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Abstract

Thermochromic liquid crystals (TLCs) enable high resolution surface thermography, but quantitative use in water
flow facilities is limited by optical layers that modify RGB intensities and prevent direct IR-referenced calibration. This paper
presents a calibration-transfer procedure in which an in-air TLC calibration is established using simultaneous infrared camera
temperature measurements and DSLR color imaging, then reused through water and PMMA optical access. Pixel-wise hue-
temperature calibration is combined with spectral RGB correction factors derived from water and PMMA transmission. Cross-
polarization reduces rod-surface glare. PMMA-only and water-PMMA verification tests show small deviations, with maximum
differences of about 0.2°C and 0.25°C over the analyzed regions.

1. Introduction

Thermochromic liquid crystals (TLCs) are attractive for surface temperature measurements because they
convert temperature-dependent optical response into visible color and can therefore provide dense spatial
information using conventional color imaging [1]. In heat transfer and fluid flow studies, this is particularly useful
when the region of interest is geometrically complex, optically accessible, and difficult to instrument with
embedded sensors. The technique is also relatively simple to deploy: a black backing layer and a TLC coating are
applied to the surface, the surface is illuminated with a controlled light source, and a camera records the
temperature dependent color field [2].

The main difficulty is that the color field is not itself the desired measurement. Each pixel of the recorded
image contains red, green and blue intensities that depend on the TLC response, the illumination spectrum, the
spectral sensitivity of the camera, the surface geometry, and the optical path. For quantitative thermography, the
RGB data are normally converted into a color parameter, commonly hue, and the hue is calibrated against a known
temperature [3]. This calibration is sensitive to illumination, viewing angle, camera settings and surface
preparation [4-6], so a calibration obtained under one optical configuration cannot automatically be transferred to
another configuration.

The present work was motivated by temperature measurements in a water flow facility where the TLC coated
surface is located behind a water layer and a plexiglass (PMMA) optical window. An infrared (IR) camera can be
used to establish a calibration when the coated surface is viewed in air. In the final operating configuration,
however, the same surface is viewed by the color camera through 3 mm of water and a 10 mm PMMA window.
These layers modify the spectrum reaching the camera and attenuate thermal radiation in wavelength bands used
by conventional IR thermography, making direct IR-based calibration in the final configuration impractical.

This work addresses the transfer of an air-based TLC calibration to the water-PMMA optical path used in the
facility. The calibration is first obtained in air using simultaneous RGB and IR imaging and is then reused after,
correcting the color camera response for the additional transmissive layers. The change between the calibration
and measurement configurations is illustrated in Figure 1. The method combines pixel-wise hue-temperature
calibration, spectral RGB correction for the water-PMMA path, and a polarization arrangement to reduce specular
reflections from the curved rod surfaces. This procedure enables TLC measurements in the water-flow
configuration where direct IR-referenced calibration through the final optical path is not feasible.
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Figure 1. Schematic of the calibration transfer problem. (a) In-air calibration with direct viewing. (b) Water-flow
measurement configuration, where the TLC-coated rod bundle is viewed through the water layer and PMMA window.

2. Experimental configuration
2.1. Test section and optical access

The experiments are conducted in the Aupinel closed-loop water facility, which is designed for thermal-
hydraulic studies of electrically heated seven-rod bundles (Figure 2a). The loop consists of a water reservoir,
circulation pump, flow-metering system and temperature control units used to maintain the inlet water temperature
during operation. The facility can operate over a Reynolds number range of approximately 5,000 - 50,000 and
allows controlled electrical heating of the rods, corresponding to heat fluxes up to approximately 20 W/cm?. The
vertical aluminum test section is located downstream of the pump and provides optical access to the seven-rod
bundle through PMMA windows. The channel contains an electrically heated rod bundle arranged in a hexagonal
geometry. The TLC coating is applied to the rod-bundle surface so that the local wall-temperature distribution can
be inferred from the color recorded by a DSLR camera placed outside the test section.

