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Abstract
We present an experimental set-up to perform time-resolved convective heat transfer
measurements in a turbulent channel flow with air as the working fluid. We employ a heated thin
foil coupled with high-speed infrared thermography. The measurement technique is challenged
by the thermal inertia of the foil, the high frequency of turbulent fluctuations, and the
measurement noise of the infrared camera. We discuss in detail the advantages and drawbacks
of all the design choices that were made, thereby providing a successful implementation
strategy to obtain high-quality data. This experimental approach could be valuable for studies
employing wall-based measurements of turbulence, such as flow control applications in
wall-bounded turbulence.

Keywords: turbulent channel flow, wall-based sensor, infrared thermography

1. Introduction

In this work, we present an experimental set-up for conducting
time-resolved measurements of the convective heat transfer
coefficient on the wall of a turbulent channel. Measurements
are based on the unsteady heated-thin foil sensor [1, 2],
coupled with infrared (IR) thermography as a temperature
transducer. In addition, to do this in a non-intrusive way,
the heating applied must be small enough to avoid perturb-
ing the flow with undesired buoyancy forcing. Excessive
heating could increase the Richardson number (ratio of nat-
ural to forced convection), potentially hindering the results.
This paper responds to a challenge of measurements in air
flows. Due to the foil thermal inertia and the characteristic
frequencies of the problem, the measurement of the small
amplitude temperature fluctuations requires careful image
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preprocessing, including spatial, temporal and feature-based
filtering. We critically discuss all the design choices made,
together with the details of image processing to obtain high-
quality instantaneous measurements of the Stanton number in
air with this technique.

IR thermography has been applied in different experimental
set-ups to study heat transfer by a wall-bounded grazing flow.
Following the seminal work by Hetsroni and Rozenblit [3],
Gurka et al [4] conducted synchronised measurements of
particle image velocimetry (PIV) and heat transfer over a hot
foil subject to a grazing turbulent wall-bounded water flow.
A heated thin foil was employed on a similar boundary layer
problem in water with high-frequency IR measurements in
synchronization with PIV [5]. Similar experiments with air
as the working fluid are challenged by lower fluctuations of
the foil temperature and heat transfer, and higher frequency
content of said fluctuations. Both of these aspects require a
push towards thinner thermal films and tailored processing of
the images. The first challenge is merely technological. On the
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Figure 1. Sketch of the electric circuit mounted on the sensor and
the heat fluxes on the energy balance of the thin foil.

other hand, image conditioning requires careful consideration
of the choice of the processing strategy, considering that the
signal-to-noise ratio can easily be below 1.

The heated-thin foil sensor is based on measuring the con-
vection between the fluid and a heated foil through an energy
balance (equation (1)), as sketched in figure 1. It assesses the
temporal temperature variation of the foil as an unsteady term
with the contribution of the different instantaneous heat fluxes
and sources, where cp is the specific heat capacity, ρ is the
density and a is the thickness,

cpρa
∂Tw
∂t

= ϕ ′ ′
J −ϕ ′ ′

cond − 2ϕ ′ ′
rad −ϕ ′ ′

conv,ext − hc (Tw −Taw) .

(1)

The superscripts ( ′ ′) denote that heat fluxes are expressed per
unit area of the thin foil. These terms include the heat input
provided to the sensor (in most cases produced by the Joule
effect) ϕ ′ ′

J , the conduction within the foil ϕ ′ ′
cond, the radiation

ϕ ′ ′
rad emitted from both sides of the foil, and the convection, to

be treated separately for the side exposed to the flow, equal to
hc(Tw −Taw) and for the side not exposed to the flow ϕ ′ ′

conv,ext,
where natural convection may develop. The convective heat
flux between the flow and the wall depends on the convec-
tion heat transfer coefficient hc, which is the quantity to be
determined, and on the local wall temperature Tw and the adia-
batic wall temperature Taw, which are both measured with the
IR camera. Terms on the right-hand-side of equation (1) are
typically modelled following conduction and radiation laws,
along with empirical correlations (see, e.g. those reported in
[6]).

