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 A B S T R A C T

Time-resolved temperature-sensitive paint is employed in this work to investigate transitional boundary layer 
phenomena on a flat plate model under high Reynolds number and high subsonic Mach number conditions. 
Spatially and temporally resolved surface heat flux distribution are inferred from the surface temperature 
evolution. The experiments are conducted at a Mach number of 0.8, high chord Reynolds numbers of 6 and 
7.5 million, and under streamwise favourable pressure gradients with an acquisition frequency of 20 kHz. The 
bimodal distribution of surface heat flux enables the identification of laminar and turbulent boundary layer 
states, allowing for the direct determination of the time-dependent transition front and the time-averaged 
intermittency distribution. It is demonstrated, that conventional time-averaged transition detection methods 
— specifically, the location of maximum temperature gradient and peak temperature fluctuation — accurately 
correspond to the location of 50% intermittency. Furthermore, the evolution of an isolated turbulent spot is 
spatially and temporally resolved and compared to hot-film traces.
1. Introduction

Understanding and predicting the length and location of laminar-
turbulent transition remains of major importance in many engineering 
applications due to its significant impact on skin friction and heat 
transfer. For airfoils, the boundary layer state directly influences aero-
dynamic efficiency and performance, as the transition location affects 
surface friction and can influence flow separation [1]. Similarly, the 
transition location — and to a large extent the transition length — 
significantly affects heat transfer on gas turbine components (such as 
jet engine turbine blades) and hypersonic vehicles [2,3]. Accurately 
accounting for thermal loads and their spatial distribution in the design 
process can lead to substantial improvements in overall efficiency.

For most aerodynamic applications, the boundary layer starts lami-
nar at the upstream part of a body and then becomes turbulent further 
downstream. Many parameters can influence if and where the boundary 
layer transitions from a laminar to a turbulent state, the most important 
of which are the Reynolds number, the properties and disturbance level 
of the free stream, the surface texture and the pressure gradient along 
the streamwise direction. The physical state of the boundary layer is 
characterized by the intermittency factor 𝛾, defined as the fraction of 
time the flow is turbulent at a given spatial location. An intermittency 
factor of 𝛾 = 0 corresponds to fully laminar flow, and 𝛾 = 1 corre-
sponds to fully turbulent flow. Generally, areas within the transition 
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Fig. 1. Qualitative sketch of the laminar-turbulent transition process over a 
flat plate for a 2D flow (based on White [4]).

region are partly laminar and partly turbulent in time, resulting in an 
intermittency distribution. The stages of laminar-turbulent transition 
for a model flat plate flow are visualized in Fig.  1. It is important 
to note that the different areas are not sharply delimited and may 
vary considerably in size depending on the flow conditions. For a 
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2D flow, disturbances within the boundary layer (T–S waves) grow 
in amplitude until they increase above a certain threshold. The two-
dimensional structure of the disturbances breaks down, and 𝛬-vortices 
arise [5]. Experiments by Elder [6] showed that once the intensity of 
the disturbances grew large enough, turbulent spots emerged, with the 
flow properties inside of these spots resembling that of a fully turbulent 
boundary layer. Turbulent spots are generally idealized as downstream 
pointing triangles. They spread out in a wedge-shaped area and grow 
in stream- and spanwise direction as they propagate downstream where 
they eventually merge to form a fully turbulent boundary layer.

1.1. Aspects of laminar-turbulent transition

To model the stochastic transition process, several theoretical frame-
works have been developed that describe the evolution of the inter-
mittency 𝛾 — the fraction of time the flow is turbulent at a fixed 
location — based on the generation and propagation of turbulent spots. 
Based on a model of Emmons [7], it is possible to formulate a general 
intermittency distribution with respect to the streamwise distance 𝑥
for a quasi-2D flow (intermittency distribution is the same along the 
spanwise coordinate 𝑦). The model assumes a “ binary” boundary layer 
state, i.e., the boundary layer is either laminar or turbulent at a given 
position 𝑃  at 𝑥, 𝑦 at time 𝑡, and that transition occurs simply through 
the coalescence of turbulent spots. This is a simplification, as it does 
not account for intermediate flow conditions during breakdown and 
the state of the interface between laminar and turbulent portions. 
Emmons [7] showed that with this simplification the intermittency can 
be expressed as: 

𝛾(𝑃 ) = 1 − exp
[

−∫𝑅
𝑔(𝑃0) d𝑉0

]

, (1)

with a spot production function 𝑔(𝑃0) (the probability of spot produc-
tion at a point 𝑃0(𝑥0, 𝑦0, 𝑡0) per unit volume d𝑉0) and 𝑅 the dependence 
volume (spot sweep volume). 𝑅 is assumed to be a cone with straight 
generators in the 𝑥, 𝑦, 𝑡 volume, i.e., it has a constant spreading angle 
in space and time.