The final optical path for the color camera differs from the calibration path. During the in-air calibration, the
camera views the TLC surface directly under white LED illumination while an IR camera records the reference
temperature field. During water-flow operation, the DSLR camera views the TLC surface through an optical path
consisting of approximately a 3 mm water layer and a 10 mm PMMA window. The surface is therefore not only
geometrically curved but also optically separated from the camera by transmissive media. This combination is the
source of the calibration-transfer problem considered here. Specular reflection mitigation is discussed separately
in the following subsection. The main parameters relevant to the calibration-transfer procedure are summarized in
Table 1.

Table 1. Summary of the experimental configuration and calibration procedure

Parameter Specification

TLC coating Hallcrest SPN300R27C18W; nominal red start 27
°C; bandwidth 18 °C

Reference camera FLIR A655sc infrared camera used during in-air

calibration

Color camera Nikon D7000 DSLR camera equipped with AF-S
DX NIKKOR 18-140 VR under white LED
illumination

Calibration environment  Air; simultaneous RGB and IR acquisition during
controlled electrical heating
Operating optical path Approximately 3 mm water layer and 10 mm
PMMA window between the TLC-coated surface
and the camera
Calibration type Pixel-wise hue-temperature curves
Glare mitigation Two-polarizer arrangement
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2.2. TLC coating and imaging chain

The TLC material selected for the present application is Hallcrest SPN300R27C18W [8]. The coating has a
nominal red-start temperature of 27 °C and a nominal bandwidth of 18 °C. This bandwidth is well suited to the
expected surface-temperature range in the water-flow experiments, because it provides a visible color play over a
broad temperature interval while maintaining sufficient temperature sensitivity for the present application. The
coating is applied on a black backing to increase contrast and to minimize the contribution of unwanted background
reflection.

White LED illumination is used to illuminate the TLC-coated surface and to provide a stable visible spectrum
to the DSLR camera. During both calibration and verification, camera exposure, aperture, ISO, focus, white
balance and image-processing settings are kept fixed. Raw image acquisition is used when available; otherwise,
the same camera-processing settings are applied consistently to all calibration, verification and measurement
images. The in-air calibration arrangement, including the simultaneous RGB and IR imaging configuration, is

shown in Figure 2b.
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Figure 2. Experimental facility and in-air calibration arrangement. (a) CAD view of the Aupinel closed-loop facility
with the vertical aluminum test section and PMMA optical access. (b) In-air calibration arrangement with the TLC-coated rod,
DSLR camera and IR camera used for simultaneous RGB and reference temperature acquisition.

2.3. Reflection mitigation by polarization

The curved rod geometry produces specular reflections that can dominate the color recorded by the camera in local
regions. These reflections are not caused by temperature and therefore create hue values that cannot be interpreted
using the TLC calibration. The problem is particularly visible near highlights on the rod surface and near the
PMMA interface. Masking these regions is possible, but excessive masking reduces spatial coverage and may
remove regions of thermal interest.

To reduce this artifact, a two-polarizer arrangement was used. A 300 mm square polarizer film was placed in front
of the white LED illumination source so that the incident light had a controlled polarization direction. A 52 mm
mounted polarizer was installed in front of the camera lens and used as an analyzer. The camera-side polarizer was
rotated relative to the illumination polarizer until the glare regions on the curved rods were minimized. This
arrangement suppresses a significant part of the polarized specular component reaching the camera while retaining
the diffusely reflected TLC color information.

The polarizer orientation was selected experimentally by observing the coated rod under the same illumination
and camera settings used for image acquisition. Because the polarizers reduce the total light level, the illumination
intensity and camera exposure were adjusted before the calibrated image acquisition and then kept fixed within
the corresponding measurement sequence.
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3. In-air hue-temperature calibration
3.1. RGB-to-hue conversion

The recorded color image contains three intensity values at each pixel: R, G and B. These values are first
corrected according to the selected image format and then converted into a single hue value. Hue is used because
it represents the dominant color information of the TLC response and is less directly dependent on the overall light
intensity than the individual RGB channels. However, hue is still affected by the relative response of the red, green
and blue channels. Therefore, any spectral modification introduced by water and PMMA must be corrected at the
RGB level before hue is calculated.

