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A B S T R A C T

To mitigate greenhouse gas emissions, high-temperature industries must transition toward electrified and more 
sustainable heating technologies. For some processes, replacing fossil-fired burners with plasma-based heat 
sources is promising but requires careful small-scale evaluation. In this work, radiative characteristics of a 50 
kWel non-transferred CO2 plasma torch operating in open air are investigated using thermal infrared imaging and 
radiative intensity measurements. The two measurements are combined with detailed spectral modelling of the 
gas radiation to reconstruct the temperature distribution within the plasma jet. The model accounts for emission 
and absorption by CO2 and CO within the broadband range of the radiative intensity measurement (0.1–100 µm) 
as well thermal camera’s detection range (6.8–17 µm) and accounts for the spectral properties of the optics and 
detector sensitivity. The modelled photon flux incident on the camera sensor is converted into equivalent units of 
digital counts and compared to measurements. A supporting CFD analysis indicates significant CO₂ dissociation 
near the plasma torch exit and air entrainment downstream, both of which reduce optical thickness and help 
interpret discrepancies between measured and modelled IR signals. Sensitivity analysis shows that background 
reference levels and gas composition exert stronger influence on IR counts than on broadband intensity. Results 
demonstrate that thermal imaging, combined with radiative intensity measurements and modelling, constrains 
the plasma temperature field, with IR imaging defining the spatial structure and radiative intensity matching 
setting the absolute temperature scale. Overall, the combined diagnostic–modelling framework demonstrates a 
feasible pathway for non-intrusive, spatially resolved temperature reconstruction in CO₂ plasmas relevant to 
electrified high-temperature industrial applications, where spectrally resolved diagnostics are often difficult to 
implement.
Novelty and significance statement: This work demonstrates a new approach for temperature reconstruction in CO₂- 
based thermal plasma jets by combining calibrated infrared imaging with total radiative intensity measurements 
and detailed spectral radiative transfer modelling. The method links camera counts, photon flux, and gas tem
perature through radiative transfer modelling, enabling non-intrusive, spatially resolved diagnostics of plasma- 
assisted heating. By combining the different measurement techniques, the possible temperature distributions 
within the plasma jet can be more narrowly constrained, improving agreement between modelled and measured 
radiation. The study provides new insight into radiative heat transfer mechanisms relevant to electrified, high- 
temperature industrial processes.

1. Introduction

Reducing greenhouse gas emissions from energy-intensive industries 
is essential to mitigate global warming. While many processes can be 
electrified, high-temperature sectors such as cement, lime, and iron-ore 
production still rely on fossil-fueled rotary kilns, where radiative heating 
from large flames leads to significant CO₂ emissions [1]. Thermal plasma 
heating offers a promising route toward electrification of such processes, 

providing extremely high temperatures.
In this work, the possibility of substituting the burner in a cement 

rotary kiln with electrically powered plasma torches is investigated. CO₂ 
is inherently released during calcination and could with advantage be 
used as the plasma torch working gas, possibly creating a closed and 
radiatively efficient system [2]. However, such heat source transitions 
risk altering the bed heat treatment and product quality. Comprehensive 
experimental and modelling work is therefore required to ensure process 
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stability, although quantitative temperature diagnostics remain difficult 
due to high temperatures and the radiative and spectral characteristics 
of the plasma jet. CO₂-based plasma systems have been investigated for 
gasification and CO₂ dissociation [3–6], yet their radiative heat transfer 
characteristics and applicability as heat sources in industrial processes 
remain largely unexplored.

This study presents experimental work on a stand-alone CO2 plasma 
jet at 50 kWel in open air and combines thermal imaging and narrow- 
angle radiometry (NAR) with spectral radiative modelling using a sta
tistical narrow band model (SNBM) to reconstruct temperature distri
butions along the plasma. Measured digital counts captured with an IR- 
camera are related to photon flux through radiative modelling, ac
counting for gas absorption, lens transmissivity, and detector sensitivity.

