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Abstract

Quantitative infrared thermography of gas-liquid systems requires a radiometric description of the entire optical
path. In this work, a framework is developed for measurements through infrared-transparent KBr windows and an absorb-
ing gas layer. The model combines blackbody-based source radiation, spectrally resolved gas absorption and emission
calculated from HITRAN line parameters, multiple reflections at KBr interfaces, camera self-reflection, and the spectral
response of a FLIR LWIR camera. Model predictions are analysed for gas temperature, concentration and pressure, and
the framework is prepared for experimental validation using a calibrated infrared source and a temperature-controlled gas
cell.

1. Introduction
1.1 Motivation

Gas-liquid transport processes are among the most important operations in chemical engineering. Their perfor-
mance is strongly affected by local phenomena occurring at the gas-liquid interface, including wetting, liquid-film distribu-
tion, interfacial instabilities, and local mass-transfer rates. Direct experimental observation of these phenomena remains
challenging, mainly because spatially resolved, non-invasive methods capable of probing the interface under realistic op-
erating conditions are limited.

In the past several years, infrared thermography has been investigated at the University of Chemistry and Technol-
ogy Prague as a potential experimental tool for studying gas—liquid transport phenomena. Previous studies demonstrated
that thermal imaging can provide information about gas—liquid interface conditions [1] and can be used to observe liquid
films under distillation-relevant conditions [2} I3]. These results indicate that infrared thermography can become a useful
experimental technique for studying transport phenomena in gas—liquid systems.

The long-term objective of this research is to develop quantitative thermographic methods capable of providing
spatially resolved information about transport processes such as distillation, absorption, and chemisorption. In particular,
the original motivation for this research direction is the quantification of the active interfacial area in distillation processes
on structured packings. However, in the present contribution, distillation is used primarily as the motivating application; the
main focus is the radiometric framework required for quantitative measurements in optically complex gas—liquid systems.

1.2 Need for Quantitative Thermography

Despite promising previous results, most thermographic investigations of gas—liquid systems remain qualitative
[2]. The transition towards quantitative thermography requires an accurate interpretation of the radiometric signal measured
by the infrared camera. This is particularly important because a thermal camera does not measure temperature directly; it
measures radiation, which is subsequently converted to an apparent temperature using a radiometric model and camera-
specific calibration.

In gas—liquid systems, especially under distillation or absorption conditions, the observed object is typically sep-
arated from the camera by a vapour or gas layer and by one or more infrared-transparent windows. The measured signal
was identified to be significantly affected by the following mechanisms

+ spectrally resolved absorption and emission by the gas or vapour phase,
« reflections at optical interfaces,

» multiple reflections between optical elements,

« reflection of thermal radiation emitted by the camera itself,

« the spectral response and calibration of the detector system.

Neglecting these effects may lead to significant errors in the reconstructed surface temperatures and may com-
promise the quantitative interpretation of thermographic measurements.
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1.3 Objective of the Present Work

The objective of this work is to develop and experimentally validate a radiometric framework for quantitative in-
frared thermography of gas-liquid systems observed through absorbing gas or vapour layers and infrared-transparent
windows.

A dedicated experimental apparatus was constructed to enable independent investigation of individual radiometric
effects under controlled conditions. The developed model is subsequently compared with experimental measurements
obtained using a calibrated infrared source and an absorption cell containing methane as an example of a spectrally
absorbing gas.

2. Radiometric Framework
2.1 Overview of the Optical System

Figure [1] presents the optical system considered in this work. The infrared source is represented by a calibrated
blackbody source with emissivity € = 0.97 and temperature T. The source produces spectral radiance Ly o, which is
partially attenuated while passing through the cell containing the absorbing gas. The gas also creates additional thermal
emission Ly q. The radiation then passes through KBr windows and enters the lens of the thermal imaging camera. In
addition, the camera itself emits thermal radiation L n.ise, Which may be reflected by the optical cell and detected again by
the camera.

Lh,noise

Lyg

KBr KBr

IR SOURCE CELL WITH ABSORBING GAS
Fig. 1. Overall optical scene described by the radiometric model.

