensor design adapted for the present plasma wind
tunnel configuration are described in detail. Using finite el-
ement modelling, calculations of both sensors are presented
and the system identification procedure is demonstrated.
The amelioration of the measurements are clearly outlined,
e.g. an asymmetry in the measured radial profile using
the classical approach of one-dimensional, semi-infinite heat
conduction is not measured using the novel approach.

I. Introduction

Transient heat flux measurements are widely used in
high enthalpy plasma wind tunnel facilities [1], [2]. The
measurement principle is to record the temperature in an
appropriate material and to deduce the heat flux from in-
verse heat conduction calculation. Due to the high en-
thalpy flow condition, the essentially uncooled sensors have
to be passed very quickly across the flow diameter. There
are historically three different approaches to measure the
temperatures: coaxial surface thermocouples, thin-film re-
sistance thermometers and null-point calorimeters. The
fundamental assumption of these devices is the assump-
tion of one-dimensional solid heat conduction. The princi-
ple equation for heat conduction is given by the so–called

heat equation, which is

∂T

∂t
=

λ

ρ cp

∂2T

∂x2
(1)

assuming one-dimensional heat flux with constant mate-
rial conditions of density ρ, specific heat capacity cp and
thermal conductivity λ [3]. If a homogeneous tempera-
ture between the probe surface and the measurement lo-
cation during the experiment can be assumed, the thin-
film theory is applied and equation 1 can be solved an-
alytically [3]. In contrast, the thick-film theory means
that it is assumed that the temperature at the opposite
end of the surface which is exposed to the heat flux rests
constant throughout the experiment which corresponds to
semi-infinite behaviour and leads also to an analytical so-
lution of equation 1 [3]. Usually, the thin-film theory is
applied to resistance thermometers and the thick-film the-
ory to surface thermocouples and null-point calorimeters.
In order to characterise the plasma flow, the radial pro-
file of heat flux has to be measured which is only ap-
plicable to sensors according to the thick-film theory [4].
However, because of practical model design constraints, of-
ten the semi-infinite, the one-dimensional, or both condi-
tions are not met. Additionally, as in the present case
when very high heat fluxes are expected, essentially nec-
essary isolation material of the coaxial thermocouple de-
sign poses an additional problem, although the sensor is
moved very quickly across the plasma flow. Furthermore,
the thermocouple’s junction never reaches a homogeneous
temperature level during exposure time, which means that
the measured signal does not correspond to a temperature
usually calculated from the Seebeck–effect together with
known thermocouple material behaviour. Moreover, the
positioning of the thermocouple has to be known exactly
in order to calculate the heat flux correctly using semi-



Fig. 1. Huels–type arc jet generator used to build up JP200

infinite one-dimensional heat flux assumptions. Hence, the
extent of these techniques to high enthalpy as well as high
pressure environments, where heat fluxes in the range of
several tens of MW/m2 at pressures of several tens of bars
are expected, have to be further investigated. Due to the
fact, that modern data acquisition rates as well as sophis-
ticated data analysis methods show promising efforts, the
present paper deals about a reconsideration of the null-
point calorimeter and it will be shown that it permits a
significant amelioration of the rather classical heat flux
measurement technique. In particular, the constraints of
the positioning of the thermocouple and its response time
are not of importance using this new method.

The basic approach of this project is to calibrate the
sensor by applying a known heat flux to the surface and
to measure the response signal of the thermocouple. A
modulated laser source which is seen as a calibrated ra-
diation heat flux permits to modulate the heat flux and
hence allows to identify the effects resulting from non-ideal
one-dimensional and semi-infinite behaviour. The problem
of this method is that the heated surfaces during calibra-
tion and during experiment naturally differ. Thus, basic
calculations to quantify this effect are necessary.

The following section introduces in experimental aspects
of supersonic plasma wind tunnel testing followed by a de-
scription of the sensors to be used. The following descrip-
tion of the theoretical work that has been done leads to
the results evaluated from plasma wind tunnel testing pre-
sented in the successive section. A conclusion summarises
the results.