Due to a lack of better knowledge, Emmons suggested 𝑔 to be a 
constant independent of 𝑥, i.e., the probability of spot generation is 
uniform along the surface. This proposition was later improved by 
Dhawan & Narasimha [8]. They proposed 𝑔(𝑥) to depend on the stream-
wise location 𝑥 with a maximum at some location 𝑥𝑔,𝑚𝑎𝑥. Assuming a 
Gaussian distribution, they found a best fit to experimental data with a 
standard deviation close to zero, i.e., close to a Dirac delta function 
𝛿(𝑥). This represents a model of concentrated breakdown, where all 
turbulent spots arise within a narrow streamwise band. Several mea-
surements have indicated that a Gaussian distribution fits experimental 
data better than a Dirac delta function [9,10]. However, the limiting 
case of a Dirac delta function is deemed sufficient if the region of spot 
production is small compared to the total transition length [2]. With 
𝑔(𝑥) = 𝑛𝛿(𝑥0 − 𝑥𝑔,𝑚𝑎𝑥) in Eq.  (1), one obtains: 

𝛾(𝑥) = 1 − exp
[

−(𝑥 − 𝑥𝑔,𝑚𝑎𝑥)2
𝑛𝜎
𝑈∞

]

, (2)

with a turbulent spot production rate per unit length 𝑛, Emmons’ di-
mensionless spot propagation parameter 𝜎, and the freestream velocity 
𝑈∞. 𝑛𝜎

𝑈∞
 is assumed to be constant. For an idealized triangular shape 

of turbulent spots, the spot propagation parameter can be expressed 
as [11–13]: 

𝜎 =
(

1
𝑐𝑡𝑒

− 1
𝑐𝑙𝑒

)

tan(𝛼), (3)

where 𝑐𝑙𝑒 and 𝑐𝑡𝑒 are the leading and trailing edge celerity of individual 
spots, respectively. Introducing a dimensionless streamwise coordinate 

𝜉 =
𝑥 − 𝑥𝑔,𝑚𝑎𝑥 , (4)

𝑥75 − 𝑥25

2 
where 𝑥75 and 𝑥25 are the streamwise locations with intermittency 
𝛾 = 0.75 and 𝛾 = 0.25, respectively, one obtains the Narasimha 
intermittency distribution [8,14,15]: 

𝛾 = 1 − 𝑒−
(𝑥−𝑥𝑔,𝑚𝑎𝑥 )2𝑛𝜎

𝑈∞ = 1 − 𝑒−0.411𝜉
2
. (5)

Because of the reasonably good agreement with experimentally ob-
served intermittency distributions (e.g., Mee & Goyne [16], Owen
[17]), Eq.  (5) is often referred to as the “ universal intermittency 
distribution” [14,16,18].

Johnson & Fashifar [19] alternatively assume the probability of tur-
bulent spot generation to increase linearly with 𝑥. Solving the resulting 
differential equation, they obtain: 
𝛾 = 1 − 𝑒−0.0941𝜉

3
. (6)

Note the similarity to the Narasimha intermittency distribution of 
Eq.  (5), but with 𝜉 raised to the power of 3 instead of 2. This relation is 
phenomenologically similar to the empirical relation proposed by Abu-
Ghannam & Shaw [20]. Both have demonstrated excellent correlation 
with experimental data [21,22].

1.2. Application of TSP for transitional studies

Despite extensive research so far, further investigation of the tran-
sition process is still needed, particularly for high Reynolds number 
flows which are relevant for commercial transport aircraft, where 
both numerical and experimental studies remain scarce. High Reynolds 
numbers pose challenges for measurement techniques due to small 
length scales in wind tunnel experiments and sensitivity to even minor 
disturbances, such as surface roughness [23,24]. One promising global, 
non-intrusive technique is temperature-sensitive paint (TSP), which 
enables quantitative, spatially resolved surface temperature measure-
ments [25]. The underlying principle behind TSP lies in the tempera-
ture-dependent fluorescence properties of specific molecules known as 
luminophores, which are embedded within a polymer matrix. With 
incident light of a particular wavelength, photons are absorbed to 
excite the luminophore from the ground electronic state to an excited 
state [25]. They can return to the ground electronic state through dif-
ferent radiating (fluorescence and phosphorescence) and non-radiating 
processes. In general, the non-radiating process is more likely at higher 
temperatures through thermal quenching. Therefore, there is a inverse 
relationship between the temperature of the TSP and the intensity of 
the remaining radiating processes which allows for precise temperature 
reconstruction across the TSP coated surface. These measurements can 
be used to further obtain surface heat flux, which is directly related to 
the boundary layer state. While conventional TSP is well-established for 
steady or moderate-speed phenomena (sub-kHz regime) (e.g. [25–29]), 
unsteady measurements in the kHz regime (iTSP) are a fairly recent 
development [30–34].

The response time of TSP depends primarily on two factors: the 
luminescent lifetime of the luminophore and the thickness of the paint 
layer. The former must be short enough to resolve rapid tempera-
ture changes, while the latter must be minimized to reduce thermal 
inertia — since thermal inertia scales with the square of the layer 
thickness [35]. However, using thin layers requires high-energy exci-
tation sources to achieve sufficient emission light intensity required 
for short exposure times. This, in turn, introduces new challenges such 
as photodegradation of the paint (irreversible loss of sensitivity and 
luminescence with accumulated excitation) and difficulties in achieving 
uniform illumination [24].

