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Abstract

The number of suitable techniques for spatially resolved measurements of wall temper-
atures in internal flows is limited. Thermography using thermochromic liquid crystals
(TLCs) is an established method that relies on a surface colour change to measure tem-
peratures within a narrow band. Temperature-sensitive paints (TSP), by contrast, provide
continuous temperature distributions over a wider temperature range through temperature-
dependent luminescence intensity. While TLCs exhibit a lower absolute measurement
uncertainty within their calibrated temperature range, TSPs allow the surface temperature
to be measured continuously throughout the test period. In this work, a single-layer TLC
configuration (sTLC), a multilayer TLC configuration (mTLC), and TSP are applied in
three ribbed subchannels, enabling a direct technique-specific comparison under equal
conditions and simultaneous evaluation. The time-dependent surface temperatures are
evaluated using a transient semi-infinite wall (SIW) approach adapted to each technique.
For the investigated range, the geometric mean heat transfer coefficient (HTC) differs by
approximately 4% between sTLC and mTLC and by approximately 13% between sTLC and
TSP. Larger local deviations are confined to the immediate vicinity of the high-gradient
flank, where TSP yields a lower peak HTC and a higher HTC on the adjacent lower-gradient
side than the TLC reference. Lateral heat conduction within the substrate is discussed as a
possible cause. The measured temporal surface-temperature evolution was also compared
with the analytical model. Good agreement is obtained in regions with high HTC, whereas a
temperature plateau is observed in the TSP measurements in regions with low HTC. Finally,
Monte Carlo simulations are demonstrated to estimate the measurement uncertainty of all
evaluated techniques.

Keywords: temperature sensitive paint; liquid crystal thermography; wall temperature
measurement; internal flow; ribbed channel; optical measurement

1. Introduction
Efficient thermal design of thermally stressed components involves cooling mech-

anisms that serve different purposes in terms of installation space and heat dissipation.
Their optimal use requires knowledge of heat conduction within the component as well as
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convective heat transfer at solid–fluid interfaces. The convective performance is described
by the heat transfer coefficient h (HTC), defined as

h =
q̇w

Tw − Tref
(1)

where Tw is the wall surface temperature, Tref is the fluid reference temperature, and q̇w

is the wall surface heat flux. Non-intrusive, spatially resolved techniques are particularly
suitable for measuring wall temperatures over time and space, even in complex geometries.
Thermochromic liquid crystals (TLC) and infrared thermography (IRT) are commonly used
for this purpose [1,2].

TLCs indicate a calibrated temperature precisely and reliably, whereas IRT can measure
a wide temperature range. While the measurement area must be optically accessible for
TLC applications, the access paths to the measurement area must be infrared-transmissive
for IRT. A direct comparison of the two techniques was conducted, for example, by Piasecka
et al., using flow boiling heat transfer in a minichannel as a case study. In that case, the
mean relative HTC differences between both techniques remained below 15 % [3].

Several studies have also applied temperature-sensitive paints (TSP) to determine
surface temperatures and to derive heat transfer distributions from them [4–6]. Similar to
IRT, TSP can resolve a wide temperature range. Unlike IRT, however, this information is
obtained in the visible spectrum, so that the surface can also be observed through glass
or PMMA, which are opaque in the infrared [5]. Al Hashimi et al. took advantage of
precisely this benefit of TSP over IRT to measure time-resolved temperature and heat
transfer distributions directly at the interface between the wall and the fluid during boiling
processes [7]. Lorenz et al. conducted a direct comparison between TSP and IRT. Within
the measurement area, the two techniques showed a root-mean-square deviation of 1.2 K
relative to each other, and the maximum deviation from thermocouple readings was
0.5 K [8].

For internal flows observed through transparent PMMA walls, IRT cannot access the
surface, and TLC and TSP are the relevant optical techniques. Despite the use of TLC and
TSP to determine heat transfer, a quantitative comparison under identical experimental
conditions is, to the authors’ knowledge, still lacking. In this work, the techniques are
compared within the same experiment in terms of their spatial HTC distributions and
geometric mean values, their temporal surface-temperature evolution, and their measure-
ment uncertainty.

2. Semi-Infinite Wall Method (SIW)
Analytical Background

The evaluation of the convective heat transfer is based on the transient semi-infinite
wall approach. An initially isothermal wall is exposed to a sudden change of the fluid
temperature, and the transient response of the wall temperature is recorded. Since this
response is uniquely linked to the heat flux entering the wall, the HTC can be inferred from
a measured pair of wall temperature and corresponding indication time, provided that
the thermal properties of the wall material and the fluid temperature history are known.
Neither a steady state nor a direct measurement of the wall heat flux is required, and, as
the evaluation is performed locally, spatially resolved HTC distributions are obtained.

For the analysis, heat conduction within the wall is modelled as one-dimensional, with
homogeneous and temperature-independent material properties, and the wall is assumed
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to be semi-infinite in the direction normal to the surface. In the absence of internal heat
sources or sinks, Fourier’s law yields

∂T
∂t

= a
∂2T
∂x2 , a =

k
ρc

, (2)

subject to the initial condition T(x, t = 0 s) = T0, the far-field condition T(x → ∞, t) = T0,
and a convective boundary condition at the surface exposed to the flow at x = 0 m,

−k
∂T
∂x

⃓⃓⃓⃓
x=0

= h
(︁
TF(t)− Tw(t)

)︁
. (3)

The far-field condition holds as long as the thermal penetration depth remains small
compared with the wall thickness, which limits the admissible observation time. The
corresponding requirement was verified in advance using the relation presented by Vogel
and Weigand [9],

L >

√︃
t a

0.35
, (4)

where L denotes the minimum wall thickness required for an observation time t before
the thermal penetration reaches the external wall side. With a = 0.11 × 10−6 m2 s−1 and a
channel wall thickness of δPMMA = 28 mm, an admissible test duration of tmax = 2494 s re-
sults, which exceeds the duration of all experiments reported here (maximum test duration
is 120 s).