The detector signal originates from the superposition of multiple spectral radiance contributions generated by indi-
vidual elements of the optical path. Since both gas absorption/emission and camera response are wavelength-dependent,
the model is formulated in terms of spectral radiance L. The final detector-weighted radiance Lgetector iS Obtained by
integration over the spectral range of the camera.

Since the distances between the target and the thermal imaging camera are short, the absorption and emission
of the air present between the individual optical elements are neglected in the model with relatively small impact on the
model precision.

The only necessary imput parameters to the model are:

« reflectivity of the KBr-air or KBr-gas interface r,
» emissivity of the IR radiation source ¢,

+ transmission spectrum of the absorbing gas 7¢()\), which depends on the gas temperature tc, pressure pc and
molar fraction yg, and the thickness of the gas layer dg,

« reflected ambient temperature t-, and temperature assigned to camera self-emission tneise (Soo @and Shoise iN COUNts,
respectively).

2.2 Radiation Emitted by the Observed Object
The observed object is represented by a calibrated infrared source with known temperature 7' and emissivity

e = 0.97. Since the calibration source can be approximated as a diffuse grey body, the emitted and reflected spectral
radiance leaving the source surface is written as

Lyo\T) =eLass(\T) + (1 —¢) Lass(A, Teo), (1)
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Fig. 2. Detailed model architecture with individual model blocks, parameters and radiance contributions.

where T is the effective reflected ambient temperature and L gz is blackbody spectral radiance given by Planck’s law,

2hc? 1
Lyss(\,T) = Aj —~ : @)
exp (/\kBT) —1

2.3 Gas Phase

The gas phase contributes to the measured signal in two ways: it attenuates radiation emitted by the source and
emits its own thermal radiation. The spectral transmittance () of the gas layer is calculated from spectroscopic line
parameters obtained from the HITRAN database using a line-by-line procedure. The calculation accounts for gas pressure
pa, gas temperature T, mole fraction of the absorbing-species ya, and optical path length d.

Assuming local thermodynamic equilibrium and neglecting scattering, the spectral radiance emitted by the gas
layer in the direction of the camera can be expressed as

Lyc\Te) =[1 —717a(N)] Lass(\, Ta). (3)
This expression is used as the gas-emission contribution before accounting for reflections at the KBr interfaces.
2.4 KBr Windows

Potassium bromide windows exhibit high infrared transparency in the LWIR region [4] but introduce non-negligible
reflection losses at their optical interfaces. Therefore, the apparent transmittance of the optical system cannot be described
by absorption inside the KBr material. Reflections at individual KBr—gas or KBr-air interfaces and multiple reflections
between them must be considered.

For normal incidence, the reflectivity of a single KBr—air interface is calculated from Fresnel’s equation. In this
work, the value

r = 0.0432 (4)

is used. The apparent transmittance and reflectance of a sequence of n perpendicular optical interfaces can be calculated
recursively [5] as

n=1-r pL=r, )
1—r r+pi(1—2r)
Ti+1 1 Tpi ) Pi+1 1— i ) ( )
n
Tapp,n = HTi7 Papp,n = Pn- (7)
i=1

The recurrence relation represents the convergent infinite series of multiple reflections between successive optical inter-
faces.
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2.5 Camera Self-Reflection

Preliminary measurements showed that the infrared camera itself represents a non-negligible source of thermal
radiation. Because measurements are performed at short observation distances, radiation emitted by the camera can be
reflected by the optical system and detected again by the camera, affecting extended regions of the thermogram.

