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HEAT FLUX SENSOR AND SYSTEM WITH A HEAT FLUX SYSTEM

The invention relates to the heat flux sensor with the features of claim 1. The invention also

relates to systems with the features of claim 14 and 15.

The present invention results from the need for millimeter scale heat flux sensors, which are

chemically resistant, mechanically robust and have a low - if possible negligible - thermal inertia.

These heat flux sensors should be reliable even when the incident heat flux has a non-uniform
distribution over the heat flux sensor surface (i.e. local variation of the incident heat flux) and / or
when the temperature distribution in the heat flux sensor is asymmetric e.g. an axisymmetric sensor
1s not centered with respect to the heat flux source, resulting in a non-symmetric heat flux field
with respect to the sensor axis. For instance, different heat flux distributions with possibly primary

and secondary local maxima can be generated by a flame-jet impinging on a surface.

Referring now to ig. 1 which schematically shows a generic heat flux sensor 100 and its insulator
5, the heat tlux sensor 100 is flush-mounted with a ceramic material as external environment 6.
Flush-mounted in this context means that the surface of the ceramic material composing the
external environment 6 and the surface of the heat flux sensor 100 are essentially at the same level

(z=20).

In the evaluation of the thermal stresses produced by a heat source, e.g. a flame-jet, the absorbed
heat flux is an important quantity as the resulting stresses are proportional to the thermal expansion
mismatch. In Fig. 1, two heat flux distributions (g, and g,) that could be produced by the flame-
jet are schematically shown. For the purpose of the example, the two distributions are axisymmetric
and lead to the same area averaged heat flux on the surface of the heat flux sensor () such that Eq.
I:

R

1 (% 1
1= ra0dr =z [ ra wan, &
0 0

holds. However, the shape of the distributions differs in both cases (i.e. 37,7 € [-R,R] Aq. (1) #
q, (7)) leading to two different temperature distributions in the sensing element of the generic heat

flux sensor 100. An ideal sensing element, part of the heat flux sensor 100 produces a signal

1
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proportional to g, i.e. the same when exposed to g, g, or any other distribution which average

leads to g.

In the following, the performances of some known heat flux sensors (i.e. slug-calorimeter, water
cooled calorimeter, Gardon gauge, transverse heat flux sensor, thermopile and thin film sensors)

with respect to the preceding problem are briefly reviewed.

Slug calorimeter: (e.g. P. R. N. Childs, J. R. Greenwood, and C. A. Long. "Heat flux
measurement techniques." Proceedings of the Institution of Mechanical Engineers, Part C:
Journal of Mechanical Engineering Science 213.7 (1999): 655-677.)

A transient sensor, such as the slug-calorimeter, cannot be considered for the measurement of the
heat flux to the ceramic material 6 due to the time resolution of the data acquisition required
(especially at high heat flux on a substrate with a low thermal conductivity) and complications
thereof. Moreover, no insight in the heat flux at steady state is provided by such a sensor, which

limits its application to transient phenomena.

Water calorimeter: (e.g. ASTM E422 - 05(2011) Standard Test Method for Measuring Heat Flux
Using a Water-Cooled Calorimeter)

A water cooled calorimeter is also discarded: to minimize the uncertainty of the measurement, a
highly conductive material (i.e. copper or any other material with a high thermal conductivity) is
used for the sensor. Additionally, an intense heat sink is connected to its back. Therefore the sensor
will greatly modify the temperature distribution in the external environment 6 and the measured
heat flux is unlikely to represent the one on the refractory material 6 in the absence of the sensor,

which is the quantity of interest.

Gardon gauge: (Robert Gardon. "An instrument for the direct measurement of intense thermal
radiation.” Review of Scientific Instruments 24.5 (1953): 366-370.)

A Gardon gauge is completely built from thermoelectric materials, without additional insulating
elements to separate its thermoelectric junctions. This gauge is however sensitive to lateral
temperature gradients and will produce a different signal when exposed to the two heat flux
distributions (g, and g,) presented in Iiig. 1 - despite both result in the same area averaged heat
flux (§) and should lead to the same sensor signal. The differential thermocouple signal (i.e. sensing

element signal), transmitted by the two lead wires, does not allow the measurement of its
2
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thermoelectric junctions independently, hindering a correction of its sensitivity with respect to
temperature. Due to its sensitivity to lateral temperature gradients, this gauge requires extreme care
when applied to convection (or mixed heat transfer problems) and is discarded for the evaluation

of the heat flux to the ceramic facing the flame-jet.

Transverse heat flux sensor: (e.g. Th. Zahner, R. Forg and H. Lengfellner. "Transverse
thermoelectric response of a tilted metallic multilayer structure.” Applied Physics Letters 73.10
(1998): 1364-1366.)

A transverse heat flux sensor is robust and can be manufactured thin enough, to prevent
disturbances in the temperature distribution of the refractory material. However, similarly to the
Gardon gauge, it will produce a different signal when exposed to the two heat flux distributions
(Fig. 1). Moreover, for each distribution (q: and q2), the sensor will produce a different signal when
moved by +Ar with respect to its centered position (r = 0, z =flush-mounted). This is due to its
anisotropic thermoelectric properties which results in an asymmetric behavior (i.e. its anisotropic
thermal conductivity results in an asymmetric temperature distribution and thus in two different
signals as moved by +Ar.). The transverse heat flux sensor is therefore not suited for this flame-

impingement heat transfer study.

Thermopile: (e.g. Andrew R. Gifford et al. "Durable heat flux sensor for extreme temperature and
heat flux environments.” Journal of Thermophysics and Heat Transfer 24.1 (2010): 69-76.)

Due to its construction, a thermopile is less sensitive to the heat flux distribution than a transverse
sensor or a Gardon gauge. Indeed, the thermopile generates a signal proportional to the average
absorbed heat flux and will produce the same signal when facing g, or g,. Its thermoelectric
junctions are commonly formed alternately on each side of an insulator, i.e. the insulator separates
spatially consecutive thermoelectric junctions, and connected in series to generate the signal, i.e.
proportional to the number of junctions and their respective temperature. To produce a signal
proportional to the heat flux, the sensor must be positioned along thermal gradients in a generally
known manner. However, the electric insulator used in the manufacturing of the thermopile (for
example a ceramic) and its bond to the thermoelectric materials suffer from thermal stresses
(expansion mismatch), and / or oxidation. This limits the conditions at which the sensor can be
used. Moreover, thermopiles, without considering thin film construction, discussed hereafter, tend
to be significantly thicker than transverse sensors or Gardon gauges - the sensitivity of a thermopile
is function of the number of its thermoelectric junctions connected in series and the heat resistive
layer formed by the sensor along the temperature gradients. The additional heat resistive layer,
represented by the sensor will modify the temperature distribution in the ceramic material 6 (i.e.
3
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the heat flux field). Thus, the thermopile is also discarded to assess the heat flux to the refractory

material 6.