II. Plasma wind tunnel JP200

The plasma wind tunnel named JP200 in operation at
EADS-ST (European Aeronautic Defence and Space Com-
pany – Space Transportation) consists of four crosswise ar-
ranged arc-jet generators [5]. Each plasma generator is a
so-called Huels–type [6] plasma generator. Figure 1 shows
a cross-sectional view of the rotation-symmetric arc heater.
The main characteristics of these types of generators are
the hollow cathode and anode made of copper which is
water-cooled to withstand the heat loads of the arc. The
driver gas, in the present case atmospheric air, is injected
radially right after the upstream positioned cathode in a
mixing chamber. The radial injection assures good mixing

Fig. 2. Front view of the experimental setup

with the swirling arc and additionally protects the anode
from arc attachment. All four plasma flows are mixed in a
separate mixing chamber before expanded through a nozzle
into the atmospheric environment of the laboratory.

Usually, there are two different testing configurations ap-
plied depending on the requirements: for stagnation point
testing a converging-diverging nozzle with a circular aper-
ture is mounted. For other angles of incidence, there is
also a squared tube applicable, but the present investiga-
tion concentrates on stagnation point testing. Figure 2
shows a front view of the nozzle exit together with a heat
flux probe in the centre as well as a material sample on the
left side.

The order of magnitude of the testing conditions are
stagnation pressures of up to 60 bar (6·106 Pa) with a mean
mass specific enthalpy up to 20MJ/kg. The overall dimen-
sions of the plasma flow are 30mm in diameter and about
3m in length. The platform with the mounted sensors and
probes can be moved with a velocity of up to 1m/s across
the flow. The heat flux sensor to qualify the flow condition,
passes the flow quickest possible, while recording a lateral
beam profile. Together with the mentioned flow dimension,
a profile is recorded in 0.03 s. In the following, the radial
profiles are always plotted over time which in fact directly
corresponds to the local position with respect to the axis
of symmetry of the plasma plume and is advantageous for
a comparison with the numerical calculations. The super-
sonic flow condition leads to a bow shock in front of the
probe. Therefore, it has been assumed up to now that the
sensors are almost only affected at their tip region.

III. Heat flux sensors

Two different heat flux sensors are intended to be used
in the plasma wind tunnel, whereas the second one is a new
development resulting from difficulties using the known
sensor at EADS-ST. In the following section, both sensors
are described.

A. Conical heat flux sensor

The well established sensor used by EADS-ST is shown
in figure 3. It consists of a rather big cupper part, with
conical flanks and a spherical tip (see figure 4). The tip
itself is originally manufactured as a separate part. The
heat flux sensor is then revised after the tip has been in-
serted to finalise the spherical form. The advantage of such
a two-piece design is that the positioning of the thermo-



Fig. 3. Photography of the heat flux sensor used at EADS-ST
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Fig. 4. Cross-sectional view of the heat flux gauge, the tip is enlarged
to show the details

couple, which is of essential importance as will be shown
later on, can be carried out properly before it is inserted in
the bigger part. Furthermore, an additional air gap shall
strengthen the assumption of a one-dimensional behaviour.

When the heat flux sensor passes the supersonic plasma
flow, a bow shock at the tip builds up. From numerical flow
and heat transfer calculation, it is shown that the assump-
tion that only the tip region is affected fails. In contrast,
the heat flux attaining the surface is a strong function of
the probe radius. The results from the calculations are
shown in figure 5 [7].
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Fig. 5. Heat flux distribution along the radius of the conical heat
flux sensor

Figure 6 shows the model that is used to calculate the
heat conduction using finite element modelling techniques
(Femlab). Although the whole sensor has been modelled,
only the critical part at the tip is shown in the figure. As
can be seen, it is a very detailed model including the ther-
mocouple wire, isolation, and fitting adhesive. The mate-
rial constants are taken from databases [8]. Under the as-
sumption of a maximum heat flux at the tip of 60MW/m2

and the distribution shown in figure 5, the temperature
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Fig. 6. Finite element model of the conical heat flux sensor