For an ideal temperature step from T0 to TF at t = 0 s and a time-invariant HTC, the
surface temperature response follows from the closed-form solution given by Carslaw and
Jaeger [10] as

Tw(t)− T0

TF − T0
= 1 − exp

(︁
β2)︁ erfc(β), β =

h
√

at
k

, (5)

where erfc denotes the complementary error function.
In an experiment, an ideal temperature step is difficult to realise. On the one hand, the

heater exhibits a finite thermal inertia, so that the fluid temperature rises over a finite period
of time rather than instantaneously. On the other hand, and more relevant for the present
configuration, the fluid temperature decreases progressively in the streamwise direction as
heat is exchanged with the wall. The local driving temperature history is therefore not only
delayed but also attenuated with respect to an ideal step, which leads to a systematic shift of
the response curve if it is neglected [11]. Consequently, the measured time-dependent fluid
temperature TF(τ) is accounted for by means of Duhamel’s superposition principle [12], in
which the actual fluid temperature history is decomposed into a sequence of elementary
steps whose individual responses are superimposed. In the present work, the superposition
is implemented in the discrete, noise-resistant reformulation of Hägele and Poser [13],
where the differentiation is transferred from the measured fluid temperature signal to the
analytical step response function, thereby reducing the sensitivity of the evaluation to
measurement noise. In addition, the distance z between the surface exposed to the flow
and the temperature-indicating layer is taken into account, since it constitutes a significant
parameter for the determination of the HTC [14].

With these considerations, the response of the wall at the depth z to an ideal step of
the fluid temperature is described by the step response function

Θ(t) = erfc
(︃

z
2
√

a t

)︃
− exp

(︃
h z
k

+
h2a t

k2

)︃
erfc

(︄
z

2
√

a t
+

h
√

a t
k

)︄
, (6)
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which reduces to Equation (5) for z = 0 m. Superimposing the discretely sampled fluid tem-
perature history according to [13] finally yields the governing equation of the evaluation,

Tind − T0 = − T0 Θ(tind)−
N−1

∑
i=0

TF,i + TF,i+1

2

× [Θ(tind − τi+1)− Θ(tind − τi)],

(7)

where Tind denotes the wall temperature indicated at the indication time tind, and
TF,i = TF(τi) the fluid temperature at the discrete sampling instants τi with τ0 = 0 s and
τN = tind. Since h appears implicitly within the step response function, Equation (7) cannot
be inverted analytically and is solved numerically for each pixel.

Using the analysis method presented here, the HTC can be determined on a pixel-
by-pixel basis, provided that, in addition to the constant material properties (ρ, c, k), the
initial temperature T0, and the recorded fluid temperature history TF(τ), at least one wall
temperature has been measured together with the corresponding indication time. For a
single such pair, Equation (7) constitutes a determined problem and yields exactly one
value of h. If, however, the measurement technique provides M > 1 temperature–time
pairs (Tind,j, tind,j) for the same pixel, the problem becomes over-determined. In this case,
Equation (7) is rearranged into residual form,

rj(h) = T0 − Tind,j − T0 Θ(tind,j)

−
Nj−1

∑
i=0

TF,i + TF,i+1

2

[︂
Θ(tind,j − τi+1)− Θ(tind,j − τi)

]︂
,

(8)

so that one residual is obtained per pair, each vanishing for the HTC that reproduces the
respective observation exactly. Rather than evaluating the pairs individually, the residuals
are combined into a single objective function, and the HTC of the pixel is determined as
the value that minimises all of them simultaneously,

h = arg min
h

M

∑
j=1

wj r2
j (h). (9)

The weights wj rate the individual pairs according to the precision with which the HTC can
be inferred from each of them alone at the respective pixel. They follow by inverse-variance
weighting, wj = u−2

j , from an estimate uj of the corresponding standard uncertainty.
Since this estimate depends on the measurement technique and on the quantities entering
the respective evaluation, its determination is addressed separately in Section 4.2. For
M = 1 the sum contains a single term, the weight cancels, and Equation (9) reduces to
the root of Equation (8), so that the determined case is recovered as a special case of the
formulation above.

3. Experimental Setup
Ribbed Channel Geometry

To directly compare the measurement techniques, the experimental setup shown
in Figure 1a is used. The central element is a flat PMMA (poly(methyl methacrylate))
channel subdivided into five equal subchannels. Table 1 summarizes the experimental
boundary conditions.

As shown in Figure 1b, the three middle subchannels are used for the comparison.
Subchannels 1 and 5 are excluded from the analysis because of edge effects. Subchannel
2 is equipped with TSP, subchannel 3 with the single TLC (sTLC) configuration, and
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subchannel 4 with the multilayer TLC (mTLC) configuration. The flow length of each
subchannel is 812.5 mm. All subchannels have an equal upper-wall geometry (Figure 1c)
and are equipped with 13 diagonally oriented ribs. The dimensionless parameters are
P/e = 10 and e/dh = 1.75. In front of and behind the ribbed section, there is an unribbed
inlet and outlet section of 10.5 dh. The entire channel is operated in suction mode with
a heated air flow. Previous work has already ensured that both the mass flow rate of air
and the heat transfer processes are equal within the measurement uncertainty between
subchannels 2 through 4 (maximum deviation in mass flow between channels is 0.04%) [15].

Table 1. Operating conditions of the heat transfer experiment. Mass flow is referenced to dry air.

Quantity Symbol Value

Total mass flow rate ṁ 0.57 kg s−1

Temperature step ∆Tstep 36 K

Figure 1. Experimental design of the ribbed-channel test section and optical measurement setup:
(a) three-dimensional overview; (b) top view showing the TSP subchannel (2), sTLC subchannel
(3), and mTLC subchannel (4); (c) side view of an example subchannel with the labelled regions of
interest (ROIs).

The two measurement techniques used to determine the surface temperatures in the
ribbed area are based on different and partly conflicting optical requirements. The TLC
is illuminated with full-spectrum light and recorded using colour cameras, whereas the
TSP area is darkened and recorded using a monochrome camera with an optical filter. The
UV radiation used to excite the TSP also accelerates TLC ageing and must therefore be
prevented from reaching the TLC side. The two optical systems are consequently separated
physically. Their cameras also differ in pixel size and sensor resolution. To maximise
comparability, the lenses and camera positions were selected such that both systems resolve
an ROI, extending across three fully resolved ribs in the centre of the channel, at the same
spatial resolution (Figure 1b).

