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Abstract

This paper compares the calibration of different heat flux sensors in radiation-
and convection-based sub- and supersonic operation. First, four heat flux sen-
sors based on different principles: ALTP (Transverse Seebeck Effect), HFM-8E
(differential-layer device), coaxial Thermocouple and a TG-2000 (circular-foil
gage) are calibrated in a laser-based radiation setup. In a second step, all heat
flux sensors are compared with a slug-calorimeter within a subsonic convection-
dominated facility based on stagnation-point measurements of an impinging hot
air jet. The obtained results indicate that a sensitivity transfer between a ra-
diative calibrated sensor used in a mainly convective environment is not always
possible and can lead to significant, systematic errors. Calibration in a sub-
sonic shear flow with thermocouple readings demonstrate small divergence from
the manufacturer provided sensitivity. Finally, supersonic testing with high fre-
quency shock-boundary layer interactions highlight the need for ALTP rather
than the conventional use of thermocouple arrays to resolve the high frequency
phenomena associated with shock boundary layer interactions.
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αa Absorption coefficient

∆S Difference of the Seebeck coefficents

∆Sman Temperature depending sensitivity change provided by manufacturer
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∆T Temperature difference

∆t Time interval

ϵ Spectral emissivity

γ Tilt angle

λ Wavelength

ρcpk Thermal product

C Individual uncertainty

D Nozzle diameter

HCP Heat conducting paste

HFS Heat flux sensor

H Horizontal distance nozzle/baffle plate

R Radial distance to stagnation point

TC Thermocouple

TSE Transverse Seebeck Effect

A Surface area

a Linear fitted slope

b Linear fitted intercept

cp Specific heat capacity

d Thickness

k Thermal conductivity

l Length

m Mass

n Number of samples

Q Heat Flux density

Qst Heat Flux density at stagnation point

Sexp Sensitivity experimentally determind

Sman Sensitivity provided by manufacturer

sq Sample average square of heat flux deviations
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su Sample average square of voltage deviations

tα Student t distribution factor

tn Specific time step

Tw Wall-temperature

U Voltage/Flow velocity

1. INTRODUCTION

Understanding of internal flows require precise high frequency heat transfer
measurement as evident in a wide variety of applications [1, 2, 3, 4]. Wall-
mounted heat flux gages such as thermocouples, thin-films, differential-layer
devices, etc. are generally used. Optical methods do not reach sufficient levels
of accuracy and spectral resolution. Micro-thermocouples and thin films re-
quire numerical signal processing algorithms [5, 6, 7] to achieve kHz frequency
response. Unfortunately, the inherent strong numerical noise limits the tempo-
ral resolution. Differential-layer devices based on the Transverse Seebeck Effect
offer higher temporal resolution such as the Atomic Layer Thermopile (ALTP)
with a time constant in the microsecond range [8, 9, 10] and the Heat Flux
Microsensors (HFM) series [11] with a time constant in the tens of microsec-
onds range. Calibration is required in order to determine the static sensitivity
[12, 13, 14, 15, 16, 17, 18], the dynamic response time [19, 20] and the dynamic
amplitude-frequency response [9, 10, 21, 18].

Moffat [13] noted that errors in heat flux sensors of ± 10% are reasonable.
The abatement of the calibration uncertainty is essential for accurate data [10,
22].

Heat flux sensor calibration is carried out using a single heat transfer mech-
anism: a purely radiation-based or (mainly) convection-based procedure. The
validity of the determined sensitivity for the other or mixed heat-transfer mecha-
nism is not evident and studies that compare sensitivities for different calibration
mechanisms and fast-response sensors are scarce.

In this paper, the calibration of different heat flux gages in two different
environments, a radiation-based setup and one mainly convection-driven, are
investigated and compared. For absolute heat flux sensor calibration most com-
monly radiation-based procedures are used: The National Institute of Standards
and Technology (NIST) uses a variable-temperature blackbody as a broadband
radiant source [14, 15, 16]. The calibration setup transfers the readings of
a primary electrical substitution radiometer to calibrate heat flux sensors up
to 50 kWm−2. Although there are different radiative calibration methods, re-
ported errors are often in the low percentage region (1−3%) [23, 24] for different
types of sensors, making these radiation calibration techniques ideal for absolute
calibration.
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Previous studies showed that individual calibrations for each single heat flux
sensor are always necessary prior usage because of tolerances in the manufac-
turing process [12]. For this purpose a less expensive substitution calibration is
widely used in industry and research: Each single sensor to be calibrated and a
reference gage are successively exposed to a repeatable heat flux source from a
laser, a fluid flow or a broadband source, to then refer the measured heat flux
value of the reference gage to the output voltage of the sensor to be calibrated.

Among others, Borell and Diller [12] showed in an experimental analysis of
a circular-foil gage (calibrated in a radiation-based calibration procedure) as
well as Fu et al. and Yang [25, 26] in a theoretical analysis that this type of
sensor requires correction to the calibration, if it is used in a convective and
mixed convective and radiative environment. This result suggest that all heat
flux sensors calibrated with irradiation should be additionally evaluated in a
convective environment.

An absolute convection-driven calibration procedure is proposed by Borrell
and Diller [12]. They make use of an impinging free air jet (at room tem-
perature) on a guarded hot plate apparatus. In general, absolute convective
calibration is prawn to many uncertainties e.g. by the fluid flow characteristics
(relevant turbulence level, temperature distribution etc.). For the convective
case, several authors [7, 13, 19, 27] already described the absolute convection
calibration in subsonic flow is difficult and reported errors in the order of ± 10%.
However, if the stagnation point region of a hot air jet offers a fairly constant
heat flux distribution it can be used as an environment for a substitute con-
vective calibration, to evaluate and compare heat flux sensors in the stagnation
area.

A comparative study of different heat flux sensors in supersonic and hyper-
sonic facilities are shown in [18, 28] including several of the current sensor types.
Here different geometries (multiple blunt body probes or flat plate boundary
layer, respectively) are used for simultaneous comparison of different heat flux
sensors. The study shows good agreement, however the accuracy and repeatabil-
ity is limited (5−30%) due to changing reservoir conditions, flow inhomogeneity
and/or particle impacts.

In the following different heat flux sensors based on different principles:
ALTP (Transverse Seebeck Effect), HFM-8E (Differential Layer, a TG-2000
(Circular Foil) are first calibrated in the same radiation-based calibration setup
and compared to the manufacturers’ calibration. In a second step, all sensors
are initially compared with coaxial thermocouples, manufactured by Mueller In-
struments [29] and a slug-calorimeter using the stagnation region of a subsonic
hot air jet and in a shear layer calibration facility, the ALTP is compared with a
temperature based reference heat flux determination. In a third step, the ALTP
is assessed in a supersonic test case consisting of a linear representation of a su-
personic bladeless turbine at Mach 2 in comparison to heat flux calculated from
surface thermocouples.
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2. HEAT FLUX SENSORS USED IN CALIBRATION

The following heat flux/temperature gauges are chosen for quantitative com-
parison that are typically found in different fields: coaxial thermocouples are
commonly used in high-speed flows, flow transitions and combustion investi-
gations, HFM-8E sensors are applied in gas turbine blade studies, TG-2000
sensors investigate radiation heat transfer and broadband flame-radiation mea-
surements. Calorimetric gauges are used in most heat-transfer investigations
due to its simplicity. The selected techniques allow a comprehensive compari-
son for several heat transfer applications.