Thin film heat flux sensors:

The sensing element of a thin film heat flux sensor (e.g. US 5.990.412) uses generally two different

physical principles to measure the heat flux, either:

1. A Wheatstone bridge is deposited on a non-electrically-conductive substrate (i.e. substrate
comprising dielectric material) and two of its resistances are coated with an additional heat
resistive layer, such that the output of the bridge responds to the temperature differential
across its two pairs of resistances. After calibration, the bridge output (i.e. the sensor signal)

can be converted to a heat flux. Or,

2. Thermoelectric junctions are deposited on a non-electrically-conductive substrate (i.e.
substrate comprising dielectric material) and some of them are coated with an additional
heat resistive layer. The geometry of the insulation layer is such that thermoelectric
junctions are connected in series alternating junctions on each side of the heat resistive

layer.

In both cases, thin film sensors do not disturb the heat flux field in the ceramic 6 due to their limited
thickness and low thermal inertia (i.e. the temperature distribution in the refractory material
remains unaffected by the presence of the sensor). Therefore, both can be characterized as ideal
heat flux sensors. However, as a consequence of a trade-off in the choice of the substrate material:
either for oxidative environment or for high heat flux applications, no thin film sensor can sustain
a high heat flux produced in an oxidative environment at high temperature. These conditions are

for instance encountered in the flame-jet heat transfer study.

The foregoing disadvantages of prior devices are overcome according to the principles of the
present invention which provides a universal heat flux sensor with embedded temperature
measurement probes able to sustain the heavy thermal loads imposed by a flame-jet and remains

mostly insensitive to lateral temperature gradients.

Therefore, the task exists to find a better heat flux sensor. This task is solved by a heat flux sensor

with the features of claim 1.
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The heat flux sensor comprises at least one sensing element consisting of thermoelectric materials
having at least two thermoelectric junctions between thermoelectric materials, with a means, in
particular at least three lead wires for acquiring at least two electrical thermoelectric junction
signals independently from the at least two thermoelectric junctions, the acquired electrical
thermoelectric junction signals being transmittable to data processing device for determining heat
flux and temperature data. The thermoelectric junctions are positioned symmetrically, in particular
symmetrically relative to the direction of the heat flow or perpendicular relative to the heat flow,
in the at least one sensing element to minimize its sensitivity to an asymmetric temperature

distribution in the heat flux sensor.

The sensing element is attached to an insulator such that its multiple junctions are aligned
essentially normally with respect to the exposed surface. Hence, the heat flows along the sensing
element, exposing its different thermoelectric junctions to different temperatures. These

temperatures can be transformed to a heat flux in a generally known manner.

The heat resistive layer, formed by the sensing element part of the heat flux sensor is reproducible

and allows a unique calibration of a series of heat flux sensors.

The heat flux sensor comprises thermoelectric material forming thermoelectric junctions and
means (e.g. three lead wires) for acquiring signals independently from the thermoelectric junction
also only consisting of thermoelectric materials. The thermoelectric junctions of the heat flux
sensor are e.g. positioned such that heat flows across the sensing element, exposing its different

junctions to different temperatures.

The data acquired from the thermoelectric junctions perpendicular relative to the heat flow can be
transmitted to the data processing device such as e.g. a computer. The data processing device can
convert e.g. the measured voltage or current data into heat flux data in a generally known way, i.e.
the data are converted to a heat flux using the calibration curve of the sensor, similarly as a voltage

is converted to temperature for a thermocouple.

In a further embodiment of the heat flux sensor the means for acquiring the electrical thermoelectric
junction signals, in particular the at least three lead wires, solely consist of thermoelectric materials
matching the thermoelectric materials of the at least one sensing element. By this no additional

thermoelectric junctions are created and the transmitted signals are solely generated in the sensing
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element of the heat flux sensor. This prevents the creation of additional thermoelectric junctions at

the connection of the lead wires to the sensing element.

In one embodiment of the heat flux sensor the temperature of at least one of the thermoelectric
junctions — e.g. perpendicular relative to the heat flow - is used to correct the sensitivity of the heat
flux sensor with respect to temperature. The heat flux sensor temperature has an effect on the heat
flux measurement. For example a heat flux of 10 kW/m? will not produce the same sensing element
signal at 20°C than at 1000°C. This is because the thermal conductivity is temperature dependent.
This can be resolved only with at least two independently obtained electrical thermoelectric
junction signals, i.e. to correct the sensitivity of the heat flux sensor with respect to temperature.
This allows to account for the (average) heat flux sensor temperature in its sensitivity, used for the

conversion of the heat flux sensor signal to heat flux data.

In a further embodiment of the heat flux sensor the temperature of at least two thermoelectric
junctions — e.g. perpendicular relative to the heat flow - is used to cross-check the value of the heat
flux measured by the sensing element, in particular based on Fourier’s law or an empirical relation

between the heat flux and the temperature distribution.

Embodiments of the heat flux sensor can have thermoelectric junctions - e.g. perpendicular relative
to the heat flow - having defined contact area, in particular a point-like contact area, an annular
contact area, or a surface-like contact area. Those geometries allow the construction of complex

and / or compact heat flux sensors.

In a further embodiment thermoelectric junctions — e,g. perpendicular relative to the heat flow - are
positioned symmetrically to give the heat flux sensor a symmetrical behavior as moved by +Ar
with respect to its centered position (r = 0) with the axis of symmetry of the heat flux source (see
Fig. 3B, 3C). When its construction is symmetric, the heat flux sensor will produce the same signal

for the different incident heat flux distribution qi and ¢ (see Fig. 1).

Alternatively an embodiment of heat flux sensor comprises thermoelectric junctions - e.g.
perpendicular relative to the heat flow - which are positioned asymmetrically in the heat flux sensor
such as to maximize its sensitivity to an asymmetric temperature distribution. With such a

configuration the direction of the heat flux can be investigated.