4. Measurement Principles
4.1. Thermochromic Liquid Crystals

TLCs are chiral nematic compounds whose molecules arrange in a helical structure, the
pitch of which decreases reversibly with increasing temperature [16]. Incident white light
is selectively reflected at this periodic structure by Bragg reflection, so that the reflected
wavelength scales with the local pitch and the coating traverses the visible spectrum
from red to blue as the temperature rises [1]. Outside this activation range the material
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remains essentially transparent; a light-absorbing background is therefore required to
suppress the transmitted light and to provide the contrast needed for reliable detection of
the colour play. In the present work, narrowband formulations with a nominal bandwidth
of 1 K are employed (LCR Hallcrest R31C1W and R38C1W, hereafter denoted by TLC31

and TLC38). The colour play is therefore confined to a narrow temperature interval, and
one sharply defined indication temperature can be assigned to each layer. Two coating
configurations are used throughout this work: the single-layer TLC configuration (sTLC)
contains only TLC31 and yields one temperature–time pair per pixel, whereas the multilayer
TLC configuration (mTLC) combines TLC31 and TLC38 in a stack and provides two pairs
with different indication temperatures and times for the same pixel.

4.1.1. TLC Setup

The layer arrangement of both configurations is shown in Figure 2. The coatings are
sprayed onto the inner surface of the transparent channel wall and are observed from the
outside through the wall, with the black background applied last so that it forms the surface
exposed to the flow. Since each indicating layer is thus located at a finite distance behind
that surface, the evaluation depth z, defined as the distance from the surface exposed to the
flow to the mid-plane of the respective layer, has to be accounted for in the evaluation, as it
constitutes a significant parameter for the determination of the HTC [14]. The thickness
of every individual layer was determined by profilometry on a special test specimen that
replicated the model’s spray sequence, from which the evaluation depths follow as the
cumulative thickness of the preceding layers plus half the thickness of the layer itself. After
drying, the layer thickness on the specified test specimen was measured using a calibrated
Elcometer A456CNSS with an accuracy of 2.5 µm. To determine the respective thickness,
20 measurements were taken in each case, and the mean value and standard deviation
were calculated. The resulting values are summarised in Table 2. Because TLC38 is located
beneath TLC31, the evaluation depth of TLC31 is equal for both configurations. The total
coating thickness is deliberately not minimized, since for TLC, the optimal coating thickness
should be between 10 µm and 20 µm [17]. While a smaller evaluation depth reduces the
thermal lag between the surface exposed to the flow and the indicating layer, excessively
thin coatings reflect markedly less light and thus produce a weaker and less distinct colour
play, so that the thickness represents a compromise between both effects.

Figure 2. Schematic of the optical setup and layer arrangement for the sTLC and mTLC configurations.
The arrow indicates the flow direction and the side exposed to the flow.

Table 2. Layer thicknesses δ measured using a Elcometer A456CNSS, evaluation depths z and
calibrated indication temperatures Tind of the coating stack, listed in the order of increasing distance
from the surface exposed to the flow.

Layer δ/µm z/µm Tind/◦C

Black background 8.55 – –
TLC31 9.01 ± 2.74 13.06 31.399+0.091

−0.095
TLC38 10.66 ± 2.89 22.89 40.266+0.157

−0.110
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4.1.2. TLC Calibration

Because the reflected wavelength depends not only on temperature but also on coating
composition and illumination, every layer is calibrated individually. The calibration is
performed in a separate steady-state procedure before the experiments, following Poser
and von Wolfersdorf [18]. The coated surface is successively brought to steady temperature
levels measured by thermocouples in the immediate vicinity of the observed area. An
image is recorded after thermal equilibrium has been established. The illumination, camera
settings, and optical arrangement are identical to those used in the subsequent experiments.
The recorded image is decomposed into its red, green, and blue channels, and the indication
temperature of a layer is defined as the temperature at which the green intensity reaches its
maximum (Gmax). The green channel is preferred because it carries the highest information
density of the three: its intensity histories deviate most strongly from a purely random
signal, and its maximum is narrow and pronounced rather than broad, so that it can be
localised substantially more sharply than the maxima of the red and blue channels [19]. The
indication temperatures obtained in this way are listed in Table 2. To minimise differences
in illumination between the experiment and the calibration, the same lamps, camera and
optical arrangement are used in both cases, so that the illumination and viewing angles
are identical for every pixel. Since the perceived colour of a TLC coating depends on both
angles [20], this ensures that any such dependence affects calibration and experiment in
the same way and is thus contained in the calibrated indication temperature. In addition,
the indication criterion is based on the temporal position of the green-intensity maximum
rather than on absolute intensity levels, so that spatially non-uniform illumination alters
the level of the recorded histories but not the detected instant.

4.1.3. TLC Post-Processing

During the experiments, the coated surface is recorded as an image sequence, from
which the green-channel intensity history is extracted for every pixel. Applying the same
criterion as in the calibration, the indication time tind is identified as the instant at which
this history reaches its maximum, so that each pixel yields one temperature–time pair per
indicating layer. These maxima are not detected directly from the raw histories because the
signal of an individual pixel contains noise and, in the mTLC configuration, the two layers
indicate at different times and must be separated. Both tasks are performed using the
image-processing routine presented in [21], which was developed specifically for transient
experiments with stacked TLC layers.

Beyond the indication times themselves, this routine also quantifies how distinctly
each indication is resolved at the respective pixel and returns a confidence interval around
tind. Its width is a direct measure of the local signal quality: sharply pronounced maxima
yield narrow intervals, whereas flat or noise-dominated histories yield broad ones. This
information is retained on a pixel-by-pixel basis and enters the subsequent evaluation as
the uncertainty of the indication time and, for the mTLC configuration, as the weighting
between the two layers, as described in the following section.