Atomic Layer Thermopiles (ALTP) are heat flux sensors based on the
Transverse Seebeck Effect (TSE). The sensor consists of a several hundered
nanometer thick, tilted layered structure which is made of Yttrium-Barium-
Copper-Oxide (YBCO) and CuO2 grown on a SrTiO3 cylindrical substrate.
Based on the TSE, an electrical field is created if a temperature difference ∆T
across the tilted stucture (active layer) is present [30]. The measured output
voltage UALTP is generated by the active layer (Figure 1a),

UALTP =
l sin 2γ∆S∆T

2 d
(1)

where l is the length of the active film, γ is the tilt angle, d is the thickness
of the active film and ∆S the diffence of the Seebeck coefficients of the two
materials. The sensors output voltage is directly proportional to the impinging
heat flux over 11 orders of magnitude [31]. Through its thin semi layer design
theoretical response times in the several nanoseconds range can be reached [30].

The ALTP sensor used in this paper is mounted in a ceramic housing with an
outside diameter of 8mm, the front diameter of the SrTiO3 cylindrical substrate
is 3− 6mm. The active layer size is about 3× 2mm2. For electrical connection
gold contacts on two opposite sides are used. The manufacturer (FORTECH
HTS [32]) of the sensor provides a static sensitivity of 104 µV cm2 W−1 with
an uncertainty of ± 20% obtained from radiation-based calibration. The power
meter used in the calibration setup for determining the incident laser power is
calibrated by PTB (Physikalisch technische Bundesanstalt) and NIST traceable.
On top of the surface of the active film and gold contacts an additional coating
is deposited that allows for maximum absorption (approx. 99%) at λ = 10.6 µm
wavelength. The coating also leads to longer recalibration intervals of the sensor
(approx. up to one year) because the active layer of the ALTP is hygroscopic
and also leads to higher robustness for usage in harsh environments. Applying
the coating reduces the time constant by a factor of 2 − 3, a sensor without
coating requires a recalibration within several months due to possible changes
of the sensitivity by possible water absorption [17].

The sensor dynamics where already studied by [9, 10, 18, 32] based on
amplitude-frequency response characteristics obtained from modulated laser cal-
ibrations. They show the ALTPs dynamics in a frequency range up to 1MHz.
The response curve allows signal correction across the entire frequency range
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and makes the ALTP the fastest heat flux sensor (time constant 1 µs) currently
commercially available.

Heat Flux Microsensors (HFM) are differential-layer devices with an
exactly known electrically and thermally insulating layer in-between a ther-
mopile (see Figure 1b). The thermopile consists of many pairs of differential
thermocouples (TC) connected in series. The voltage output, produced by small
temperature differences across the insulating layer is directly proportional to the
impinging heat flux through the entire sensing area [20]. In order to compensate
the temperature depending sensitivity of the HFM-8E, there is a temperature
measuring TC directly integrated in the body of the sensor, the exact position of
the TC is unknown. The sensor is mounted in a metallic housing with an outside
diameter of 6.35mm. The front active side of the sensor (5.8mm) is coated with
black paint with a known emissivity of 0.95 [11]. Recent studies concerning the
Pyromark 1200 painting show lightly varying results of the emissivity coefficient
ϵ > 0.9− 0.93 for λ = 3− 14 µm [33, 34].

The manufacturer (VATELL [11]) of the sensor provides a static sensitivity
of 576 µV cm2 W−1 obtained from radiation-based calibration at 30.8Wcm−2.
The calibration is NIST traceable according to the manufacturer at a listed
maximum operation temperature of 350°C. A response time estimation of
17 µs (uncoated)/300 µs (coated) is provided in the manufacturers manual[11]
without any precisely determined amplitude frequency response for the specific
sensor.

Calorimeters are a very fundamental, robust and simple heat flux measure-
ment technique. The calorimeter used here is composed of a copper mass/slug
with a high thermal conductivity mounted in a insulating housing made of
PTFE. This material combination results into a Biot-number < 0.1 (comp.
Figure 1c) and the sensor can be modeled as a lumped capacitance. Thus, by
measuring the temperature rise of the slug within a certain period of time, the
mean heat flux density within the time interval can be calculated by

Q =
mCu · cp · (Tstart − Tend)

Asur ·∆t
(2)

where ∆t is the measuring time interval, Asur the wetted surface area of the
slug, mCu is the mass of the slug, cp is the temperature dependent heat capacity
between the start Tstart and end temperature Tend.

The measurement principle shows that the temporal resolution is very low
and largely depends on the dimensions and mass of the device. In addition, the
accuracy is strongly dependent on the time interval and temperature history.
The calorimeter used in this paper is especially designed for the determination of
the mean heat flux densities and the flow characteristics in the convection-based
calibration procedure. Conductive losses to the wall are theoretically estimated
and accounted for. The calorimeter is composed of a cylindrical copper slug
with a diameter of 9.7 mm and with a total mass of 3280mg. The slug is
mounted in a high temperature plastic housing with an outside diameter of
16mm. The temperature is directly measured on the rear side by an insulated
type K thermocouple. The TC is submerged in the center of the circular, rear
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surface and heat conducting paste is used to ensure proper thermal connection to
the slug. The voltage of the thermocouple is recorded (21 kHz) and the minimum
(prior heat exposure) and maximum temperature (after the end of the exposure)
are extracted from the temporal history (10Hz-filtered by a numerical running-
mean filter) as well as the time interval between them. The sensitivity of the
type K thermocouple is NIST traceable, the designed calorimeter as heat flux
sensor is not NIST traceable.

Circular foil gages use a very thin active layer (circular foil) made of con-
stantan acting as a differential constantan-cooper thermocouple (cooper block
and cabels comp. Figure 1d) [35]. The massive copper block helps to conduct
the impinging heat flux towards the outside diameter and generates a differen-
tial temperature between the inner circle point and the outer diameter. The
output voltage of this thermocouple is direct proportional to the incident (ra-
diant) heat flux. It was found that circular foil gages are especially suitable for
the precise determination of radiant heat fluxes. For use in convection-driven
environments, a correction of the calibration is needed [12, 25]. The response
time of this very robust measurement technique can be at the most in the order
of milliseconds [36].