In a further embodiment it is possible, that a part of at least one heat flux sensor is configured and

designed to be used as a heating element, in particular through Joule heating (resistive heating),

6
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when current is flowing through it. This embodiment allows an additional use of the heat flux

S€nsor.

It is also possible that an embodiment of the heat flux sensor is using at least one thermoelectric

material as a thermistor to measure temperature.

In further embodiments at least one sensing element, and / or the electrical insulator have defined
surface geometries, in particular concave or convex. The surface geometry of the sensing element
can be matched to the surface into which the heat flux sensor is implemented. For example it could
smoothly fit a wing profile without disturbing the flow. Or it could be flush-mounted with the

blades of a turbine.

In one embodiment it is possible that different thermoelectric materials are connected by diffusion
welding. Alternatively or additionally it is possible that the electrical insulator is connected to the

sensing element by vacuum soldering.

Heat flux sensor according to at least one of the preceding claims, wherein wires are connected by
laser welding.

The heat flux sensor comprises at least one sensing element consisting of thermoelectric materials
having at least two consecutive thermoelectric junctions - e.g perpendicular relative to the heat
flow - on one commonly shared thermocouple leg, between the thermoelectric materials, with a
means, in particular at least three lead wires for acquiring at least two electrical signals (e.g.
electrical thermoelectric junction signals) independently from the at least two thermoelectric
junctions. The acquired signals being transmittable to a data processing device for determining heat
flux data. The heat flux sensor provides at least two electrical signals which form the basis for the

determination of a heat flux.

The task can also be solved by a system with the features of claim 14. Those systems comprise at
least one heat flux sensor according to at least one of the claims 1 to 13. The heat flux sensors
determine the incident heat flux, the temperature, the temperature profile and / or the dissipated
heat. Those measurements can be applied to systems, in particular fluid systems, comprising at
least one aerodynamic profile, at least one gas turbine blade, at least one spacecraft wing, at least
one aircraft wing, a chemical reaction vessel, a reaction vessel with a stirrer system, a nuclear
reactor, a piping system of a concentrated solar installation, a well casing, in particular a geothermal
well, and / or a control system, in particular a cascade control loop to improve the control quality

of a system.
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Embodiments of such systems can be used for the analysis of a combustion system, in particular
without optical access, specifically:
(a) to characterize the heat transfer and the wall temperature at different locations along
a combustion chamber, and / or

(b) to measure the axial temperature profile in a combustion chamber.

The heat flux sensors in the system can also be used in igniting a flame in a water-like environment
as in:

(c) supercritical water oxidation,

(d) flame-jet drilling.

Brief description of the drawings

For a complete understanding of the present invention reference should now be had to the following

description of the same taken in conjunction with the accompanying drawings wherein:

Fig. 1 schematically shows a generic heat flux sensor exposed to two different heat flux
distributions;

Fig. 2A a schematic top view of a first embodiment of a heat flux sensor;

Fig. 2B a sectional view along the line A-A’ in Fig. 2A;

Fig. 2C a sectional view along the line B-B’ in Fig. 2A;

Fig. 3A a schematic top view of a second embodiment of a heat flux sensor;

Fig. 3B a sectional view along the line A-A’ in Fig. 3A;

Fig. 3C a sectional view along the line B-B’ in Fig. 3A;

Fig. 4A a schematic top view of a third embodiment of a heat flux sensor;

Fig. 4B a sectional view along the line A-A’ in Fig. 4A;

8
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. 6A-1

. 8A

. 8B

. 8C

.9A

.9B

.9C

. 10A

.10B

11A

.11B

C12A

a sectional view along the line B-B’ in Fig. 4A;

a sectional view along the line C-C’ in Fig. 4A;

a schematic cross section of a fourth embodiment of a heat flux sensor;

some manufacturing steps for assembling a heat flux sensor;

a perspective view of an embodiment of a fluid system, i.e. a wing section with heat

flux sensors;

a sectional view of a reactor vessel;

a top view of the reactor vessel shown in Fig. 8A indicating the sectional plane for

the view shown in Fig. 8A;

a perspective view of the reactor vessel shown in Fig. 8A and 8B;

a sectional view of a combustion chamber;

a perspective view of the combustion chamber;

a top view of the combustion chamber indicating the sectional plane for the view in
Fig. 9A;

a perspective view of a concentrated solar power plant with heat flux sensors;

a sectional view of the concentrated solar power plant according to Fig. 10A;

a sectional view of a casing of a well, e.g of a geothermal well;

a perspective view of the casing according to Fig. 11A;

a detail of a wall of a vessel with two embodiments of the heat flux sensor;
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Fig. 12B an embodiment of cascaded control system for the vessel shown in Fig. 12A;

Fig. 13 a view of an experiment in which a heat source is directed to a plane surface with a

heat flux sensor in the middle;

Fig. 14 a view of a heat flux sensor in heating mode;

Fig. 15 schematically shows an embodiment of a heat flux sensor;

Detailed description

Before different embodiments of the invention are described in an exemplary way, certain technical

terms are defined. These definitions apply to the complete specification and all embodiments.

Heat transfer

Heat transfer describes the exchange of thermal energy, between physical systems depending on
the temperature and pressure, by dissipating heat. The fundamental modes of heat transfer are
conduction or diffusion, convection and radiation. These modes can be combined depending on the

system.

Impingement heat transfer

Impingement heat transfer describes the heat transfer occurring between a fluid and a solid material
due to convection, radiation and other mechanisms. In this patent application, the term is

specifically used to describe a fluid impinging orthogonally to a solid surface.

Thermoelectric material

A thermoelectric material 1, 2, 3, 4 is any material (e.g. cobalt, alumel, palladium, aluminum, lead,
silver, zinc, gold, tungsten, iron, chromel, copper, nickel, platinum, etc., a mixture of these or a
synthetic material) which, when exposed to a temperature distribution, generates an electrical
signal (i.e. voltage, current) due to the movement of its electron(s). This effect is known as the

Seebeck effect.
10
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Thermoelectric junction

A thermoelectric junction T, To, T3 is a contact between two thermoelectric materials 1, 2, 3, 4.
The thermoelectric junctions T1, T2, Tz may have different defined surface area geometries such

as: point-like, annular, surface-like, etc..

A point-like area junction refers specifically to the connection of two wires in one point. An annular
area junction refers specifically to the circumferential connection of a wire in the hole of a second
thermoelectric material at one of the hole ends and ideally forming a line. A surface area junction

denotes the connection of two thermoelectric materials by a direct contact of their surfaces.
Incident heat flux

The incident heat flux is the thermal energy emitted by a heat flux source per unit time reaching
the sensor per unit area. It is not completely transferred by conduction across the sensor as one part
1s radiated.