However, the radiative emission from a CO2 plasma depends not only 
on temperature, but also on gas composition. To assess effects from CO2 
dissociation close to the plasma torch outlet and downstream entrain
ment of ambient air, a limited computational fluid dynamics (CFD) 
analysis is used to estimate the gas composition. The CFD results are not 
used to prescribe the temperature field, which is reconstructed from the 
combined IR-imaging and NAR measurements.

2. Experimental setup

Radiative heat transfer from a 50 kWel stand-alone plasma jet using 
CO2 as the working gas, operated in open-air conditions, was investi
gated. The plasma torch is a water-cooled, non-transferred arc thermal 
plasma. It was operated at a working gas flow of 14 Nm3/h, 1003 V and 
50A with a thermal efficiency of about 83%.

Measurements of the radiative intensity were gathered using a nar
row angle radiometer (NAR) with a 2 M thin film-based thermopile 
detector, spanning a waveband of 0.1–100 µm. The probes line of sight, 
at an approximate solid angle of 9.5 × 10⁻⁵ sr, was aligned with the axis 
of the plasma jet. The detector signal was recorded using a NI USB-621x 
DAQ, at a sampling rate of 10 Hz, and the NAR signal was calibrated to a 
blackbody LAND R1500T furnace before and after the measurements. To 
map the axial radiative intensity distribution, the optical axis of the NAR 
was shifted along the jet axis.

Thermal imaging was performed using a 7.5–14 µm infrared (IR) 
FLIR A655sc camera, with spectral response in 6.8–17 μm. It has a 
microbolometer detector and a germanium lens. The camera was posi
tioned at a 90◦ viewing angle relative to the jet axis. Images were 
recorded at 50 Hz, 640 × 480 pixels.

Fig. 1 shows a schematic of the experimental setup, including the 
torch, the visible flame envelope, IR camera orientation and NAR 
placement. Additional details on the diagnostic setup and calibration 
procedures are provided in the Supplementary Material.

3. Modelling

The present methodology reconstructs spatially resolved tempera
ture fields of a CO₂ plasma jet by combining radiative diagnostics with 
complementary spectral sensitivities. Since spectral emission depends 
on both temperature and gas composition, spectrally integrated mea
surements lead to a non-unique inverse problem; the approach is 
therefore formulated as a constrained reconstruction, where infrared 
imaging provides the relative spatial temperature distribution and the 
absolute temperature scale is obtained by matching measured radiative 
intensity using forward radiative transfer modelling. In this framework, 
infrared imaging provides spatial information, while the nonlinear 
relationship between radiation and temperature is handled through 
forward radiative transfer modelling. Supporting CFD is used only to 
interpret composition-driven optical-thickness effects and does not 
prescribe the temperature field. A step-by-step description of the data 
processing and reconstruction procedure is provided in the Supple
mentary Material.

3.1. Radiative intensity modelling

The radiative modelling reconstructs the CO₂ plasma jet temperature 
field by relating measured IR-camera counts and measured broadband 
radiative intensity (NAR) to the governing gas temperature and optical 
thickness. The infrared signal represents line-of-sight integrated radia
tion, and path-length effects are accounted for in the forward radiative 
transfer modelling rather than through direct inversion techniques such 
as Abel transformation.

The radiative intensity field is modelled using a discrete transfer 
method (DTM) along the plasma jet axis. The radiative transfer equation 
is solved using the Malkmus SNBM [7] with parameters of the mean line 
spacing, dk, and the mean line-intensity to the typical line-spacing ratio, 
kk, for CO2 and CO from Rivère and Soufiani [8], using the CDSD-4000 
database [9] for CO2 absorption spectra, shown to be accurate up to 
4000 K [10], and the HITEMP 2010 database [11] for CO. The spectrally 
averaged transmissivity of a narrow band k with a bandwidth Δν of 
25 cm-1 is calculated for a gas (g) according to Eq. (1) where PS is the 
pressure-path-length and γg the mean line half-widths [7]. 