4.2. Quality Rating of the TLC Indications

The weighting in Equation (9) requires an estimate uj of the standard uncertainty
associated with each temperature–time pair. For the TLC measurements, in which each
layer contributes one calibrated activation temperature Tind,j at its detected indication
time tind,j, this estimate is obtained from the equivalent ideal-step uncertainty analysis
according to Poser and von Wolfersdorf [18]. The underlying idea is to assign to each pair
the ideal temperature step that would reproduce the same HTC at the same indication
time, so that the closed-form solution can be inverted analytically and the sensitivity
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coefficients with respect to the material properties, the involved temperatures, and the
indication time become accessible without a numerical propagation through the complete
model. The uncertainty of the indication time itself is taken from the signal analysis of
the respective pixel; indications whose relative interval width exceeds 20 % are rejected
individually rather than for the pixel as a whole, so that a poorly detected indication of
one layer does not discard the information of the other. Since these sensitivity coefficients
depend on h, which in turn depends on the weights, the weighting and the minimisation
are solved jointly in a fixed-point iteration. Starting from uniform weights, the iteration is
terminated once the largest change of any weight between two successive iterations falls
below 10−3; as the weights are normalised to ∑j wj = 1, this is an absolute criterion on
a bounded quantity. The update map is a contraction with a modulus below 3.1 × 10−3

throughout the evaluated field, so that by Banach’s fixed-point theorem [22,23] the fixed
point is unique and the criterion is met after two iterations at every pixel. After evaluating
Equation (9), the resulting h is used to update all uj, and the procedure is repeated until
the weights become stationary. The resulting rating is governed by two opposing effects.
For indications occurring within the first seconds of the transient, the uncertainties of
the time measurement dominate. Both the detection of the indication instant and the
synchronisation of the camera and thermocouple time bases contribute here, and since
the wall temperature still changes rapidly at this stage, a small temporal offset already
corresponds to a pronounced change in HTC. For late indications, in contrast, the difference
between fluid and wall temperature approaches its asymptotic value and thus changes
only slowly. Small errors in the temperature measurements therefore translate into a
considerable deviation in HTC, which applies both to the thermocouple readings of the
fluid temperature and to the calibration of the TLC indication temperature. Indications
recorded in the intermediate regime are consequently rated highest, while those acquired
close to either end of the transient contribute less to the combined result.

4.3. Temperature-Sensitive Paints
4.3.1. TSP Setup

For TSP thermography, the luminophore Europium(III) thenoyltrifluoroacetonate
trihydrate (Eu(TTA)3 · 3 H2O, CAS 21392-96-1, 95 % purity) is excited by high-energy UV
light at 365 nm and emits Stokes-shifted light at approximately 612 nm. The luminophores
are embedded in a clear coat that forms the temperature-sensitive layer and is sprayed
directly onto the inner surface of the PMMA channel. A white background reflects both
the excitation light and the emitted luminescence, while a black top coat faces the flow
and provides the same surface roughness as in the TLC subchannels. Two external UV
LEDs illuminate the coating through the UV-transparent PMMA test specimen, ensuring
effective external excitation. A centrally mounted monochrome camera records the emission
through a long-pass filter (λ > 550 nm), which suppresses the excitation light and prevents
non-luminescent radiation from reaching the sensor [24] (see Figure 3).

The specified layer thicknesses for the TSP setup are listed in Table 3. The measurement
procedure is identical to that for TLC described in Section 4.1.1.

Table 3. Layer thicknesses δ measured using a Elcometer A456CNSS and the evaluation depths z of
the coating stack of the TSP, listed in the order of increasing distance from the surface exposed to
the flow.

Layer δ/µm z/µm

Black background 8.55 –
White coat 69.1 ± 3.50 –
TSP coat 2.54 ± 1.39 78.92
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Figure 3. Schematic illustration of the setup on TSP side. The arrow indicates the flow direction and
the side exposed to the flow.

4.3.2. TSP Calibration

To correlate the TSP emission with a specific temperature, the paint was first calibrated
in a separate setup. During the coating of the main sample, a smaller acrylic-glass sample
with the same layer structure and composition was also coated. In the calibration setup
(Figure 4), this sample was mounted on a temperature PID-controlled surface.

Figure 4. Schematic illustration of the TSP calibration setup.

Using the same camera system (camera, lens, and optical filter) and the same UV
LEDs, the temperature-dependent TSP emission intensity was recorded. The distances
and alignment of the camera and illumination system were similar to those in the main
experiment. The sample was heated in 1 K increments from 22.3 ◦C to 59.0 ◦C, illuminated,
and its emission recorded. The camera settings, including exposure time and aperture,
were fixed and identical to those used in the main experiment. The sample temperature
was determined from the mean of two thermocouples located on either side of the sample
on the heated-plate surface. The calibration process was fully automated using LabVIEW
and TestStand. Only images for which the plate temperature remained within ±0.1 K of the
setpoint for five minutes were accepted. An ROI measuring 22 px × 76 px was defined in
the centre of the frame (blue box in Figure 5), within which the TSP coating was assumed
to be isothermal.

Ten images are captured for each valid calibration point. To reduce image noise, a
mean image is calculated from these ten images (red boxes in Figure 5). This results in one
averaged image per measured temperature. Dark images (DI) are generated in the same
manner without illuminating the TSP. In total, 1672 pixels are evaluated within the ROI.
Figure 6a shows the absolute intensity as a function of surface temperature for all pixels in
the ROI; measurement points are connected only for visual clarity.

The pixel-wise absolute intensity curves exhibit a certain degree of variation. It is
therefore assumed that the measured intensity I(x, y, T) can be separated into a position-
dependent factor f (x, y), including illumination intensity, illumination angle, paint-layer
thickness, and luminophore concentration, and a temperature-dependent factor g(T).
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I(x, y, T) = f (x, y) g(T) (10)

Figure 5. TSP calibration procedure: (a) definition of the region of interest (ROI) used to evaluate
the calibration images; (b) image-processing workflow for calculating the intensity ratio from the
averaged calibration image, the reference image, and the dark image (DI).
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Figure 6. Pixel-wise TSP calibration characteristics within the selected ROI: (a) absolute emission
intensity as a function of temperature; (b) relative emission intensity after normalisation with the
reference image. Grey lines represent individual pixel characteristics, the blue line indicates the ROI
mean, and the black dotted vertical line marks the reference temperature.

Since the position-dependent parameters remain unchanged in both the experiment
and the calibration, f (x, y) remains constant for each pixel. By calculating a quotient Ψ
in which all measured intensities are normalised to a reference intensity at the reference
temperature, f (x, y) cancels out for the same spatial coordinates, and pixel-wise normalised
temperature profiles can be analysed independently of local conditions.

