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 A B S T R A C T

Heat flux sensors compatible with hot environments are critical to advance aerospace, materials, and energy 
generation technologies that cope with extreme thermal conditions. In this work, we report on the development 
and characterization of a high-temperature heat flux sensor using the transverse Seebeck effect in rhenium 
single crystals. The sensor leverages refractory alloys and ceramics compatible with temperatures exceeding 
1000 ◦C. The heat flux sensor was characterized from room temperature to 500 ◦C using a temperature-
controlled calibration facility. At constant temperature, the sensor’s voltage output is linear with respect to 
the absorbed heat flux. The responsivity of the sensor varies with temperature, from 1.3 μV/(W/cm2) at 
room temperature to −3.2 μV/(W/cm2) at 500 ◦C, increasing monotonically in magnitude after changing sign 
from positive to negative at approximately 300 ◦C. The experimental results are in good agreement with 
analytical predictions of the sensor’s temperature-dependent responsivity, which suggest a further increase in 
magnitude up to −7.4 μV/(W/cm2) at 1000 ◦C. These results highlight the unique characteristics of rhenium 
as a TSE transducer. The design offers compatibility with a wide range of operating temperatures and yields 
a measurement sensitivity that increases as the environmental conditions become more challenging.
. Introduction

Heat flux measurements in extreme environments are critical to 
tudy high-temperature flow phenomena, evaluate the performance of 
hermal protection systems, and monitor system health. In applications 
uch as high-speed flight, materials production, combustion, and energy 
eneration, heat flux sensors must contend with temperatures ranging 
rom 500 ◦C to over 1000 ◦C [1–3]. Typical heat flux sensors are, 
owever, often limited by low maximum operational temperatures (<
00 ◦C) and require active or passive cooling infrastructure embedded 
n the surrounding structure [4–6]. These limitations have motivated 
he recent development of heat flux sensors better suited for extreme 
nvironment applications.
Sensors developed for extreme environments have most commonly 

everaged high-temperature thermoelectric materials in  thermopile 
onfigurations. In these devices, a temperature difference is induced be-
ween multiple bi-metal junctions, producing a thermoelectric voltage 
ia the conventional Seebeck effect (CSE) [7]. Originally, this mech-
nism was exploited in sensors using type-K thermocouple materials 
o achieve maximum operational temperatures up to 1000 ◦C [8–10]. 

∗ Corresponding author.
E-mail address: oded@umd.edu (O. Rabin).

Since then, other high-temperature thermopile sensors have been re-
ported on, including those using type-N [11,12], type-S [13], and type-
C [14] thermocouple materials to achieve operational temperatures 
in excess of 850 ◦C. Thermopile-type sensors, however, often exhibit 
complex constructions and many single points of failure. These caveats 
are intrinsic to the sensor mechanism of operation, which requires 
many serial junctions between dissimilar thermoelectric materials, with 
half of the junctions located on the hot side of the sensor.

The transverse Seebeck effect (TSE) has been explored as an alter-
native transduction mechanism to measure heat flux in a ruggedized 
sensor package [15,16], with more recent work demonstrating the 
mechanism at high temperatures [17,18]. The TSE is a phenomenon 
that arises in anisotropic thermoelectric materials, whereby an induced 
temperature gradient generates an orthogonal voltage [19,20]. Devices 
using the TSE only require a single transducer material to generate 
a voltage output, in contrast with a pair of materials required for 
thermopile sensors. Furthermore, all electrical wire connections can be 
integrated on the cold side of the transducer, avoiding the placement 
of any weld or solder joints near the hottest portions of the sensor. 
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Fig. 1. Schematic of the transverse Seebeck effect in an anisotropic single 
crystal. A voltage is generated between two probe locations separated by a 
distance 𝐿 along the 𝑥-direction in response to a temperature gradient induced 
along the 𝑧-direction. In the schematic, CP and IP represent the cross-plane 
and in-plane crystal orientations, respectively, and 𝜃 represents the relative 
tilt between the coordinate systems defined by the crystal structure and the 
transducer geometry.

Generally, heat flux sensors using the TSE exhibit more robust con-
structions compared with their thermopile counterparts, yielding good 
compatibility with extreme environments.