The thermal model relies on the assumption that the foil
is thermally thin, such that the temperature on the internal
side of the foil (considered in the model) is equal to that on
the external side (measured temperature). This approxima-
tion is valid if the Biot number, Bi = hca

κ ≪ 1 (where κ is the
foil thermal conductivity). Additionally, the Fourier number

Fo= αtchar
a2 (with tchar being the characteristic time of the prob-

lem) compares the heat flux and the rate of thermal energy
storage, requiring Fo≫ 1 to perform unsteady heat transfer
measurements [10]. Both requirements are met in the experi-
mental set-up presented in the current work, owing to a small
enough foil thickness, a.

The current experimental approach presents a series of
challenges that must be carefully managed to ensure accurate
results. Provided that the available IR camera is capable of
operating at an acquisition frequency large enough to resolve
the flow scales involved in the problem temporally, several
difficulties still need to be faced. First of all, the IR camera
must be sensitive enough to detect the wall temperature fluc-
tuations. While most of the terms are mainly steady, the tem-
poral variations of hc lead to temperature fluctuations of the
foil, which are damped by the foil thermal inertia on the left-
hand side of equation (1). Secondly, the fluctuations to bemea-
sured must be compared to the Noise Equivalent Temperature
Difference (NETD) of the camera to evaluate the IR sensor
suitability [7]. The characteristic time—or the characteristic
frequency—of the problem is a property of the flow and can be
estimated. For instance, from dimensional analysis, it can be
quantified as the ratio of the characteristic length and the char-
acteristic velocity. As higher frequencies make the unsteady
term cause smaller temperature fluctuations, given such char-
acteristic time, one may want to increase the temperature fluc-
tuations in case they are too small to be detected. Therefore,
from equation (1) it is possible to argue that one can either
increase the foil heating, which in turn leads to greater natural
convection, or choose a foil thin enough to amplify the temper-
ature fluctuations. The thickness of the foil is a critical factor,
however, it cannot be chosen ad libitum as the foil needs to be
manufacturable, robust enough to be implemented and sustain
pressure and shear fluctuations without deforming, and ideally
be cost-effective. Moreover, for IR measurements, a layer of
paint is often applied to enhance the accuracy of temperature
measurements by increasing the surface emissivity. This alters
the thermal properties of the material and its thickness and
thus may distort the measurements if not properly accounted
for [8]. A proper balance between these factors is essential for
reliable outcomes.

Different models have been developed to address these
complexities [1, 8–10]. However, for measurements in air
flows, the temperature fluctuations are often of the same order
(or smaller) than the NETD, thus making image preprocessing
crucial. Techniques like Proper Orthogonal Decomposition
(POD) or autoencoders can suppress noise in very low signal-
to-noise ratio conditions [11, 12]. Additional techniques, such
as bad pixel removal to eliminate outliers and detrending pro-
cedures to counteract increasing mean temperatures in the sys-
tem, further improve data quality [5].

The remainder of this article contains a description
of the experimental set-up in section 2, a discussion
of the results in section 3, the uncertainty is quanti-
fied in section 4 and the key findings are summarized in
section 5.
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2. Experimental setup

2.1. Channel flow and experimental setup

The experiments of this work were performed in the
channel flow facility of the aerodynamics laboratory at
Politecnico di Torino. The walls of the channel are made of
poly-methyl-methacrylate, defining an internal cross-section
of 35 (height) × 420 (width) mm2 with a length of 10 m. The
channel operates with air in an open-return configuration. The
inlet section is composed of an electric pump followed by a
small divergent section, a settling chamber and a convergent
nozzle upstream of the channel entrance. To trigger transition
to turbulence, two thin turbulator strips with zig-zag-shaped
leading edges are placed at the end of the convergent on the
channel’s top and bottom walls, along the spanwise direction.
To ensure flow stability, a divergent diffuser is installed at the
outlet of the channel. The channel walls are made of modular
sections which allow a custom layout to install suitable devices
needed to carry out the experimental campaigns. A schematic
representation of the channel is reported in figure 2.