The interfering radiance associated with camera self-reflection was measured using a highly reflective gold-coated
infrared mirror placed in front of the cell shortly before the validation measurements. In the model, this contribution is
represented by an effective spectral radiance

L)\,noisc()\) ~ L)\,BB(>M Tnoise)7 (8)
where Thoise IS an effective radiation temperature assigned to the measured camera-reflection contribution.
2.6 FLIR Detector Response

The detector signal is evaluated at the level of the raw detector counts .S, rather than using only the apparent tem-
peratures reported by the manufacturer software. The conversion between detector counts and temperature is performed
using the FLIR calibration equation

r=— 2" 7 @)
I (yioy + F)
where B, Ri1, R2, O and F are camera-specific calibration constants. The term R2(S + O) is proportional to the detector-
weighted radiance. In the present notation,

1
Lagetector = ;R2(S + O) (10)

It was found that the accuracy of direct temperature readings of the calibrated infrared source could be improved
by recalibrating the constants R2 and O. Therefore, the factory values of these constants were replaced by values obtained
from the in-house recalibration.

The spectral radiance that reaches the detector is weighted by the camera spectral response function R()),
which accounts for the combined wavelength-dependent transmission of the camera optics and the detector sensitivity.
The detector-weighted radiance is therefore

Ldetector - / R()\)L)\,cam()\) dA. (1 1)
0

Figure [3]shows the spectral response function used in the model.

6 8 10 12 14 16 18
A (pm)

Fig. 3. Spectral response function of the used LWIR bolometric camera.
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2.7 Final Form of the Model for the Present Optical System

The present optical system contains two KBr windows, corresponding to four optical interfaces, and an absorbing
gas layer between the two inner interfaces. In Eq. (7), this corresponds to n = 4. For the interface following the gas layer,
the recurrence relation must be modified to include the attenuation during a single or double pass through the gas layer:

r 4 1E(N)p2(1 — 2r)
1 =74 (N)rp2

_ el -r)
P T W

p3(A) = ; (12)

(13)
The radiance emitted by the gas and leaving the cell towards the camera is multiplied by the factor eq app(N),

which accounts for multiple reflections of gas-emitted radiation inside the cell:

(I =7)[1 +7c(Npe]
1—712(N)rp2

€G,app(A) = . (14)

Combining all radiometric contributions, the spectral radiance entering the camera optics is written as

LA,cam()\) = Tapp,4()‘)Lk,0(Aa T)
+ €c,app(A)Ta(A) Lrc (A, Tc) (15)
+papp,4()\)L)\,noise(A)-

The corresponding detector-weighted radiance is then obtained from Eq. (T1). Finally, substitution of Eq. into Eq. (9)
gives the apparent temperature predicted by the model:

B

Ry F ’
7 Ldetector + )

Tmodcl = (1 6)
In (
3. Experimental Setup

The experimental apparatus consists of a calibrated infrared source, a gas cell, and a thermal imaging camera.
Al of these elements create an optical path and are placed in one line on the optical breadboard (figures [ and[5).

Fig. 4. The optical system used.

4. Model Predictions

The developed framework enables analysis of the expected behaviour of the optical system under various operat-
ing conditions. The following calculations illustrate the influence of gas temperature, absorbing-species mole fraction and
gas pressure on the apparent temperature reported by the camera.
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Fig. 5. The gas cell.

4.1 Effect of Gas Temperature

Figure [6] shows the predicted apparent temperature tmoac as a function of gas temperature t¢ for three source
temperatures, ¢ = 30, 50 and 80 °C. The source temperatures are also indicated in the graph. In all cases, the apparent
temperature increases with increasing gas temperature due to the increasing thermal emission of the absorbing gas. For
the lowest source temperature, the apparent temperature is higher than the true source temperature, whereas for the higher
source temperatures it remains lower. This behaviour results from the competition between gas absorption, which reduces
the contribution of the source, and gas emission, which adds radiation generated by the gas layer.
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Fig. 6. Predicted apparent temperature tmode1 as a function of gas temperature tc for three source temperatures. Param-
eters: methane, pc = 1atm, yg = 1, d = 8.7cm, too = 25°C and tyeise = 35°C.