Heat flux sensors utilizing the TSE have leveraged textured thin 
films, layered composites, and anisotropic single crystals. Thin films 
have been investigated for high-speed sensing applications due to 
the large temporal bandwidth that can be achieved by reducing the 
thickness of the transducer to the sub-micrometer scale. These sen-
sors have predominantly leveraged YBa2Cu3O7−𝑑 [21–28] and other 
oxides [29–31], with recent advances extending the technology toward 
high-temperature applications (up to 1000 ◦C) via La1−𝑥Ca𝑥MnO3 thin 
films [18].

In larger form-factor sensors, layered composite TSE transducers, 
such as those using Chromel/Alumel [16] and nickel/stainless steel [32,
33] material combinations, have been utilized to achieve operating 
temperatures up to 600 ◦C; special care, however, must be taken to 
avoid interdiffusion of adjacent layers, which can cause drifts in sensor 
characteristics, notably at high temperatures. Similar to thin films, sin-
gle crystals have been investigated extensively for TSE-based sensors, 
with prior art including sensors using single crystal antimony [15], 
bismuth [34,35], and Bi2Te3 [36]. These studies have predominantly 
focused on highly anisotropic single crystals which yield large respon-
sivities at room temperature, however, recent contributions investigat-
ing TSE-based sensors using crystalline 4H-SiC have demonstrated good 
compatibility of the transducer platform with temperatures as high as 
800 ◦C [17,37].

In this work, the TSE in single crystal rhenium is demonstrated as 
a viable transduction mechanism in a robust heat flux sensor tailored 
for hot environments. The responsivity of the sensor is characterized at 
application-relevant temperatures and compared with predictions using 
as-built device parameters and literature-based transport properties. 
The transient response of the sensor is evaluated subject to dynamic 
heating conditions. Lastly, the relative contributions of the TSE and CSE 
in the sensor are investigated using a laser scan technique [15].

2. Sensor operating mechanism

The TSE, illustrated schematically in Fig.  1, occurs in an anisotropic 
single crystal when the principal crystallographic axes are tilted with 
respect to the direction of an induced temperature gradient. Assuming 
a uniform temperature gradient in the 𝑧-direction in Fig.  1, the voltage 
generated along the 𝑥-direction due to the TSE is given by [23] 

𝑉𝑥 = 𝑞𝑧
𝑆𝐶𝑃 − 𝑆𝐼𝑃

𝑘
𝐿 sin 𝜃 cos 𝜃 (1)

In Eq. (1), 𝑆𝐼𝑃  and 𝑆𝐶𝑃  are the in-plane (IP) and cross-plane (CP) 
components of the anisotropic Seebeck coefficient tensor, respectively, 
𝜃 is the inclination of the CP orientation (corresponding to ⟨0001⟩ in 
Miller-Bravais notation) from the 𝑧-axis towards the 𝑥-axis (Fig.  1), and 
𝑘 is the thermal conductivity (assumed isotropic in rhenium [38]). The 
2 
Fig. 2. Exploded view of the high-temperature TSE heat flux sensor. Two 
rhenium transducers are connected in series using tungsten-rhenium alloy elec-
trical wiring and mounted in a ceramic package. Four auxiliary thermocouples 
monitor the temperature near each transducer and electrical wire junction. The 
front face of the sensor is coated with a high absorptivity paint. An Inconel 
bracket is placed over the front of the sensor for mounting to a heat sink.

parameter 𝐿 is the length of the transducer along the 𝑥-direction, or 
cumulative length of all transducers if multiple are wired in series [15,
39]. The parameter 𝑞𝑧 is the heat flux parallel to the 𝑧-axis and is related 
to the temperature gradient 𝜕𝑇 ∕𝜕𝑧 via Fourier’s law (Eq. (2)). 