Absorbed heat flux

The absorbed heat flux is the thermal energy transferred by conduction across the heat flux sensor.

It corresponds to the magnitude of the heat flux field.

Sensitivity

The sensitivity of a heat flux sensor 100 is the ratio of the response of its sensing element (U [V])
to the absorbed heat flux (q [kW/m?]) such that S = U/q.

Flame-jet
Here a flame-jet describes a hot, usually luminous body of burning gas and / or supercritical
species, typically produced by a jet of ignited fuel and oxidizer in different atmospheres. The flame-

jet can transfer heat by convection, conduction, radiation, mixed heat transfer phenomena, radicals

recombination and other mechanisms to a heat sink (e.g. comprising a heat flux sensor 100).

11
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External environment

Everything outside the heat flux sensor 100 (comprising at least one sensing element and means
for acquiring the electrical thermoelectric junction signals from the at least one sensing element)
and its electrical insulator 5, e.g. the data processing system 20 is considered as the external

environment.

Now different embodiments of heat flux sensors 100 and their applications in systems, in particular
fluid systems are described.

The progresses in electronics in the last decades reduces the influence of the sensitivity of a heat
flux sensor to produce reliable heat flux data. This permits to design symmetric heat flux sensors
with less thermoelectric junctions, resulting in sensors easier to manufacture with potentially higher
spatial resolution and a broad operational range (e.g. from 1 kW/m? to 100 kW/m?, 60 kW/m? to 1
MW/m?, 600 kW/m? to 100 MW/m” at temperatures from —100 °C to 1400 °C, —10 °C to 650 °C,
600 °C to 4000 °C).

The heat flux sensor 100 according to the present invention is based on the principle that certain
materials (e.g. charge carriers with thermoelectric properties), under the effect of a non-uniform
temperature distribution (i.e. non trivial heat flux field), generate an electrical signal. Thus if heat
is applied to a surface with an embedded heat flux sensor 100 such as to generate a non-uniform
temperature distribution in the sensing element, the later will produce a signal proportional to the
temperature distribution in its sensing element (e.g. the mean temperature of the sensing element

and the averaged absorbed heat flux).

Referring now to Fig. 15 showing a heat flux sensor 100. The heat flux sensor 100 comprises at
least one sensing element. The sensing element is solely built of thermoelectric materials 1, 2, 3, 4
with a least two thermoelectric junctions T1, T2 (which are consecutive here). At the thermoelectric
junctions electrical thermoelectric signals are generated which are acquired independently (i.e.
each signal in a separate channel) by means such as e.g. lead wires 61, 62, 63, 64 to a data
processing system 20. The at least one sensing element is separated from the external environment

6 by an electrical insulator 5, as can be seen e.g. in Fig. 15, 2 or 3.
The thermoelectric junctions Ti, T2 are positioned symmetrically, here symmetrically and
perpendicular relative to the direction of the heat flow, in the at least one sensing element to

minimize its sensitivity to an asymmetric temperature distribution in the heat flux sensor 100.

12
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The heat flux sensor 100 can have some or all of the following characteristics:

1. The sensing element is built without any electrical insulator 5 separating spatially (e.g.
along the main temperature gradient) consecutive thermoelectric junctions i.e. maximizing
the contact area of the different thermoelectric junctions.

2. At each thermoelectric junction Ty, T2, Ts, an electrical thermoelectric junction signal
proportional to the temperature can be acquired.

3. The locations of the thermoelectric junctions Ti, T2, T3 can be symmetric (best seen in Fig.
3B, 3C, 4B and 15) to produce an electrical signal proportional to the average incident heat
flux.

4. The location of the thermoelectric junctions T1, T2, T3 can be asymmetric (best seen in Fig.
2B) to produce an electrical thermoelectric junction signal dependent on the direction of
the heat flux field.

5. 'The sensing element is attached to an insulator 5 such that its multiple junctions Ti, T2, T3
are aligned essentially normally with respect to the exposed surface. Hence, the heat flows
along the sensing element, exposing its different thermoelectric junctions Ti, T, T to
different temperatures. These temperatures can be transformed to a heat flux in a generally
known manner.

6. The heat resistive layer, formed by the sensing element part of the heat flux sensor 100 is
reproducible and allows a unique calibration of a series of heat flux sensors 100.

7. It can be thin enough to prevent any disturbance to the temperature distribution in the target
material and measure the incident heat flux before it relaxes.

8. It can be used to dissipate heat by Joule heating (see e.g. Fig. 14).

Using appropriate electronic devices, the heat flux sensor 100 is able to detect a heat flux as small
as the one produced by the thumb of a human being (= 37 °C) pressed on its surface initially at
room temperature (= 25 °C). The same sensor can also be exposed to the highly exothermic flame-
jet produced by the fast oxidation of acetylene with pure oxygen (see e.g. Fig. 13); a flame-jet with
temperatures well in excess of 1000 °C. Moreover, it can be used in contact with supercritical water

P>221barand T > 374 °C, a fluid typically known for its intense oxidative properties.

In accordance with embodiments of the present invention two or more thermoelectric junctions T1,
T2, Ts produce a signal proportional to their temperature. These signals are interpreted to get the
temperature of the thermoelectric junctions Ty, T2, T5 and are combined to get a signal proportional
to the heat flux. The thermal resistive layer, composed by one of the thermoelectric materials 1, 2,

3, 4 1s thin enough to prevent disturbances in the heat flux and thick enough to produce a detectable

13
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temperature differential with the available electronic; i.e. leading to a reliable heat flux
measurement. The temperature differential has to be measured as close as possible to the surface

to capture as much as possible of the incident heat flux before it relaxes.

The geometry of the heat flux sensor 100 (measuring area to thickness ratio, etc.) may be tuned to
fit different needs resulting in a sensing element with amass of 1 mgto 1 g, of 500 mgto 5 g, of 2
gto10 g, of 8 gto 100 g, of 70 g to 5 kg.

In another embodiment (see Fig. 14), the heat flux sensor 100 can be used to dissipate heat, i.e. to
start a chemical reaction, before its use as a heat flux sensor with embedded temperature
measurement probes. The thermoelectric material can have sufficient resistivity to dissipate heat
by Joule heating. This is can be used e.g. to ignite a flame at 260 bar in water. As a solid state relay

is opened, the temperature at the tip can be measured.

