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Calibration of heat flux sensors based on anisotropic thermoelements
and heterogeneous metal structures using a reflected shock wave
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The applicability of the calibration method for heat flux sensors based on anisotropic bismuth thermoelements
and a heterogeneous copper—nickel structure using a reflected shock wave to determine the volt-watt coefficient is
demonstrated. The coefficient obtained for a sensor based on anisotropic thermoelements is close to the stationary
calibration data, and for a sensor based on a heterogeneous structure, to the results of numerical simulation.
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The measurement of the heal flux to the surface of
a body is an essential diagnostic tool in a gas-dynamic
experiment [1]. Thermoelectric heat flux sensors based
on anisotropic bismuth thermoelements (gradient heat flux
sensors, GHFSs) and heterogeneous metal structures (het-
erogencous gradient heat flux sensors, HGHFSs) have
been recently put into practice in experiments with shock
tubes. Their operating principle consists in generating a
thermoelectric field in a sensing element that exhibits an
anisotropic thermal emf when a temperature gradient is
induced in it [2]. The results of measurements of the
nonstationary heat flux are processed in accordance with
the procedures outlined in [3] and [4].

Prior to use, GHFSs and HGHFSs need to be calibrated
to determine volt-watt coefficient S;. A sensor calibrated
in stationary thermal conditions is mounted on a special
stand and subjected to a heat flux with known density
g, and electric signal U is recorded [2]. The sought-
for volt-watt coefficient is determined as Sy =U/(gA),
where A is the working surface area. When pulse heat
fluxes are measured, it is preferable to perform calibration
in nonstationary thermal conditions, which are established
using, e.g., a reflected shock wave. This method is relatively
easy to implement and is often used for calibration of
coaxial thermocouples [5,6]. In the present study, the
applicability of this approach in calibration of bismuth
GHFSs and copper—nickel HGHFSs is demonstrated. The
uncertainty of the obtained volt-watt coefficient depends
on the accuracy of measurement of the initial working gas
pressure in the low-pressure chamber of a shock tube and
the Mach number of an incident shock wave.

The experimental part of calibration is performed in a
shock tube. A heat flux sensor and a pressure sensor
(triggering the recording system) are mounted at the end
of the low-pressure chamber. The theoretical value of
heat flux to the wall behind a reflected shock wave is
calculated based on the initial experimental data. In the
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one-dimensional approximation without gas dissociation and
ionization and with thermal conductivity 4 ~ TV, density
o ~ T~! and constant thermal capacity Cp, this heat flux
may be calculated as [7]
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where ps, 1s, and Cs are the density, the thermal conduc-
tivity, and the thermal capacity of gas behind a reflected
shock wave; t is time; 0, = T5/T, is the ratio of the
gas temperature behind a reflected shock wave to the wall
temperature; and v is an exponent of power. The heat flux is
calculated in accordance with the procedure detailed in [3]
based on the experimentally recorded signal of a heat flux
sensor and the initial approximation (). It is convenient
to use normalized heat flux gv/t, which depends only on
the parameters of gas behind a reflected shock wave, to
compare experimental and theoretical data. The value of §
is then adjusted so as to minimize the difference in g/t
values.

The shock tube of the Ioffe Institute [8] was used a test
stand for GHFS and HGHFS calibration. The Mach number
of an incident shock wave was determined using piezo-
electric pressure sensors mounted at the end of the low-
pressure chamber at a distance of 58 mm from each other.
Their signals were recorded with a Tektronix TDS 2014
oscilloscope with a time resolution of 4 - 10~7s. A GHFS
4 x Tmm in size with ten bismuth thermoelements was
used in the first series of experiments. Each thermoelement
had a length of 7mm, a width of 0.4 mm, and a thickness
of 0.25mm. According to the stationary calibration data,
S ~ 3.1 mV/W. The second series of tests was performed
for a copper—nickel HGHFS 3 x 3mm in size with a
thickness of 0.5mm. The thickness of each metal layer
was 0.15 mm. The HGHFS was connected to an INA128P-
based amplifier with a gain factor of 200 and a bandwidth of
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Figure 1. GHFS (a) and HGHFS (b) signals in reflection of a shock wave with different Mach numbers.
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Figure 2. Theoretical normalized heat flux g/t (dashed lines) and heat flux calculated based on GHFS (@) and HGHFS (&) signals for

the chosen value of volt-watt coefficient S (solid curves).