𝑞𝑧 = −𝑘𝜕𝑇
𝜕𝑧

(2)

3. Heat flux sensor design and fabrication

The high-temperature TSE heat flux sensor, shown in Fig.  2, consists 
of two prismatic rhenium transducers, electrical wiring, a ceramic 
housing, and four auxiliary thermocouples. All components were fabri-
cated using alloys and ceramics with maximum operating temperatures 
exceeding 1000 ◦C. The two prismatic single crystals of elemental rhe-
nium (Princeton Scientific), measuring 5.3 × 2.1 × 1.3 mm (L × W × H) 
and with a crystal inclination of 𝜃 = −𝜋∕4 (following the convention 
in Fig.  1), were secured in the ceramic housing (Aremco Aremcolox 
Bisque-Fired Alumina 96%) using cement (Sauereisen Tempseal No. 
3) (Fig.  3). Tungsten-rhenium alloy wires (Omega Engineering W-
26Re, 0.25 mm diameter) were spot-welded on the back-side of the 
rhenium transducers, towards the heat sink. Four auxiliary type-K 
thermocouples (Omega Engineering model 5SRTC-GG-K-30-36-ROHS) 
were embedded in the sensor near each transducer and electrical 
wire junction (Fig.  3). The front face of the sensor, facing the heat 
source, was spray-coated with high-temperature black paint (Rust-
Oleum model 248903). Following fabrication, the sensor was baked at 
300 ◦C for approximately 1 h to fully cure the black paint. To avoid 
adhesives, a front-side bracket (McMaster-Carr, Alloy X) and screws 
were used to secure the sensor to a heat sink (Fig.  4). The complete 
sensor has a frontal area of 196 mm2 and a thickness of 2.1 mm. 
The two rhenium transducers are connected in series, augmenting the 
sensor response with a cumulative length of 8.3 mm between welded 
electrical contacts (out of a combined transducer length of 10.6 mm). 
The sensor’s voltage signal is collected by connecting the tungsten-
rhenium electrical wires to the terminals of a nanovoltmeter (Keithley 
model 2182A). The auxiliary thermocouples were connected to a data 
acquisition module (Pico Technology TC-08).

4. Predicted responsivity

Eq.  (1) provides a means for modeling the responsivity 𝐶𝑇𝑆𝐸 of 
the TSE heat flux sensor when the thermoelectric properties of the 
transducer material are known. Defining the sensor responsivity as the 



K. McAfee et al. Sensors and Actuators Reports 10 (2025) 100391 
Fig. 3. Optical image of the back side of the TSE heat flux sensor during 
assembly, prior to sealing with cement. Visible components include the two 
transducers, electrical wiring, and thermocouples. Scale bar: 2 mm.

Fig. 4. High-temperature TSE heat flux sensor mounted to a copper heat sink. 
The heat sink is spray-coated with boron nitride to inhibit oxidation. The heat 
sink has integrated coolant channels for water or air (not visible).

ratio between the measured voltage 𝑉𝑥 and the heat flux absorbed by 
the front face −𝑞𝑧, 

𝐶𝑇𝑆𝐸 = −
𝑉𝑥
𝑞𝑧

= −
𝑆𝐶𝑃 − 𝑆𝐼𝑃

𝑘
𝐿 sin 𝜃 cos 𝜃 (3)

In rhenium, the Seebeck coefficient anisotropy 𝛥𝑆 = 𝑆𝐶𝑃 − 𝑆𝐼𝑃  varies 
with temperature, decreasing from a value of 1.5 μV/K at 25 ◦C to 
0 μV/K at 275 ◦C, and then to −8.3 μV/K at 1000 ◦C [40]. Between 
300 ◦C and 1000 ◦C, the Seebeck coefficient anisotropy decreases 
(increases in magnitude) linearly with increasing temperature. Over 
the same temperature range, the thermal conductivity (assumed nearly 
isotropic) varies little, betweeen 0.44 and 0.48 W/cm-K [41]. The 
Seebeck coefficient anisotropy and thermal conductivity of rhenium 
are shown in Fig.  5, normalized by their value at 25 ◦C, 𝛥𝑆  and 𝑘 , 
0 0

3 
Table 1
Uncertainty bounds for the parameters in Eq. (3).
 Parameter (𝜒𝑖) Uncertainty (𝜎𝜒𝑖

) Reference  
 𝑆𝐼𝑃 , 𝑆𝐶𝑃 ± 0.5 μV/K [42]  
 𝑘 ± 5% (𝑇 < 200 ◦C) or ± 15% (𝑇 >= 200 ◦C) [41]  
 𝜃 ± 𝜋∕180 This work 
 𝐿 ± 0.1 mm This work 