Basically then, the present invention can comprise:

(1) first thermoelectric junction Ti for generating first electrical thermoelectric junction signal
responsive to first temperature,

(2) second thermoelectric junction T> for generating second electrical thermoelectric junction
signal responsive to second temperature,

(3) the lead wiring 61, 62, 63 made of respectively the same thermoelectric materials 1, 2 to
transmit the electrical thermoelectric junction signals to the data processing device 20 for
converting a voltage signal into a heat flux measurement value (e.g. the sensitivity is S=U/q,
therefore the heat flux is g=U/S) and,

(4) an electrical insulator 5 to prevent electrical contact between the sensing element and the

external environment 6.

Referring now to Fig. 2A to 2C which presents three views of a first embodiment of the invention
with a possible measurement circuit represented in block form. Fig. 2A schematically shows a top

view, Fig. 2B and 2C show sectional views along lines A-A’ and B-B’ respectively.

In the embodiment shown in Fig. 2A to 2C the first thermoelectric material 1 is connected to the
second thermoelectric material 2 forming the annular thermoelectric junction T and the point-like
thermoelectric junction T2. At one point the first thermoelectric material 1 extends into a lead wire
61 leading to the data processing device 20. The second thermoelectric material 2 consists only of

wires and is connected once at its periphery (at z = 0) to form the annular thermoelectric junction
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T1 and once at its end to form the point-like junction Tz. Lead wires 62 and 63 made from the same

second thermoelectric material 2 are leading to the data processing device 20.

Therefore, two thermoelectric junctions Ty, T2 are formed. The first thermoelectric junction Ty is
formed between the two thermoelectric materials 1, 2, at the surface of the sensing element (z =
0). The second thermoelectric junction T2 is formed at the contact point of the wire 63 made of
the second thermoelectric material 2 with the back side of the first thermoelectric material 1.
Therefore, the sensing element only comprises thermoelectric materials 1, 2 (i.e. here the annular
pad and the lead wires). The heat ( providing the heat for the heat flux measurement would be

directed to the heat flux sensor 100 as shown in Fig. 2C.

Hence, a first thermoelectric material 1 is connected to a second thermoelectric material 2 featuring
a different Seebeck coefficient from said first thermoelectric material 1 - thus forming two
thermoelectric junctions: a first thermoelectric junction T (annular) and a second thermoelectric

junction T2 (point-like).

The electrical insulator 5 represents a material isolating the electric charges (e.g. electron(s)) of the

sensing element from the external environment 6.

Referring now to Fig. 3A to 3C, which presents a second embodiment as variation of the first

embodiment. Fig. 3B and 3C are sectional views along the lines indicated in Fig. 3A.

The first thermoelectric material 1 is connected to the second thermoelectric material 2 featuring
a different Seebeck coefficient from said first material - thus forming the annular thermoelectric
junction T (best seen in Fig. 3A) and the array of thermoelectric junctions T2 (best seen in Fig.
3B).

In Fig. 3A to 3C, the heat flux sensor is comprising: two thermoelectric materials 1, 2, two
thermoelectric junctions Ty, T2 and the lead wires 61, 62, 63 made of the respective thermoelectric

materials.

Additionally, the array of the thermoelectric junctions T2 is symmetric with respect to said junction
T1 (see Fig. 3B); such as to damp the disturbances produced by local variations of the incident heat
flux in the heat flux sensor 100. The heat flux sensor 100 will produce a signal proportional to the

average incident heat flux, independently of its local variations. Disturbances and local variations
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will typically occur when the heat flux sensor 100 is not properly centered with respect to the

incident heat flux and enhanced the more concentrated the heat flux source is.

According to the dimensions of the heat flux sensor 100 and the manufacturing technique (e.g. thin
film manufacturing), more junctions can be connected to the array of thermoelectric junctions T> -
ultimately forming an annular thermoelectric junction. The number and the position of the junctions
forming the array T2 can be used to render the sensor sensitive to the direction of the heat flux and
thus investigate the heat flux direction (best seen in Fig. 2B), or in contrary to make it independent

of the heat flux field and measure the averaged incident heat flux (best seen in Fig. 3B).

The electrical insulator 5 represents a material isolating the electric charges (i.e. electron(s) but not
only) from the external environment 6. The said external environment 6 encompasses everything

but the second embodiment of the invention and its electrical insulator 5.

The manner in which the first two embodiments operate to determine the heat flux will now be

described.

The voltage produced by thermoelectric junction T2 (or array of thermoelectric junctions T2) may
be subtracted from the voltage produced by the thermoelectric junction T1. The said signal may be
translated to a heat flux after calibration and / or after theoretical consideration. A calibration relates
a known incident heat flux, to the electrical signals produced by the heat flux sensor 100. The
computation can be carried out by the data processing device 20 which is shown in Fig. 2 and 3

(but not in the other figure for the sake of brevity). A theoretical consideration may be:

(1) Fourier’s law or
(2) any other description of the heat conduction in a material based on its thermophysical properties

and the temperature distribution present in said material.

A second way to measure a signal proportional to the heat flux with the first and second
embodiments is to use them as a differential thermocouple; this is achieved by measuring directly

the voltage difference across lead wires 62, 63.

In addition to the measurement of a signal proportional to the heat flux, the first two embodiments
of the heat flux sensors 100 offer the possibility to measure the signal from thermoelectric junction
T1 and / or junction T> independently. This signal can be translated to a temperature by appropriate

calibration and / or theoretical consideration. Among others, the knowledge of the temperature at
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the thermoelectric junctions Ty, T2 used to measure the heat flux allows to account for the material
properties (i.e. thermoelectric properties) in the sensitivity (i.e. signal to heat flux ratio) of the heat
flux sensor. Therefore, the systematic uncertainty on the measured property (i.e. the heat flux) can

be reduced using the embedded temperature measurements.

Referring now to Fig. 4A to D showing a third embodiment of the invention. Fig. 4B to 4D are

sectional views along the lines indicated in Fig. 4A.

Here a cylindrical stack of thermoelectric materials 1, 2, 3, 4 is used to form surface-like

thermoelectric junctions Ty, T2, T3, as best be seen in Fig. 4B.

A first thermoelectric material 1 —having essentially a cylindrical shape - is connected to a similarly
shaped second thermoelectric material 2 featuring a different Seebeck coefficient from first
thermoelectric material 1 - forming a surface-like thermoelectric junction Ti which is located

below the first thermoelectric material 1 (see Fig. 4B).