Over the past years, a few studies have employed iTSP to inves-
tigate unsteady transition phenomena. Petersen et al. [36] resolved 
unsteady transition and separation on an SiC/SiC nozzle guide vane 
with an environmental barrier coating at 10 kHz. Dimond et al. [37] 
used the same iTSP as that presented in this study to characterize 
the intermittent region of turbulent wedges and capture time-resolved 
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visualizations of individual turbulent spots. More recently, Yoshikawa 
and Ozawa [38] applied iTSP at frame rates up to 200 kHz to visu-
alize and quantify heat flux traces from individual turbulent spots in 
hypersonic flow at 𝑀 = 5.2. Liu et al. [34] used the same luminophore 
but embedded in a polyurethane clearcoat. Although the thickness was 
expected to be several dozen microns, an in-situ calibration allowed 
for the determination of heat-flux at a high sampling rate of 75 kHz in 
a shock tube at 𝑀 = 12.1. In a completely different approach, Jung 
et al. [33] achieve a thin (<2 μm) phosphor-based TSP with ZnO:Zn 
particles with a ball-milling approach. Although the phosphorescent 
intensity decreased substantially because of the milling process, the 
thin layer enables a fast-response TSP with an inorganic TSP.

This study characterizes and applies time-resolved temperature-
sensitive paint (iTSP) to investigate subsonic, compressible flows at 
high Reynolds numbers. It marks the first time that the mechanisms of 
laminar-turbulent transition could be temporally and spatially resolved 
with such a high resolution. The method leverages surface temperature 
measurements to infer temporally and spatially resolved heat flux, 
enabling high-fidelity reconstruction of transition phenomena, includ-
ing intermittency evolution and individual turbulent spot dynamics. 
The work further extends the doctoral research of Dimond [24] and 
demonstrates the capability of iTSP to capture transient transition 
features with high temporal resolution.

2. Experimental setup

2.1. Cryogenic Ludwieg-Tube Göttingen

The experiments presented in this study were conducted in the 
low-turbulence Cryogenic Ludwieg-Tube Göttingen (KRG), which uses 
gaseous nitrogen as the test medium. During a run, the rapid gas 
expansion in the Ludwieg tube causes a significant temperature drop, 
resulting in a wall-to-adiabatic wall temperature ratio of 𝑇𝑤∕𝑇𝑎𝑤 >
1 [39,40]. By increasing the stagnation pressure (up to 10 MPa) and 
decreasing the gas temperature (down to 105 K), the facility enables 
testing at high Reynolds and Mach numbers. The test section measures 
0.4 m in width, 0.35 m in height, and 2 m in length, with shaped 
upper and lower walls designed to minimize flow interference. The 
absence of moving parts, which are needed in other wind tunnel types 
for operating and regulating the flow, allows for good overall flow 
quality (mass flux density turbulence 𝑇 𝑢𝜌𝑢 ≈ 0.06% [39]). Further 
details about the wind tunnel and its instrumentation can be found 
in Refs. [39,41]. Note, that to accommodate the measurement tech-
nique (iTSP and camera) the wind tunnel is operated at near ambient 
temperatures (charge temperatures between 0 ◦C to 10 ◦C), while high 
Reynolds numbers were achieved by increasing the gas pressure. In this 
work, the Mach and Reynolds numbers are defined as freestream Mach 
number 𝑀 based on the freestream velocity 𝑈∞ and freestream speed of 
sound and chord Reynolds number 𝑅𝑒𝑐 = 𝑈∞𝑐∕𝜈∞ based on test model 
chord length 𝑐 with freestream kinematic viscosity 𝜈.

2.2. Wind tunnel model

The experiments were performed using the 2D wind tunnel model
PaLASTra [23,40]. The cross-sectional design, depicted in Fig.  2, en-
sures a uniform pressure gradient over a large streamwise area on the 
upper side of the model, especially in the region of interest, for a wide 
range of Mach numbers and angles of attack in the subsonic regime. The 
model has a width of 𝑏 = 500mm, a maximum thickness of 20mm, and a 
chord length of 𝑐 = 200mm. The front part features a modified superel-
lipse [42] as leading-edge surface to reduce receptivity to freestream 
disturbances. An additional aft part, not included in the original model 
version, reduces the size of the separation region and thus minimizes 
external disturbances to the boundary layer on the upper side [29]. 
The model was carefully assembled to ensure that no gap and/or step 
was present between the front and main parts of the model. Due to 
3 
Fig. 2. Cross-sectional view of the PaLASTra test model. Chord length 𝑐 =
200mm.

Fig. 3. Top plan view of the wind tunnel model (flow from the top). Aft part 
not visible in this image.

the extensive aerodynamic loads at KRG, small imperfections were 
measured after the tests (gap < 20 μm and forward-facing step < 3 μm), 
but these are not expected to affect laminar-turbulent transition for the 
investigated test cases.