The experiments reported in this work have been conduc-
ted in a turbulent regime with bulk airspeedU∞ = 4.95 m s−1.
The Reynolds number based on the outer quantities is equal to
Re= U∞h

ν = 5800, where h is the half channel height, equal
to 17.5 mm and ν the air kinematic viscosity. Accordingly,
the friction-based Reynolds number Reτ = uτ h

ν = 220, with

uτ =
√

τw
ρ the friction velocity defined as the square root of

the ratio between the wall skin friction τw and the fluid dens-
ity ρ. The friction velocity is characterised by employing 16
static pressure ports distributed along the channel test section
to quantify the pressure gradient. The static pressure measure-
ments are carried out using a 16-channel DSA pressure scan-
ner, with a maximum pressure range of 2500 Pa and a 0.05%
full-scale accuracy. A linear fitting is applied to obtain the
pressure gradient, which is then employed to determine the
value of the wall friction [13].

2.2. Heat transfer measurements

A heated-thin-foil heat transfer sensor has been designed and
mounted on the upper wall of the channel (see figure 3) by
means of a frame embedded in the top wall, coincident with
the position of the modular wall it replaces. This design choice
minimizes the flow disturbance caused by buoyancy effects.
Indeed, the intensity of natural convection for a heated plate
facing downward is lower than when facing upward [14].

Figure 2. Sketch of the channel flow facility, with the thin foil (red)
mounted on the top wall of the channel.

Figure 3. Isometric view of the external side of the sensor, with the
thin foil (red) mounted on the frame.

The sensor frame was 3D printed with PLA material. The
thin foil is inserted on the frame through two groves at its lead-
ing and trailing edge positions, 150mmapart. The sensing area
has a width W = 100 mm and it spans a length L= 150 mm
along the channel wall. On the external part of the frame, four
fixed bars are mounted, holding two copper block pairs, one
for each end of the thin foil. Each pair of copper blocks forms
a clamp that retains the thin foil in between. The thin foil is
heated through the Joule effect. The uniform thickness of the
foil ensures constant heat flux; temperature measurements of
the heated foil surface confirmed that the temperature distribu-
tionwas nearly spatially uniform. To apply Joule heating, a DC
power supply is connected to the copper blocks. The higher
electrical resistance of the CrNi-Steel alloy with respect to that
of the copper, together with the small thickness of the thin foil
(5 µm) with respect to that of the copper blocks (1 cm) ensures
that the electric potential drop through the copper is negligible
with respect to that through the thin foil. The copper blocks
can thus be considered at practically constant voltage, ensur-
ing uniform voltage and current in the spanwise direction. To
minimize contact resistance between the copper blocks and the
foil, a thin engraving in the copper block face in contact with
the foil is filled with a 1 mm indium wire. The voltage differ-
ential applied to the foil is thus assumed to be equal to that
between the copper blocks at the foil edges and it is measured
with a voltmeter in contact with the copper blocks. The dif-
ferent parameters of the problem employed for this model are
collected in table 1. Voltage and current are not included as
several power levels are considered in this work.

To ensure foil tension, a spring is mounted around each
bar, pushing apart the sensor frame and the copper blocks,
thus tensioning the thin foil. The frame adjusts the thin foil,
subjecting it to tensile stresses to keep it flat and prevent any
misalignment with the rest of the channel wall. The thin foil
is made of 1.4310 CrNi-Steel alloy (Cr 16%–18% and Ni
7%–9%) able to withstand a nominal tensile stress F> 1500
N mm−2. Kapton® tape is used for sealing between the sensor

3
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Table 1. Values used in the thermal model of the sensor. Values and
tolerances of these material properties have been determined from
manufacturers’ technical information.

Quantity Symbol Value Units

Heat capacity (foil) cp,f 500 ± 5 J (kg K)−1

Heat capacity (paint) cp,p 5000 ± 50 J (kg K)−1

Density (foil) ρf 7900 ± 50 kg m−3

Density (paint) ρp 1300 ± 50 kg m−3

Therm. cond. (foil) κf 17 ± 2 W (m K)−1

Therm. cond. (paint) κp 1.4 ± 0.1 W (m K)−1

Area (Joule) A∗ 0.0254 ± 0.001 m2

Foil length L 0.15 ± 0.0005 m
Foil width W 0.1 ± 0.0005 m
Emissivity (paint) ϵ 0.95 ± 0.02 —
Ambient temperature Tamb 19 ◦C

foil and the frame, on the flow exposed side. This ensures a
hydrodynamically smooth surface and avoids any air leakages
perturbing the flow. To assess a suitable foil thickness two foils
are tested, with af = 5 µm and 10 µm, respectively.