Ψ =
I(x, y, T)

I(x, y, Tref)
=

g(T)
g(Tref)

(11)

Figure 6b shows the resulting normalised profiles. Individual pixels are shown in grey, the
ROI-averaged profile in blue, and the dotted line marks the reference temperature. The
calibration reference temperature corresponds to the initial experimental temperature at
t = 0 s. Each pixel-wise intensity profile is fitted with a fourth-order polynomial and evalu-
ated at the reference temperature. This value provides the pixel-wise reference intensity.
All temperature-dependent measurements are normalised according to Equation (11), and
the calibration function is obtained from a further fourth-order polynomial fit.

After calibration, the inverse function converts intensity ratios into temperature. The
function used here is shown in Figure 7, including the 95% interval determined from twice
the standard deviation between the calibration function and the measurement points.
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Figure 7. Inverse TSP calibration function used to convert the relative intensity ratio to temperature,
including the 95% interval determined by twice the standard deviation from the calibration data.

It is modeled as

T(Ψ) = −130.033Ψ4 + 251.9403Ψ3 − 169.0882Ψ2 − 13.6009Ψ + 84.9567 (12)

and valid only within the temperature range between 22.3 ◦C and 59.0 ◦C, with R2 =

0.99980 and a 5th percentile of 0.99965. These values indicate a close relationship between
Ψ and T, confirm the homogeneity of the sample, and show that the geometric factor
f (x, y) is effectively eliminated. Due to the position correction, this function is used
as a generally applicable calibration function throughout the entire field. Because the
signal intensity decreases and its variance increases, the standard deviation rises from
σcalibration,22.3 K = 0.3 K to σcalibration,59.0 K = 0.6 K.

The aging of the TSP due to UV light was also investigated as part of the calibration
measurement. At a plate temperature of 25 ◦C, we observed a decrease in intensity of
3% per hour of illumination. With a measurement time of 120 s, the aging of the TSP is
neglected in the context of this study.

4.3.3. TSP Post-Processing and Temperature Evaluation

During TSP post-processing, the measurement images are temporally and spatially
cropped and then processed pixel by pixel, analogously to the calibration procedure.
To eliminate local inhomogeneities, a quotient image is calculated by subtracting the
unlit DI from each measurement image and dividing by the DI-corrected reference image
(Figure 8a).

The reference image and DI are acquired immediately before each measurement. Both
are averages of multiple frames: images 1–221 for the DI and images 222–521 for the
reference image (Figure 8b). During DI acquisition, the UV LEDs are switched off and the
TLC illumination is switched on to account for light-guiding effects from the TLC side of
the PMMA. During reference-image acquisition, the sample is illuminated with UV light.
Because of the long waiting time between experiments, the entire surface is assumed to be
isothermal, and all visible structures are attributed to the position-dependent factor f (x, y)
in Equation (10). The reference temperature is measured using type-K thermocouples at the
channel inlet and outlet. Using the measured initial temperature, T0 = Tref, the intensity
ratio is converted into a temperature for every pixel and time step using the calibration
curve in Figure 7 and Equation (12). The TSP technique therefore provides a temporally
resolved temperature profile.
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Figure 8. TSP measurement and post-processing procedure: (a) calculation of the quotient image;
(b) acquisition sequence for the DI (Zone 1), reference image (Zone 2), and measurement images
(Zone 3), together with the temporal fluid-temperature history Tfluid.

5. Results and Discussion
In this section, the HTCs of the three subchannels are determined and compared using

four evaluations: sTLC31, mTLC31, mTLC38, mTLC31/38, and TSP. Because the established
sTLC31 measurement serves as the reference, all ratios are expressed relative to it. Tem-
perature profiles measured with TSP at two representative locations are then examined,
followed by a Monte Carlo uncertainty analysis.

5.1. Comparison of sTLC31 and mTLC31

To verify that TLC31 yields the same HTC distribution in the sTLC configuration
(subchannel 3) and the mTLC configuration (subchannel 4), both TLC31 layers are evaluated
individually. The distance between the sensitive layer and the flow is equal in both
subchannels (Figure 2). The SIW evaluation described in Section 2 requires an indication
point (IP), consisting of an indication time and the corresponding temperature. Figure 9
illustrates the evaluation for the pixel at (x, y) = (44, 17), hereafter denoted by (44 | 17).
This pixel is the example pixel used to perform the temperature profiles for all measurement
probes, as well as the Monte Carlo simulation of the measurement uncertainty. The selection
was made based on a pixel located in the middle range of the HTC for the geometry under
investigation and subject to relatively simple flow patterns. The IP was recorded using
sTLC31 in Figure 9a and mTLC31 in Figure 9b.
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(a) sTLC31.
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Figure 9. Temporal surface-temperature evolution at pixel (44 | 17) for the two TLC31 configurations:
(a) sTLC31, yielding h = 198.5 W m−2 K−1; (b) mTLC31, yielding h = 206.4 W m−2 K−1. The back-
calculated temperature profiles and calibrated indication points are shown.
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After synchronisation with the heater start time, the HTC is determined from the SIW
equation. The corresponding analytical temperature histories at the channel surface and
evaluation depth are shown in Figure 9. Applying the same analysis to every valid pixel
yields the HTC maps in Figure 10, which use identical colour scales.
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Figure 10. Comparison of the HTC distributions obtained with sTLC31 in subchannel 3 and mTLC31

in subchannel 4.

Both HTC maps show the same characteristic pattern. The ribs and channel walls are
masked and appear as black regions. A low-HTC recirculation region is located directly
downstream of each rib, followed by a slightly displaced high-HTC region and another
region of lower heat transfer. The HTC in the upper part of the ROI (pixel rows 0–20) is
lower than that farther below, and the peak HTC decreases from rib to rib in the streamwise
direction. The results are therefore qualitatively consistent between the two subchannels
and with the literature [15]. For a direct pixel-wise comparison, Figure 11 shows the mir-
rored axis distortion of fold change (MAD-FC) ratio proposed by Corliss et al. [25]. Unlike
a plain ratio map, where underestimation and overestimation are visually asymmetric,
MAD-FC applies a logarithmic colour mapping while retaining axis labels in fold-change
units, so that equal relative deviations appear symmetric regardless of direction. A ratio
hmTLC31 /hsTLC31 = 1 indicates equal HTCs; the symmetric limits 0.59 and 1.70 correspond
to a halving and a doubling of the HTC, respectively.
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Figure 11. HTC distributions visualized with MAD-FC [25] obtained with mTLC31 in subchannel 4
and sTLC31 in subchannel 3. A ratio of one indicates equal HTCs; the scale is bounded by the
symmetric multiplicative limits 0.59 and 1.70.