The second thermoelectric material 2 is connected to a similarly shaped third thermoelectric
material 3 featuring a different Seebeck coefficient from the second thermoelectric material 2 -
forming a surface-like thermoelectric junction T, which is situated below the first two

thermoelectric materials 1, 2 (see Fig. 4C).

The third thermoelectric material 3 is connected to a similarly shaped fourth thermoelectric
material 4 featuring a different Seebeck coefficient from said third material - forming a surface-
like thermoelectric junction T3, which is situated below the first three thermoelectric materials 1,
2, 3 (see Fig. 4B).

Hence, the heat flux sensor 100 is comprising four thermoelectric materials 1, 2, 3, 4, three
thermoelectric junctions Ty, T2, T3 and lead wires 61, 62, 63 and 64, made respectively of the
thermoelectric materials 1, 2, 3, 4 for acquiring electrical thermoelectric junction signals from the

thermoelectric junctions Ty, Ts, Ts.
The electrical insulator 5 represents a material isolating the electric charges (i.e. electron(s) but not

only) from the external environment 6. The said external environment 6 encompasses everything

but the embodiment of the invention and its electrical insulator 5.
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The manner in which the third embodiment operates to determine the heat flux will now be

described.

The voltage produced by the second or third thermoelectric junction T2, T3 may be subtracted from
the voltage produced by the first or second thermoelectric junction Ty, T>. That signal may be
translated to a heat flux after calibration and / or after theoretical consideration. The three
thermoelectric junctions Ti, T2, T3 allow among others to detect the direction of the heat flux by

conduction.

This is achieved by comparing the heat flux from the first two thermoelectric junctions T1, T2 with
the heat flux from all three thermoelectric junctions T1, T, Tz and / or from the second and third

thermoelectric junctions T2, T3 and / or from the first and third thermoelectric junctions T, Ts.

In the specific case where the first thermoelectric material 1 and the third thermoelectric material
3 and / or the second thermoelectric material 2 and the fourth thermoelectric material 4 are the
same, it is possible to measure a signal proportional to the heat flux with the embodiment by
considering it as a cylindrical stack of one and / or two differential thermocouples; measurement
is then performed directly across the lead wires 61, 63 made of the first thermoelectric material 1

and / or the corresponding wires 62, 64 made of the second thermoelectric material 2.

In addition to the measurement of a signal proportional to the heat flux, the third embodiment offers
the possibility to measure the signal from the first thermoelectric junction Ti, the second

thermoelectric junction T7 and / or the third thermoelectric junction T3 independently.

This signal can be translated to a temperature value. Among others, the knowledge of the
temperature at the junctions used to measure the heat flux allows to account for the material
properties (i.e. thermoelectric properties) in the sensitivity (i.e. signal to heat flux ratio) of the heat
flux sensor. Therefore, the systematic uncertainty on the measured property (i.e. the heat flux) can

be reduced using the embedded temperature measurements.

The fourth embodiment of the invention is presented in Fig. 5. A first thermoelectric material 1 is
connected to a second thermoelectric material 2 featuring a different Seebeck coefficient from said
first thermoelectric material 1 - thus forming the point-like thermoelectric junctions Ty and T2 (here
a point like junction corresponds to two wires (approx. 0.5 mm in diameter) welded together in one

point). The sensing element comprises two thermoelectric materials 1, 2 and two thermoelectric
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junctions Ti, T2. The electrical insulator 5 represents a material isolating the electric charges (i.e.
electron(s) but not only) from the external environment 6 (i.e. a protective mantle).

In a variation of the fourth embodiment, the cross sectional area of the thermoelectric materials 1
and 2 is adjusted e.g. to promote the heat flow along material 1 or 2, depending on the materials

properties.

The manner in which the fourth embodiment operates to determine the heat flux will now be
described. The voltage produced by second thermoelectric junction T> may be subtracted from the
voltage produced by the first thermoelectric junction Ti. The obtained difference signal may be
translated to a heat flux after calibration and / or after theoretical consideration. An alternative to
measure a signal proportional to the heat flux with the fourth embodiment is to use it as a
differential thermocouple; this is achieved by measuring directly the voltage difference across 62
and 63.

In addition to the measurement of a signal proportional to the heat flux, the fourth embodiment
offers the possibility to measure the signal from the first thermoelectric junction T and / or the
second thermoelectric junction T> independently. This signal can be translated (e.g. by the data
processing device 20) to a temperature by appropriate calibration and / or theoretical consideration.
The knowledge of the temperature at the thermoelectric junctions T, T2 used to measure the heat
flux allows to account for the material properties (i.e. thermoelectric properties) in the sensitivity
(i.e. signal to heat flux ratio) of the heat flux sensor 100. Therefore, the systematic uncertainty on
the measured property (i.e. the heat flux) can be reduced using the embedded temperature

measurement probes.

In a variation of the fourth embodiment, the segment between the two thermoelectric junctions 11,
T2, a segment of the lead wire 62, or a segment of the lead wire 63 may be designed as a resistive
heating element, such as to dissipate heat by circulating a current (i.e. Joule heating) between lead
wires 62 and 63 (see Fig. 14). Once the power supply is switched off, the sensor can be used as a

heat flux sensor with embedded temperature measurements.

Description of a preferred manufacturing method

Referring now to Fig. 6A to 61 which show some steps in the manufacturing of a preferred

embodiment of the present invention.
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The building blocks of the sensing element are layers (12 x 8 x 0.8mm) of Alumel® (magnetic
alloy of 95 mass% nickel, 2 mass% manganese 2 mass%, aluminum and 1 mass% silicon) and
Chromel® (alloy of 90 mass% nickel, 10 mass% chromium). Alumel and Chromel are

thermoelectric materials 1, 2 which can form thermoelectric junctions.

Nine layers are welded by diffusion (e.g. pressed together with 0.4MPa at 980°C during 120
minutes) to form a stack of alternating K-type thermoelectric materials (see Fig. 6A). A milling

machine is used to shape the cylindrical sensing element (5 mm in diameter x3.2 mm) (see Fig.
6B).

A 10 mm in diameter X 6 mm, high purity aluminum based ceramic (alumina, AlO3) is
manufactured with precision by diamond machining (grinding and drilling) and serves as an

electrical insulator 5 (see Fig. 6C) to the external environment 6 (e.g. mounting aid, see Fig. 6C).