The exact circular foil gage used in this paper is a TG-2000 produced by
Vatell[37]. The front side surface of the sensor (Ø ≈ 12.7mm) is coated with a
black paint (Pyromark) with a emissivity of 0.95 (same as HFM-8E). The man-
ufacturer of the sensor provides a static sensitivity of 320µV cm2 W−1 with an
uncertainty of ± 3% obtained from radiation-based calibration. The calibration
is NIST traceable according to the manufacturer. A maximum heat flux density
of 5000W cm−2 is given.

Coaxial Thermocouples are temperature-based heat flux measuring tech-
niques using a one-dimensional transient conduction analysis in order to deter-
mine the wall heat flux time history. They are composed of a central thermo-
couple material that is electrically insulated from the outer one. The elements
are connected on the surface either by vacuum deposition or removal of the
insulation between the two metals by merging or grinding. In this study, a
coaxial thermocouples of type E (Chromel/Constantan) MCT-19 manufactured
by Mueller Instruments [29] is used. The thermocouple (comp. Figure 1e)
consist of one element that is swaged over the other with a 10 µm electrical
insulation between them. To ensure firm installation, the metal housing of the
thermocouple with an outer diameter of 1.9mm is threaded into the wall and
the surface is grinded to fit and flush mount it to the surface. The created micro-
scratches form at the same time the junction of the thermocouple. Because of
this very thin thermocouples junction a temporal resolution of the temperature
time history in the order of microseconds is reached [38].

The manufacturer provides a static sensitivity of about 59.6 µVK−1 at 20 °C.
This temperature sensitivity is NIST traceable according to the manufacturer
and for more precise evaluation a NIST proposed inverse coefficients polynomial
approximation for type E thermocouples is used here. A heat flux density range
between 20 kWm−2 to 20MWm−2 is given and a operation temperature range
between -200 to 900 °C is listed. For proper heat flux calibration in the radiative
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Figure 1: SCHEMATIC OF DIFFERENT HEAT FLUX SENSORS: a) ALTP, b) HFM-8E, c)
CALORIMETER, d) TG-2000, e) COAXIAL THERMOCOUPLE, f) KAPTON SURFACE
THERMOCOUPLE.
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environment, the coaxial thermocouple was coated with Pyromark 1200.
With the knowledge of the sensor material given as the thermal product(√
ρ cp k

)
= 8653

√
sm−2 K−1 the heat flux into the sensor can be calculated

based on the ”semi-infinite wall” assumption. This assumption is only valid
as long as the back side of the thermocouple does not heat up. According to
the manufacturer, the largest error of the sensor results from the calibration of
the thermal product with an uncertainty of ±3.5%. This calibration procedure
is not NIST traceable. In this study the mostly known Cook-Felderman (CF)
algorithm [5] is used for heat flux calculation.

Kapton surface thermocouples are also temperature-based measurement
devices. The bottom temperature represents the temperature of the thick alu-
minum wall. By using a differential approach between the top side temperature
(temperature of the thin Kapton layer) and the bottom side temperature (tem-
perature of the thick aluminum wall), a heat flux can be derived. For this
device, it is done by making use of a numerical finite volume method based
on a one-dimensional approach with a Crank Nicholson discretization scheme.
Therefore, the thermal parameters of the involved materials have to be known.
A more detailed description of the numerical procedure can be found in [39]. An
uncertainty analysis can be found in the shear flow convection section. For the
temperatures, a NIST proposed inverse coefficients polynomial approximation
is used. The Kapton foil should be as thin as possible for low response times.
The assumed response time is several 100 microseconds [40].

Measurement process and data acquisition for the subsonic investi-
gations consists of low noise optimized operational amplifiers with precisely
determined gain factors. The sampling rate of 21 kHz was chosen depending
on the capabilities of the operational amplifiers which are limited by the us-
able bandwidth of approx. 7 kHz (−3 dB) ) at high gain factors and by use of
filter systems. The HFM-8E and the TG2000 are measured with the AMP-13
amplifier system provided by the manufacturer. The signal filtering was imple-
mented based on a third order Butterworth low-pass filter (−3 dB-cutting edge)
of 7 kHz. The analog-to-digital conversion was done with a PicoScope 5443d
and a Rigol MSO 5074 oscilloscope with noise-level depending grounding. The
ground noise level differs slightly for different sensors and measuring environ-
ments. For the supersonic investigations in the LEAF facility, the signals are
recorded with 128 kHz sampling rate also based on an operational amplifier with
precisely determined gain factor.

3. CALIBRATION PROCEDURES

Radiation-based calibration procedure

The radiation-based calibration procedure intends to relate the absorbed
power of a laser beam with a measured heat flux density by a reference meter.
The setup (Fig.2) consists of a CO2-laser that emits monochromatic light at
10.6 µm, a microlens array for beam profile homogenization and an attenuator
for the variation of the laser power. With an accurate calibrated power meter
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(PM) placed behind an adaptable aperture, the reference heat flux density can
be exactly applied to the specific surface of the heat flux sensor (HFS). The
intensity can be varied between 0.5−12Wcm−2 for the employed beam-aperture
configuration. The precision fabricated metal grids inside the attenuator diffract
a known percentage of beam power which is absorbed by the wall. By means of
six different attenuator elements, different load stages for sensor calibration can
be provided. The microlens array is especially optimized for the wavelength of
the CO2-Laser. By using the beam-homogenization array, the intensity profile
can be distributed homogeneously over the beam. The quality of the resulting
intensity profile depends on the incoming beam and the final uniformity of the
beam is significantly improved and estimated to be approximately 10%. All
HFS are placed behind the circular aperture in order to obtain a well defined
reference cross section Aref. The maximum active area of the sensors are always
smaller than this reference area of the laser beam. Therefore, the sensor could
be totally exposed to an incident radiation of known intensity i. The beam
intensity i = Plaser/Aref can be determined with the power of the dissected laser
beam Plaser, measured by a commercially available power meter (PM) with PTB
calibration. The accuracy of the power meter is specified as < 1%.

CO2-Laser
Beam

Attenuator

Microlens
Array

Apperture

HFS

PM

Figure 2: SCHEMATIC ILUSTRATION OF THE LASER-CALIBRATION FACILITY.

An accurate calibration process can only take place if the optical properties
of the sensors surfaces are known for the wavelength/spectrum of the incident
radiation. This is the reason why only heat flux sensors with special coating
(see Instrumentation section) with known optical properties are selected for the
radiation-based calibration. The accuracy of the resulting absorption coefficient
αa is in the range < 10%.

The resulting sensor voltage signals Umeas of the heat flux sensors are ampli-
fied, the uncertainty of the measured voltage Umeas including the respective gains
of the amplifiers is estimated with 2%. The uncertainty of the non-uniformity
of the laser beam is determined by a slot aperture as discussed in [17].

Table 1: UNCERTAINTY EVALUATION OF RADIATION-BASED CALIBRATION PRO-
CEDURE.