The MAD-FC map shows a high degree of agreement between the two measurements.
Isolated deviations occur only in the lower corners, where high HTC values lead to short
indication times and consequently greater measurement uncertainty.

All ratio statistics are evaluated in log2 space, consistent with the MAD-FC represen-
tation of the ratio maps. For a method X, the pixel-wise ratio field with respect to the
common reference sTLC31 is

ρX,ij =
hX,ij

hsTLC31,ij
, (i, j) ∈ Ω, (13)
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where Ω denotes one of the inter-rib regions R1 or R2 (Figure 11) and NΩ the number of
pixels for which all evaluations yield a valid HTC.

˜︁rX/sTLC31,Ω = 2 log2 ρX =
(︂

∏(i,j)∈Ω ρX,ij

)︂1/NΩ
(14)

Instead of the arithmetic mean, the geometric mean ˜︁r is used because it is invariant
under inversion of the ratio, i.e., ˜︁r(A/B) = 1/˜︁r(B/A), so that the comparison does not
depend on which technique appears in the denominator, and because it is the natural
counterpart to logarithmic ratio mappings. Values of ˜︁r = 1 indicate identical HTC fields.

The deviation of the geometric mean of mTLC31 and sTLC31 is presented for both
regions as a quotient below:

˜︁rmTLC31/sTLC31,R1 = 1.041, ˜︁rmTLC31/sTLC31,R2 = 1.012.

5.2. Comparison of sTLC31 and the mTLC Evaluations

For the subsequent comparison, the mTLC configuration in subchannel 4 is analysed in
full. Figure 12 shows the additional IP measured by the mTLC38 layer in blue. Both panels
include the analytical surface-temperature history, equivalent to Figure 9a; Figure 12a
additionally shows the analytical temperature at the sensor plane. All analyses use the
representative pixel (44 | 17). In Figure 12a, mTLC38 is evaluated individually by solving
Equation (7) with one measurement point. The IPs in Figure 12b are identical to those in
Figures 9b and 12a; using both points gives M > 1, and the HTC is determined according
to Equation (8).
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(a) mTLC38.
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Figure 12. Temporal surface-temperature evolution at pixel (44 | 17) for the remaining mTLC evalu-
ations: (a) mTLC38, yielding h = 198.3 W m−2 K−1; (b) mTLC31/38, yielding h = 202.1 W m−2 K−1.
The indication points are T1 = 31.724 ◦C at t1 = 4.68 s and T2 = 38.478 ◦C at t2 = 26.87 s. Both plots
are limited to the first 60 s.

The HTC maps for mTLC38 and the combined mTLC31/38 evaluation are shown in
Figures 13a and 13b, respectively. A direct comparison of the individually evaluated mTLC
layers shows that the equally scaled high-HTC region obtained with mTLC38 is smaller
and narrower than that obtained with mTLC31. This difference can be attributed to the
greater relative timing uncertainty at short indication times in high-HTC regions. In lower-
HTC regions, the indication times at both TLC temperatures are sufficiently long for this
effect to become negligible. Nevertheless, TLC31 remains important because, for smaller
temperature steps or thinner channel walls, TLC38 may not reach its indication temperature
before the semi-infinite-wall assumption becomes invalid.
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Figure 13. Comparison of the mTLC evaluations in subchannel 4: (a,b) HTC distributions obtained
with mTLC38 and mTLC31/38; (c,d) corresponding MAD-FC [25] ratios relative to sTLC31 in sub-
channel 3. A ratio of one indicates identical HTCs; the MAD-FC scale is bounded by the symmetric
multiplicative limits 0.59 and 1.70.

If both IPs are used, the high-HTC region expands slightly (Figure 13b). The corre-
sponding MAD-FC maps in Figure 13c,d confirm this observation. In the high-HTC region,
the values obtained with mTLC38 are significantly lower than those obtained with sTLC31.
When both IPs are incorporated in the mTLC31/38 evaluation, this contrast remains visible
but is less pronounced.

The geometric mean ratios are

˜︁rmTLC38/sTLC31,R1 = 0.922, ˜︁rmTLC38/sTLC31,R2 = 0.932.

For the combined evaluation, they are

˜︁rmTLC31/38/sTLC31,R1 = 0.980, ˜︁rmTLC31/38/sTLC31,R2 = 0.970.

5.3. Comparison of sTLC31 and TSP

The HTC map obtained with sTLC31 is now compared with that obtained using TSP.
The SIW method is again used; however, TSP provides one temperature value per pixel
and frame. The evaluation described in Sections 2 and 5.2 is therefore extended to include
all TSP support points. Figure 14 shows the resulting local HTC maps.

However, the TSP-based HTC map appears noisier and less uniform. The high-HTC
region obtained with sTLC31 is aligned with the rib, and extends towards the lower channel
wall. In the TSP result, this region is rounder but remains aligned with the rib, while
a lower-HTC region appears near the lower channel wall. For the direct comparison,
Figure 15a displays the MAD-based HTC-ratio map for TSP and sTLC31. Equation (14)
yields geometric mean ratios of ˜︁rTSP/sTLC31,R1 = 1.1278 and ˜︁rTSP/sTLC31,R2 = 1.1405 for R1
and R2, corresponding to deviations of approximately 13% and 14%, respectively.
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Figure 14. Comparison of the HTC distributions obtained with sTLC31 in subchannel 3 and TSP in
subchannel 2.
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(a) MAD-FC comparison of the HTC distributions.
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Figure 15. Comparison of the HTC distributions obtained with TSP in subchannel 2 and sTLC31 in
subchannel 3: (a) MAD-FC comparison of the HTC distributions obtained with sTLC31 in subchan-
nel 3 and the TSP bounded by 1.70 and its reciprocal 0.59; (b) Bland-Altman-Plot for comparison of
the mean HTC level for R1 and R2.