τνk ,g = exp

[

−
2γg

dk

( ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 +
YgPSkkdk

γg

√

− 1

)]

(1) 

In the DTM, radiative intensity is calculated by tracing rays through 
the domain, assuming an axisymmetric and axially uniform gas tem
perature and gas concentration distribution. As each ray is traced, the 
spectral intensity at a given cell node depends on emission from up
stream cells and wall radiation. It is obtained by summing the trans
missivity differences between adjacent cell faces, multiplied by the local 
spectral blackbody intensity [12].

A radial grid of 60 computational cells is used. Grid refinement tests 
show that further refinement changes the integrated radiative intensity 
and predicted infrared photon flux by less than a few percent, indicating 
that numerical discretization does not limit the reconstruction accuracy.

Spectral gas transmissivities along the line-of-path of the NAR and 
IR-cameras detectors are determined for all measurement positions and 
the total intensity as well as the photon fluxes are determined within the 
spectral ranges of 0.1–100 µm and 6.8–17 µm.

To accurately account for the intensity reaching the detector of the 
IR-camera, the spectral transmissivity of the lens and the spectral 
sensitivity of the detector must be considered, illustrated in Fig. 2. The 
figure also presents the respective spectral transmissivity of pure CO2 
and pure CO gas layer at 2000 K with a 20 mm path length. The spectral 
characteristics show an overlap between the camera’s detection range 
and the CO₂ absorption band, while there is no overlap with the CO 
absorption band, indicating that the IR camera is sensitive to CO₂ but not 
CO gas radiation.Fig. 1. Schematic of the experimental setup.
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While Fig. 2 shows representative spectra at 2000 K, significantly 
higher temperatures are expected in thermal plasma. At fixed gas 
composition, increasing temperature redistributes absorption among a 
larger number of vibrational–rotational transitions, which can lead to 
increased band-averaged transmissivity, while the dominant CO₂ ab
sorption bands continue to overlap with the infrared camera spectral 
sensitivity range.

The predictive deviation of the model with respect to the radiation 
incident on the IR camera is quantified by comparing measured digital 
counts and model-predicted counts. Since the IR camera records only 
digital counts, CIR, while the radiative transfer model predicts spectral 
photon flux, a conversion between the two is required. Establishing this 
relationship allows direct comparison between measured and modelled 
band-limited radiation and is essential for using IR-count distributions to 
constrain the temperature reconstruction. Without this mapping, the IR 
images could only be used qualitatively. Hence, the modelled spectral 
gas intensity is converted to equivalent units using spectral photon 
fluxes. Assuming a linear detector response, the background measure

ment provides a reference linking the background photon flux 
(

ϕqν,b

)
to 

the recorded background counts (Cb) after correction for the camera 
dark counts (Cdark). The total predicted incident radiation, i.e. gas 
emission and background contribution, expressed as spectral photon 
flux ϕqν,g, can therefore be converted to equivalent camera counts using 
the ratio between the total and background photon fluxes, according to 
Eq. (2). 

CIR =

∫

IRϕqν,gdν
∫

IRϕqν,bdν (Cb − Cdark) + Cdark (2) 

In practice, Eq. (2) is applied by integrating the model-predicted 
spectral photon flux over the camera’s spectral response and convert
ing it to equivalent digital counts using the background reference for 
direct comparison with measurements. Although the infrared signal 
varies nonlinearly with temperature due to radiative emission and ab
sorption, it may preserve the spatial ordering of the temperature field 
when the gas composition is approximately constant, whereas variations 
in local CO2 and CO concentrations can alter the infrared signal inde
pendently of temperature.