Fig. 5. Thermoelectric transport properties of rhenium. The Seebeck coeffi-
cient anisotropy 𝛥𝑆 = 𝑆𝐶𝑃 − 𝑆𝐼𝑃  [40] and thermal conductivity 𝑘 [41] are 
shown relative to their value at 25 ◦C, 𝛥𝑆0 and 𝑘0, respectively.

respectively. Fig.  5 illustrates that the temperature-dependence of the 
predicted responsivity of the TSE heat flux sensor is dominated by the 
temperature-dependence of 𝛥𝑆 in rhenium. Applying Eq. (3) to the as-
built heat flux sensor, with an effective transducer length of 8.3 mm 
and an inclination of −𝜋∕4, the responsivity of the sensor, shown in 
Fig.  6, is predicted to be 1.3 μV/(W/cm2) at 25 ◦C, decreasing in value 
to −7.4 μV/(W/cm2) at 1000 ◦C, and changing sign from positive to 
negative at 275 ◦C.

The uncertainty of the predicted responsivity was estimated to 
establish upper and lower bounds for comparison against experimental 
calibration results (Section 5). The total uncertainty 𝜎𝑡 is calculated 
by propagating the uncertainties of each parameter 𝜒𝑖 in Eq. (3) via 
a root-sum-square 

𝜎𝑡 =

√

√

√

√

5
∑

𝑖=1

[

𝜕𝐶𝑇𝑆𝐸
𝜕𝜒𝑖

𝜎𝜒𝑖

]2
(4)

Uncertainty bounds for the five parameters in Eq. (3) are tabulated in 
Table  1, where each parameter is assumed to be normally distributed 
about its mean value. The upper and lower bounds of the predicted 
temperature-dependent responsivity, representing the nominal value of 
𝐶𝑇𝑆𝐸 ± 1𝜎𝑡, are shown in Fig.  6.

5. Temperature-dependent sensor calibration

The responsivity of the TSE heat flux sensor was characterized from 
room temperature to 500 ◦C repeatedly over a period of 9 months, dur-
ing which the sensor was exposed to temperatures ranging from 20 ◦C 
to 1000 ◦C. Calibrations were performed using a high-temperature cali-
bration facility. The facility, detailed in [43], uses a transfer calibration 
technique, where the output of the TSE heat flux sensor is compared 
to that of a reference Schmidt-Boelter heat flux sensor (Medtherm 
model 64P-25SB-24K, serial number 234941) with the two exposed 
to an identical heat flux [15,44,45]. The temperature of the TSE heat 
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Fig. 6. Predicted responsivity 𝐶𝑇𝑆𝐸 of the TSE heat flux sensor from Eq. (3) 
(solid line). The dashed lines represent upper and lower bounds for the 
predicted responsivity due to the uncertainties of the parameters in Eq. (3). 
The shaded region bounded by the dashed lines captures responsivity values 
that are within 1 standard deviation of the nominal prediction.

flux sensor is modulated using a PID-controlled cylindrical band heater 
while the reference sensor is maintained at room temperature using 
cooling water. At temperatures above 350 ◦C, the sensor is maintained 
under industrial grade nitrogen gas, and above 520 ◦C under ultra 
high purity argon. An adjustable high-output infrared lamp (Precision 
Control Systems Inc. StripIR 5306B, 1000 W) is used to generate 
varying levels of heat flux. When exposed to the infrared lamp, the TSE 
heat flux sensor is maintained at a steady temperature, as measured 
by the auxiliary thermocouples, by controlling the power to the band 
heater. An additional water-cooled reference plate is used to provide 
the TSE heat flux sensor with a stable baseline heating condition when 
positioned out of the line-of-sight of the infrared lamp. The facility can 
perform accurate calibrations of heat flux sensors from room temper-
ature to 500 ◦C and, notably, can maintain the sensor temperature to 
within 1% of the target set point value when exposed to different levels 
of heat flux.

For each set point temperature, a response curve (voltage vs. heat 
flux) was generated by exposing both sensors sequentially to four 
different heat fluxes ranging from 0.5 to 2.5 W/cm2. Heat fluxes were 
calculated from the reference sensor voltage using the manufacturer-
supplied response curve. For each heat flux, the TSE heat flux sensor 
voltage was taken as the difference in the steady-state output signal 
between when the sensor is in the line-of-sight of the infrared lamp 
and when it is positioned in front of the water-cooled reference plate; 
by comparing the two states, the output signal due to the exposure 
to the infrared lamp is isolated. Response curves for the six sensor 
temperatures (referred to hereafter as a calibration sweep) are shown in 
Fig.  7. Over the tested sensor temperature range, the response is linear 
from 0 to 2.5 W/cm2. The slope of a line fit to each set of calibration 
data yields the temperature-specific responsivity of the TSE heat flux 
sensor.