∆αa

αa

∆Aref

Aref

∆Umeas

Umeas

∆Plaser

Plaser

∆Plaser

Plaser
(uniformity)

10% 0.01% 2% 1% 10%
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The slope of the curve resulting from the measured sensor voltage versus the
variation of intensity by the attenuator delivers the sensitivity (comp. Fig.9).
The total uncertainty of the calibration can be estimated from (Equation 3)
defining the sensitivity coefficient:

s =
Umeas

αa i
=

Umeas Aref

αa Plaser
(3)

By differentiating this expression and adding the RMS-values of all single, con-
servative estimations of uncertainties listed in Table 1, leads to an overall un-
certainty in the calibration of < 14%.

Stagnation point convection-based calibration procedure

Side View Front View
Baffle Plate

D

H

z y

x
x

HFS

Axial
Blower

Heating
Element

Nozzle
Contrac-

tion

Hot
Jet

Baffle
Plate

Figure 3: SCHEMATIC ILLUSTRATION OF THE CONVECTION CALIBRATION FACIL-
ITY.

The convection calibration is a substitute procedure in the stagnation-point
region of an hot, impinging air jet. Substitution means exchanging sensors
during the same operation cycle and comparing the calculated results based
on sensor specific sensitivity which was obtained beforehand from an absolute
calibration procedure (e.g. radiation-based, see above). Hence, only relative
comparisons between different heat flux sensors are possible. The convection-
based setup (Figure 3) uses a high-power (10 kW) heater in combination with
an axial blower to deliver air at approximately 700 °C. A circular cross section
nozzle contracts the air to a free jet with an exit diameter of D = 48mm. The
free jet impinges in the center of a baffle plate which is adjusted to be perpen-
dicular to the axis of the free jet. Both the heater-blower unit and the baffle
plate are mounted on a linear rail system that allows the precise variation of the
axial distance H between the nozzle exit and the plate. For small H, maximum
heat flux densities of approximately 10W cm−2 can be reached, matching the
calibration range of the radiation-based procedure (see above). The baffle plate
is made out of high conducting aluminum and its temperature is monitored
during the operation to deliver boundary conditions as constant as possible.
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A shutter system installed between the nozzle and the plate limits the expo-
sure time of HFS mounted in the plate in order to prevent long term exposure
and their temperature overload. Typical exposure times of the sensors are in the
second range. The quality of the procedure largely depends on its repeatability
for successive sensor exposure, as well as the homogeneity of the heat flux dis-
tribution in the stagnation area because most heat flux sensors feature different
active film sizes. The repeatability and the homogeneity is measured for a fixed
distance H/D = 5 and the results are shown in Figure 4 and 5.

The repeatability is studied after an initial warming-up phase of the setup
by a calibrated ALTP that is mounted in the stagnation point and successively
exposed to the free jet. The measurement was repeated 20 times with an in-
terval of 60 seconds between the measurements. During the measurements, the
ambient (room) temperature is monitored because the ambient air mixes into
the free shear layer of the hot-air jet. The room temperature increased by ap-
proximately 10K which is about 1.5% in reference to the jet temperature. This
ambient temperature change could not be directly correlated with the upward
drift of the measurement data set in Figure 4. The figure shows that a mean
heat flux density of 7.3Wcm−2 is measured for 20 repetitions with 95% confi-
dence interval of ± 0.25Wcm−2 or 3.6% of the mean value. Moffat and Danek
[13] estimated a repeatability uncertainty of ±2% for convective environments,
Borell and Diller [12] measured a 1.9% repeatability within a 95% confidence
interval which matches our observed results.
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Measurement
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Figure 4: MEASURED HEAT FLUX DENSITIY WITH ALTP SENSOR IN THE STAG-
NATION POINT AT H/D = 5 WITH 20 REPETITIONS - STANDARD DEVIATION
σ = ± 0.13Wcm−2.

The homogeneity of the stagnation-point area at the baffle plate is studied
by traversing it with an installed, calibrated ALTP sensor in horizontal and
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vertical direction in 1.6mm steps, respectively. Figure 5 displays both profiles
in non-dimensional R/D coordinates where radial distance R is the distance
of the sensors current location compared to the central mounting point in the
stagnation region (R = 0). In addition, the active film areas of all heat flux
sensors (ALTP, HFM-8E, TG-2000, TC), are marked in the same diagram.
The active area of the ALTP is 3 × 2 = 6mm2 compared to the HFM-8E
with ≈ 30mm2 and the TG-2000 with ≈ 125mm2 (coated areas are assumed
as active films, no other detailed information is given by manufacturer). For
the sensor with the largest front surface (TG-2000), the maximum standard
deviation of the heat flux density in horizontal direction is 0.1Wcm−2 or 1.3%
of the mean value in the area, and in vertical direction 0.05Wcm−2 or 0.65%
of the mean value. The homogeneity and repeatability investigations show that
the stagnation-point area offers a sufficiently constant heat flux density in order
to carry out successive, comparative measurements of heat flux sensor with
different active areas.
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Figure 5: HOMOGENEITY OF THE IMPINGING FLOW FOR VARIED R/D-DISTANCES
IN HORIZONTAL AND VERTICAL DIRECTION AT H/D = 5. ERROR INCIDENCES
REPRESENTS THE STANDARDDEVIATION σ FOR FIVEMEASUREMENTS AT EACH
POINT.

For the comparison of sensors with different temporal resolutions it can
be important to quantify the uncertainty of the free hot air jet in terms of
its fluctuations and turbulence. Thus, a spectral analysis of the measurement
signals of the ALTP, HFM-8E, TG-2000 and the TC are evaluated for a fixed
H/D= 5. An averaged spectral density is shown in Figure 6 for each sensor. The
ALTP and the HFM-8E spectra show a good agreement in the low-frequency
range which is relevant for the convective comparison of the mean values. In the
kHz-range the spectrum of the ALTP decays at a later point. In addition, the
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spectra display the noise floor that is calculated from the signals before exposure
for each sensor. It should be noted that the data for the ALTP spectrum in
Figure 6 is measured with a different amplifier without a low-pass filter and a
−3 dB-bandwidth of 1.3MHz. It consists of an instrumentation amplifier with
a gain of 1000 (60 dB) and an specified input noise of 1 nVHz−0.5. For the
HFM-8E the amplifier produced by the manufacturer (AMP-13) at Gain 100 is
used. The bandwidth of the TG-2000 is much lower which can be explained by
its lower time constant.
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Figure 6: SPECTRAL DENSITY OF THE FREE JET EVALUATED FOR THE ALTP,
HFM-8E, TG-2000 AND THE COAXIAL TC.

The spectrum of the TC calculated from the temperature time signal (not
heat flux) is show in addition in the same diagram (right axis). The temperature
fluctuations show a similar frequency range as the spectra of heat flux fluctu-
ations of the ALTP and the HFM-8E. For the spectral analysis, all signals are
captured with a sampling rate of 100 kHz. The spectral analysis delivers RMS-
values of 1.8Wcm−2 (ALTP), 1.6Wcm−2 (HFM-8E), 0.1Wcm−2 (TG-2000)
and 1.0K (TC).

