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The study examines the design principles of an uncooled, casingless heat flux transducer based on carbon-carbon
composite material (CCCM), considered promising for use in advanced nuclear installations, high-temperature
diffusion furnaces and similar applications. The electrical properties of CCCM were investigated during heat flux
density measurements under conditions of high-intensity heat transfer at temperatures up to 2500 °C.
Recommendations for the development of an electronic measurement system for the bolometer have been

formulated.

The development and advancement of next-
generation nuclear power systems — particularly high-
temperature gas-cooled reactors (HTGR, VHTR),
nuclear process control systems based on small modular
reactors (SMRs), as well as progress in controlled
thermonuclear fusion technologies — are accompanied
by increasingly stringent requirements for diagnostics,
monitoring and control of energy parameters within
zones directly exposed to radiation and thermal fluxes.
Of particular importance are technologies for measuring
the integral thermal load in reactor components where
other methods are either inapplicable or face significant
operational limitations.

In this context, bolometric sensors — devices that
measure absorbed radiation energy through temperature
change — are of special interest. Unlike local
thermocouples, pyrometers or infrared thermography
systems, bolometers are capable of integrating the total
thermal impact over extended periods, which is
particularly ~ valuable for diagnosing irradiation
conditions of materials, especially in cases where direct
temperature measurement is not feasible due to
radiation or geometrical constraints.

The application of bolometric systems in physical
experiments has a long history, primarily in fields such
as astronomy, studies of the cosmic microwave
background, spectroscopy [1] and neutrino physics [2].
In the nuclear energy sector, the use of bolometers is
currently sporadic. Some specific experiments in the
field of nuclear fusion (e.g., ITER, JET, Wendelstein
7-X) include bolometric modules for diagnosing plasma
heat losses [3, 4].

At the same time, under high-temperature and
intense radiation conditions, typical of Generation IV
reactors, such devices are practically not used.

Classical bolometers used in astronomy, plasma
physics or neutrino research are typically cryogenic and
highly sensitive to minimal energy fluxes. However, in
the context of nuclear energy, there is a growing
demand for high-temperature bolometers capable of
operating at temperatures up to 1500...2000 °C and
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withstanding intense neutron and gamma radiation. This
requires the use of new thermally and radiation-resistant
materials for both the sensing element and the sensor
housing.

In this context, ultrahigh-temperature composite
materials are of particular interest — such as carbon—
carbon composite materials (CCCM), carbon-silicon
carbide composites (C/SiC), as well as materials based
on HfC, ZrC, and TaC — which exhibit a unique
combination of properties: operational stability at
temperatures  exceeding 2000 °C; low  thermal
conductivity in a defined direction; structural stability
under radiation exposure; and the ability to adapt
geometry to specific reactor assembly requirements.

In the scientific literature ultrahigh-temperature
composite materials (UHTCMs) are typically studied as
thermal protection or structural materials, but there is a
notable lack of research addressing their use as the
active element in bolometer-type sensing devices.

The application of carbon-carbon composites (CCC)
as the thermosensitive or shielding component of a
bolometer enables the development of passive or semi-
passive sensors that can be integrated directly into the
structural elements of a nuclear installation. Such a
sensor, for example, can be positioned both within the
reactor core and in peripheral zones to register the
cumulative thermal energy absorbed by a component
over the course of a campaign. This opens the
possibility for long-term wireless monitoring, where the
signal can be retrieved either via an embedded fiber-
optic channel or after removal from the reactor core.

An additional promising application of such
bolometers lies in materials science research aimed at
evaluating the thermoradiation resistance of novel
structural and functional materials — particularly in the
testing of composites, coatings or ceramics used within
the reactor core or at phase boundaries. High-precision
bolometric analysis enables the assessment of thermal
degradation, thermal emission and absorption as
functions of time and irradiation exposure.
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Thus, there is a clear research gap at the intersection
of bolometry and high-temperature composites in the
context of nuclear energy and the development of CCC-
based bolometers may become a key component of
future diagnostic systems in the nuclear power industry.

A well-known method for measuring surface heat
flux density involves placing a resistive heat flux
transducer (HFT) in the path of radiative-convective
emission. By detecting the change in electrical
resistance caused by the temperature rise due to incident
radiation, the resulting resistance — which is
proportional to the heat flux — can be determined [5]. A
device that operates on this measurement principle is
referred to as a resistive bolometer. Resistive
bolometers are characterized by low noise levels,
structural simplicity, and low manufacturing costs. The
key performance characteristics of uncooled resistive
bolometers are determined by the material properties
and the design of the heat flux transducer [6].