3.2. Assessment of CO₂ dissociation and dilution effects using CFD

To assess the plausibility and spatial extent of CO₂ dissociation and 
subsequent dilution in the near field of the plasma jet, a limited 
computational fluid dynamics (CFD) study was performed as a sup
porting analysis. The CFD is used to characterize thermo-chemical 
trends (composition and mixing) under the estimated operating condi
tions; it does not prescribe the temperature field used in the radiative 
reconstruction as presented above.

CFD simulations were performed using ANSYS Fluent to resolve the 
three-dimensional thermo-chemical flow field of the non-transferred 
CO2 plasma jet under atmospheric conditions. The simulations were 
conducted under steady-state assumptions in a fully three-dimensional 
computational domain without the assumption of any geometric 
symmetry.

The numerical procedure was divided into two sequential stages. In 
the first stage, a simplified torch-exit/electrode region was modelled 
with a uniform volumetric heat source representing the effective ther
mal power delivered to the working gas (electrical input minus cooling 
losses), while CO2 was supplied at the experimental mass flow rate. The 
resulting outlet temperature and species composition formed the inlet 
conditions for the second stage, in which the jet discharged into an open, 
ambient-pressure air domain that permitted entrainment.

Species transport was solved for CO2, CO, and O2, with chemical 
effects represented using a relaxation-to-chemical-equilibrium approach 
for the reaction CO₂ ⇌ CO + ½O₂, allowing the local gas composition to 
evolve toward thermodynamic equilibrium under high-temperature 
conditions, thereby accounting for CO2 dissociation and recombina
tion processes within the plasma core and mixing region. This reduced 
chemical formulation captures the dominant dissociation trends 
affecting gas composition and infrared optical thickness under the pre
sent conditions. Minor species such as atomic oxygen are not explicitly 
resolved; their contribution to the infrared radiation within the camera 
spectral range is expected to be negligible compared to CO₂. This 
simplification may affect detailed radiative properties at the highest 
temperatures but is considered sufficient for the present phenomeno
logical assessment of optical-thickness effects in both broadband and 
band-limited radiative modelling. Thermophysical properties were 
treated using the ideal gas law.

Turbulence was modeled using the k-ω SST (Shear Stress Transport) 
model to resolve the strong shear gradients and mixing layers charac
teristic of high-velocity reacting jets. Radiative heat transfer within the 
CFD domain was accounted for using the Discrete Ordinates (DO) ra
diation model in combination with a Weighted Sum of Gray Gases Model 
(WSGGM) with high-temperature parameters by Ehlmé et al. [13], 
thereby incorporating gas radiation effects.

Steady-state convergence was assessed through verification of global 
mass and energy balance closure.

4. Results and discussion

The 50-kWel CO₂ plasma torch was operated under stable conditions 
for a total of 75 min during the measurements. Fig. 3a shows a photo of 
the plasma torch and the plasma jet within the visible spectra. The 
plasma jet exhibited a bright blue, slightly conical shape with a distinct 
core region and faint emission in the surrounding flow. The visible 
length of the jet was approximately 200 mm and the jet appeared steady 
in both length and radial size during the time of measurements.

Fig. 3b presents the spatial distribution of recorded counts within the 
camera’s spectral range of 6.8–17 µm for three sequential images with a 
5 s interval. The recorded counts peak near the torch exit and gradually 
decrease downstream, and the jet appears noticeably longer in the IR 
images than in the corresponding VIS photograph, reflecting emission 
from cooler downstream regions that remain radiatively active in the 
infrared. Evaluation of the complete IR image sequence acquired at 
50 Hz revealed no significant temporal fluctuations in the recorded 
counts. The frames at 0, 5, and 10 s are shown as representative samples, 
demonstrating that the plasma jet remains stable in both shape and 
counts, with only negligible variation over time. Since the IR jet 
appearance was found to be temporally stable, the reconstruction uses 
the radial count distribution from a single representative frame for each 
axial position. This avoids unnecessary averaging while ensuring that 
the extracted profiles are not influenced by temporal fluctuations. The 
measured counts form the basis for the subsequent temperature recon
struction and comparison with the radiative transfer model.