An IR camera is employed as a temperature transducer to
measure the temperature on the external side of this sensor. To
enhance IR temperature measurements, given the low emissiv-
ity of steel, the external side of the thin foil is sprayed with
high-emissivity matt black paint.

The IR camera used in this experiment as temperature
detector is an Infratec Camera ImageIR® 6300Z, with a
resolution of 640 × 512 pixel2. The temperature resolution
(NETD) of the IR camera at 30◦C is 0.03 K, and its calibra-
tion accuracy is ±2 K. It is worth noting that, following
equation (2), the present measurement technique makes use of
temperature differences rather than of absolute temperatures,
thus the typical uncertainty to be taken into account is the tem-
perature resolution. The camera is mounted at a distance of
30 cm from the foil, with a focal length of 18 mm. This leads
to a resolution of 0.21 mm/pixel along the sensor. An integ-
ration time equal to 2900 µs was set according to the config-
uration requirements of the camera hardware for the range of
temperatures considered for this experiment. The IR camera
sampling frequency was set to fs = 180 Hz to ensure suffi-
cient temporal resolution. This leads to a temporal separation
between snapshots of less than 1/16 of an eddy turnover time
h/uτ . Considering a convection velocity of near-wall streaks
of about 11uτ [15] and the characteristic length of the sensor
L, the sampling rate is sufficiently large so that 12 snapshots
cover the convective time of the flow over the streamwise
length of the sensor.

As a standard procedure of the heated-thin-foil sensor to
obtain the time-averaged mean adiabatic wall temperature
Taw(x,z), an acquisition run without power input is carried
out. Then, the electrical input is turned on to acquire the time-
resolved temperature maps of the foil, Tw(x,z, t).

The different heat fluxes in the thin foil are modelled to
compute the heat transfer coefficient between the foil and
the channel flow from the energy balance equation (1). The
unsteady and conductive terms have been corrected to account
for the effect of the paint [16, 17], as shown in equations (2)

and (4) respectively, assuming a coating thickness ap = 20 µm
on each side of the foil and using the foil (f ) and paint (p)
properties:

cpρa
∂Tw
dt

= (cp,fρfaf+ 2cp,pρpap)
∂Tw
dt

. (2)

The Joule effect term is given by:

ϕ ′ ′
J =

VI
A∗ , (3)

where V and I, respectively, are the voltage and the intensi-
ty of the current applied, and A∗ is the area through which
the current is discharged. Note that this area does not coin-
cide with the flow exposed area of the sensor, as the entire foil
surface area between the two pairs of copper blocks must be
considered.

The conduction heat flux experienced through the foil is
computed as:

ϕ ′ ′
cond =−(κfaf+κpap)∇2Tw , (4)

where κf and κp are the foil and paint thermal conductivi-
ties, respectively. The nabla operator∇ is used to indicate the
second derivatives of the temperature maps along both prin-
cipal directions (x, z) of the plane of the foil.

For the quantification of the radiation effect, the emissiv-
ity ϵ of the surfaces of the thin foil should be introduced in
the model. As both sides are covered with matt black paint,
a high value (0.95) is taken—the external side is painted to
improve its emissivity for IR acquisition purposes, and the
internal side is painted to avoid reflections on synchronized
PIV acquisition, which is not pertinent to this work. Applying
Stefan–Boltzmann’s law, radiation is modelled as:

ϕ ′ ′
rad = σϵ

(
T4w −T4amb

)
, (5)

being σ the Stefan–Boltzmann constant and Tamb the ambient
temperature in the laboratory during the experimental acquisi-
tion used as a reference for radiation.