The responsivity of the sensor as a function of temperature is shown 
in Fig.  8a for three calibration sweeps. During the initial calibration 
sweep, the TSE heat flux sensor exhibited a room temperature re-
sponsivity of 1.3 μV/(W/cm2) and a responsivity of −3.2 μV/(W/cm2) 
at 500 ◦C, decreasing monotonically with increasing temperature. In 
the second sweep, a global decrease in the responsivity of the sensor 
was observed. During the third sweep, the responsivity of the sensor 
remained unchanged from the second sweep, indicating that the sensor 
was stable thereafter.
4 
Fig. 7. TSE heat flux sensor calibration sweep from room temperature to 
500 ◦C. Error bars represent the uncertainty of the voltage measurement 
multiplied by a coverage factor of 2 (±2𝜎).

To test the resilience of the device, the sensor was heat treated for 
10 hrs at 1000 ◦C in a tube furnace under flow of ultra high purity 
argon. Diagnostic tests found no changes in the electronic circuit of 
the sensor. The only impact of the heat treating process on the sensor 
components was the appearance of cracks in the black paint coating. 
Since the cracks have the potential to change the emissivity of the 
sensor, a new coat of paint was applied before a calibration sweep was 
performed post-heat treatment. Fig.  8b compares the responsivity of 
the TSE heat flux sensor before and after the heat treatment. The two 
datasets are consistent with each other. This indicates that the device 
as a whole, not only the individual components, is compatible with 
extreme temperatures, at least up to 1000 ◦C.

5.1. Analysis of the sensor’s temperature-dependent responsivity

In general, the trend of the measured responsivity with increasing 
temperature is consistent with predictions from Section 4, with good 
quantitative agreement during the first calibration sweep for temper-
atures up to 400 ◦C. All calibrations, considering a 95% confidence 
interval, were within the ± 1𝜎𝑡 uncertainty bounds of the predicted 
responsivity. In the latter two sweeps, the measured responsivity values 
become, overall, more negatively biased than the nominal predictions. 
This behavior is explained next by considering the contributions of the 
CSE to the output voltage.

In the calculation of the predicted responsivity (Eq. (3)), it was 
assumed that the temperature gradient within the transducers was 
uniform and oriented in the 𝑧-direction. This is rarely achieved in 
practice, as any structural asymmetry, due to variations in the cement 
thickness, for example, will introduce non-uniform lateral temperature 
variations in the transducers. These lateral temperature variations may 
lead to CSE contributions in the output voltage. For two transducers 
connected in series and arranged such that their crystal orientations 
are symmetric with respect to a 2-fold rotation about the 𝑧-axis (Fig.  9), 
the CSE voltage 𝑉𝐶𝑆𝐸 is proportional to the net temperature difference 
between the ends of the transducers 𝛥𝑇𝐿
𝑉𝐶𝑆𝐸 = −(𝑆𝐼𝑃 cos2 𝜃 + 𝑆𝐶𝑃 sin2 𝜃 − 𝑆𝑤𝑖𝑟𝑒)𝛥𝑇𝐿 (5)

where 
𝛥𝑇𝐿 = (𝑇4 − 𝑇3) − (𝑇1 − 𝑇2) (6)

In Eq. (5), 𝑆𝑤𝑖𝑟𝑒 represents the Seebeck coefficient of the tungsten-
rhenium alloy wires, measured to be −0.8 μV/K at room temperature. 
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Sweep direction

a)

b)

Fig. 8. Temperature-dependent sensor responsivity. a) Responsivity from a 
sequence of calibration sweeps. Error bars represent a 95% confidence interval. 
The predicted responsivity from Fig.  6 is overlaid on the data for compar-
ison. The shaded region represents responsivity values that fall within the 
±1𝜎𝑡 uncertainty bounds of the predicted responsivity. b) Calibration sweeps 
performed before and after the heat treatment at 1000 ◦C.