The main challenge in measuring such heat fluxes
lies in selecting a suitable material for the HFT that can
operate reliably for extended periods at temperatures up
to 2800 °C. Its sensitivity to thermal flux must remain
stable across a wide spectral range.

Structurally, a resistive bolometer consists of two
parts: the sensor element, located inside the chamber
and referred to as the heat flux transducer (or absorber),
and the electronic unit for signal processing, which is
located outside the chamber. Heat flux absorbers are
characterized by a sufficient measurement range,
compatibility with the physicochemical properties of the
target environment, required measurement accuracy and
other specific requirements, and they differ primarily in
the materials used for their sensitive elements.

The material of the sensing element must possess
high physicochemical stability, strong parameter
consistency, radiation resistance, and the capability to
operate at elevated temperatures of up to 2800 °C.

Considering that the HFT of a high-temperature
resistive bolometer is located inside a vacuum chamber
exposed to radiative heat fluxes, it must function as a
non-contact and uncooled measuring device. The
feasibility of its application is primarily determined by
the heat resistance and mechanical strength of the
material from which it is made.

A review of the scientific and technical literature
shows that known bolometers employing metallic
resistive alloys of various compositions and
configurations as sensing elements can be used at
temperatures up to 1250 °C [6, 7].

The aim of this work is to investigate the functional
capabilities of CCC materials for the development of a
novel technical solution: a contactless, uncooled HFT.
Additionally, the study evaluates the feasibility of
integrating the HFT into electronic systems for
measurement, real-time monitoring and regulation of
heat flux density within a measurement range of
10°...10° W/m?.

The research was based on the following objectives:

o Investigation of the electrical characteristics of an
HFT fabricated from two-dimensionally reinforced
carbon—carbon composite material and its applicability
in a vacuum system without cooling;
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o Assessment of the feasibility of using an uncooled,
casingless HFT within a high-power radiation system,;

e Development of recommendations for the design
of a bolometer electronic measurement system.

The characteristics of CCC are well documented in
the scientific and technical literature, as well as in
applicable national and interstate standards [6—14]. Key
advantages of two-dimensional reinforced CCC
products are: low specific weight (1.35...1.85 g/cm?),
high  radiation resistance, stable  mechanical
performance over a wide temperature range, low heat
capacity, high thermal conductivity and resistance to
thermal shocks (elastic modulus, Poisson’s ratio). These
materials are able to maintain their shape and
geometrical stability during thermal cycling in vacuum
or inert atmospheres at furnace temperatures up to
2500 °C. The experimental investigations were carried
out using high-temperature gas-phase furnaces at NSC
KIPT.

The experimental basis for the theoretical and
practical justification of heat flux density measurements
inside the gas-phase furnace chamber includes:

— a prototype of a specialized caseless resistive
radiation heat flux sensor, manufactured from two-
dimensional reinforced CCC;

— a vacuum furnace for producing carbon—carbon
composite materials using the thermogradient
technology;

— a reactive gas supply system. Methane in gaseous
form (precursor) is used as the reactive gas and is
delivered into the furnace chamber through a filter;

— an automatic furnace temperature monitoring and
control system;

— temperature sensors, a microammeter with a
measurement range up to 300 pA, accuracy class not
lower than 1;

— a non-contact optical pyrometer “Promin” with an
error not exceeding 3%.

For the study of the electrical characteristics of the
CCC-based heat flux sensor (HFS), a prototype was
developed. A CCC heat flux sensor can be
manufactured in virtually any shape — flat, rod-shaped,
or tubular — depending on the design features of the
device. Depending on the intended application, the
electrical resistance of an HFS may range from a few
ohms to several tens of ohms.

Taking into account mechanical constraints, the
position of the heat source, and the spatio-temporal
integral characteristics of heat fluxes, a tubular
configuration was proposed. A similar cylindrical
design was previously used in studies of anisotropic
transverse-type semiconductor HFSs made of ceramic
materials with a thick-film resistive spiral applied. The
thermal resistance of such HFSs could not exceed
500 °C.

Therefore, for the study of surface heat fluxes, a
caseless cylindrical tubular resistive HFS made of CCC
was fabricated and installed directly in the furnace.