For each pixel, the hue is calculated from the RGB values using an arctangent-based definition,
1
H= EatanZ[\/g(G —B),2R -G — B|

where R, G and B are the red, green and blue channel intensities read from the color image after applying the same
image-processing procedure to all calibration and measurement images. Division by 2n gives a dimensionless
normalized hue value. With this convention, the hue is typically represented in the interval —0.5 to 0.5, although
an equivalent shifted interval such as 0 to 1 could also be used if applied consistently.

The same hue definition, normalization convention and image-processing procedure are used for both calibration
and measurement images. Pixels for which the color information is unreliable are excluded from the calibration
and measurement masks. If the hue curve crosses the —0.5/0.5 discontinuity, hue unwrapping is performed before
fitting the calibration curve. In this work, only the monotonic portion of the hue-temperature response is retained
for quantitative temperature conversion.

3.2. Pixel-wise calibration

The calibration was performed in air with simultaneous DSLR and IR-camera acquisition. Electrical power
was supplied to the selected rod and gradually increased to sweep the TLC coating through its active temperature
range. At each temperature level, the DSLR recorded the color response, and the IR camera provided the
corresponding reference temperature map. The regions of interest in the RGB and IR images were spatially
registered before calibration. This registration is essential because the calibration is defined pixel by pixel: the hue
assigned to a given surface location must correspond to the IR reference temperature at the same location.

A separate calibration curve is constructed for each valid pixel [2]. This pixel-wise strategy is important for
the present geometry because the rod surface is strongly curved. The local viewing angle, illumination angle,
coating thickness and apparent surface area vary across the image. Consequently, pixels at different azimuthal
positions on the rod do not necessarily exhibit the same hue for the same temperature. A global hue-temperature
curve would therefore introduce systematic spatial errors. Pixel-wise calibration absorbs a significant part of this
geometry-induced non-uniformity into the calibration function.

For a valid pixel p, the calibration can be written as 7, = f, (H,), where T, is the reference temperature and H,
is the hue calculated from the RGB image during the in-air calibration. The function f, can be represented by a
polynomial, spline or lookup table over the monotonic range. The selected representation avoids oscillations and
preserves monotonicity. Figure 3 shows examples of pixel-wise hue-temperature calibration curves extracted from
several pixel locations on the TLC-coated curved rod surface.

The calibration data are filtered before fitting. First, pixels outside the region of interest are excluded using a
geometric mask. Second, saturated RGB values are removed because they cannot represent a valid spectral
response. Third, pixels with low brightness or with very small RGB spread are excluded because the calculated
hue becomes unstable. Fourth, visible glare regions are either removed or treated separately, because specular
reflection changes the apparent color independently of the TLC temperature.

The output of the in-air calibration stage is therefore a set of pixel-wise functions, a validity mask, and a record
of the camera and illumination settings. These items constitute the baseline calibration that will be reused after
correcting water-flow images to an equivalent in-air RGB response.
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Figure 3. Examples of pixel-wise hue-temperature calibration on the curved rod surface. (a) Image of the calibration
target, with the TLC response visible on the right rod; red crosses indicate the selected pixel locations. (b) Hue-temperature
calibration curves obtained from selected pixel locations on that rod.

4. Calibration-transfer through water and PMMA
4.1. Spectral response of the camera channels

A color camera does not measure temperature directly. Each RGB channel records a weighted integral of the
optical spectrum reaching the sensor. For TLC thermography, the spectrum reflected by the coated surface depends
on the illumination spectrum and on the temperature-dependent spectral response of the TLC coating. This
reflected spectrum is denoted here by S(4,7), where 4 is the wavelength and T is the surface temperature.

In the in-air calibration configuration, the response of camera channel i can be written schematically as
Car M = [ SQDQM A, 0= RGB

where Ci i is the recorded channel intensity during the in-air calibration and Qj()A) represents the effective spectral
sensitivity of channel i, including the sensor response and color filter array response. The same TLC coating and
the same nominal white LED illumination are used for calibration and measurement. Therefore, the temperature-
dependent spectrum generated at the coated surface is assumed to be unchanged between the two configurations.
The calibration-transfer problem is caused by the additional wavelength-dependent optical transmission introduced
by the water layer and the PMMA window. In the water-flow configuration, the channel response is expressed as

Conp (T) = f SAT) Qi) Tope di, i = R,G,B

where the subscript wp denotes the water-PMMA optical path and ton(A) is the effective optical transmission
between the TLC-coated surface and the camera. For the viewing path considered here, Top(A) represents the
transmission through the water layer and the PMMA window. When the incident light reaches the TLC surface
through the same optical access, the effective transmission term accounts for both the illumination and viewing
paths.