The MAD-FC map shows broad agreement between the techniques, with an O-shaped
pattern in the peripheral regions. In the central region between two ribs, however, the
HTCs determined by TSP are significantly larger than those obtained with sTLC31; near
the channel walls (approximately pixel rows 5 and 45), the opposite is observed. The
logarithmic HTC deviation, based on the mean HTC of both techniques across all pixels
in R1 and R2, is shown in Figure 15b. The data are divided into eight equidistant bins,
represented by their means and standard deviations, together with a fitted trend. The
divergence increases with increasing HTC. To investigate this behaviour in more detail,
the area between two ribs is evaluated using the identical yellow parallelogram shown in
Figure 16a,b. Within this mask, a contiguous high-HTC region is determined by regression
analysis using an 85th-percentile threshold. This reveals the local displacement between the
regions detected by sTLC31 (red contour in Figure 16a) and TSP (cyan contour in Figure 16c).
Figure 16 superimposes both detections and defines four regions: the full ROI, the common
core, the TSP flank, and the sTLC flank.

This comparison shows that the high-HTC region detected by TSP is shifted towards
the channel centre in both R1 and R2. The geometric mean HTC ratios for the four regions
identified in Figure 16c are summarised in Table 4.

The table shows that the approximately 15% HTC deviation applies to the core, pe-
ripheral regions, and full ROI. Larger local deviations occur only at the two flanks. When
both flanks are evaluated together, the two techniques again show reasonable agreement.
To verify that these deviations do not result from an incorrect TSP-based HTC evaluation,
the measured temperature histories are compared with the analytical predictions below.
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Figure 16. Definition and comparison of the high-gradient regions: (a) sTLC31 and (b) TSP contour
detections for pixel columns 40–100; (c) combined comparison over pixel columns 0–100, including
regions R1 and R2.

Table 4. Geometric mean of the pixel-wise HTC ratio hTSP/hsTLC31 , calculated according to
Equation (14) for the regions identified in Figure 16c.

Region Full ROI Core Flank TLC Flank TSP ROI Without Flanks
and Core Both Flanks

R1 1.1278 1.1548 0.6589 1.5695 1.1381 1.0169
R2 1.1405 1.0444 0.7160 1.4055 1.1684 1.0032

5.4. Temporal Temperature Development

One advantage of TSP is the availability of a complete temperature history. The SIW
evaluation uses all temperature data collected during the measurement period. Figure 17a,b
show measured TSP temperature histories at two locations within the ROI, together with the
back-calculated analytical histories at the wall surface and TSP evaluation depth. Figure 17a
represents a lower-HTC pixel (h = 279.2 W m−2 K−1), whereas Figure 17b represents a
higher-HTC pixel (h = 969.8 W m−2 K−1).

0 20 40 60
20

30

40

50

Time t / s

Su
rf

ac
e

te
m

pe
ra

tu
re

T
/

◦ C

TSP ±2σ

Measured TSP
Fit at sensor depth
Fit at surface

(a) Pixel (44 | 17): h = 279.2 W m−2 K−1 and
R2 = 0.964.

0 20 40 60
20

30

40

50

Time t / s

Su
rf

ac
e

te
m

pe
ra

tu
re

T
/

◦ C

TSP ±2σ

Measured TSP
Fit at sensor depth
Fit at surface

(b) Pixel (18 | 42): h = 969.8 W m−2 K−1 and
R2 = 0.935.

Figure 17. Temporal temperature evolution at two representative pixels within the evaluated region:
(a) pixel (44 | 17); (b) pixel (18 | 42). The measured TSP temperatures are compared with the fitted
temperature responses at the sensor-layer position and at the wall surface.

In low-HTC regions, the TSP temperature history exhibits a plateau at approximately
30 ◦C. Its duration depends on the HTC of the surrounding pixels; a smaller example is
visible in Figure 17b. After the plateau, the measured trend again approaches the analytical
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prediction. Heat conduction through the white coating alone is unlikely to explain this
behaviour because the temperature initially rises immediately after the fluid-temperature
increase. This can also be confirmed by analyzing the diffusion time of the coating layer,
which, based on the condition Fo = a t/δ2

coat = 1, yields t = δ2
coat/a ≈ 0.06 s. The coating

thus reaches thermal equilibrium within a single image, so that its thermal delay across its
entire thickness is negligible. However, its thickness remains relevant for the evaluation
depth z. Lateral heat conduction within the PMMA substrate is a more plausible cause
of the plateau; if present, the resulting energy redistribution between regions of high and
low heat input means that the one-dimensional assumption introduced in Section 2 holds
only approximately in these regions. To estimate the order of magnitude of the lateral
penetration length Llat, assuming a quasi-stationary process, it is derived from the fin
parameter m =

√︁
h U/(k Ac), whose reciprocal Llat = 1/m gives the length over which a

surface temperature gradient decays laterally. For a thermally penetrated layer of depth
δpen =

√
a t that is heated on one side only, U/Ac = 1/δpen, so that

Llat =

√︃
k δpen

h
. (15)

In the case of high heat transfer at h = 969.8 W m−2 K−1, the lateral penetration length
amounts to approximately 0.6 px in the equally transformed pixel region of both measure-
ment techniques after 10 s and increases to 1.0 px after 60 s. The longer the experiment lasts,
the deeper the energy penetrates into the PMMA, and the more lateral heat conduction
can occur. For h = 279.2 W m−2 K−1, the lateral penetration length is approximately 1.2 px
after 10 s and approximately 1.9 px after 60 s. Here, the influence of lateral heat conduction
increases, since the convective input (h) becomes smaller while the lateral conduction (k)
remains unchanged, which is why the lateral penetration length increases. Since the TLC
evaluations rely on a single early indication (tind ≈ 5 s for TLC31), whereas the TSP evalua-
tion uses the entire recorded history, the two techniques are affected to a different extent by
this time-dependent smearing. The resulting difference in length scale is comparable to
the offset between the TLC and TSP contours in Figure 16c. This example is intended to
provide a rough plausibility check and is not a rigorous study.

The complete TSP temperature history could support an evaluation model that explic-
itly accounts for lateral conduction; nevertheless, the same SIW method is retained here
to ensure direct comparability between the techniques. The uncertainty bands shown in
the curves represent a 95% interval based on the maximum calibration standard deviation
in Figure 7, σcalibration,59.0 K = 0.6 K, and an additional stability uncertainty of σadd = 1 K.
The latter is obtained from the standard deviation of all pixels over 300 frames at constant
temperature. A conservative combined value of σ = 1.643 K is used. Its influence on the
HTC is examined for the representative pixel (44 | 17).