The free-jet setup can be furthermore used to produce relative, convective
calibration curves by varying the distance H of the baffle plate and the nozzle
exit. With increasing H, more ambient (cold) air is mixed into the shear layer
of the free hot-air jet. Thus, the mean temperature of the jet decreases with
increasing H and also the impinging mean heat flux density in the stagnation
area. It has to be noted that the mixed-in cold air also transforms the heat-
density profile and the homogeneity significantly decrease with H. Therefore,
the values given in Figure 5 and 12 for a fixed H/D = 5 do not apply for
such a curve. However, this variation and its resulting calibration curve (comp.
Fig. 13) allow the comparison of heat flux sensors for different convective heat
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flux densities. Such curves can give an indication for heat flux density and/or
temperature dependent deviations of different heat flux sensor readings.

Shear flow convection-based calibration

The shear flow based calibration was carried out at the Linear Experimental
Aerothermal Facility (LEAF), located at Purdue University[41]. LEAF is a
linear blowdown facility that flows air from pressurized tanks to a vacuum dump
tank. It consists of a settling chamber, the linear test section and a sonic valve
to set the Mach number. The details of operation are documented in [42, 43].

For the LEAF measurements, a different ALTP sensor due to significant dif-
ferent mounting, noise level and response time demands was used. This sensor
has a different active length and film thickness to meet the requirements, flow
regimes etc. This leads according to Equation 1 to a different output voltage
and therefore to different sensor sensitivities. In order to enable a comparison
between all investigated facilities, both ALTP sensors are calibrated in the same
radiation-based facility (see section Calibration Procedures). The results indi-
cated a sensitivity of 59 µV cm2 W−1. Typical ALTP sensitivities can be in the
range of 20–150µV cm2 W−1.

Figure 7: a) SHEAR FLOW CALIBRATION SETUP b) LAYOUT OF THE SENSORS IN
THE TEST SECTION c) SCHEMATIC OF THE HEAT FLUX CALCULATION FROM
THE SURFACE THERMOCOUPLES.

The ALTP sensor is placed on the top wall of the LEAF linear test section
along with an array of surface thermocouples which are sub-millimeter, thin
wire thermocouples. Physically, there is a axial and spanwise difference in the
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position of the two sensors to ensure that the boundary layer is not disturbed for
one sensor due to the presence of the other. Figure 7 a) shows the operational
principle and 7b) shows the layout of the sensors with reference to the start of
the test section.

The difference in the boundary layer and thermal boundary layer between
the ALTP and the surface thermocouple is 0.13mm (≈ 3%) and 0.12mm (≈
3%) respectively at a representative calibration condition [44]. This leads to
a difference in the heat load of 0.58%, for the two sensors which is within the
uncertainty of the heat flux calculation method. The methodology presented in
[39] is used to convert the surface thermocouple readings into heat flux. The
schematic of the problem is shown in Figure 7c), the test plate is instrumented
with surface thermocouples on the inner surface (exposed to the fluid flow) and
on the outer surface (exposed to ambient). The inner surface thermocouple
is mounted on a layer of Kapton, and the plate is made of aluminium. The
temperature readings are converted to heat flux through a numerical solver
[39] for the 1D unsteady state heat conduction given by Equation 4. Heat flux
continuity, given by Equation 5, is applied at the interface of the two layers. The
solver uses a Crank Nicholson discretization scheme and was validated against
an analytical solution [39].

∂T

α∂t
=

∂2T

∂x2
(4)

−k1
∂T

∂x x=L+
= −k2

∂T

∂x x=L−
(5)

The uncertainty on the heat flux was assessed through a parametric sensitivity,
shown in Table 2, where the heat flux calculation is performed by adding the
uncertainty for each parameter. Here, sensitivity is defined as the percentage
change in heat flux for a 100 percent change in input parameter. This is based
on the work of Saavedra et al. [39]. The uncertainty for each parameter was

Table 2: UNCERTAINTY ON HEAT FLUX ESITMATION.

Parameter Value Units Uncertainty Sensitivity

δKapton 0.07 mm 0.01 77.3%

δAluminium 24.76 mm 0.01 171.7%

ρKapton 1420 kgm−3 0.71 145%

Cp Kapton 1090 J kg−1 K−1 10.9 15%

kKapton 0.12 Wm−1 K−1 0.0036 79.7%

ρAluminium 2700 kgm−3 108 2.7%

CpAluminium 897 J kg−1 K−1 27 0.9%

kAluminium 180 Wm−1 K−1 7.2 13.6%

Tfront 317.8 K 0.31 549.4%

Tback 314.2 K 0.31 549.4%

Heat Flux 0.95 W cm−2 Uncertainty 11.3%
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taken for a 95% confidence interval based on literature or measurements. The
final uncertainty on heat flux is estimated through the methodology of Moffat
[45]. From the table it is evident that the heat flux calculation is more sensi-
tive to the properties of the Kapton tape than of the aluminum insert, hence a
greater accuracy is required to characterize the properties of the Kapton layer.
The heat flux is most sensitive to the temperature measurement, hence the ther-
mocouples were calibrated in a Fluke dry well for the operating conditions they
were exposed to with the calibration (R2 of 0.99995). With the uncertainties in
measurement documented in Table 2 the total uncertainty on the heat flux is
around 11%.

Similar to before, the spectrum of the ALTP heat flux and thermocouple
are compared from the time signal. The thermocouples show fluctuations at
low frequency < 100Hz, and are similar to the ALTP spectrum as shown in
Figure 8. However, due to their slow response, they are unable to capture
higher frequency oscillations.

Figure 8: SPECTRAL DENSITY OF THE FLOW EVALUATED FOR THE ALTP AND
THE SURFACE THERMOCOUPLE.

4. ASSESSMENT Of CALIBRATION

Results of the radiation-based calibration procedure

Figure 9 shows the calibration curves of the ALTP, HFM-8E and TG-2000
sensors. The calorimeter is not calibrated by laser-radiation because it does not
possess a suitable coating with known optical properties. The curves in Figure 9
display the measured sensor voltage output versus the specific radiation inten-
sity. Each point results from three repeated measurements and the deviation is
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not shown because it is within the symbol size (σ ± 1%). It can be seen that
all three sensors have a linear characteristic and the slope of linear regression
delivers the sensitivity. All sensitivities measured SExp in the current setup are
shown in Table 3 in comparison with the sensitivities given by the manufac-
turers SMan. The ALTP has the lowest sensitivity but also a small active film
area with 6mm2, compared to the HFM-8E and the TG-2000. All sensitivities
account for the emissivity of the sensor specific coating (see Instrumentation
section). The HFM-8E requires in addition the compensation of the tempera-
ture depending sensitivity by means of the measured sensor temperature. The
sensitivity is corrected according to the manufacturers manual/calibration.
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Figure 9: RADIATION-BASED CALIBRATION CURVE FOR TESTED HEAT FLUX SEN-
SORS WITH CONSIDERATION OF THE SPECIFIC EMISSION COEFFICIENT.