A purely wavelength-independent attenuation would reduce the three RGB channels by the same factor and would
mainly affect the overall brightness. In that limiting case, the hue would remain nearly unchanged because the
relative balance between R, G and B is preserved. In the water-PMMA optical path, however, the transmission
varies with wavelength. The effective attenuation of the red, green and blue channels is therefore not identical,
which changes the relative RGB values recorded by the camera. Since hue is calculated from this relative RGB
balance, the water-PMMA optical path can shift the computed hue even when the temperature of the TLC-coated
surface is unchanged. Direct application of the in-air hue-temperature calibration to uncorrected water-flow images
can consequently introduce a temperature error.
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4.2. Transmission model and correction factors

The transmission of each optical layer is represented using a Beer-Lambert type attenuation model [7]. For an
optical layer m with path length L, and wavelength-dependent absorption coefficient an (1), the transmission is
written as:

Tm(l) = e_am(}t)Lm

The effective transmission Topi(A) is then obtained from the product of the relevant layer transmissions. In
the present implementation, the water layer is represented by an effective optical path length of Lyawer = 3 mm,
corresponding to the nominal distance between the PMMA window and the rod surface water layer, while the
PMMA window thickness is Lpymyg = 10 mm

In the general case, the channel correction factor is temperature dependent and can be written as the ratio
between the expected in-air response and the response through the water-PMMA optical path:

Ciir (T)
ki (T) = %; Ci,corr = ki Ci,meas

where Cjmeqs 1 the measured channel intensity in the water-flow configuration. In the present implementation, the
correction is formulated using an effective channel-attenuation approximation, in which the transfer factors are
governed by the camera-channel sensitivity functions and the wavelength-dependent transmission of the water-
PMMA optical path. The effective channel sensitivity curves are therefore used as weighting functions when
estimating the relative attenuation of the R, G and B channels. Their absolute normalization does not affect the
correction factors, because the factors are defined as ratios. The shape of the sensitivity curves, however, influences
the relative correction obtained for each channel and is treated as part of the transfer-model assumptions.

After applying the RGB correction, hue is computed from the corrected values Reorr, Georr and Beor using the same
hue definition as in the in-air calibration. The corrected hue is then converted to temperature using the
corresponding pixel-wise calibration curve. In this way, the spectral filtering introduced by the water-PMMA
optical path is treated before the nonlinear RGB-to-hue transformation.

The correction is intentionally formulated as a practical first-order transfer step rather than as a complete spectral
characterization of the TLC-camera system. This choice is appropriate for the present application because direct
IR-referenced calibration through the water-PMMA optical path is not feasible. The resulting factors are therefore
interpreted as physically motivated effective correction factors and are checked experimentally through the
PMMA-only verification. For the model shown in Figure 4(a), the in-air RGB channel weighting, Qi(X), is
represented by smooth band-pass sensitivity functions and combined with the wavelength dependent transmission
of the water-PMMA optical path, t,(1), to obtain the attenuated weighting. The correction factors are calculated
from the ratio between the integrated in-air and attenuated channel weightings. The calibration-transfer workflow
that applies these correction factors before hue calculation is summarized in Figure 4 (b).
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Figure 4. Calibration-transfer workflow and spectral RGB correction principle. (a) Modeled effective RGB channel
weighting before and after transmission through the water-PMMA optical path; solid curves show (Qi), dashed curves show
(Oitopr). (b)Workflow from in-air calibration to water-PMMA temperature conversion, including ROI registration, RGB
correction and reuse of the stored pixel-wise calibration.
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4.3. Implementation of the calibration transfer

The data-reduction sequence follows the calibration-transfer workflow summarized in Figure 4 (b). First, the
in-air calibration is performed with fixed illumination, camera settings and polarizer configuration. The RGB
images and IR temperature maps are spatially registered over the selected region of interest, and the pixel-wise
hue-temperature functions are obtained over the retained monotonic hue range. This step provides the baseline
calibration functions, validity mask and image-processing settings used in the subsequent measurements.