In Eq. (6), 𝑇1 through 𝑇4 are the temperatures of the transducer and 
electrical wire junctions, as labeled in Fig.  9. The value of 𝛥𝑇𝐿 was 
estimated using measurements from the four auxiliary thermocouples 
embedded near each transducer and electrical wire junction (Fig.  3). 
For each calibration, the trend of 𝛥𝑇𝐿 was linear with respect to the 
absorbed heat flux. In the first calibration sweep, the value of 𝛥𝑇𝐿
was between −0.38 and −0.3 ◦C per 1 W/cm2 of absorbed heat flux, 
except at 500 ◦C. During the calibration at 500 ◦C, the value of 𝛥𝑇𝐿
decreased to −0.54 ◦C per 1 W/cm2 of absorbed heat flux. The large 
change in 𝛥𝑇𝐿 was attributed to the settling of sensor components in 
the package. Throughout the second and third sweeps, the value of 
𝛥𝑇𝐿 remained between −0.54 and −0.38 ◦C per 1 W/cm2 of absorbed 
heat flux, indicating that the changes associated with use of the sensor 
at application-relevant temperatures are complete after less than 1 h. 
From Eq. (5), it is anticipated that a decrease in 𝛥𝑇𝐿 will lead to a 
value of 𝑉𝐶𝑆𝐸 that is more negative, decreasing the total voltage. This 
trend is reflected in the results shown in Fig.  8a, where all temperature-
specific responsivity values following the first calibration at 500 ◦C 
are more negatively biased versus earlier data and, generally, the 
nominal predictions. Furthermore, the timing of the decrease of 𝛥𝑇𝐿
provides a reasonable explanation as to why the responsivity at 500 ◦C 
5 
Fig. 9. Schematic of the transducer circuit subject to both 𝑧- and 𝑥-oriented 
temperature gradients. The net temperature difference between the ends of 
the transducers 𝛥𝑇𝐿 is estimated using measurements from the four auxiliary 
thermocouples embedded in the package. The hash marks represent the 
orientations of the (0001) basal planes in each transducer prism.

changed less from the first sweep to the second sweep versus all other 
temperatures; during the first 500 ◦C calibration, the measured voltage 
already included the altered CSE voltage contributions.

6. Transient response

The transient response of the TSE heat flux sensor was investi-
gated at room temperature subject to dynamic heating conditions. The 
sensor’s time response was recorded for multiple heating scenarios, 
including a step change in heat flux and a sweep of sinusoidal heat flux 
profiles with varying frequencies. The former measurement was used to 
determine the characteristic time constant of the sensor [13,26,46]. The 
latter set of measurements were used to characterize the bandwidth of 
the sensor via its amplitude-frequency response [23,24].

6.1. Step heat flux

The response of the TSE heat flux sensor was characterized subject 
to a step change in heat flux. A 808 nm continuous-wave diode laser 
(Thorlabs model L808P500MM) with a 5 × 5 mm square beam posi-
tioned over the centroid of the sensor was used as the heat source. 
To generate the heat flux step, the optical power of the laser was 
modulated between 0 and 144 mW as a square waveform with a 
frequency of 0.05 Hz. The sensor’s voltage was amplified by a factor 
of 1,000 using a nanovoltmeter (Keithley model 2182) and output to a 
digital oscilloscope (Pico Technology Picoscope) where it was recorded 
at 300 Hz. A beam splitter was used to divert 10% of the laser power 
to a photodiode sensor to detect the onset of each heat flux step.

A total of 36 step transients were recorded for the TSE heat flux sen-
sor. All transients were synchronized and averaged together, yielding 
the composite step response shown in Fig.  10. The step response time 
constant 𝜏𝑠 is defined as the rise time for the sensor to reach 63.2% 
of the steady-state voltage [13,26,46]. From Fig.  10, a time constant 
of 0.4 s ± 0.05 s is inferred for the TSE heat flux sensor. An identical 
result (not shown) was obtained by stepping the power down from 144 
to 0 mW.