Fig.  3 shows a top plan view of the wind tunnel model with the 
wind tunnel wall locations indicated. The model features a total of 52 
pressure taps distributed over the upper and lower surfaces, aligned 
along the centreline (𝑦∕𝑏 = 0.5). Two pressure taps are positioned 
at 𝑦∕𝑏 = 0.48 to increase the spatial resolution at the leading edge 
region. The streamwise pressure gradient parameter used for this study 
is defined as 

𝜆𝜃 = 𝜃2

𝜈
d𝑈𝑒
d𝑥 , (7)

with the kinematic viscosity 𝜈. The momentum thickness 𝜃 and the 
boundary layer edge velocity gradient d𝑈𝑒∕d𝑥 are determined with the 
boundary layer solver COCO for compressible flows [43] and averaged 
over the region of interest. The pressure gradient was controlled by 
adjusting the model’s angle of attack using turntables mounted in the 
sidewalls of the test section.

The starboard side is equipped with a Senflex® multiple hot-film 
sensor array (MHFS) custom-designed and manufactured by Tao of Sys-
tems Integration, Inc. Eighteen hot-films are staggered at 35◦ to avoid 
influence from the leads and heat input of preceding sensors. They are 
equally spaced at 3% chord length intervals, ranging from 𝑥∕𝑐 = 41%
to 𝑥∕𝑐 = 92% and covering the main region of uniform pressure gradi-
ent. The sensors consist of a thin nickel layer (1.45mm wide, 0.1mm
streamwise, 0.2 μm thick) with copper leads of 5 μm thickness. The 
leads are connected to custom-designed in-house constant-temperature 
anemometers (CTA) [39]. The sensors were operated at an overheat 
ratio (OR) of 𝑅𝑆

𝑅0
= 1.4, where 𝑅𝑆 and 𝑅0 are the resistance at the 

operating level and ambient condition, respectively. Before every data 
point, the anemometers were experimentally checked and confirmed 
to have a frequency response of at least 50 kHz using a square-wave 
test. The analogue output of each anemometer was recorded with a 
separate digital data acquisition system (YOKOGAWA® SL 1000) with 
a sampling frequency of 1MHz and resolution of 16 bit.
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Two areas are coated with TSP: the front part including the leading 
edge, and the port side of the main part. The front part uses the 
same TSP from previous investigations [23,27,40,44], which has an 
europium (Eu) complex as luminophore [45] and is applied in a pocket 
to match the required model contour. It was sanded to Ra = 0.033(2) μm
and extends to 5% of the chord on the lower surface. This Eu-based 
TSP is not suitable for highly time-resolved measurements but had been 
used previously to detect turbulent wedges at the leading edge region. 
The port side of the main part is coated with iTSP, which is discussed 
in detail in the following section. It covers a chordwise region from 
36.5% to 97.5% on the upper surface, and is also applied in a pocket. 
No TSP is applied around the model junction (between the TSP and 
iTSP coated surfaces) to ensure surface smoothness in this area. Because 
both the TSP and iTSP coatings are embedded in pockets, the interface 
between the areas remain smooth and are not expected to influence 
the boundary layer. The aft part, whose sole purpose is to reduce the 
separation region as discussed above, remained uncoated.

Felt tip markers were applied within the observation area of the 
model. They were used to map the camera image coordinates to 3D 
model coordinates and to correct for vibrations and displacement dur-
ing the run using the in-house software package ToPas [46].

2.3. iTSP properties

The temperature-sensitive paint used for this investigation, capa-
ble of measuring surface temperatures with high temporal resolution 
(iTSP), uses Dichlorotris (1,10-phenanthroline) ruthenium (II) hydrate 
(98%) (Ru(phen)) as luminophore, which has a very short luminescent 
lifetime of less than 1 μs [47]. It is embedded in an ethanol-soluble 
polyamide binder at a luminophore concentration of 0.16mol∕L based 
on the binder density. Both components are dissolved in ethanol and 
the solution is spray-coated onto the model. Similar iTSP formulations 
with different concentrations have been used in previous studies [30,
48–50]. The total paint setup consists of three layers: a thin primer 
layer (approx. 20 μm) to provide better adhesion to the metallic surface; 
a thick white base layer (approx. 100 μm) for thermal insulation and 
to create a diffusive light-reflecting background; and finally the active 
layer (less than 1 μm thickness) mentioned above. The thickness of the 
active layer was estimated to be between 0.3 μm to 0.8 μm, based on 
surface profilometer measurements and geometric considerations of the 
amount of applied paint.

The sensitivity of the iTSP is determined in a calibration chamber, 
where temperature and pressure can be set individually. Details on 
setup and properties of the chamber can be found in Ref. [51]. A 
small calibration sample (an aluminium plate) with dimension 15mm
by 15mm is coated at the same time as the model to ensure that the 
coating has the same paint composition and thickness.