~ 200kHz. The signal from heat flux sensors was recorded
with a Tektronix TDS 1002 oscilloscope. The duration of
GHFS measurements was ~ 10us with a time resolution
of 10~8s, while the HGHFS measurement duration was
~ 100 us at a resolution of 10~7s.

The volt-watt coefficient of a typical GHFS is
S ~ 1-10mV/W, and the coefficient for the considered
HGHFS is S =~ 19uV/W (according to the results of
calculation in accordance with the model [9] that reproduces
the internal sensor structure). Therefore, regimes with
different values of normalized heat flux ¢/t were chosen
for GHFS and HGHFS calibration (see the table). Nitrogen
served as the working gas in GHFS calibration. In the
regimes with Mach number M = 2.18 and 3.47, it also acted
as the driver gas; at M = 3.12 and 3.68, it was substituted
with hydrogen. Argon was the working gas in HGHFS
calibration, while hydrogen was the driver gas.
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Figure 1 shows the initial electric GHFS signals (a) and
HGHEFS signals (b) after amplification. The difference in
temperature conductivity of bismuth (a = 5.5 10~ m?/s)
and a copper—nickel couple (a = 5.8 - 1073 m?/s) translates
into a difference in temperature distribution within a sensor
and, consequently, a difference in signal shape.

Figure 2 shows the theoretical and experimental normal-
ized heat flux values for the GHFS (a) and HGHFS (b)
volt-watt coefficient at which the best match of g/t is
observed. The initial settling phase of heat exchange with
a duration of ~ 1us and the section of growth of the
normalized heat flux were excluded from calculations of
the mean g/t value for the GHFS. The initial and end
sections with a duration of ~ 10us, where a considerable
g+/t variation is observed, were excluded from calculations
for the HGHFS. The increase in length of the initial section
ignored in averaging for the HGHEFS is attributable to the
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Initial experimental conditions, calculated parameters of the working gas behind a reflected shock wave, and determined volt-watt
coefficient of the sensor

M P, T. K 05, Cops, As, (av/D)tn, (V1) s S, VIW
kPa > kg/m® J/(kg - K) W/m - K W - /3/m? W - /s/m?
GHEFS calibration
2.18 6.67 805 0.552 1123 0.058 1880 1859 2.9.1073
347 1.33 1607 0218 1252 0.099 4354 4269 2.3-1073
3.12 25.06 1363 3.589 1224 0.088 13247 13053 2.7-1073
3.68 19.20 1763 3.362 1267 0.107 20012 19364 3.9.107°
HGHEFS calibration
4.00 13.33 3620 1.72 520 0.10011 20664 20008 15-107°
4.09 26.66 3779 34841 520 0.10291 31244 30557 15-107°

fact that the amplifier has a limited bandwidth, and a rapidly
increasing signal may thus be distorted. It can be seen that
S varies by no more than 20% from one regime to the other
(except for M = 3.68) in GHFS calibration. In HGHFS
calibration, the same volt-watt coefficient was obtained in
two different regimes (see the table).

The behavior of the experimental normalized heat flux
in GHFS calibration in the regimes with M = 2.18 and
3.47 follows theoretical predictions throughout the entire
time interval. Short sections of steady-state heat exchange
following the law of g~ 1/y/t are seen in the regimes
with M = 3.12 and 3.68. The duration of these sections
decreases with increasing heat flux. The inclusion of such
regimes may lead to a considerable error in determination
of the GHFS volt-watt coefficient. The ¢/t curves obtained
in HGHFS calibration reveal no steady-state heat exchange
phases. Perturbations near the end of the shock tube
induced by the interaction between a reflected shock wave
and the boundary layer within the considered ~ 100 us
time scales are the probable cause here [6]. However,
the obtained volt-watt coefficient is still close to the value
determined in numerical calculations.

The proper shock tube regimes were selected, and the
GHFS and HGHFS calibration was performed with a
reflected shock wave to determine the volt-watt coefficient.
The use of nitrogen as the working gas in regimes with
high normalized heat flux values leads to a suppression
of the steady-state heat exchange phase that corresponds
to the theoretical dependence. The obtained GHFS volt-
watt coefficient is close to the one determined in stationary
calibration, and the HGHFS coefficient agrees with the value
calculated numerically.
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