2.3. Image preprocessing

Due to the low signal-to-noise ratio, in combination with
the need to compute 2nd order derivatives (equation (4))
and fourth-order terms of temperature (equation (5)), prepro-
cessing of the images is of paramount importance. The follow-
ing steps are implemented:

• The effect of the heating of the foil frame and of the natural
convection cells rising from the external side of the thin foil
was visible on the sequence of original images, characterised
by large patterns (characteristic length-scale of the order of
the width of the thin foil) and low-frequency temperature
oscillations. Due to the low-frequency nature of natural con-
vection, a high-pass filter can be applied, removing it from
the fields. To avoid filtering any actual feature coming from
the turbulent flow, features whose characteristic time is at
least 12 times larger than one eddy turnover time (h/uτ )

4



Meas. Sci. Technol. 36 (2025) 045303 A Cuéllar et al

have been removed, thus, with a cutoff frequency of 0.9 Hz
for this case. Consequently, the term ϕ ′ ′

conv,ext in equation (1)
should be neglected for the calculation of hc. This effect can
be quantified according to a horizontal heated plate facing
up. The filter cannot suppress characteristic patterns of the
channel turbulence, as with a convection velocity of near-
wall streaks of about 11uτ [15], the filter would suppress
structures with a characteristic length greater than at least
130 h, which is much larger than the size of the very large
scale motions expected in the channel flow. The fact that this
cutoff frequency should not overlap with range frequencies
associated with the near-wall turbulence is also supported
by its comparison to the expected range of flow frequen-
cies within the channel flow, reporting a Strouhal number
Sr= fh

U∞
= 3 · 10−3 (here f = 0.9 Hz).

• The temperature fluctuations expected in the thin foil are of
a comparable order of magnitude to the IR camera noise,
necessitating additional filtering. A 3D-Gaussian filter (in
the image plane and in time) with a smoothing kernel has
been applied to smooth the data. In both spatial direc-
tions, the size of the kernel is 2 (∆x+ ≈ 6), contributing
to dampening fluctuations with the size of a single pixel,
observed to be a major issue after the high-pass filter. The
size of the kernel in the temporal dimension is set to 0.5
to improve the smoothing in the foil in-plane directions
without increasing the radius of action of the kernel.

• Furthermore, a feature-based filtering, analogous to that
done in [11] can be applied. The temperature maps can be
decomposed in POD modes and a low-order reconstruction
with only the most energetic modes can be employed to
remove incoherent features. The number of the modes to be
retained has been identified with the elbow method [18].

• To reduce field noise, due to minor non-uniformity in the
gains the of IR camera sensing elements, an additional
Gaussian filter with an elongated kernel was applied in the
spanwise direction. This measure is taken to filter out resid-
ual striped patterns due to the acquisition mechanism of the
IR camera, which scans the sensor in rows.

3. Results

The experimental campaign to test this experimental configu-
ration has been done by acquiring datasets of 12 000 samples at
180 Hz, tuning the Joule effect power input to different levels
to explore the balance between sufficiently strong thermal
fluctuations and spurious effects due to natural convection.
The current and voltage values employed in the different cases
described in this work are collected in table 2. Following
the model from section 2.2 and the data filtering recipe of
section 2.3, the convective heat transfer coefficient hc has been
quantified.

3.1. Results of the thermal model

The filtering sequence for an individual sample is depicted in
figure 4. These results correspond to measurements with a foil
thickness of 5 µm. The input current is set to 8.0 A with a
voltage supply of 5.0 V, resulting in a mean foil temperature

Table 2. Input settings for the Joule current.

af (µm) Mean heating level (K) Current (A) Voltage (V)

5 15 5.0 3.2
5 25 6.5 4.0
5 35 8 5.0
10 30 10 3.7

of about 35 K above room temperature. Although each filter-
ing step may attenuate the temperature fluctuations, it is seen
that the level of noise is progressively reduced. The high-pass
filter has successfully removed the convective cells and other
constant or low-frequency events not related to the turbulent
features of the channel-flow, as shown in figures 4(a) and 5.
However, the level of noise at this stage is still quite high as
visible in figure 4(b). Some streamwise patterns start being
observed after the 3D-Gaussian filter in figure 4(c). For further
smoothing, the POD filter cuts the noisy tail of modes with
about 50% of the energy contained after the Gaussian filter
according to the elbow criterion, see figure 4(d). A Gaussian
filter with actuation in the spanwise direction removes the
remaining thin striped patterns, see figure 4(e). The resulting
temperature map is used according to the energy balance in
equation (1) to compute hc, or the Stanton number St= hc