6.2. Amplitude-frequency response

The amplitude-frequency response (AFR) [24] of the TSE heat flux 
sensor was characterized. In this test, the response of the sensor is 
measured subject to sinusoidal heating conditions over a wide range 
of frequencies. The power output of the 808 nm diode laser was 
modulated as a sinusoidal waveform with a frequency adjusted from 
0.01 to 20 Hz in discrete steps; for all frequencies, the optical power 
of the laser was maintained at a constant amplitude of 120 mW peak-
to-peak. The amplitude of the TSE heat flux sensor’s voltage signal at 
the frequency of the heat pulse was measured using a lock-in amplifier 
(Stanford Research Systems model SR810).

The AFR test results for the TSE heat flux sensor are shown in Fig. 
11. The response amplitude is constant for heat pulse frequencies up to 
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Fig. 10. Composite transient of the TSE heat flux sensor voltage output in 
response to a step heat flux. The data represent an average of 36 repeat tran-
sients. The horizontal line corresponds to 63.2% of the steady-state voltage.

Fig. 11. Amplitude-frequency response of the TSE heat flux sensor. Voltage 
amplitudes 𝐴 are normalized by the sensor’s steady-state output voltage 𝐴0. 
The line fit through the data represents a first-order response model with a 
time constant 𝜏𝐴𝐹𝑅 of 0.15 s. The dashed line represents an attenuation of 
−3 dB.

0.1 Hz and is attenuated by −3 dB at a frequency between 0.5 and 1 Hz, 
decaying quickly thereafter. The AFR time constant 𝜏𝐴𝐹𝑅 is determined 
by fitting the data using a first-order response model, for which the 
response amplitude 𝐴 decays with increasing frequency according to 
Eq. (7) [24]. 
𝐴
𝐴0

= 1
√

1 + (2𝜋𝑓𝜏𝐴𝐹𝑅)2
(7)

In Eq. (7), 𝑓 is the frequency of the heat pulse waveform and 𝐴0 is the 
amplitude of the TSE heat flux sensor response in the limit of 𝑓 → 0. 
An AFR time constant of 0.15 s produces an optimal fit of Eq. (7) to 
the data in Fig.  11.

6.3. Analysis of the sensor’s transient response

A prior TSE heat flux sensor that was fabricated in a similar con-
figuration [15] had a time constant of 4.4 s, while the sensor reported 
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here is faster by an order of magnitude. The fast response time and 
high bandwidth of the current sensor is attributed to the placement of 
the transducers close to the surface of the sensor and elimination of any 
heat spreading components that were included on the prior TSE device.

Considering a transient response that is limited by the thermal iner-
tia of the material in front of the transducers (here, an approximately 
0.2 mm thick cement layer), the theoretical time constant of the TSE 
heat flux sensor for a step change in heat flux is predicted to be approx-
imately 0.1 s [47]. This, however, does not consider heat conduction 
from the cement layer into the transducers, which will prolong the rise 
time of the sensor’s response to steady-state conditions. Thus, a time 
constant of 0.1 s is considered a lower bound for the TSE heat flux 
sensor and in good qualitative agreement with the experimental results.

If a faster response time is desired, the thickness of the cement 
layer on the front face of the sensor can be reduced, or eliminated 
altogether. Without the coating layer, the transient response of the 
TSE heat flux sensor would become dominated by heat conduction 
within the rhenium transducers [47,48], and can result in a sensor 
with a time constant as low as 0.03 s. The coating, however, plays an 
important role protecting the transducer material from environmental 
effects (i.e. oxidation, sublimation, and erosion) that can reduce the 
sensor’s lifespan. Thus, while fast response times can be achieved by 
tailoring the configuration of sensor components, it is important to 
consider the end-use case in the design.

7. Sensor response to localized heating

The response of the TSE heat flux sensor at room temperature to 
a localized heat source was probed using a laser scanning technique. 
The localized heat source produces temperature gradients both normal 
and parallel to the front surface of the sensor to investigate the rel-
ative voltage contributions from the TSE and CSE [15]. An 808 nm 
continuous-wave diode laser (Thorlabs model L808P500MM) with an 
optical power of 119 mW and a focused 2 mm beam diameter was 
used as the heat source. The sensor was mounted to an automated 
translation stage. The laser was scanned at normal incidence across 
a 12 × 12 mm area around the centroid of the heat flux sensor. The 
voltage output of the sensor was recorded for 576 discrete locations 
using a nanovoltmeter (Keithley model 2182).