The relative intensity and sensitivity of the iTSP can be seen in 
Fig.  4. The paint has a very high temperature sensitivity of around 
𝑆 = −5%∕K, where 𝑆 is defined as 

𝑆 =
(𝐼+ − 𝐼−) ⋅ 100

(𝐼+ + 𝐼−)∕2 ⋅ (2𝛥𝑇 )
, (8)

with 𝐼− = 𝐼𝑇−𝛥𝑇  and 𝐼+ = 𝐼𝑇+𝛥𝑇  being the intensity values at 
temperatures 𝑇 − 𝛥𝑇  and 𝑇 + 𝛥𝑇 , respectively. Since the experiments 
were conducted in a nitrogen environment without oxygen, the (weak) 
pressure sensitivity of this iTSP had no influence on the results. Un-
fortunately, this iTSP is sensitive to photodegradation (see Section 1). 
Extensive illumination can reduce the intensity emitted by the iTSP by 
over 80% and the sensitivity by over 50%. Further information on the 
photodegradation is provided in Ref. [24]. Great care must be taken 
to expose the iTSP to as little excitation light as possible to minimize 
the effect of photodegradation. However, during the measurement 
campaign it could not be completely avoided and must be accounted 
for, as described in Section 3.1.

The excitation and emission spectrum of the iTSP can be seen in 
Fig.  5. Seven high-power blue LEDs (4x LED ENGIN LZ4-00DB00 and 
4 
Fig. 4. (a) Relative intensity (error bars are multiplied with a factor of ten 
for better visibility) and (b) Sensitivity of the iTSP in the relevant temperature 
range.

Fig. 5. Emission and excitation spectra for iTSP at 𝑇 = 283K, LED spectrum 
and transmission spectra of the LED (OSRAM LE B P3W) and camera filters.

3x OSRAM LE B P3W with similar spectra) are used to excite the 
iTSP, as sketched in Fig.  6. They are fitted with Chroma® ET470/40x 
or ET450/50x bandbass optical filters to exclude any possible red 
light from the LEDs to reach the iTSP surface. Two of the LEDs are 
additionally equipped with 50mm lenses to focus the light on to the 
surface of interest.

A Photron® Fastcam Mini AX200 high-speed camera is used to cap-
ture the iTSP intensity images. It features a 1-megapixel (1024 × 1024 
px2) CMOS image sensor with a global shutter and 12-bit dynamic 
range. Due to its compact build and suitability for applications in 
high-G environments (which can occur in KRG due to the vibrations 
during operation), it is well suited for this investigation. The camera 
is operated at 20 kHz at a recording resolution of 1024 × 256 px2. A 
Scheimpflug adaptor is used to increase the depth-of-field focus. An 
85mm f/1.4 Nikkon lens is combined with a macro extender to allow 
focusing to the short distances. The lens must be set at full aperture 
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Fig. 6. Schematic of the iTSP measurement setup. View is in the streamwise 
direction.

to ensure the camera detects sufficient luminescent light. The resulting 
loss in depth-of-field focus was tolerable as the images needed to be 
strongly filtered anyhow. Two mirrors are used in a periscope setup 
to enable a view of the region of interest, especially in this spatially 
constricted environment. A similar setup had been used and described 
by Risius et al. [29,52,53] and adapted for the current investigation. 
This setup and the lens enabled a very high streamwise resolution of 
17 px/mm for the 55 × 32 mm2 observation area (see Fig.  3). The 
camera is fitted with a Chroma® ET570lp long pass optical filter to 
capture a large part of the relatively broad emission peak of the iTSP 
(compare Fig.  5).

3. Data processing

3.1. Calibration procedure

As described in section 2.3, prolonged illumination induces irre-
versible photodegradation of the iTSP, which must be accounted for 
when determining quantitative surface temperatures. Consequently, the 
conventional approach of relying solely on a calibration curve obtained 
in a separate calibration chamber [25] is not feasible in this setup. 
Furthermore, the illumination distribution within the test section is not 
fully uniform, resulting in spatially varying degradation rates across 
the model surface. Given the significant effort required to mount and 
dismount the model and optical setup, it was impractical to recoat the 
model after every few test runs.

To enable quantitative temperature measurements despite pho-
todegradation, a multi-step procedure was developed. This approach 
minimizes light exposure, performs in-situ calibration of the iTSP on 
the model before and after each test campaign, and applies an external 
calibration to correct the in-situ results.

Great care was taken to reduce light exposure during model installa-
tion, including pre-alignment of the optical setup. During tests, the LED 
on-time was limited to 1.5 s to minimize thermal and photodegradative 
effects. However, even this short duration caused a decay in LED 
intensity during the run due to incomplete thermal equilibrium, which 
was corrected using a third-order polynomial fit.