The deviation of determined sensitivities and the ones given by the man-
ufacturers is < 5% for all three sensors. The value is much smaller than the
overall uncertainty estimation of ≈ 14% of the radiation procedure (see section
Calibration procedures). Therefore, a good comparability of the sensitivities of
radiation-calibrated sensors is given.

Table 3: RESULTS OF THE LASER CALIBRATION PROCESS IN COMPARISON TO
THE MANUFACTURERS’ CALIBRATION.

Sensor Sman Sexp Dev.

ALTP 104
(
µV cm2 W−1

)
108

(
µV cm2 W−1

)
4%

HFM-8E 576
(
µV cm2 W−1

)
562

(
µV cm2 W−1

)
3%

TG-2000 320
(
µV cm2 W−1

)
309

(
µV cm2 W−1

)
5%
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Figure 10 shows the calibration curve of the coaxial thermocouple as calcu-
lated heat flux vs. reference heat flux determined by the power meter. Using the
temperature signal of the coaxial thermocouple as input, the Cook-Feldermann
(CF) algorithm [5] is applied for heat flux calculation. The calibration curve
shows a linear behavior and only slight deviations from the bisectioning line.
The results confirm, that the numerical procedure and the thermal parameters
are appropriate for his radiation heat load if an appropriate coating with known
optical parameters is applied.
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Figure 10: RADIATION-BASED CALIBRATION RESULTS FOR THE COAXIAL THER-
MOCOUPLE WITH CONSIDERATION OF THE SPECIFIC EMISSION COEFFICIENT
IN COMPARISON AGAINST THE REFERENCE LASER SOURCE.

Results of the stagnation point convection-based calibration procedure

The comparison of all sensors (ALTP, HFM-8E, TG-2000, coaxial thermo-
couple, calorimeter) in the convective environment is made at a fixed point with
a constant distance H/D=5 (corresponding to 240mm traveling distance of the
impinging jet). Figure 11 displays five different time histories which are typical
signals during the calibration of the ALTP, HFM-8E, TG-2000, Calorimeter and
the coaxial thermocouple, respectively. The Figure 11 (a-c) show the measured
output voltage of the heat flux sensors on the right ordinate and the heat flux
densities calculated by means of the sensitivity SExp (see Table 3) obtained
from laser calibration on the left ordinate. All signals show the rise of heat flux
density after the opening of the shutter (= exposure). The mean value remains
approximately constant during the exposure for about 1.5 seconds. The fluctu-
ations during the exposure result from the turbulence of the free jet which are
resolved differently due to the specific time constants of the heat flux sensors
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(comp. Figure 6). The temporal evolution of the signals will be discussed in
detail further below. First, only the mean values will be discussed.

Figure 11 d, e) displays two signals: the temperature signal (right ordinate)
of is shown in triangles. The temperature is calculated from measured voltage
signals and the standard NIST polynomial approximation, resp. the tempera-
ture sensitivity given by the manufacturer. On the one side using a calorimeter
and Equation 2 in d) a time averaged heat flux signal can be calculated. Due
to the calorimetric principle resulting in a relatively slow response time, turbu-
lence effects can not be observed in the time signal. On the other side using a
coaxial thermocouple, the slope of the temperature curve in e) increases rapidly
at the beginning, decays afterwards and remains about constant resulting in a
linear rise with increasing time. After the end of the exposure the signal declines
again. The fluctuations on the signal are mainly originated from the numerical
noise produced by the algorithm which can be seen already superimposed on
the time signal before exposure (different algorithms and their noise will also
be discussed further below). The time progression of the heat flux signal shows
a declining trend. This effect might indicate a warming-up of the TC which
leads to an increasing invalidity of the semi-infinite wall assumption for longer
measurement times which is inherent for the numerical evaluation by the CF
technique.

The mean values calculated from 20 repeated measurements and resulting
time histories like shown in Figure 11 (a-e) are evaluated. The mean values
and its standard deviation σ are shown in Figure 12 for all measurement tech-
niques used. For the ALTP and the HFM-8E sensor, the absolute mean values
measured in the stagnation region (st): ALTP: Qst = 7.24Wcm−2; HFM-8E:
Qst = 7.11Wcm−2 differ only within 2%. The results are very reproducible
with a low deviation of σ = 0.10Wcm−2, 0.06Wcm−2, respectively. Com-
paring these results to the calorimeter show a mean value of approximately
Qst = 6.65Wcm−2 which is about 5−7% lower with a larger standard deviation
of σ = 0.115Wcm−2. This can probably be explained by a higher measurement
uncertainty of the required time interval ∆t measurements for this technique
(see Instrumentation section). An additional uncertainty can be the assump-
tion of the lumped capacity model (inhomogeneous temperature distribution
is neglected, temporal delay of maximum temperature). Furthermore, higher
conductive losses during the heat exposure than theoretically estimated might
occur and possible convective losses on the rear side of the calorimeter are also
unaccounted for. Considering all the above measurements, the laser calibration
seems to be applicable for the convective stagnation point calibration, with an
overall uncertainty within the accuracy of the sensor calibration in the radiative
facility (comp. Table 1). The comparisons of sensitivities obtained from other
manufacturers and calibration facilities suggest good absolute agreement. How-
ever, a comparison with e.g. variable-temperature blackbody as a broadband
radiant source is not presented in this paper and an offset of the absolute value
of the laser calibration cannot be excluded.

The coaxial thermocouple (TC) result can be found in Figure 12. Com-
paring them against the ALTP and HFM-8E measurements, a mean value of
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Qst = 7.352Wcm−2 is measured. The standard deviation of the repeated mea-
surements is σ = 0.142Wcm−2. These results fit well into the assumed un-
certainty ±10% of the laser calibration facility, the manufacturer calibrated
thermal product ±2% and the repeatability of the convective calibration facil-
ity ±1.8% and supports the calibration of the ALTP and HFM-8E. However,
prior investigations in [46] showed 25% higher heat flux values for the same cal-
ibration setup. According to the manufacturer, a possible explanation for these
kind of deviations can be long measuring times (the semi-infinite wall assump-
tion is only valid for severals microseconds). The experiments was also repeated
for different wall materials (aluminum and stainless steel insert) and initial wall
temperatures (20 and 50 °C). For this study a threadable coaxial thermocou-
ple in combination with heat conducting paste in the thread was used to lower
thermal contact resistances. This probably reduced the overestimation of the
heat flux for this study which leads us to the conclusion that care must be taken
when installing a coaxial thermocouple and heat flux sensors in general. This is
especially true, if different heat flux sensors are compared and used in different
environments with different wall materials.
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Figure 12: HEAT FLUX DENSITY FOR ALL SENSORS IN THE STAGNATION POINT
AT H/D = 5 MEASURED WITH 20 REPETITIONS FOR EACH SENSOR. ERROR INCI-
DENCES REPRESENTS THE STANDARD DEVIATION.