The results of the laser scan experiment are shown in Fig.  12. 
Consistent with results from a prior TSE heat flux sensor [15], the 
scan produces a voltage profile characterized by alternating quadrants 
of high and low values superimposed over a positive voltage that 
decreases radially from the centroid (Fig.  12a). The extrema are po-
sitioned near the transducer and electrical wire junctions (Fig.  12b) 
and are driven by contributions from the CSE. The sign of the CSE 
contributions depends on the polarity of the junction (i.e., whether the 
electrical wire is oriented towards the positive or negative terminal of 
the nanovoltmeter), yielding the alternating high/low profile in Fig. 
12a.

With the laser positioned over the centroid of the sensor, maxi-
mizing the TSE and minimizing the CSE, a voltage of 0.46 μV was 
measured. This is a factor of 6 lower than the magnitude of the maxi-
mum and minimum voltage values at the extrema, 3.1 and −2.6 μV, 
respectively. By comparison, in the prior TSE heat flux sensor, the 
voltage was purely positive over the entire scan area, even at the local 
extrema [15]. There, the data suggested a sensor response that was 
dominated by the TSE, even when subject to heating conditions that 
were tailored to elicit a strong CSE contribution. In rhenium, the rela-
tively low Seebeck coefficient anisotropy at room temperature renders 
the TSE comparatively smaller than the CSE. As such, these results 
highlight the importance of using at least two transducers arranged 
in series with 2-fold rotational symmetry (Fig.  9); when subject to a 
lateral temperature gradient that is uniform, the net contributions of 
the CSE to the output voltage are zero, even though CSE voltages at 
each junction may be significant [15]. With this configuration, only 
when non-uniform temperature gradients are present in the sensor, as 
was investigated in Section 5.1, do CSE voltages begin to contribute to 
the output voltage.
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Fig. 12. Laser scan data. (a) Isometric view of the TSE heat flux sensor voltage output as a function of the position of the localized laser heat probe with respect 
to the centroid of the sensor. (b) Contour plot of the TSE heat flux sensor voltage output with the outline of the rhenium transducers and wiring overlaid on top 
of the data. The dashed contour lines represent a measured voltage of 0 V.
8. Conclusions

A high-temperature heat flux sensor was developed using the trans-
verse Seebeck effect in single crystal rhenium. Among the elements, 
rhenium’s high-temperature compatibility and extensive heritage in 
harsh environments render it a promising choice for TSE-based heat 
flux sensors tailored for aerospace and energy production applications. 
The sensor design utilizing the TSE and its rugged package contribute to 
its ability to survive temperatures of, at least, 1000 ◦C. The responsivity 
of the sensor is predicted to more than quintuple in magnitude from 
25 ◦C to 1000 ◦C, owed to the unique temperature-dependent behavior 
of rhenium’s Seebeck coefficient tensor components. The temperature-
dependent responsivity of the sensor was characterized from room 
temperature to 500 ◦C and was found to be in good agreement with 
analytical predictions. Over repeat calibration sweeps, the sensor’s 
responsivity demonstrated good reproducibility following an initial ex-
posure to 500 ◦C, highlighting the stability of the sensor once properly 
cured at application-relevant temperatures. The sensor exhibits a time 
constant of 0.4 s when exposed to a step increase in heat flux and 
can resolve dynamic heating conditions with frequencies up to 0.1 Hz 
without attenuation of its output signal, adequate for resolving long 
time-scale transient heating phenomena during high-speed flight and 
dynamic energy production.

Due to the characteristics of the transverse Seebeck effect and the 
capabilities of rhenium, the sensor configuration demonstrated here 
can be adapted to elicit performance characteristics better tailored for 
mission requirements. For example, the thickness of the transducer 
and sensor package can be decreased to yield a faster response time 
without attenuation of the sensor’s responsivity. If a higher operating 
temperature is desired, alternative ceramic materials, and of different 
form factors, can be used as packaging without modification to the 
heat flux-to-voltage transduction circuit, which is compatible with 
temperatures as high as 3000 ◦C. Overall, these results demonstrate 
the unique application of the TSE in refractory metal single crystals 
for heat flux sensing, and highlight the potential performance that can 
be achieved by these sensors in extreme environments.
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