The test facility allowed temperature variation within the test sec-
tion, enabling in-situ calibration. Because the LEDs were also exposed 
to the temperature changes, their output intensity also varied, so the 
sensitivity derived from the in-situ measurements was overestimated. 
To correct for this, the in-situ calibration was adjusted by scaling the 
measured intensities so that the resulting sensitivities matched those 
obtained from the external calibration. This adjustment assumes that, 
at the start of the test campaign, the in-situ and external calibrations 
would give identical calibration curves. Fig.  7 shows the measured 
sensitivities at 283K for the examined area at the start and at the end 
of the test campaign. The differing sensitivities observed at the end 
of the campaign arise from variations in the photodegradation rate 
caused by paint inhomogeneities, non-uniform illumination intensities, 
and differences in paint thickness. Given that the overall sensitivity loss 
was relatively small (10% to 20%), a linear interpolation between the 
corrected in-situ calibration results obtained at different times during 
5 
Fig. 7. Sensitivities on the area of interest at 283 K at the start and end of 
the test campaign.

the test campaign was applied. The interpolation weights were based 
on the relative position of each data point within the test campaign, 
effectively accounting for spatial variations in photodegradation due 
to different illumination intensities, location on the model, and paint 
inhomogeneities.

After mapping the images to model coordinates and computing 
surface temperatures using the above procedure, the data were filtered 
to enhance the signal-to-noise ratio. A Gaussian spatial filter with a 
streamwise-to-spanwise ratio of 4:1 was applied, which corresponds 
to a kernel size of 1.2mm by 0.3mm on the grid and covers about 
20 × 2 px2. Additionally, a Savitzky–Golay temporal filter was used: 
a second-order polynomial was fitted to a sliding window of five 
consecutive time instances, and the filtered value was evaluated at the 
central time point, consistent with the average peak width observed in 
the data. This filter was chosen, as it better preserves peak width and 
height compared to other filters.

3.2. Heat flux determination

The time-dependent heat flux distribution on the surface gives a 
direct indication of the boundary layer state, with a turbulent boundary 
layer yielding a higher heat flux compared to a laminar boundary layer, 
assuming the temperature difference between 𝑇𝑎𝑤 and 𝑇𝑤 to be similar 
in both cases. Based on the assumptions listed below, the heat flux can 
be calculated with the time-resolved, surface temperature distribution 
measured by the iTSP and the thermal properties of the iTSP layers and 
wind tunnel model.

For a 1D heat transfer, which is a common approximation in short-
duration wind tunnels [31,35,48,54–56], the time-dependent tempera-
ture distribution along an axis 𝑧 is determined by [57] 

𝜌(𝑧, 𝑇 )𝑐(𝑧, 𝑇 ) 𝜕𝑇
𝜕𝑡

= 𝜕
𝜕𝑧

(

𝑘(𝑧, 𝑇 ) 𝜕𝑇
𝜕𝑧

)

, (9)

a parabolic partial differential equation with temperature 𝑇 , thermal 
conductivity 𝑘, density 𝜌 and specific heat capacity 𝑐. At any given 
position, the heat transfer is given by (Fourier’s law) [57] 

𝑞̇(𝑡) = −𝑘
𝜕𝑇 (𝑡)
𝜕𝑧

. (10)

These equations can be used to calculate the heat flux on the surface 
of the wind tunnel model coating 𝑞̇𝑤(𝑡) = −𝑘 𝜕𝑇 (𝑡)

𝜕𝑧 |𝑧=𝑧𝑤  with 𝑧𝑤 = 𝑧0 the 
surface location. Before every run, the temperature is assumed to be 
constant throughout the model, which is a reasonable assumption for a 
blow-down tunnel with long equilibration times between runs, and its 
absolute value is determined by thermocouples in the model and the 
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Fig. 8. Layer model of the iTSP with approximate thicknesses.

Fig. 9. Calculated heat flux and the temporal temperature distribution at 
𝑥 = 0.1m, 𝑦 = 0.167m for 𝑅𝑒𝑐 = 6 ⋅ 106, 𝑀 = 0.8, and 𝜆𝜃 = 19.0 ⋅ 10−3.

test section. The time-dependent temperature distribution is acquired 
by iTSP as discussed in Section 2.3.

In general, the thermal properties of a material varies with temper-
ature. Since the total temperature change is small in this investigation 
(change of surface temperature measured to be < 6K for all cases), 
the thermal properties of the iTSP layers and model are assumed to be 
constant with respect to temperature, i.e. 𝜌(𝑧, 𝑇 ) = 𝜌(𝑧), 𝑐(𝑧, 𝑇 ) = 𝑐(𝑧), 
and 𝑘(𝑧, 𝑇 ) = 𝑘(𝑧). Furthermore, the change of these properties with 
respect to 𝑧 is assumed to be constant within one material layer and 
only varies at the layer intersections (piecewise constant) — compare 
with Fig.  8. Further details on the numerical calculation are given in 
Appendix  A.