response at the location of the thermocouple has been cal-
culated (see figure 7) and compared to a heat flux that only
affects the spherical nose of the sensor. It can be seen that
even for very short measurement times the heat fluxes on
the conical parts play a role in the measured temperature
near the tip of the sensor. For not more than 0.015 s, both
sensors show the same behaviour. The reason for this influ-
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Fig. 7. Calculated temperature signal for a maximum heat flux of
60MW/m2 and the distribution according to figure 5 in compar-
ison with a constant heat flux at the spherical tip of the sensor

ences, that for even very short times a discrepancy occurs,
is most probably the high conductivity of copper. Finally,
this problem led to the development of a new cylindrical
heat flux sensor to avoid these radial heat fluxes. Since the
conical sensor is well established at EADS-ST, the work
with it has been continued. The new analysis method is
applicable to this sensor design as well.

B. Cylindrical heat flux sensor

In order to minimise the influences on the temperature
signal due to the geometrical form of the conical sensor dis-
cussed in the previous section (see Fig. 7), a new cylindrical
probe design has been developed. Besides the advantage
that the outer form is cylindrical which assures pure stag-
nation point configuration, the main advantages are that
the smaller diameter allows a higher spatial resolution and
as will be explained in this paragraph the positioning of the
thermocouple is accurately possible using a ceramic tube,





The identification procedure is as follows. The measured
signal Y (t) at time t differs from the real one by an error
e(t) which is written as

Y (t) = y(t) + e(t) . (5)

Applying the transfer function 4 leads to

DM0/2Y (t) =
L∑

n=L0

βn Dn/2ϕ(t)

−
M∑

n=M0+1

αnDn/2Y (t) + ε(t), (6)

where the residue ε(t) is a function of the fractional deriva-
tive of the order of 1/2 of the error of the measurement

ε(t) =
M∑

n=M0

αnDn/2e(t) . (7)

Rewriting equation 6 leads to a linear regression formula-
tion of the form

DM0/2Y (t) = H(t)θ + ε(t) (8)

where
H(t) = [−D(M0+1)/2Y (t) ...

−DM/2Y (t)DL0/2φ(t) ... DL/2ϕ(t)] (9)

and
θ = [αM0+1 ... αMβL0 ... βL]T . (10)

During data acquisition K + 1 discrete values are recorded
for (K + 1) constant intervals ∆t. The linear regression
(eq. 8) is hence

DM0/2YK(t) = HK(t) θ + EK (11)

where the measured temperatures Y (t) becomes a vector
YK(t) = [Y (t)(Y (t + ∆t) ... Y (t + K∆t)] and the equa-
tions 9 and 7 become also a matrix and a vector respec-
tively. In order to solve this system for the unknown vector
of paramters θ, equation 8 is solved for theta to the problem

θ = (HT
KH)−1HT

KDM0/2YK . (12)

Varying the parameters αi and βi to best fit the measured
data to the known heat flux results in an identified system.
Of course, better results with respect to the calculation
are gained when different times of heating are considered,
because for different times different effects occur like for
example the inertia of the thermocouple for short times or
the multidimensional behaviour for longer times. There-
fore, the laser source is modulated. Since the measurement
time in the present case is very short (up to only 0.03 s), a
frequency modulation up to 350Hz is necessary to include
thoroughly all effects, which is provided by the diode laser
in use [10].

The fractional derivative unfortunately leads to an in-
crease of a usually present measurement error [13]. There-
fore equation 4 is modified using the fact that integrating
a function f(t) is an inverse differentiation,

Iνf(t) = D−νf(t), (13)

but integration has the advantage that the measurement er-
ror is not increased during calculation. Using equation 13,
equation 4 is simply changed by inverting the sign of the
order of the derivation leading to

M∑
n=M0

αn D−n/2 T (t) =
L∑

n=L0

βn D−n/2ϕ(t) (14)

with αM0 = 1.
In order to calculate the fractional integration, an al-

gorithm following the method of Grünwald is applied,
which is in principle a discretisation with a constant inter-
val ∆t leading to an approximation of the derivation of a
function f(t) in the form

Dνf(t) =
1

∆tν

K∑
k=0

(−1)k

(
ν
k

)
f((K − k)∆t) (15)

where (
ν
k

)
=

ν(ν − 1) ... (ν − k + 1)
k!