4.2 Effect of Gas Concentration

Figure|Z]shows the predicted apparent temperature as a function of the absorbing-species mole fraction yg. Two
limiting situations are shown: observation of a hot source through a colder absorbing gas and observation of a colder source
through a warmer absorbing gas. In the first case, the apparent temperature decreases with increasing gas concentration
because the reduced gas transmittance suppresses the source contribution and the gas emission is comparatively weak.
In the second case, the apparent temperature increases because thermal emission of the warmer gas dominates over
attenuation of the source radiation. In both cases, increasing gas concentration reduces the radiometric visibility of the
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source.
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Fig. 7. Predicted apparent temperature tmo.4e1 as a function of absorbing-species mole fraction yc. Parameters: methane,
pa = latm, d = 8.7cm, too = 25 °C and tneise = 35 °C.

4.3 Effect of Pressure

The predicted pressure dependence, shown in Fig. |8 follows trends similar to those obtained for gas concen-
tration. Increasing pressure increases the amount of absorbing gas in the optical path and therefore strengthens both
attenuation of the source radiance and thermal emission of the gas layer. The sign and magnitude of the resulting apparent-
temperature shift depend on the relative temperatures of the source and the gas.

5. Experimental Validation
5.1 Experimental Apparatus

A dedicated experimental apparatus was developed for controlled validation of the radiometric model.
The apparatus consists of:

« calibrated infrared source,
+ temperature-controlled gas cell,

* FLIR infrared camera.
5.2 Calibrated Infrared Source

IRS Calilux smart blackbody for precise infrared camera calibration is used. Its emitting surface has declared
emissivity e = 0.97 (3 um - 14 um) and its temperature can be set in the range from 30 to 90 °C with accuracy +0.1°C.

5.3 Temperature-controlled Gas Cell

The cell is a cylindrical vessel that can be filled with gas. It is closed with IR transparent KBr windows on both
sides enabling optical access through the cell. The vessel is jacketed vessel, allowing temperature control of the inner gas.
The temperature of the gas is measured with a thermocouple thermometer placed in the gas space. The pressure inside
the cell is measured with precise pressure gauge. The temperature of the inlet and outlet tempering water is recorded with
Pt-100 thermometers.

The measuring cell is ready for filling also with vapours. There is a septum for introducing a sample in liquid state
and it can be left to evaporate. The concentration of the vapour can be determined from the increase of the pressure.
As a prevention of the heat losses on the KBr windows, leading to undesired condensation of the vapour, KBr windows
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Fig. 8. Predicted apparent temperature tmode1 as a function of gas pressure pc. Parameters: methane, yc = 1, d = 8.7 cm,
too = 25°C and tyeise = 35°C.

at the ends of the apparatus can be doubled, evacuating the space between the windows. This contributes to thermal
insulation of the inner bromide windows. Also, two golden mirrors can be placed from the sides of the cell, preventing the
heat loss of the warm gas by thermal emission between the data acquisition, potentially causing undesired non-uniform
temperature field of the measured gas. It must be ensured that temperature field of the gas is as uniform as possible to
fullfill the requirements for good control of conditions (model descriptions assume constant temperature of the gas). The
mirror placed between the cell and the thermal imaging camera serves also for measuring tnoise-

5.4 Thermal Imaging Camera

The thermal imaging camera used is bolometric long-wave camera FLIR T630sc with declared spectral range 7.5
to 13.0 um, but it was found that real spectral range is a bit wider, although the spectral response for these values is lower
(Fig. [3). Resolution of the camera is 640 x 480 px.

5.5 Measurement Procedure

All elements of the optical system were prepared and set to be perfectly in one line on the breadboard. The
calibration source of IR light was set to the desired temperature. The gas cell was filled with measured gas to the desired
pressure. Methane was used as absorbing gas that was introduced into the measuring cell. The apparatus was tempered
with water running through the jacket of the vessel. After reaching steady state, which was recognized by the stability of the
gas temperature tc and inlet and outlet tempering water temperatures, a thermogram of the optical scene was recorded,
together wit all process conditions (tc, pc). The camera is focused on the calibration source. In short time, temperature
tnoise COrresponding to the camera self-emission is recorded by the means of golden mirror placed in front of the gas cell,
and ambient reflected temperature ¢ by the means of a crumpled aluminium foil placed in front of the calibration source
body, serving as a diffuse reflector (the gas cell is removed from the optical path in this case). More precisely, tnoise and
t- are recorded as corresponding Shoise aNd So, as the model works with inputs in counts.