5.5. Monte Carlo Uncertainty Analysis

The HTC uncertainty was propagated using Monte Carlo simulations according to
Forster et al. [26]. The standard uncertainties assigned to the TLC and TSP input quantities
are summarised in Table 5 and applied to the representative pixel (44 | 17). All input
quantities with nonzero uncertainty are modelled using normal distributions, except for
the synchronisation offset, which follows a rectangular distribution, and the indication
time, which follows an asymmetric distribution around its nominal value [26].

The resulting HTC distributions are summarised in Table 6. Central 95% intervals are
reported directly because the propagated distributions are asymmetric.

The individually evaluated TLC configurations, sTLC31, mTLC31, and mTLC38, exhibit
the widest 95% intervals for the representative pixel. The interval for mTLC38 is narrower
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than those for the TLC31 evaluations because of its longer indication time. The combined
mTLC31/38 evaluation has the smallest relative interval, [−4.61, +5.03]%, and is therefore
the most precise approach in this comparison. Despite the substantially larger absolute
temperature uncertainty of TSP, σT,TSP = 1.6 K compared with σT,TLC = 0.102 K, the
TSP-based HTC evaluation remains comparably stable. The variance contributions of the
grouped input quantities are listed in Table 7.

Table 5. Input quantities and associated standard uncertainties used for the Monte Carlo propa-
gation of the TLC and TSP evaluations. A dash indicates that the quantity is not applicable to the
respective technique.

Quantity Unit TLC
Nominal

TLC
u(X)

TSP
Nominal

TSP
u(X)

Thermal conductivity k W m−1 K−1 0.190 0.00194 0.190 0.00194
Density ρ kg m−3 1190 1.214 1190 1.214
Specific heat capacity cp J kg−1 K−1 1470 37.501 1470 37.501
Tind,A

◦C 31.724 0.102 – –
zA µm 13.055 5.000 – –
Tind,B

◦C 38.478 0.102 – –
zB µm 22.890 5.000 – –
Tref, time-resolved K 0 0.102 – –
Tref, ideal step K 0 0.102 – –
Tref, systematic K 0 0 – –
TSP-layer depth z µm – – 78.920 5.000
TTSP, random K – – 0 1.600
TTSP, common K – – 0 0
Tfluid, time-resolved K – – 0 0.102
Tfluid, systematic K – – 0 0
Synchronization offset tsync s 0 0.0577 0 0.0577

Table 6. Monte Carlo results for the evaluated heat transfer coefficients. The mean deviation and
relative interval limits are referenced to the result obtained from the nominal input quantities. For
TLC and TSP simulations 100,000 trials are used.

Configuration Nominal h
(W m−2 K−1)

MC Mean h
(W m−2 K−1)

Mean
Deviation (%)

u(h)
(W m−2 K−1)

u(h)/h
(%)

Central 95% Interval
(W m−2 K−1)

Relative 95% Interval
(%)

sTLC31 198.480 198.486 0.003 7.065 3.56 [185.169, 212.783] [−6.71, +7.21]
mTLC31 206.458 206.737 0.135 7.002 3.39 [193.435, 220.865] [−6.31, +6.98]
mTLC38 198.260 198.220 −0.020 5.429 2.74 [187.794, 209.002] [−5.28, +5.42]
mTLC31/38 202.456 202.689 0.115 5.022 2.48 [193.132, 212.635] [−4.61, +5.03]
TSP 265.663 265.807 0.054 7.687 2.89 [251.189, 281.308] [−5.45, +5.89]

Table 7. Relative contributions of the grouped input quantities to the HTC variance. The TLC and TSP
contributions were obtained from the one-at-a-time sensitivity analysis. Values are given in percent.

Influence Group sTLC31 mTLC31 mTLC38 mTLC31/38 TSP

Indication time tind 26.3 15.7 7.6 10.7 —
Measured temperature Tind or TTSP 38.5 43.1 58.8 40.5 9.7
Material properties k, ρ, and cp 15.6 17.3 26.3 32.4 27.4
Reference or fluid temperature 0.5 0.6 0.7 0.5 53.2
Synchronization offset tsync 10.0 12.5 0.4 8.3 1.1
Sensitive-layer depth z 9.2 10.9 6.2 7.6 8.5

The dominant uncertainty sources vary between techniques. The indication time and
indication temperature have the greatest influence on the TLC31 evaluations, whereas the
indication time is less influential for mTLC38 and mTLC31/38. For TSP, the fluid temperature
and substrate properties are particularly important.
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6. Conclusions
This study presents a simultaneous direct comparison of three wall-temperature

measurement configurations applied in three geometrically identical ribbed subchannels:
sTLC31, mTLC containing TLC31 and TLC38, and TSP. The same transient SIW method
is applied to all techniques to maximise comparability. First, sTLC31 is compared with
the individually evaluated mTLC31 layer. Both configurations yield very similar HTC
distributions, with geometric mean ratios differing by approximately 4% between the ribs.
The subsequent comparison with mTLC38 reveals a larger deviation of approximately 8%,
primarily because short indication times increase the relative timing uncertainty. Combin-
ing both mTLC indication points in the mTLC31/38 evaluation reduces the geometric mean
deviation relative to sTLC31 to approximately 2%.

The TSP measurements provide a continuous temperature history for every pixel but
have a larger absolute temperature uncertainty. Their HTC maps differ systematically
from the sTLC31 reference, with geometric mean deviations of approximately 13%. The
observed redistribution of the high-HTC region and the temperature plateau in low-HTC
regions indicate lateral heat conduction within the substrate is discussed as a possible
cause. Finally, the Monte Carlo analysis shows that mTLC31/38 provides the smallest
uncertainty for the representative pixel, followed by mTLC38, TSP, mTLC31 and sTLC31.The
dominant uncertainty sources differ substantially: the TLC evaluations are most sensitive
to indication time and temperature, whereas the TSP evaluation is governed mainly by the
fluid temperature and the substrate properties.
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Abbreviations
The following abbreviations are used in this manuscript:

DI Dark image
IP Indication point
IRT Infrared thermography
MAD-FC Mirrored axis distortion of fold change
mTLC Multi layer thermochromic liquid crystal
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PMMA Poly(methyl methacrylate)
SIW Semi infinite wall method
sTLC Single layer thermochromic liquid crystal
TLC Thermochromic liquid crystal
TSP Temperature sensitive paint
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