For water-PMMA measurements, the recorded image is first spatially registered to the calibration region of
interest. This step accounts for small apparent shifts, scaling or distortions of the rod image caused by the
refractive-index change between air, water and PMMA. The effective optical transmission of the water-PMMA
path is then evaluated over the visible wavelength range, and the resulting channel correction factors are calculated
from the relative attenuation of the effective R, G and B channel responses. These factors are applied directly to
the measured RGB values before hue calculation. For each measurement image, the corrected channel intensities
are obtained as Reorr = krRmeas, Georr = k6Gmeas, Beorr = kBmeas.

The hue is then computed from the corrected RGB values using the same arctangent-based definition used
during the in-air calibration. The same validity mask and quality-control criteria are applied to remove regions
outside the coated surface, saturated or underexposed pixels, low-saturation pixels and glare-affected regions.
Finally, the corrected hue field is converted into temperature using the corresponding pixel-wise calibration
function.

The multiplicative RGB correction is defined for intensity values that are proportional to the recorded optical
signal. For raw image data, this condition is approached directly through fixed image-processing parameters. When
camera-processed images are used, the same camera settings, white balance and processing procedure are kept
unchanged for calibration, verification and measurement images. In this way, the transfer correction, hue
calculation and temperature conversion remain internally consistent within the adopted imaging workflow.

5. Verification of the calibration-transfer procedure
5.1. PMMA-only comparison

A preliminary verification was performed to isolate the influence of the PMMA window before extending the
procedure to the combined water-PMMA optical path. This intermediate step was chosen because the presence of
water modifies the heat-transfer conditions around the heated rod and changes the electrical input required to
establish a comparable steady thermal state. In contrast, the PMMA -only comparison allows the optical effect of
the window to be examined while maintaining nearly identical thermal and imaging conditions.

The test was carried out at a fixed electrical voltage applied to the heated rod. After the system reached a steady
state, an RGB image was recorded in air using the same camera settings and white LED illumination used for
calibration. Without changing the thermal condition or camera configuration, the 10 mm PMMA window was then
inserted into the optical path and a second RGB image was recorded. Hue maps were calculated for both cases.
For the PMMA case, the RGB values were corrected using the calibration-transfer procedure described in section
4, with only the PMMA transmission included in the effective optical transmission term. The water transmission
term was not included in this verification step.

The corrected PMMA hue map was first compared with the corresponding in-air hue map to assess whether
the PMMA correction recovered an equivalent air response. Both hue maps were then converted to temperature
using the pixel-wise in-air calibration functions. The temperature difference between the air case and the corrected
PMMA case was finally calculated over the analyzed region of interest.

The resulting comparison is shown in Figure 5. The hue fields show close agreement over the useful rod region,
indicating that the PMMA-only correction preserves the main spatial structure of the color response. The
corresponding temperature difference map shows small discrepancies, with a maximum deviation of
approximately 0.2 °C over the analyzed region. The differences remain small over most of the map, indicating that
the PMMA corrected case reproduces the in-air temperature field with minimal error after correction and
temperature conversion (Figure 5¢). This result supports the calibration-transfer approach for the isolated PMMA
optical layer.
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Figure 5. PMMA-only verification of the calibration-transfer procedure. (a) RGB TLC image recorded in air at the
fixed heated steady condition. (b) RGB TLC image recorded after inserting the 10 mm PMMA window under the same thermal
and imaging conditions. (c) In-air hue map. (d) Hue map obtained for the PMMA case after applying the PMMA-only

correction. (e) Temperature-difference map obtained after converting both hue fields using the in-air pixel-wise calibration
functions.

5.2. Water-PMMA verification under isothermal flow

A second verification was carried out to evaluate the calibration-transfer procedure with the combined water-
PMMA optical path. In this test, the PMMA windows were installed on the test section and water was circulated
through the channel at a controlled temperature. No electrical power was applied to the rods. The purpose of this
configuration was to establish a nearly uniform rod-surface temperature governed by the circulating water, so that
the optical correction could be assessed without introducing additional spatial temperature gradients from electrical
heating.