The external environment 6 (18 mm in diameter x 12 mm) is conventionally machined out of
Kovar® (a nickel-cobald-ferrous alloy, e.g. 54 mass% iron, 29 mass% nickel and 17 mass% cobalt)

to minimize thermal stresses related to differential expansion.

The lead wires 61, 62, 63, 64 are then prepared (see Fig. 6D) and laser welded, resulting in the heat
flux sensor 100 (see Fig. 6E). The heat flux sensor (sec Fig. 6F) and the ceramic electrical insulator
5 (see Fig. 6G) are then prepared for soldering (see Fig. 6G). For this purpose, a silver based
soldering material (BrazeTec CB10) is used and the process is performed under vacuum (i.e. to
prevent oxidation) at 900°C and during 15 minutes. Fig. 6H shows two heat flux sensors 100 with
sensing elements. Finally, the heat flux sensor 100 is presented in Fig. 6l, flush-mounted to a

circular plate.
Description of six specific applications

Embodiments of heat flux sensors 100 can be used in a variety of systems, in particular fluid

systems. The following are just given as indication for the broad possible range of applications.

Fig. 7 shows a NACAG6713 profile 11 as is e.g. used in gas turbines blades, aircraft wings,
spacecraft wings, etc. on a test bench 12 facing a mixed heat flux source g3 simulating the harsh
conditions (i.e. high temperature, high heat flux, oxidative environment, high pressure) potentially
encountered:

(1) when a space craft re-enters the atmosphere,
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(2) on the blades of a gas turbine and

(3) on the blades of a jet engine.

An array of heat {lux sensors is positioned on the leading edge of the profile 11 to characterize the
local heat flux (q(x)), surface temperature, heat transfer coefficient and / or Nusselt number.

The surface temperature distribution (T(x)) together with the absorbed heat flux allows to
reconstruct the time-dependent temperature distribution in the whole profile 11 assuming a
boundary condition (e.g. temperature and / or heat flux) on the rest or disposing additional universal
heat flux sensors. Therefore, the influence of different material on the temperature distribution and
/ or the thermal stresses in the profile can be monitored and analyzed.

During application, e.g. real flight, hush house engine tests or combustion tests the heat flux sensors
100 can be used to monitor the absorbed heat flux and the surface temperature. The data can be

acquired using a data-logger, and or, transmitted wirelessly.

Fig. 8A to 8C depicts a vessel 13 (e.g. chemical reactor, pressure vessel, nuclear reactor) with a
stirrer. The vessel is additionally equipped with two heat flux sensors 101, 102 of the present
invention (best seen in Fig. 8A). The first heat flux sensor 101 permits the evaluation of the thermal
energy dissipated by the chemical reaction and / or the stirrer blades which leaves the vessel by its
upper part. The heat flux and the surface temperature of the material can be used to control (e.g.
manual or automatic control) the mass flow of reactants entering the reaction zone with respect to
the thermal stresses the vessel can be exposed to.

The second heat flux sensor 102 allows to measure with only one sealing the temperature profile
(e.g. two, three, or more thermoelectric junctions) along the axis of the stirrer. This information
can be used to control the concentration of the reactants entering the reaction zone and the mixing
rate (e.g. stirring frequency).

Based on the information provided by one, two, or more heat flux sensors 101, 102, the chemical
reaction can be monitored and controlled efficiently. As the heat flux sensor (i.e. 101, 102) of the
present invention is self-powered, it can be used in explosive environment (e.g. hydrogenation,

oxidation, etc.) without ignition risk due to a deficient electrical connection or a faulty sensor.

Referring now to Fig. 9A to 9C showing a combustion chamber 14, as it is known e.g. from a dry
turbine combustion, wet turbine combustion, turbojet combustion, a steam boiler or an industrial
boiler. The combustion chamber 14 is equipped (best seen in Fig. 9A) with a number of heat flux

sensors 101, 102. The array of first heat flux sensors 101 allows to characterize the heat transfer
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and the wall temperature at different locations along the combustion chamber 14. The second heat
flux sensor 102 allows:

(1) to ignite the flame by circulating a current across the second heat flux sensor 102 (i.e. Joule
heating) and

(2) to measure the axial temperature profile in the combustion chamber 14 when using the
embodiment according to the present invention.

To switch between the two modes, a solid state relay in the circuitry can be installed. Both heat
flux sensors 101, 102 allow an analysis of the combustion without optical access (e.g. flame front
position, temperature profile, etc.).

The second heat flux sensor 102 can also be used specifically to ignite flames in liquid-like
environment:

(1) in supercritical water oxidation, where an aqueous organic mixture is oxidized at elevated
pressure, i.e. beyond the mixture critical pressure, in favor of the solvation properties of
supercritical water, and,

(2) in flame-jet drilling, where a flame burning in a water-like environment is to be ignited.

Referring now to Fig. 10A and 10B showing a concentrated solar power installation 15. The
concentrated solar system 15 uses mirrors with tracking systems to focus a large area of sunlight
onto a piping system 21. The concentrated light is transferred to the liquid (e.g. water) and
transformed conventionally into electricity (e.g. expanded in a turbine). Additionally, the unit is
equipped with three heat flux sensors 100. These allow to measure the heat flux through the piping
system 21 of the concentrated solar installation and to measure the surface temperature of the piping
system 21. The heat flux permits to acquire information on the thermal fatigue of the piping
material and to adjust the pumping speed in order to match the power generator needs and the

sunlight conditions.

Referring now to Fig. 11 which shows a well casing 16 (e.g. a wall casing for a geothermal well)
equipped with two heat flux sensors 100. The two heat flux sensors 100 are positioned at different
locations in the casing and permit to monitor the absorbed heat flux in the heat flux sensors 100
(i.e. the heat flow through the wall casing 16). The measured data allows for instance to adjust the

pumping speed and to improve the well insulation as necessary (e.g. liner, insulation layer).
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Referring now to Fig. 12A and Fig. 12B which refer to a vessel 13 equipped with a heating jacket.
In Fig. 12A a part of a section through the wall of the vessel 13 is shown. Two heat flux sensors
101, 102 are used to gather heat flux measurement data. A first heat flux sensor 101 is positioned
on the inner side of the wall of the vessel 13, the second heat flux sensor 102 extents into the cavity
of the vessel 13.