. (16)

For large amounts of data points, i.e. a high number K
as it is the fact in modern data acquisition systems, the
described algorithm is slightly adapted. The parameter
vector θ is estimated at time t from its precedent values
t − 1. This recursive formulation

θ(t) = θ(t − 1) + L(t)
[
I−1/2Y (t) − H(t)θ(t − 1)

]
(17)

where

L =
P(t − 1)HT(t)

λ(t) + H(t)P(t − 1)HT(t)
(18)

and

P(t) = P(t − 1) − P(t − 1)HT (t)H(t)P(t − 1)
λ(t) + H(t)P(t − 1)HT (t)

(19)

with the initial values P = 106 E and θ(0) = 0 permits that
large numbers of values can be treated with conventional
user memory because only the data currently in use is taken
from the data file. The factor λ(t) is chosen to 1, which
means all measurements are weighted equal.

The important choice in this procedure is the number of
parameters to use. In general, the less parameters are used,
the faster the results are obtained. Usually a quantity of 3
to 5 parameters is sufficient [10].

A. Application

Due to the fact that the hardware is not available up
to now, a simulation of the calibration process using the
finite element model has been set up. Calculations have



been performed simulating a modulated heat flux on the
spherical tip of both probes. The heat flux as well as the
resulting (calculated) temperatures are shown in figures 10
and 11 for both the conical and the cylindrical probe de-
sign, respectively. A noise of 10% of the calculated values
has been added to account for expected measurement noise.
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Fig. 10. Simulated variable heat flux together with the calculated
temperature for the conical sensor design and the identified tem-
perature
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Fig. 11. Simulated variable heat flux together with the calculated
temperature of the cylindrical sensor design and the identified
temperature

Note, that the surface area of the conical sensor to be
heated to calibrate the conical sensor strongly affects the
measured signal (as shown in figure 7) while the cylindrical
sensor is calibrated with a heat flux imposed to the sur-
face that will also be affected by the plasma during plasma
wind tunnel testing. Thus, the results of the cylindrical
sensor are much closer to the application case. Compar-

ing the results, it can be seen, that both sensors response
fastly to the imposed heat flux as necessary for the short
measurement time available. The response of the conical
sensor is even faster than that of the cylindrical one which
is an effect of the closer positioning of the thermocouple to
the surface inside the conical sensor. Due to the smaller
probe diameter, the resulting temperatures are higher for
the cylindrical sensor than for the conical one.

The application of the explained procedure presented
above leads to the estimation of the parameters αn and
βn for a number n to be chosen. For the conical sensor,
five parameters are used to identify the system. The iden-
tified model is

(0.0009 D−1.5 + 0.0011D−1)T (t) =
(31.0712 D−1.5 + 26.3745 D−1 + D−0.5)ϕ(t) .

(20)

In case of the cylindrical model, more parameters are nec-
essary to account for the lower response time of the system.

(0.3074 D−3 − 0.02475D−2 + 0.00059D−1

−1.02 · 10−5D−0.5 + 3.78 · 10−8)T (t) =
(−17.9 D−2 − 191.89D−1 + 1)ϕ(t) .

(21)

In figures 10 and 11, both signals are plotted. As can be
seen, the identified curves are in good agreement with the
calculated temperature from the finite element modelling.
There are minor discrepancies for certain time steps. It
is however expected that using the real sensors and the
experimental values with its corresponding measurement
uncertainties, these discrepancies will have a negligible im-
pact.

In order to measure an unknown heat flux from the mea-
sured temperature, the impulse response is calculated. Fig-
ure 12 shows the impulse response for the conical sensor.
Knowing the impulse response, the sensor can be used to

0 0.02 0.04 0.06 0.08 0.1
0

1

2

3

4

5

6
x 10

�7

time / s

Fig. 12. Impulse response of the conical sensor design

calculate any heat flux from a recorded temperature sig-
nal. Using the described system identification procedure,
the measured signal (in V ) will be used as the input signal



to calculate the heat flux since the mounted thermocouple
junction of the sensor never attains a homogeneous temper-
ature level. Furthermore, the effects of thermal resistance
due to the sensor design and misalignment of the thermo-
couple are taken into account using this approach.