Fig. 2. Spectral properties of detector sensitivity (Sλ), lens transmissivity 
(τGeλ)and the respective gas transmissivity of a 20 mm CO2 (τCO2λ) and CO 
(τCO2λ) gas at 2000 K.
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The radiative intensity was measured using the NAR along the 
plasma jet axis in 20 mm increments, starting from 20 mm downstream 
of the torch exit, with an additional position 5 mm downstream of the 
torch exit, with a total of eight axial positions.

4.1. Radiative intensity modelling

The temperature field is reconstructed by combining normalized 
infrared count distributions with a single absolute calibration provided 
by the broadband NAR measurement.

The SNB model was used to model the total intensity reaching the 
NAR probe and IR-camera detector. The temperature and jet-radius 
distributions were parameterized based on the infrared imaging 
counts, which peak along the jet axis and decrease toward the jet radial 
boundary. At each axial measurement position of the NAR, the IR counts 
were evaluated along the flame radius and normalized globally by the 
maximum value at the 20 mm downstream measurement position to 
obtain relative temperature distribution shape. Normalization was per
formed at this axial position rather than at the peak value at 5 mm, 
where strong CO₂ dissociation and steep composition gradients led to 
poor agreement with the measured radiative intensity values. At 20 mm, 
dissociation effects are less pronounced, and the gas composition is more 
uniform, providing a more reliable reference point for the combined 
NAR–IR calibration. Here, at the 20 mm position, the peak temperature 
was iteratively determined to 3039 K by fitting the modelled and 
measured (NAR) total radiative intensity values. The temperature pro
files are parameterized using the normalized IR-count distribution as a 
spatial weighting, which defines the relative spatial structure of the 
temperature field, while the absolute temperature scale is determined 
independently by radiative intensity matching.

The IR-count distribution was further used to set the radius of the 
plasma jet at each position. A gas volume with an elevated temperature, 

in comparison to the surroundings, was assumed to solely contain CO2 
gas. A surrounding gas layer consisting of ambient air is also included in 
the model at the radial boundary of the jet. The boundary of the 
modelled volume was set as cold, absorbing walls at 293 K with a surface 
emissivity of unity. That is, the background contribution is negligible 
and no reflections are considered.

Fig. 4 shows the resulting temperature profiles for the reconstructed 
temperature field of the plasma jet. The temperature peaks at the torch 
exit (5 mm, 3665 K) and the jet radius expands in the downstream di
rection. The radiative intensity was computed using a radial grid of 60 
computational cells, whereas the temperature profiles based on IR im
ages have an effective spatial resolution of approximately 1.4 mm. Thus, 
the modelling grid provides a finer discretization than the measurement 

Fig. 3. Photos of the 50 kWel CO2 plasma torch operated in open air, shown in (a) VIS and (b) IR spectral ranges. Axial distances from the generator outlet are 
indicated, together with the plasma jet centerline and the radial direction (r).

Fig. 4. Radial temperature profiles for all axial positions based on a normalized 
IR-counts distribution. The apparent step-like behavior reflects the discrete 
radial representation of the reconstructed temperature field, with linear inter
polation assumed between grid points.
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resolution.
Fig. 5 shows the measured, Imeas, and modelled, Imod, radiative in

tensities along the plasma jet axis at all NAR measurement positions. 
Again, modelled intensity at the 20 mm axial position was fitted to the 
measured value by varying the peak temperature. As can be observed, 
the radiative intensity is reduced along the axis of the jet, and the 
measured and modelled values compare well for additional positions 40 
– 100 mm downstream of the torch exit with intensity deviations 
ranging from 4 – 14%. The largest intensity deviation is at the down
stream position of 140 mm from the torch exit with a deviation of 52%. 
This is explained by the assumption of the gas volume considered to be 
solely CO2, causing a high absorption in the colder gas region at the 
plasma jet radial boundary. At the downstream positions (100 – 
140 mm), transparent air is probably mixed with the CO2, causing a 
reduced absorption.