The water flow rate was approximately 5 m*h, and the inlet water temperature was set to the desired TLC
operating range. The thermal state of the rod surface was monitored using the thermocouple embedded in the rod,
together with the inlet and outlet water-temperature measurements. As shown in Figure 6(a), the three temperature
signals remained clustered around 43°C during the image-acquisition interval, with only small short-time
fluctuations. The reference temperature for the comparison was therefore defined as a scalar isothermal reference
temperature, 7., taken from the time-averaged rod thermocouple signal over the image-acquisition interval. The
inlet and outlet water-temperature measurements were used to confirm that the circulating water and the rod were
at a comparable steady temperature level during image acquisition.

After the steady condition was reached, RGB images of the TLC-coated rod surface were recorded through the
water layer and the PMMA window using the same camera and illumination settings as in the calibration
procedure. Because the change of optical medium can introduce small apparent shifts or scaling of the rod image,

8
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the region of interest in the water-PMMA image was spatially registered before comparison. The recorded RGB
values were corrected using the calibration-transfer procedure described in section 4, now including both the water
and PMMA transmission terms in the effective optical transmission. Hue was then computed from the corrected
RGB values and converted to temperature using the pixel-wise in-air calibration functions.

The corrected water-PMMA temperature field was compared with the controlled isothermal reference
temperature defined from the water-loop and rod thermocouple measurements (7., and the resulting temperature-
difference map is shown in Figure 6(b). Within the useful central region of the rod, excluding the tangential edge
pixels where the hue value is strongly affected by viewing angle and residual registration uncertainty, the
maximum deviation was approximately 0.25 °C. Larger local deviations, up to about 0.7 °C, were observed only
near the two lateral rod edges. These edge values are not considered representative of the calibrated measurement
region because the local surface is viewed close to tangentially and the color response becomes more sensitive to
viewing angle. They are therefore treated as edge-related artefacts rather than as representative errors of the
transferred calibration. Over the usable rod region, the corrected TLC temperature field therefore agrees well with
the controlled isothermal reference temperature. This result indicates that, after applying the combined water-
PMMA correction, the in-air pixel-wise calibration recovers the controlled isothermal reference temperature with
a minimal deviation.
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Figure 6. Water-PMMA verification under controlled isothermal flow. (a) Rod, inlet and outlet temperature
measurements during the verification test; the shaded region indicates the image-acquisition interval used to define (7). (b)
Temperature-difference map after combined water-PMMA correction, calculated as (T7c.corr - Tref)-

This verification complements the PMMA-only comparison by including the full optical access used in the
water-flow facility. The test is intentionally performed under an isothermal condition, so it primarily evaluates the
optical transfer correction rather than the full heat-transfer measurement under electrically heated operation. The
remaining differences include contributions from the water-PMMA spectral correction, image registration, camera
noise, residual temperature non-uniformity, and the accuracy of the reference temperature measurements.
Nevertheless, the small observed deviation supports the use of the proposed correction procedure as a practical
transfer from the in-air calibration to the water-PMMA measurement configuration.

5.3. Uncertainty considerations and limitations

The uncertainty of the transferred temperature field contains contributions from both the original in-air
calibration and the optical-path correction. The in-air calibration contribution includes the accuracy of the IR
reference measurement, image registration between the RGB and IR images, temporal stability during calibration,
TLC hysteresis, coating non-uniformity, image noise and the selected hue-temperature fitting procedure. In
addition, the uncertainty associated with the RGB-to-hue-to-temperature conversion is influenced by the local
slope of the pixel-wise calibration curve. Regions where (dT/dH) is large are more sensitive to small hue errors.
Therefore, the fitting residual and the local hue-to-temperature sensitivity are considered when evaluating the
conversion uncertainty. The pixel-wise calibration reduces systematic errors associated with the curved rod