The HFS, whose design layout is shown in Fig. 1, is
a caseless monolithic structure in the form of a spiral,
with two enlarged end zones for mounting in the seating
location inside the furnace. The outer diameter of the
sensitive element of the HFS prototype was 12 mm, the
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inner diameter 8 mm, with a working zone length of
51 mm; the spiral pitch of the HFS was 4 mm; and its
thermal conductivity coefficient was 1.5 W/(m-K). The
surface area was 3200 mm?, while the specific electrical
resistivity of the CCC was 40 (Q'mm?)/m.
The current leads for the HFS, used to measure its
electrical resistance, were made of two CCC rods,
which simultaneously served as its mounting elements
and, through hermetic feedthroughs in the furnace
housing, were electrically connected to the
measurement system.
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Fig. 1. Design of the HF'S:
1 — cylindrical resistive section; 2 — mounting zone,
3 —rods for mounting and current connection

The studies have shown that, regardless of the initial
velocity distribution of the reactive gas supplied into the
furnace, after flowing along the furnace walls the
velocities within the heat flux equalize and acquire a
stable distribution. The length of the stabilization zone
required to reach the isothermal state is approximately
half of the furnace height.

To register the integral heat flux from the heater —
which includes the reflected radiation from the chamber
walls and the convective — radiative heat exchange with
the gas flow — the HFS is recommended to be positioned
along the height at the center of the inner wall of the
vacuum furnace, midway between the chamber wall and
the surface of the preform zone.

The advantages of the HFS design using CCC are as
follows:

— the ability to register the spatio-temporal integral
characteristics of radiation heat fluxes, both direct from
the source and reflected from the chamber walls, due to
the tubular form of the design;

— sensitivity to convective heat transfer effects, in
particular to mass transfer parameters of the reactive gas
between the furnace walls and the preform, achieved
through the large surface area of the resistive element;

— elimination of the need for a separate housing and
insulators for the HFS, which reduces the overall weight
of the device.

As a drawback, the presence of two CCC rods used
for mounting should be noted, since their resistance
must be taken into account in the corresponding
calculations.

To analyze the proposed HFS design (see Fig. 1) by
calorimetric methods, the feasibility of measuring non-
stationary heat fluxes over extended periods using a
bolometer was investigated. A non-stationary heat flux
measured with a resistive bolometer is understood as a
time-varying flux absorbed by the HFS that causes a
change in its electrical resistance. Measurements
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performed in a gas-filled environment under the
influence of an intensively circulating reactive gas and
variations in the surface roughness of the preform create
significant challenges for modeling the temperature
distribution on the surface.

Considering these difficulties, in practice it is
advisable to use an experimental approach to obtain
information about the surface heat flux, based on the
application of specialized primary measuring devices.
When using relatively simple measurement procedures,
this allows accurate data to be obtained during
temperature  monitoring and control by the
electrothermal method in real time.

The electrothermal method is based on Joule-Lenz’s
law of heat released in a conductor during the passage
of a direct current. The heat flux or its density for
electric heating devices is determined from the
measurement of the amount of energy consumed by the
heater.

The physical quantity that characterizes the energy
flux transferred during heat exchange across a body
surface per unit time is the heat flux (®). It is
numerically equal to the ratio of the amount of heat
(dQ) to the time interval (dr) during which the transfer
occurred [9]:

® = dQ/dx.

The ratio of the heat flux passing through a surface
oriented perpendicular to the direction of heat transfer to
the area (A4) of this surface is defined as the surface heat
flux density (q) [9]:

q=d/A.

This value can be determined using a wattmeter or
by measuring the current (/) and the voltage drop (AU)
over a specified time interval with an ammeter and a
voltmeter, respectively. In this case, the heat flux is
calculated using the following formula:

®=1-AU.

For accurate measurements of heat flux values, the
potentiometric method is used with the application of a
reference resistance coil connected into the electrical
circuit beyond the heating zone, in series with the main
heater. By measuring with a potentiometer the voltage
drop across the reference resistor (coil) (AUy) and
across the heater (AU), the heat flux is calculated
according to the following formula:

CD = AU " AU()/R(),

where R is the electrical resistance of the reference coil.

Recording the result of the corresponding electrical
measurement provides information about the desired
heat flux of the integral radiation.