ρU∞cp
in non-dimensional terms, employing the fluid density ρ and
specific heat capacity cp. As seen in figure 4(f), the outcome
of this procedure results in instantaneous heat transfer maps
with patterns that show a relation with the wall-bounded tur-
bulence expected in the channel. These patterns are elongated
and nearly aligned in the streamwise direction, with lengths
in the range ∆x+ = [500− 1000] and a span of ∆z+ = [50−
100], with the superscript + indicating normalization with
inner scales. These values are similar to those reported in
reference [19].

3.2. Effect of heating

A sensitivity analysis of the power input effect is conducted,
heating the foil to mean temperatures of about 15, 25 and 35 K
above room temperature. Stronger heating leads to the devel-
opment of more pronounced convective cells. As a result, the
magnitude removed with the high pass filter increases with the
power input, as shown in the sequences in figure 6.

Examples of filtered Tw and St maps for these configura-
tions are shown in figure 7. The temperature maps have been
processed in the same manner for each power input level,
with the POD filter threshold tailored to each case using the
elbow method. Low heating levels make the temperature fluc-
tuations less pronounced, while heating contributes to ampli-
fying the signal. Once filtered, the temperature sequence for
the lowest heating level (as in figure 7(a)) has a variance that
is only 53% of the one in the case with the highest heating
level (figure 7(c)). The intermediate heating level retains 73%
of the variance corresponding to the highest heating level.

Beyond the different intensities of temperature fluctuations,
Tw maps show differences in their patterns that strongly influ-
ence the St patterns, as seen in the bottom row of figure 7.

5



Meas. Sci. Technol. 36 (2025) 045303 A Cuéllar et al

Figure 4. Maps of the thermal model at different filtering and processing stages in sequential order for an instantaneous field: (a) original,
(b) high pass output, (c) 3D-Gaussian output, (d) POD output, (e) 3D-Gaussian output, (f) Stanton number map.

Figure 5. Original sequence of instantaneous temperature
fluctuations of a pixel and removed low-frequency events.

Figure 6. A sequence of low-frequency temperature fluctuations
removed from a pixel with the high pass filter.

For the lowest heating level, the Stanton number patterns are
still noticeably noisy and, from a qualitative inspection, seem
less consistent with the physics of coherent structures in the

near-wall region [15]. This sequence might necessitate fur-
ther filtering, which may introduce more uncertainty. Further
heating can magnify the temperature fluctuations, making the
approach less susceptible to noise and facilitating obtaining
patterns with physical meaning, as seen both in the Tw and
St maps. When the foil is heated 25 K above room tem-
perature, the peaks are more evident than when it is heated
35 K. However, a higher level of heating shows less noisy
Stanton number maps, with physical patterns being clearly
identified. Quantitatively, the variance of these sequences can
give a measure of the relative noise level among them. The
intermediate and highest heating levels respectively retain
43% and 25% of the variance of the case with the lowest
heating level. It must be considered though that natural con-
vection is stronger in this latter case (although it is simple
to filter with the strategy outlined in section 2.3) and that
the thermal expansion of the foil might produce undesired
deformations.