For the heat flux determination, the images were binned to a grid 
with 137 × 80 grid points (2.5 grid points per mm for the observation 
area) and further filtered with an additional Gaussian filter with kernel 
size 3 × 1 (corresponds to 1.2 × 0.4mm2) in a streamwise direction to 
achieve a sufficient signal-to-noise ratio for the heat flux calculation. 
The calculated heat flux and temperature distribution for a predomi-
nantly laminar boundary layer are presented in Fig.  9. The heat flux 
values are filtered with a running Gaussian filter in time (kernel size 
5). Towards the end of the run (at 𝑡 = 3.1 s to 3.3 s), the spikes in 
temperature and heat flux are caused by turbulent spots, the last one 
of which close to 𝑡 = 3.3 s corresponds to the turbulent spot which 
will be discussed further in Section 4.2. They predominantly appear 
towards the end of the steady test time when the turbulence level 
of the freestream increases slightly [24,39]. The surface temperature 
at around 3.0 s and consequently the wall temperature ratio 𝑇𝑤∕𝑇𝑎𝑤
are close to constant, inferring an expected constant heat flux. The 
determined heat flux is constant for most of the run, demonstrating 
the validity for the choice of the thermal parameters. Further remarks 
on the heat flux determination and a comparison with the semi-infinite 
approximation typical for short-duration wind tunnels [31,35,54] are 
given in [24].
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Fig. 10. Temperature distribution averaged for 3.0 s < 𝑡 < 3.1 s. Flow 
conditions are 𝑅𝑒𝑐 = 7.5 ⋅ 106, 𝑀 = 0.8, and 𝜆𝜃 = 12.9 ⋅ 10−3.

Fig. 11. Heat flux distribution for three streamwise positions at 𝑦 = 0.169m
for 3.0 s < 𝑡 < 3.1 s. The time-resolved heat flux distribution corresponding 
to these conditions is given in supplementary video 1. Flow conditions are 
𝑅𝑒𝑐 = 7.5 ⋅ 106, 𝑀 = 0.8, and 𝜆𝜃 = 12.9 ⋅ 10−3.

3.3. Determination of intermittency

With the high temporal resolution of the surface temperature mea-
surements by means of iTSP, it is possible to directly determine the 
intermittency factor 𝛾 of the boundary layer for every location. Fig.  10 
shows the average surface temperature distribution for 𝑅𝑒𝑐 = 7.5 ⋅ 106, 
𝑀 = 0.8, and 𝜆𝜃 = 12.9 ⋅ 10−3 — a case where the flow transitions from 
fully laminar to fully turbulent within the field of view.

Fig.  11 presents histograms of the calculated surface heat flux at 
three streamwise locations — 𝑥 = 0.08m, 𝑥 = 0.108m, and 𝑥 = 0.13m — 
at a fixed spanwise position of 𝑦 = 0.169m. These locations correspond 
to fully laminar, transitional, and fully turbulent boundary layer condi-
tions, respectively. The level of the heat flux is determined by the heat 
transfer coefficient and the temperature difference between the wall 
and the adiabatic wall temperature. For all test cases considered here, 
the adiabatic wall temperature is lower than the wall temperature, 
resulting in a net energy transfer from the surface to the flow regardless 
of the boundary layer state.

A nearly binary separation is evident in the heat flux distributions, 
with lower heat flux values corresponding to laminar flow and higher 
values to turbulent flow. To categorize the instantaneous heat flux 
measurements objectively, Otsu’s method [58] is applied. This non-
parametric technique, widely used in image processing, identifies a 
robust threshold for bimodal data by minimizing the intra-class vari-
ance across all possible threshold values. Applying Otsu’s method to 
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Fig. 12. Comparison of intermittency distribution with surface temperature 
and 𝜎𝑇  for 3.0 s < 𝑡 < 3.1 s at 𝑦 = 0.169m. Flow conditions are 𝑅𝑒𝑐 = 7.5 ⋅106, 
𝑀 = 0.8, and 𝜆𝜃 = 12.9 ⋅ 10−3.

all instantaneous heat flux measurements yields a threshold value of 
𝑞̇𝑤 = 8.3 kW∕m2. Using this threshold, the boundary layer state is 
classified binary as either laminar or turbulent. The evaluation time 
interval is restricted to 3.0 s < 𝑡 < 3.1 s, during which the flow 
conditions are stable but before additional turbulent spots, caused by 
a higher turbulence level of the freestream, begin to appear in the 
upstream laminar region. A video of the surface heat flux transition 
region at the middle of the evaluation time (𝑡0 = 3.05 s) is presented in 
supplementary video 1. It demonstrates the high-frequency dynamics of 
the transition process over a large streamwise area with sudden bursts 
of turbulent areas (turbulent spots).