V. Results

There have been up to now only experiments using the
conical heat flux sensor and the usually applied data ac-
quisition. Hence, the required high data resolution is not
yet reached. The recorded temperature while passing the
supersonic plasma jet is shown in figure 13 for one plasma
wind tunnel experiment. Again, the plots presented here
are plotted as a function of time. This corresponds directly
to the local position with respect to the axis of symme-
try of the plasma flow. Using the identified model (from
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Fig. 13. Thermocouple data during JP200 run

figure 10), a radial heat flux profile is obtained from the
temperature data as shown in figure 14. The figure shows
also the result assuming one-dimensional, semi-infinite be-
haviour. It can be seen that an almost homogeneous
plateau of 60MW/m2 is obtained. Such a plateau corre-
sponds well to common theory of turbulent supersonic free
jets when measuring close to the nozzle exit. It becomes
furthermore clear that the border of the heat flux profile
is not very well resolved. This is due to the lack of data
points recorded during data acquisition. As can be seen
in figure 13, the strong gradient at maximum temperature
(around 325 ◦C) is resolved with only 7 data points. As
explained in the theoretical section, the algorithm calcu-
lates the heat flux using continuously 2 points in order to
calculate the next point. However, the resolution of the re-
sults is again rather low. Therefore, future experiments are
to be performed with a higher data acquisition rate using
for example a fast oscilloscope. Nonetheless, in compari-
son with the heat flux under one-dimensional, semi-infinite
assumptions these preliminary results using a theoretically
calculated calibration based on the finite element model
already show the amelioration of this method. It can be
seen from figure 14 that the mentioned asymmetry assum-
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Fig. 14. Comparison of the new data analysis using system identifi-
cation procedure together with common one-dimensional, semi-
infinite heat flux

ing one-dimensional conduction of heat dissapears using
the evaluation method applying the system identification
procedure. The heat flux level of the results under one-
dimensional, semi-infinite heat conduction assumption is
though not reached with the new approach. But this could
be a result of the mentioned unknowns in the sensor de-
sign. For example the exact position of the thermocouple
inside the heat flux gage is not precisely known. As men-
tioned above, a misalignment of 0.05mm would lead to an
error in heat flux estimation of around 20%. The difference
in the shown result (figure 14) corresponds to a difference
of 23% with respect to the one-dimensional, semi-infinite
approach, so that it can be concluded, that possibly by
applying the one-dimensional, semi-infinite approach, the
heat flux is overestimated.

VI. Conclusion

This paper deals about an approach to ameliorate heat
flux measurements in high enthalpy plasma wind tunnel ex-
periments. The inverse heat conduction problem is solved
using a non-integer identified model as a direct model for
the estimation procedure. The usually applied sensor is de-
scribed and from calculation using finite element modelling,
its advantages and its defaults become obvious, for exam-
ple, the outer form has a significant influence on the ther-
mocouple data and the up to now applied one-dimensional,
semi-infinite heat conduction theory hence lead to measure-
ment errors. Therefore, a new sensor design is proposed
which can be more easily calibrated.

The calibration as well as the system identification pro-
cess are described in detail and for both sensor designs a
calibration is performed using results from the calculation
with finite elements, since the calibration measurements
are not yet performed. It is demonstrated that the new
data analysis method leads to a significant amelioration in
heat flux measurements, such that reasonable radial heat
flux profiles are calculated. The main advantages of the
new approach are that unknowns of the sensor, i.e. posi-
tioning and response time of the thermocouple, are taken



into account without the need to measure them explicitly,
which is well emphasised from the presented results.

VII. Acknowledgments

The authors would like to thank EADS-ST and CEA-
CESTA for the financial support. They also greatfully
acknowledge the funding of this work through the Atmo-
spheric Rentry Association (ARA).

References

[1] Gülhan, A., Esser, B., del Vecchio, A., Löhle, S., Sauvage, N.,
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[10] Battaglia, J.-L., Méthodes d’Identification de Modèles à
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