The sensitivity of the bolometer is defined as the
ratio of the change in the voltage drop across the
sensitive element of the bolometer, caused by the
change in its electrical resistance, to the amount of heat
released during the absorption of thermal radiation. It is
calculated according to the following formula:

S=AU/(e- D),
where ¢ is the emissivity of the HFS.
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It follows that the sensitivity of the bolometer can be
increased within wide limits by raising the current.
However, this is restricted by the fact that, at high
current levels, the self-heating of the bolometer affects
its sensitivity, which requires special compensation
methods.

As the “reference resistance” value, the actual
temperature dependence of the electrical resistance of
the CCC-based HFS specimen under study was used.

Fig. 2 shows the temperature dependence of the
electrical resistance of the CCC-based HFS specimen,
obtained in a vacuum chamber by passing electric
current through the HFS. It should be noted that the
conductivity of CCC increases with temperature, similar
to semiconductors.
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Fig. 2. Temperature dependence of the electrical
resistance of the CCC-based HF'S specimen under study

In the course of the experiment, the dependence of
the electric current on temperature at a supply voltage
from a stabilized 24 V source was also obtained (Fig. 3).
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Fig. 3. Temperature dependence of the electric current
of the CCC-based HF'S specimen under study

Any complex technical object under development
requires thorough experimental elaboration and
verification of design solutions and calculations. In this
work, the main attention is focused on issues related to
the organization of analog electrical signal acquisition
from the HFS. The primary parameter carrying
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information about the heat flux is the electrical
resistance value of the HFS resistor.

The current level of development of measurement
technology and information technologies imposes strict
requirements on the operation of real-time control
systems. Improving the accuracy and simplifying the
operation of an uncooled bolometer with a caseless HFS
is achieved by enhancing the precision of analog signal
measurement and by implementing structural methods
of signal processing in the processor of the bolometer’s
electronic section.

The high requirements for the accuracy of digital
signal processing necessitate the use of an analog-to-
digital converter (ADC) with a resolution of at least
12 bits. During the conversion of the absorbed heat flux
into an electrical signal proportional to the temperature
change, this same input effect is also converted into an
electrical signal proportional to the derivative, followed
by further signal processing [5].

Thus, the efficiency of the uncooled bolometer
depends on the accuracy of analog signal measurement
and the use of appropriate methods for its real-time
processing.

Designing the input stage circuitry of the
instruments based on bridge measurement schemes
makes it possible to significantly increase the accuracy
of measuring the thermophysical properties of materials.
This is achieved by reducing the errors that occur during
the measurement of absolute temperature values and
their differences, heat fluxes passing through the
samples, as well as from the influence of the
temperature of the heat source and receiver and other
factors [12, 15].

In view of this, the creation of a software module
based on a microcontroller was proposed to generate
signals for heat flux measurements. As a “compensation
bolometer”, its digital model with modulation and
measurement of the alternating component of the signal
was used. The operating mode selection, settings, and
input of the HFS conversion coefficient into the
microprocessor are performed by the operator.

The measurement of heat flux density in the furnace
is carried out when the temperature of the resistive
element of the HFS lies within the practically linear
section of the temperature dependence of the specific
resistance of the material, namely from 500 to 2500 °C.
Under these conditions, the HFS is in thermodynamic
equilibrium with the surrounding working medium, and
its electrical resistance corresponds to the values shown
in Fig. 2.

A widely used input stage for measuring small
signals is a resistive bridge, in which one arm is
connected to the HFS resistor. The other arms of the
bridge include constant resistors whose resistance
values are equal to the resistance of the HFS resistor at
the initial measurement point. Such a balanced bridge
circuit provides the highest sensitivity [5]. When the
heat flux in the furnace changes, the resistance of the
HFS resistor varies, disturbing the balance of the bridge.
The magnitude of the voltage imbalance across the
bridge diagonal makes it possible to determine the value
of the surface radiation heat flux, which is recorded at a
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frequency of 1...0.1 Hz, taking into account the pre-
obtained dependence (see Fig. 3).

Based on the known overall dimensions and the pre-
determined surface area, the surface heat flux density is
calculated. It should be noted that the resistance change
of the bolometer HFS under the influence of thermal
radiation in the temperature range of 500...2500 °C is
about 0.02 Q for each 100 °C temperature increment.
Signal generation of the heat flux is carried out using
specialized circuit solutions.