The results of the circular-foil device in Figure 12 (TG-2000) display lower
mean values with an offset of about 20%. This finding is however consistent
with previous studies in a convective environment done by Borell and Diller with
17.7% deviation [12] and Fu et al. up to 16.9% [25]. Borell and Diller state
that the offset of a circular-foil gage should scale linear with the incident heat
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flux, depending on variation of the center-to edge temperature of the sensor. To
further investigate this behavior the incident heat flux is varied by shifting the
H/D-Distance between 3 and 7.25. To map the exact influence of the varied heat
load on the measurement results, the baffle plate is kept at 50 °C. Figure 13
shows the results of the H/D-variation and the decreasing heat flux density
in the stagnation point with increasing H/D. The 20% error-range shows the
absolute deviation of the TG-2000 with declining heat flux densities. It indicates
that a systematic deviation exists that is direct proportional to the impinging
heat flux. This results is in accordance with the measurements of Borell and
Diller.

It can be concluded that performing just a radiation calibration without
considering the later measurement environment of a heat flux sensors can lead
to relatively high systematic errors. Considering this earlier found 20% offset,
the measured heat flux values of the TG-2000 values support the obtained results
of the ALTP and HFM-8E.

The H/D-variation is also used in order to study possible non-linearity, tem-
perature/heat flux density dependency effects of the ALTP, the HFM-8E and
the TC. Analyzing the ALTP and HFM-8E curves in Figure 13 show that the
measured values stay within a 5% error corridor over the entire H/D-Distance.
The TC showed slightly higher deviations for some measurement points but
stays well within a 10% interval. It should be noted that only H is varied here
for a fixed nozzle diameter D. The HFM-8E has a temperature dependent sen-
sitivity provided by the manufacturer. Within the current heat flux density
range, its temperature rise is in the range of 5 to 15K, the correction effect on
the sensitivity (∆Sman = 0.05%K−1) is very small and hardly noticeable in
the calculated heat flux values. These findings indicate that nonlinearity ef-
fects are very weak for the present heat loads or are much smaller than the
measurement accuracy of the radiation calibration. A major temperature/heat
flux dependency of the sensors sensitivity could not be found for all sensors
(ALTP, HFM-8E and TC). The findings of Figure 12 and 13 suggest that the
sensitivities of the HFM-8E and the ALTP obtained by radiation-based calibra-
tion can be directly transfered to a convective environment (for the investigated
heat flux range). The TC results support this finding and showed also a good
transferability between laser and convection calibration when special attention
is given to the installation conditions.

However, it should be noted that sensors with different active sizes are used in
the H/D variation in Figure 13. Especially for H/D > 5 the flow uniformity can
change and affect the heat flux behavior of techniques with different dimensions.
In this study, the core region of the free-jet started to dissolve for H/D > 7.2
that is noticed by a larger disproportionate drop of the TG-2000s heat flux
values (sensor with largest active area).

The temporal evolution of the signals (Figure 11) produced by the fluctua-
tions of a free jet and their resulting characteristics are discussed in more detail
in the following: The time signals (Figure 11 a, b) of the ALTP and the HFM-
8E and the measured fluctuations during exposure seem approximately similar.
The rise of the heat flux signal after exposure characterizes only the shutter

23



3 3.5 4 4.5 5 5.5 6 6.5 7
3

3.5

4

4.5

5

5.5

6

6.5

7

7.5

8

8.5

9

H/D-Distance (-)

H
ea
t
F
lu
x
D
en
si
ty
( W

cm
−
2
)

ALTP HFM-8E
TG-2000 TC

3 3.5 4 4.5 5 5.5 6 6.5 7
3

3.5

4

4.5

5

5.5

6

6.5

7

7.5

8

8.5

9

H/D-Distance (-)

5%− Error Range

20%− Error Range
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THE CONVECTION CALIBRATION FACILITY. ERROR INCIDENCES REPRESENTS
THE STANDARD DEVIATION FOR 5 MEASUREMENTS PER DATA POINT.

opening process and does not result from the time constants of the ALTP and
HFM-8E. Their time constants are much lower than the opening time of the
manual shutter used. The electrical signal noise is very low before the shut-
ter opening, suggesting that the measured fluctuations during the exposure are
mainly related to jet flow phenomena of the calibration facility (comp. Fig-
ure 6). For signal evaluation, the measured data is numerically filtered with a
1 kHz running-mean filter after recording.

Considering the TG-2000 time history in Figure 11c), the signal characteris-
tic shows significant lower temporal resolution during the exposure and nearly
no fluctuations can be resolved. The rise and decay time of this sensor until it
reaches 95% of its maximum or minimum is ≈ 0.2 s, respectively. These times
indicate the much lower response time of the sensor which is in accordance to
its working principle.

The heat flux signal of the coaxial thermocouple (TC) in Figure 11d) shows
significant numerical noise that is produced by the numerical differentiation of
the time depending temperature signal. Thus, flow fluctuations can just hardly
be distinguished from numerical noise.

Results of the shear flow convection-based calibration procedure.

In the shear flow calibration, the sensors were exposed to a jump in heat
flux by passing hot flow over at different flow conditions. Figure 14 shows the
change in temperature of the flow and the readings from the instrumentation
insert once the valve is opened. The flow is maintained at for 4 minutes to ensure
thermal equilibrium. The ALTP response and the heat flux calculated from the
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thermocouples are also shown in Figure 14. As stated in the section calibration
procedure it should be noted that a different ALTP sensor was used in the LEAF
facility due to significant different mounting and operational demands.

Figure 14: TIME HISTORY OF TEMPERATURE TEMPERATURES FOR A CALIBRA-
TION TEST ALONG WITH ALTP OUTPUT AND HEAT FLUX CALCULATED FROM
THERMOCOUPLES.

The facility was characterized for repeatability and stability of conditions.
This is highlighted in Figure 15a) which shows the stability of heat flux at
three different flow conditions for 20 s of the ALTP compared with the heat
flux calculation from the surface thermocouples. Figure 15b) shows the 95%
confidence interval calculated from ten measurement points. The spread is a
combination of ALTP measurement fluctuation and fluctuation in the heat flux
from the flow.

Comparing the heat flux calculation from the wall temperature and the
ALTP output, a linear calibration curve is obtained as shown in Figure 16 a).
The calibration line is linear with an R2 value of 0.9985 and a correlation coef-
ficient of 0.99926 with a sensitivity of 59µV cm2 W−1. The relative uncertainty
is computed from the methodology presented in [42]. The heat flux density Q
is assumed to be with linear behavior of the form of Equation 6.