Measurements were performed using combinations of different source temperatures and gas temperatures, in
particular combination of three temperatures of the calibration source 30, 50 and 80°C and three temperatures of the
absorbing gas, with temperatures approximately 30, 50 and 80°C. These experiments were conducted at atmosferic
pressure.

Subsequently, two experiments with pressure and concentration change of the sample gas were conducted. First
one is the case, when the interior of the cell was partly evacuated, so the pressure of methane inside the cell was reduced to
approximately 50 kPa. In the second case, methane with reduced pressure was diluted with nitrogen, which is nonabsorbing
gas, back to the atmosferic pressure, so the molar ratio of methane was approximately 0.5.
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5.6 Validation Measurements

Table 1. Validation measurements with pure methane.

t(°C) tc(°C) pg(kPa) Prediction tmodel (°C) Measurement tcam (°C)

30.0 30.0 101.48 30.8 30.7 0.1

30.0 49.3 101.88 32.6 32.0 0.6
30.0 76.3 101.92 35.7 34.1 1.6
50.0 30.0 100.99 46.0 46.5 —-0.5
50.0 49.2 101.84 47.5 47.7 —0.2
50.0 76.3 101.88 50.2 49.6 0.7
80.0 30.0 100.96 69.7 70.9 -1.3
80.0 49.3 101.80 70.9 71.9 -1.0
80.0 76.3 101.85 73.1 73.6 —0.5

5.7 Reduced Pressure and Dilution Experiments

Additional measurements were performed under reduced pressure and diluted gas conditions.

Table 2. Validation measurements.

t(°C) tc(°C) pc(kPa) yc(—) Prediction tmoder (°C) Measurement tcam (°C)  tmodel — tecam (CC)
80.0 30.2 48.47 1.000 71.1 71.8 —-0.7
80.0 30.2 102.78 0.472 70.7 T1.7 —-1.0

6. Discussion

The presented results demonstrate that quantitative infrared thermography of gas—liquid systems requires detailed
treatment of all radiometric effects occurring within the optical path. The comparison between simulations and experiments
will be used to evaluate whether the developed framework captures the dominant physical mechanisms affecting signal
formation.

Initial validation experiments indicate that the principal radiometric effects included in the model have been iden-
tified correctly. The model reproduces the observed trends satisfactorily and the differences between the measured and
predicted apparent temperatures remain relatively small. However, the current level of accuracy is not yet sufficient for
quantitative investigations of transport phenomena such as distillation and absorption.

Analysis of the experimental data reveals that the best agreement between predictions and measurements is
obtained when the temperature of the calibration source ¢ is close to the gas temperature tg, and consequently to the
temperature of the entire measurement cell (see the bold entries in Table [T). Furthermore, the discrepancy between
predicted and measured temperatures appears to correlate with the temperature difference ¢ — t¢. This observation
suggests that an additional temperature-dependent effect may not yet be fully captured by the current radiometric model.

7. Conclusions
1. A radiometric framework for quantitative infrared thermography of gas—liquid systems was developed.

2. The model accounts for gas absorption and emission, reflections at KBr windows, camera self-emission, and detector
response.

3. A dedicated experimental apparatus was constructed for the controlled validation of individual radiometric effects.

4. The first validation experiments demonstrate a generally good agreement between the model predictions and the
measured apparent temperatures. The results indicate that the dominant radiometric effects that influence the mea-
sured signal have been identified and incorporated into the model. However, a systematic dependence of the pre-
diction error on the temperature difference ¢t — tq was observed. The origin of this behaviour remains unclear and
requires further investigation. Resolving this discrepancy is expected to improve the predictive accuracy of the model
and will be the subject of future work.

5. The developed methodology provides a foundation for future quantitative thermographic investigations of transport
phenomena in chemical engineering.
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