Fig. 5 also shows how the modelled photon fluxes to the IR-camera 
detector deviate from the measured value, expressed in terms of 
counts. Here, the spectral properties of the CO2 gas, germanium lens and 
sensitivity of the detector (see Fig. 2) are accounted for. The large de
viations can again be explained by the simplified gas concentration 
profile used in the model where neither CO2 dissociation close to the 
plasma torch exit nor downstream air entrainment are accounted for. 
However, although the modelled and measured intensities remain in 
good agreement at the downstream positions 20 – 100 mm, the counts 
deviation is relatively large. This reflects that the NAR measurement is a 
broadband measurement (0.1 – 100 µm) while the IR-camera is sensitive 
to CO₂-band optical-thickness effects within the 6.8 – 17 µm band, 
indicating a stronger sensitive effect from dilution and gas concentration 
effects.

To assess the influence of the spatial extent of optically participating 
CO₂ on the infrared photon-flux predictions, an alternative modelling 
case was evaluated in which the effective radiative CO₂ region was 
reduced. In this formulation, only the inner region of the jet, where CO₂ 
concentration and temperature remain high, was treated as radiatively 
active, while the outer, colder and more diluted gas was represented as 
non-participating. That is, the temperature profiles and CO2 concen
trations drop sharply to the ambient conditions. The reduction of the 
effective radiatively participating radius is not introduced as a numeri
cal fitting parameter, but as a phenomenological representation of 
reduced optical thickness caused by CO₂ dissociation at high tempera
tures and dilution due to entrainment of ambient air. This interpretation 
is supported by the results showing that the broadband radiative in
tensity is well predicted, while the band-limited infrared counts are 
systematically overpredicted when assuming a radially extended, cold 
CO₂ layer. Consistent with this interpretation, reducing the effective 
radiative radius substantially decreases the predicted photon-flux de
viation, as shown in Fig. 6, by limiting absorption from cold boundary 
layers that otherwise attenuate the band-limited infrared signal.

For the reduced radius case, the jet radius was decreased to limit 

absorption from the colder boundary layers and thereby reduce the IR- 
count deviation. The peak temperature at the 20 mm position was re- 
adjusted to 2594 K to maintain agreement between measured and 
modelled radiative intensities. This updated peak temperature was then 
used to set the absolute temperature scale for the reconstructed profiles 
while preserving the IR-derived spatial structure. The resulting tem
perature profiles for the reduced effective CO₂ region are shown in 
Fig. 7, where the peak temperature at 5 mm decreases by approximately 
530 K to 3139 K.

The high temperatures near the torch exit (> 3000 K) indicate that 
partial CO₂ dissociation is likely within the core region. Such dissocia
tion reduces the local CO₂ mole fraction and therefore the radiative 
participation of the gas, particularly within the infrared absorption 
bands relevant to the camera, see Fig. 2. Although CO and CO₂ possess 
overlapping emission features, changes in composition alter both 
emissivity and absorption coefficients and may further contribute to the 
observed deviations, especially close to the plasma outlet. Quantifying 
these effects is outside the scope of the present reconstruction but is 
addressed qualitatively using CFD analysis in the following section.

4.2. CO2 dissociation and dilution effects

From the limited two-stage CFD-simulations of the plasma jet, the 
radial gas composition along the jet axis is estimated and shown for the 
axial positions 5 and 120 mm downstream of the plasma torch exit in 
Fig. 8. The resolved fields show that the CO₂ mole fraction decreases to 
approximately 60% at the 5 mm axial position downstream of the torch 
exit while the CO concentration reaches about 27% due to partial CO₂ 
dissociation at the peak temperatures. Further downstream, the CO₂ 
concentration does not return to unity but continues to decline due to 
entrainment of ambient air and mixing in the shear layer. At the 120 mm 
position, the CO2 concentration is about 41% while the CO concentra
tion is reduced to about 5%.