The temperature of the vessel 13 is controlled with a cascade loop 17 shown in Fig. 12B utilizing
the two heat flux sensors 101 and 102 (e.g. used as a thermocouple, i.e. using one of its

thermoelectric junctions). In this case, the master loop 18:

(1) reads the vessel fluid temperature (T) from the second heat flux sensor 102,
(2) compares it to target and,

(3) changes the heating medium temperature Tsee accordingly.

The slave loop 19, characterized by a time constant smaller than the master loop time constant:

(1) reads and calculates the wall heat flux (q) utilizing first heat flux sensor 101 and,

(2) changes the heating medium mass flow rate (msec) as necessary.
The main reason to use cascade control in this system is to maintain the vessel temperature at a

specific value, despite some fluctuations in the energy consumed by the chemical reaction (e.g.

changes in the feed concentration, deactivation of the catalyst, etc.).

23



WO 2016/202971 PCT/EP2016/063991

Reference numbers

1 1* thermoelectric material

2 2% thermoelectric material

3 3" thermoelectric material

4 4™ thermoelectric material

5 Electrical insulator

6 External environment (e.g. mounting aid, mantle, protection, target of the
flame-jet in the example problem)

11 Wing profile

12 Test bench

13 Vessel

14 Combustion chamber

15 Concentrated solar power (CSP)

16 Well casing

17 Cascade control loop

18 Master loop

19 Slave loop

20 Data processing device

21 Piping system

100 Heat flux sensor

101 First heat flux sensor

102 Second heat flux sensor

Ty 1* thermoelectric junction

T> 274 thermoelectric junction

T3 3" thermoelectric junction

0 Heat flux to heat flux sensor

qu(r) 1% heat flux distribution

qo(1) 2™ heat flux distribution

q3(x) Heat flux distribution over the wing profile

61 1% lead wire

62 27 Jead wire

63 3" Jead wire

64 4™ Jead wire
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Claims

1.

Heat flux sensor (100), comprising at least one sensing element consisting of thermoelectric
materials (1, 2, 3, 4) having at least two thermoelectric junctions (Ti, T2, Ts) between
thermoelectric materials (1, 2, 3, 4), with a means, in particular at least three lead wires (61,
62, 63, 64) for acquiring at least two electrical thermoelectric junction signals
independently from the at least two thermoelectric junctions (T1, T>, T3), the acquired
electrical thermoelectric junction signals being transmittable to data processing device (20)
for determining heat flux data and said thermoelectric junctions (T, T>, T3) are positioned
symmetrically, in particular symmetrically relative to the direction of the heat flow or
perpendicular relative to the heat flow, in the at least one sensing element to minimize its

sensitivity to an asymmetric temperature distribution in the heat flux sensor (100).

Heat flux sensor of claim 1, wherein the means for acquiring the electrical thermoelectric
junction signals, in particular the at least three lead wires, solely consists of thermoelectric
materials (1, 2, 3, 4) matching the thermoelectric materials (1, 2, 3, 4) of the at least one

sensing element.

Heat flux sensor of claim 1, wherein the temperature of at least one of the thermoelectric
junctions (T4, T>, T3) is used to correct the sensitivity of the heat flux sensor (100) with

respect to temperature.

Heat flux sensor according to at least one of the preceding claims, wherein the temperature
of at least two thermoelectric junctions (Th, T, T3) is used to cross-check the value of the
heat flux determined from measurement by the sensing element, in particular based on
Fourier’s law or an empirical relation between the heat f{lux and the temperature

distribution.
Heat flux sensor according to at least one of the preceding claims, wherein said
thermoelectric junctions (T4, T2, Ts) have defined contact area, in particular a point-like

contact area, an annular contact area, or surface-like contact area.

Heat flux sensor according to at least one of the preceding claims, wherein said

thermoelectric junctions (T4, T2, Ts) are positioned asymmetrically in the sensing element
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10.

11.

12.

13.

14.

such as to maximize its sensitivity to an asymmetric temperature distribution in the heat

flux sensor 100.

Heat flux sensor according to at least one of the preceding claims, wherein a part of the at
least one sensing element is designed to be used as a heating element, in particular Joule

heating, when current is flowing through it.

Heat flux sensor according to at least one of the preceding claims, wherein at least one

thermoelectric material (1, 2, 3, 4) is used as a thermistor to measure temperature.

Heat flux sensor according to at least one of the preceding claims, wherein the at least one
sensing element and / or the electrical insulator (5) have defined surface geometries, in

particular concave or convex.

Heat flux sensor according to at least one of the preceding claims, wherein different

thermoelectric materials (1, 2, 3, 4) are connected by diffusion welding.

Heat flux sensor according to at least one of the preceding claims, wherein an electrical
insulator (5), in particular separating electrically the at least one sensing element and its

external environment (6), is connected to the sensing element by vacuum soldering.

Heat flux sensor according to at least one of the preceding claims, wherein lead wires (61,

62, 63, 64) are connected to the sensing element by laser welding.

Heat flux sensor according to at least one of the preceding claims, comprising at least one
sensing element consisting of thermoelectric materials (1, 2, 3, 4) having at least two
consecutive thermoelectric junctions (T1, T2, T3) without insulating elements separating
spatially the arrangement of the at least two consecutive thermoelectric junctions (T, T2,
T3), with a means, in particular at least three lead wires (61, 62, 63, 64) for acquiring at
least two electrical thermoelectric junction signals independently from the at least two
thermoelectric junctions (T, T2, T3), the acquired electrical thermoelectric junction signals

being transmittable to data processing device (20) for determining heat flux data.

System coupled with at least one heat flux sensor according to at least one of the claims 1
to 13 for determining the incident heat flux, the temperature, the temperature profile and /

or the dissipated heat, wherein the system comprises at least one aerodynamic profile, at
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15.

least one gas turbine blade, at least one spacecraft wing, at least one aircraft wing, a
chemical reaction vessel, a reaction vessel with a stirrer system, a nuclear reactor, a piping
system of a concentrated solar installation, a well casing, in particular a geothermal well,
and / or a control system, in particular a cascade control loop to improve the control quality

of a system.

System coupled with at least one heat flux sensor according to at least one of the claims 1
to 13 for analyzing a combustion system, in particular without optical access, specifically:
(a) to characterize the heat transfer and the wall temperature at different locations along
a combustion chamber, and / or to measure the axial temperature profile in a
combustion chamber or for igniting a flame in a water-like environment as in:
(b) supercritical water oxidation,

(c) flame-jet drilling.
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