3.3. Effect of foil thickness

We also conducted tests with a foil of thickness 10 µm. This
comparison is performed using a similar heating to the case
with higher heating (30 K) and the same filtering procedure
and settings. Although the requirements of small Biot and
large Fourier numbers are still met, this sensor may have
less sensitivity due to the larger thermal inertia. A higher
mass increases the thermal inertia and conduction, affecting
the response time to temperature changes and distorting the
temperature distribution on the surface. The map of filtered
Tw and that of St at a given time instant of the sequence
are shown in figure 8, with the foil heated to a middle point
between the cases in figures 7(centre and right). The temper-
ature fluctuation map shows some patterns with shapes com-
parable to those with the 5 µm foil with the highest heat-
ing level that reasonably might represent near-wall turbu-
lence. However, the magnitude of the peaks of these fluc-
tuations is lower. More importantly, although not observed
in a single map, a visual inspection of a temporal sequence
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Figure 7. Instantaneous temperature map after the filtering process (top) and Stanton number map (bottom) at different heating conditions:
from left to right (a) and (d) 3.2 V–5.0 A (about 15 (K), (b) and (e) 4.0 V–6.5 A (about 25 (K), (c) and (f) 5.0 V–8.0 A (about 35 K, same as
figures 4(e) and (f)).

Figure 8. Instantaneous temperature map after the filtering process
(a) and Stanton number map (b) from a 10 µm foil heated about
30 K with 3.7 V–10.0 A.

shows slower temperature changes. This may affect the quan-
tification of heat transfer, as temporal derivatives are directly
involved. The St map shows that the strongest fluctuations are
well pronounced. However, other patterns, mainly represent-
ing noise rather than the wall-bounded turbulence physics in
the near-wall region, remain stronger than those observed with
the 5 µm foil. In light of these findings, one might expect
that using a foil thinner than 5 µm would further reduce those
effects.

4. Uncertainty quantification

The uncertainty of the model has been quantified with aMonte
Carlo approach. The uncertainties indicated in table 1 have
been considered to define a 99% confidence interval on a
Gaussian distribution to generate multiple random combina-
tions of these inputs. For the temperature maps and the ambi-
ent temperature, the NETD specified in the technical datasheet
of the IR camera has been considered to be uniformly distrib-
uted through the POD modes and the Gaussian filters, thus
the actual noise variance has been assumed as the NETD2

times the percentage of POD modes retained and the pixel-
wise contribution of Gaussian filters. As such, the measure-
ment uncertainty of fluctuating St fields was quantified to be
equal to 21.3%, 13.8%, 9.4%, respectively for the cases (a)–
(c), of figure 7. For the 10 µm foil, as reported in figure 8, it is
equal to 11.6%. Despite having the same uncertainties for the
voltage, current and thickness, the higher quantities introduce
less relative uncertainty than for the 5 µm foil while the larger
thickness magnifies the uncertainty contribution of the tem-
poral derivatives. These results support the choice of increased
foil heating and smaller foil thickness as a means of improving
measurement quality.

5. Conclusions

The heat transfer fluctuations in an air channel flow are quan-
tified through the energy balance of a heated thin foil embed-
ded in the wall from time-resolved IR measurements at high
frequency. This paper provides an insight into the devel-
opment of an experimental campaign to take this type of
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measurement in wall-bounded flows in a non-intrusive way.
Temperature measurements are conducted employing IR ther-
mography. The main challenges in tackling this experiment
are the presence of high-frequency events to be captured, the
noise of the experimental equipment and the thermal iner-
tia and conduction of the foil. These heat transfer measure-
ments have been made possible through the balance between
different aspects and components of the problem, showing
also examples of less convenient configurations. Some crit-
ical factors are the black matt coating, the power input and the
foil thickness. Additionally, a filtering process is capable of
isolating the characteristic turbulent phenomena of the chan-
nel from other effects and removing the high level of noise
contained in the original temperature acquisitions. The impact
of some parameters of the problem on this filtering process
has been analysed. Summarising, themain guidelines obtained
from this paper are the following:

• It is recommended to remove spurious natural convection
effects with high-pass filtering. It was shown that the natural
convection effects could be suppressed for different heating
levels, leading to similar results for all the conditions ana-
lysed in this work.

• Measurement noise can be successfully removed with a
feature-based POD filter coupled with a Gaussian filter to
improve the data smoothness.

• Foil thickness should be minimized whenever possible;
measurement results are found to be weakly dependent
on foil thickness provided the heating is strong enough to
ensure sufficient signal-to-noise ratio. Note that when deal-
ing with very thin foils, the presence of a thin layer of paint
on the foil (necessary to enable precise IR measurements)
must be taken into account when estimating the foil thermal
inertia.
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