Fig. 5. Measured and modelled radiative intensities together with photon flux 
(counts) deviation to the IR detector.

Fig. 6. Measured and modelled radiative intensities and IR-count deviation for 
the reduced effective jet radius.

Fig. 7. Radial temperature profiles for all axial positions with a reduced jet 
radius. The apparent step-like behavior arises from the same discrete radial 
representation as in Fig. 4.
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These results indicate that both dissociation and dilution reduce the 
local CO₂ concentration in the regions most relevant for infrared emis
sion and absorption. The CFD-derived composition fields were therefore 
used only to assess the expected optical-thickness variations at selected 
axial positions and to support interpretation of the radiative discrep
ancies, while the temperature reconstruction remained based solely on 
the combined NAR and IR measurements.

Applying the CFD-predicted gas composition at the 20 mm position, 
the peak temperature used was again re-adjusted to match the measured 
radiative intensity. The fitted peak temperature at this position reaches 
3336 K. The CFD gas concentrations are further used to analyze the 
results near the plasma torch exit at 5 mm and at the downstream po
sition of 120 mm.

Fig. 9 shows a comparison of the modelled intensity and the IR- 
camera counts deviation, assuming pure CO2 (in accordance with 
Fig. 5) or CFD gas concentrations, at the selected positions of 5, 20 and 
120 mm. As can be seen, applying the temperature profile based on the 
normalized IR-counts together with the CFD gas concentrations reduces 
the discrepancy between measured and modelled radiative intensity at 
5 mm. This behavior is consistent with dissociation reducing the optical 
thickness, indicating that dissociation effects are important at these high 
temperatures. However, the deviation in camera counts remains in the 
same range as observed for the pure CO₂ case.

At the downstream position of 120 mm position, substantial air 
entrainment into the jet is predicted by the CFD results. Here as well, the 
prediction of the radiative intensity is more in line with measurements, 
while the deviation in camera counts is significantly reduced from 44% 
to 9%. This suggests that discrepancies in the downstream field are 
primarily governed by the combined effects of air-driven dilution and 
the effective radiative participation of the CO₂ core.

The CFD simulations capture the dominant trends of CO₂ dissociation 
and downstream dilution affecting optical thickness. Minor species and 
electronically excited states are not explicitly resolved; their 

contribution to the infrared radiation considered here is expected to be 
negligible. CFD results are used to support the physical interpretation of 
radiative discrepancies and, where applicable, to provide gas- 
composition input for the radiative transfer calculations, but are not 
employed to prescribe the radial temperature field.

4.3. Sensitivity to peak temperature, CO₂ concentration and background 
counts

To assess robustness and to separate the effects from calibrated peak 
temperature (at 20 mm), gas composition, and background-reference 
effects in the counts mapping, a targeted sensitivity analysis was per
formed at the 5 mm (high dissociation) and 120 mm (high air entrain
ment) positions from the plasma torch outlet. The nominal case uses the 
gas composition based on the CFD findings, presented in Figs. 8 and 9, a 
single absolute temperature calibration at the 20 mm position to fit 
measured radiative intensity, presented in Fig. 9, and IR-counts based 
radial shapes at all axial positions. Sensitivities were then evaluated by 
shifting the calibrated peak temperature at 20 mm by ±5% (causing a 
change of all axial and radial temperatures), the molar fraction of CO₂ at 
each position by ±10%, and the IR-camera background counts were 
changed by ±10% in the flux-to-counts mapping (see Eq. (2)).

Fig. 10 shows the result from the sensitivity analysis of the param
eters examined for the two selected positions. Note that no sensitivity 
analysis is shown for the background counts for the modelled intensity 
to the NAR since it is independent on the IR-camera counts.