geometry, but it does not eliminate unreliable hue values caused by local glare, low color contrast or saturated
pixels.
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Additional uncertainty is introduced when the in-air calibration is transferred to the water-PMMA optical path.
This contribution is associated with the assumed effective water path length, the effective RGB channel sensitivity
functions. In the present implementation, the RGB channel weighting functions are described using smooth band-
pass sensitivity functions. For more complex applications, or when available, manufacturer-provided or
independently measured spectral sensitivity data can be directly substituted into the same correction framework.
The change of refractive index between air, water and PMMA can also introduce apparent image displacement
and small geometric distortion. Therefore, the water-PMMA images are spatially registered before temperature
conversion. Pixels near the tangential rod edges are more sensitive to viewing angle, residual registration error and
optical distortion, and are therefore not treated as representative of the calibrated measurement region.

6. Conclusions

A calibration- transfer procedure has been formulated for TLC thermography in water flow experiments where
the surface is viewed through water and a PMMA optical window. The method starts from an in-air calibration
based on simultaneous DSLR and IR imaging, with hue calibrated pixel by pixel to account for the curved rod
geometry and local optical non-uniformity. The water-PMMA optical path is accounted for by applying spectral
RGB correction factors before hue calculation.

The procedure also incorporates polarization-based reflection suppression to improve hue stability on curved
rods. A PMMA -only verification showed small discrepancies after correction and temperature conversion, with a
maximum deviation of approximately 0.2 °C over the analyzed region. A second verification under controlled
isothermal water flow evaluated the combined water-PMMA optical path and showed a maximum deviation of
approximately showed a maximum deviation of approximately 0.25 °C over the useful central rod region.

The proposed workflow enables an experimentally convenient in-air calibration to be reused in a water flow
facility (or changing refractive mediums) where direct IR-referenced calibration through the final optical path is
impractical, provided that illumination, camera settings, optical geometry and image processing are kept consistent
between calibration and measurement.

7. Acknowledgements

This work was supported by the European Union’s Euratom Research and Training Programme under Grant Agreement
No. 101061185, ANSELMUS.

8. References
[1] P. T. Ireland and T. V. Jones, "Liquid crystal measurements of heat transfer and surface shear stress,"
Measurement Science and Technology, vol. 11, no. 7, pp. 969-986, 2000, doi: 10.1088/0957-0233/11/7/313.

[2] M. C. Akkurt, M. Virgilio, T. Arts, K. M. Van Geem and D. Laboureur, "An advanced aero-thermodynamic
study of a heart-shaped dimpled pipe," International Journal of Heat and Mass Transfer, vol. 219, 2024, Art.
no. 124257, doi: 10.1016/j.ijheatmasstransfer.2023.124257.

[3] N. Abdullah, A. R. Abu Talib, A. A. Jaafar, M. A. Mohd Salleh and W. T. Chong, "The basics and issues of
thermochromic liquid crystal calibrations," Experimental Thermal and Fluid Science, vol. 34, no. 8, pp. 1089-
1121, 2010, doi: 10.1016/j.expthermflusci.2010.03.011.

[4] M. R. Anderson and J. W. Baughn, "Liquid-crystal thermography: illumination spectral effects. Part 1 -
experiments," Journal of Heat Transfer, vol. 127, no. 6, pp. 581-587, 2005, doi: 10.1115/1.1909207.

[5] M. R. Anderson and J. W. Baughn, "Thermochromic liquid crystal thermography: illumination spectral effects.
Part 2 - theory," Journal of Heat Transfer, vol. 127, no. 6, pp. 588-596, 2005, doi: 10.1115/1.1915388.

[6] R. Wiberg and N. Lior, "Errors in thermochromic liquid crystal thermometry," Review of Scientific
Instruments, vol. 75, no. 9, pp. 2985-2994, 2004, doi: 10.1063/1.1777406.

[7] T. G. Mayerhofer, S. Pahlow and J. Popp, "The Bouguer-Beer-Lambert law: shining light on the obscure,"
ChemPhysChem, vol. 21, no. 18, pp. 2029-2046, 2020, doi: 10.1002/cphc.202000464.

[8] LCR Hallcrest, "TLC products for use in research and testing applications," RT001 Rev. 02, Research and
Testing Products Information Package, 2021.