One of the methods for solving this task is to expand
the dynamic range and improve the quality of
conversion by discretizing the signal in time and
quantizing it by level. This makes it possible to obtain
accurate readings by amplifying the difference between
the current value of the input analog signal and the
reconstructed signal from the digital sequence. The
obtained signal is added to the input signal for further
processing. The block diagram of the input stage of the
bolometer’s electronic circuit that performs such
processing is shown in Fig. 4.
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Fig. 4. Block diagram of the input stage of the
bolometer electronic circuit

The input signal from the HFS passes to the ADC
through a low-pass filter (LPF), which cuts off
unwanted noise and interference, ensuring the purity of
the input signal. The cutoff frequency of the LPF is
adjusted to cover the main frequency band characteristic
of the measured signal while effectively reducing the
influence of high-frequency noise.

Digitization of the input signal from the bolometer
HFS is carried out using a high-precision ADC. Given
the high accuracy requirements, the resolution of the
ADC must be at least 12 bits. This ensures sufficient
precision when measuring small changes in the
electrical resistance of the HFS that occur due to
variations in the heat flux.

After digitization, the signal is processed further. At
the first stage, the processor compares the current value
of the signal with the previous one, which makes it
possible to determine deviations from the baseline. If
necessary, the signal is corrected by multiplying by a
constant coefficient, which is configured for specific
measurement conditions. This is required to accurately
compensate for any errors associated with temperature
variations or other external factors.

Since the bolometer HFS is sensitive to temperature,
accurate determination of device parameters requires
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calibration at least at two temperature values. This
makes it possible to account for the nonlinearity in the
behavior of the HFS material, ensuring more accurate
measurements over the entire operating temperature
range

The conversion of the input signal includes
discretization in time, quantization by level, and digital
encoding. The noise level of uncooled bolometers with
resistive elements of less than 5 Q should be determined
according to the characteristics of the selected
component base of the amplification stage [16]. It
should be noted that during the study the stability of the
electrical characteristics of the HFS resistor during
heating and cooling across the entire investigated
temperature range was confirmed.

Thus, new functional capabilities of using CCC for
the development of a HFS as part of non-contact,
uncooled bolometers have been confirmed.

CONCLUSIONS

On the experimental prototype of a resistive HFS
based on CCC, the feasibility of measuring and
controlling the integral heat flux density in the infrared
range at high temperatures up to 2500 °C was
experimentally confirmed, both in vacuum and in an
inert gas environment.

After digital signal processing, it was established
that a caseless, uncooled bolometer with a CCC-based
resistive element of up to 5 Q demonstrates sufficient
sensitivity over long periods of operation.

As a result of the conducted studies, new data were
obtained that may serve as the scientific and technical
basis for the development of high-sensitivity bolometers
with a measurement dynamic range within
600...2500 °C. This opens the possibility for detailed
investigation of thermal balance and measurement of
integral thermal loads in units of advanced prospective
nuclear facilities, high-temperature diffusion furnaces,
and other applications.
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3ACTOCYBAHHS BYTJIEIL-BYTJIELIEBUX KOMITO3UIIIHHAX MATEPIAJIIB
A1 CEHCOPA BUMIPIOBAHHA I'Y CTUHHA
TEILIJIOBOI'O IIOTOKY B JIU®Y3IMHIN ITEYI

B.€. Osuapenko, 1.1L. Heenrwoos, O.B. Tokapeea, 1.B. I'ypin

PosrisiHyTOo mpuHLMNK 1OOYIOBM HEOXOJIOKYEMOTO OE3KOPITyCHOTO TIEPETBOPIOBAYA TEIUIOBOTO TMOTOKY 3
BYTJICIIb-BYTJICIIEBOTO KoMTO3MMiiiHOro Matepiany (BBKM) mns 3acrocyBanns y mudysiiiniit medi. [IpoBemeno
JOCIIIKeHHs eleKTpuiHnX BriactuBocTeii BBKM y mpomeci BUMipioBaHHS TyCTHHM TEIUIOBOTO MOTOKY B YMOBAx
BHUCOKOIHTEHCUBHOrO TeruiooOMiHy 3a temmneparyp ao 2500 °C. Po3pobieHo pekoMmeHpaalil M0N0 CTBOPEHHS

€JIEKTPOHHOT BIMipPIOBAIILHOI CHCTEMH OOJIOMETpa.
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