Q = aU + b (6)

where a is the slope, U the measured voltage output of the ALTP and b the
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Figure 15: a) STABILITY OF HEAT FLUX b) HOMOGENEITY OF MEASUREMENT
SHOWN WITH MEAN OF 10 MEASUREMENTS AND 95% CONFIDENCE INTERVAL.

intercept of a linear fit. From this linear fit, the slope uncertainty is given by:

∆a <
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tα, n− 2 is the student t distribution factor for (1− α) confidence interval and
n number of samples. sq and su are the sample average square of deviations of
heat flux density Q and voltage U .

The slope and offset uncertainty are estimated based on the work of Born-
stein and Smendjajew [47], shown in Equation 7 and 8. Combining based on
Moffat [45], the relative uncertainty of the heat flux is defined as Equation 9.
The relative heat flux uncertainty is the uncertainty of the heat flux in percent-
age of the given heat flux value and is plotted in Figure 16 b). Relative uncer-
tainty is higher for low values of heat flux, approximately 25% for 1W cm−2

but drops to 8% at 4Wcm−2.
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Figure 16: A) ALTP CALIBRATION CURVE WITH UNCERTAINTY BAND, B) RELA-
TIVE UNCERTAINTY OF CALIBRATION POINT [42].

5. APPLICATION OF ALTP SHOCK BOUNDARY LAYER IN-
TERACTION

The linear behaviour and high frequency response makes the ALTP an ideal
sensor to measure heat flux in highly unsteady flows. The selected test case is
a supersonic nozzle with surface features conducive to complex shock-boundary
layer interaction patterns. Details about the geometry and flow field are given
by Braun et al. [48]. Tests were performed in the LEAF test section at Purdue
University’s PETAL lab. Fig 17a) shows the installed test section in the LEAF
wind tunnel and Fig 17b) shows the mach contour inside the test section and
the position of the ALTP.

The ALTP is mounted at the top wall at the end of the nozzle exposed to
flow at Mach 2. The objective for the ALTP was to characterize the initial shock
wave that passes during the starting of the nozzle and measure the temporal
behaviour of the downstream shock-boundary layer interaction (SBLI). Multiple
runs were carried out and to reduce the upstream pressure requirement, testing
was done at sub-ambient pressure conditions. The frequency response is used to
assess the frequency of the SBLI. Figure 17c) shows the pre-multiplied spectrum
with the frequency and the Strouhal number in terms of the first separation
shock length. The first two peaks at 232Hz(St 0.017) and 292Hz(St 0.021)
are attributed to the interaction of the first and second SBLI. These dominant
low and mid frequency components are identified due to shock oscillations and
separation bubble breathing.

The shock oscillation frequencies are well correlated with the breathing mo-
tion of the separation bubble as identified by Deshpande and Poggie [50] who
also demonstrated the mechanism of the same. Fisher et al. [49] demonstrated
the presence of these oscillations experimentally for the same test article.
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Figure 17: A) TEST ARTICLE MOUNTED IN THE LEAF FACILITY SHOWING THE
POSITION OF THE ALTP, B) MACH CONTOUR INSIDE THE TEST ARTICLE RE-
CONSTRUCTED FROM CFD DATA PROVIDED BY FISHER ET AL. [49].

The mean signal was used to assess the heat flux at the starting of the nozzle
and at test condition. Figure 18a) shows the evolution of the temperature
signal once the flow is started. Figure 18b) and c) show the ALTP response
and the heat flux from the thermocouple, respectively. It can be seen that the
thermocouples miss the initial jump in heat flux due to the starting shock, as
shown, but also are unable to stabilize in the short duration of the test. The
averaging window marked in Figure 18b) and c) after the shock has passed
at approx. 0.415 s is used to compare the mean heat fluxes. Here, we see a
difference of 1W cm−2 in the mean heat flux level for the shown window. The
jump in heat flux due to initial shock is compared with URANS simulation
performed by Braun et al. [48]. The experimentally measured flow conditions
are used as boundary conditions and the spike in heat flux due to the crossing in
the supersonic regime is predicted and matches with the data from the ALTP,
as shown in Figure 18d). This is not seen in the heat flux from the surface
thermocouples.
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Figure 18: A) TEMPERATURE DATA FROMTHERMOCOUPLES, B) HEAT FLUXMON-
ITORED BYALTP, C) HEAT FLUXMEASURED BY THE THERMOCOUPLES, D) HEAT
FLUX FROM ALTP, THERMOCOUPLES, URANS [48].

6. CONCLUSION

The static calibration of different heat flux sensors in a radiation- and
convection-based procedure shows measurement principle depending significant,
systematic deviations. Thus, a sensitivity transfer between a radiation-calibrated
sensor for measurements in convective environments seems not possible for all
studied heat flux sensors in a range up to approximately 8W cm−2. In a first
step, all radiation-calibrated sensors (Transverse-Seebeck-effect based ALTP,
differential layer device HFM-8E, circular-foil gage TG-2000) are calibrated in
the same laser-radiation based facility. The determined absolute sensitivities
show only < 5% deviation from the static sensitivities provided by the different
manufacturers. The accuracy of the radiation-calibration process is estimated
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at about 14%.
Afterwards, the sensors are compared in a convection-dominated facility that

uses stagnation-point measurements of an impinging hot air jet. The homogene-
ity and repeatability of the procedure is experimentally determined with about
2% of the mean heat flux density, which makes the facility good for comparative
substitution calibration.

The mean values measured by the ALTP and HFM-8E show only a deviation
of 5% over the entire heat flux range and no temperature or heat flux density
dependent sensitivity changes could be detected. Taking these mean values as
reference, the calorimeter delivers an about 5% lower mean value for a fixed dis-
tance (H/D = 5). The TG-2000 indicates a mean value that is about 20% lower.
This is in accordance with results of previous studies for circular-foil gages. A
coaxial thermocouple displays a ≈ 5% higher value than the ALTP/HFM-8E for
the same fixed distance. Great care has to be taken when it comes to mounting
coaxial thermocouples. It is highly recommended to minimize heat conducting
problems in the radial direction, otherwise significantly higher or lower heat
flux readings are obtained within the same calibration conditions [46]. These
findings show that a comparison of sensitivities in a convective environment is
of great importance for the application of heat flux sensors.

The time histories resulting from the exposure to the free hot air jet show the
different temporal resolutions of the heat flux sensors. The signal characteristics
confirm the benefits of direct heat flux measuring techniques. Temperature-
based methods suffer from the numerical noise produced by heat flux calculating
algorithms, even if noise reducing procedures are implemented. This is also
seen in the shear flow calibration technique where the sensor was calibrated
against heat flux extracted from surface thermocouple readings. The heat flux
calculation is highly sensitive to the temperature measurement. In practice it
is shown the ALTP time response helps it to obtain closer absolute heat flux
reading to the true value for short duration and high speed flows. This allows
for capturing unsteady phenomenon that will be missed by using temperature-
based methods.
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