As can be observed at both positions, the modelled intensity is more 
responsive than the counts deviation for the shift in calibration peak 
temperature. This reflects the integral nature of the NAR measurement, 
which aggregates emission over the full spectrum and is governed pri
marily by the absolute temperature and participating volume.

At the 5 mm position, the modelled intensity is more sensitive to the 
shift in CO2 concentration, than at the 120 mm position. This is partly 
because of the gas concentration already being lower at the downstream 
position, partly because of the lower temperatures at the 120 mm po
sition. That is, in the upstream position, the gas emission is high and 
hence it is more sensitive to a shift in gas concentration. However, the 
counts deviation exhibits similar sensitivity to CO₂ concentration at 
5 mm and 120 mm. Though, the IR-camera only responds to changes 
within the 6.8–17 µm band.

The sensitivity to the background level is largest of all counts devi
ation factors: a ± 10% change in the background counts leads to counts- 
deviation variations on the order of 5–25%, underscoring the impor
tance of a stable background reference and correct spectral weighting in 
the flux-to-counts conversion.

Taken together, these results confirm that the single peak tempera
ture calibration at 20 mm is appropriate for setting the temperature 
scale of the reconstruction, that gas composition is essential to control 
band-limited deviations, and that the background counts reference is a 
leading uncertainty for the counts comparison. The complementary 

Fig. 8. Radial variation of CO2 and CO at 5 mm and 120 mm from Plasma 
torch exit.

Fig. 9. Comparison of measured and modelled intensity and IR-count deviation 
using pure CO2 (filled) and CFD-derived gas composition (open) at 5, 20 
and 120 mm.

Fig. 10. Sensitivity analysis of modelled radiative intensity (blue) and counts 
deviation (orange) varying calibrated peak temperature at 20 mm ± 5%, CO2 
concentration ± 10% and background counts (Cb) ± 10%.
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sensitivities of NAR and IR measurements reduce the solution space of 
the inverse problem, constraining both the absolute temperature scale 
and the spatial structure.

5. Conclusions

This study examines how spatial count distributions obtained from 
infrared thermal imaging can be used in combination with total radia
tive intensity measurements to reconstruct temperature fields of a 
thermal plasma jet. By combining experimental measurements with 
detailed radiative transfer modelling, the total and band-limited radia
tive intensities were compared with measured data, enabling an 
assessment of the relation between detected counts, photon flux, and 
temperature.

The analysis shows that assuming a radially extended radiating re
gion with a gradual temperature decay leads to systematic over
prediction of IR photon fluxes, despite good agreement with broadband 
NAR intensities. Introducing a sharper radial temperature drop, that is 
by effectively reducing the radiatively active CO₂ core, significantly 
improves the match with measured counts while preserving agreement 
with the NAR intensity measurement. This highlights the strong sensi
tivity of IR‑based diagnostics to local optical thickness, especially within 
the 6.8–17 µm band where CO₂ absorption is dominant (in comparison 
to CO absorption).

CFD‑based estimates of gas composition further indicate that both 
CO₂ dissociation near the torch outlet and entrainment‑driven dilution 
downstream reduce the participating CO₂ fraction, thereby lowering the 
effective optical thickness. Incorporating these effects improves agree
ment between measured and modelled intensities at positions close to 
the plasma jet outlet as well as further downstream.

These findings highlight the potential of calibrated IR imaging, 
supported by spectral modelling, as a non-intrusive tool for physically 
constrained temperature reconstruction in plasma-assisted systems. The 
combined diagnostic–modelling approach enables spatially resolved 
temperature fields in high‑temperature CO₂ plasmas, with broadband 
(NAR) and band‑limited (IR) measurements providing complementary 
constrains on the inverse problem. While improved characterization of 
gas composition, background radiation, and the radiatively partici
pating volume would further enhance accuracy, the present results show 
that reliable temperature distributions can be achieved for electrified 
high‑temperature industrial applications.
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