Since a calibration of the hot-film data to achieve quantitative wall 
shear stress information is particularly challenging for a compressible 
flow, the concept of quasi wall shear stress is used, as introduced by 
Hodson et al. [59] and utilized by Braune and Koch [60]. It is based on 
the connection between the heat transfer (from hot film to flow) to local 
wall shear stress according to the Reynolds analogy. As the hot-films 
are operated in constant temperature mode (keeping the resistance 𝑅
constant), the quasi wall shear stress can be calculated with 

𝜏𝑞 ∶=

(

𝑈 (𝑡)2 − 𝑈2
0

𝑈2
0

)3

, (11)

with 𝑈 (𝑡) the voltage during a run and 𝑈0 the voltage without flow 
required to keep a constant temperature of the hot-films. Although not 
directly proportional to the wall shear stress, the quasi wall shear stress 
behaves in a similar way and is deemed sufficient for the purposes of 
this study (𝜏𝑞 = ℎ(𝜏𝑤) with a monotonous function ℎ that is close to 
linear). To further determine the intermittency, a similar procedure to 
the one described in Clark et al. [61] was used, which was also utilized 
in several other studies. A detector function is defined as 𝐷𝑖 = 𝑚𝜏′2𝑞,𝑖 with 
𝑚 the relative magnitude of the signal 𝑚 = (𝜏𝑞,𝑖 − 𝜏𝑞,𝑚𝑖𝑛)∕(𝜏𝑞,𝑚𝑎𝑥 − 𝜏𝑞,𝑚𝑖𝑛)
and 𝜏′𝑞 the gradient of 𝜏𝑞 , with 𝜏𝑞,𝑖 the quasi wall shear stress at time 
instance 𝑖. This detector function is smoothed with an exponential 
function with time constant 7 μs and thresholded with a selected value 
of 1 ⋅ 10−8 to attain a binary time series — 0 for a laminar and 1 for 
a turbulent boundary layer. The threshold value was carefully chosen 
and did not significantly influence the results presented below. The 
advantage of using a detector function compared to the quasi wall shear 
stress alone is that it also accounts for fluctuations associated with a 
turbulent boundary layer.

4. Results and discussion

4.1. Laminar turbulent transition

The intermittency factors calculated are presented in Fig.  12, along-
side the results based on the Narasimha [8,14,15] and Johnson [19] 
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intermittency models (which will be labelled in this study as Narasimha
and Johnson models, respectively), the surface temperature, a normal-
ized 𝜎𝑇  distribution and the intermittency factors determined by the 
hot-films. It must be emphasized that the iTSP intermittency distribu-
tion results from a direct determination of time-resolved laminar and 
turbulent periods and does not rely on time-averaged quantities, as is 
often utilized in these flow conditions for thermal imaging.

Fig.  11 shows an overlap in the heat flux values associated with 
laminar and turbulent flow. This overlap arises from random noise in 
the signal and limited temporal resolution. This means some values 
of surface heat flux cannot be clearly associated with a laminar or 
turbulent boundary layer and may be falsely associated. For regions 
near 𝛾 = 0.5, the effects of false detections are expected to cancel each 
other out. Only near the fully laminar and fully turbulent regions is 
the distribution slightly compressed, since values falsely associated to a 
certain boundary layer state will prevent the distribution from reaching 
exactly 0 (for laminar flow) or 1 (for turbulent flow). However, this 
effect is small in the present case due to the high Mach number, 
which results in a high signal-to-noise ratio. The artifacts observed 
near the leading and trailing edges of the iTSP region (𝑥 < 0.078m
and 𝑥 > 0.130m) in Fig.  12 are caused by a decreased signal-to-noise 
ratio toward the edges. The Johnson and Narasimha models in Fig. 
12 are fitted with a least-square algorithm to estimate the transition 
onset and length. The Narasimha model underestimates the distribution 
for values close to 0 and 1 but shows a reasonable agreement in the 
intermediate part. On the other hand, the Johnson model shows a good 
agreement throughout the distribution and seems a better model for 
this investigated test case. As opposed to the model of concentrated 
breakdown as the basis for the Narasimha model that leads to an 
abrupt start but comparably smooth ending of the intermittency levels, 
the Johnson model, which is based on a streamwise distribution of 
turbulent spot initiation points, starts more smoothly. This assumption 
is more appropriate for the environment of KRG (and wind tunnels in 
general) where the disturbance levels are not uniform in time. Their 
amplification will, therefore, lead to laminar-turbulent breakdown in 
different streamwise locations.

The intermittency values determined with the hot-films show a 
similar distribution but with a transition further upstream. (Note the 
intermittency value of hot-film sensor #5 at 𝑥 = 0.106m is questionable 
since this hot-film sensor did not function reliably during the measure-
ment campaign.) This discrepancy of an upstream shifted intermittency 
distribution could be caused by small surface imperfections related to 
the hot-film foil and its installation in the wind tunnel model. As shown 
in Fig.  13(a), the transition location is not uniform in the spanwise 
direction. Since the hot-films are staggered in a spanwise direction, 
each sensor is associated with a different transition location, making 
the interpretation of transition length and shape more challenging.

4.1.1. Standard deviation of iTSP temperature distributions
A further way to quantify laminar-turbulent transition is to inves-

tigate the standard deviation of the surface temperature distribution 
in time 𝜎𝑇  (compare Miozzi et al. [28] and Ashill et al. [62]). This 
method has the benefit of not needing to compute the heat flux, but 
instead utilizing the directly measured quantity of surface temperature. 
For every streamwise location, the standard deviation of the mean 
of the surface temperature time series is calculated. Fig.  12 shows 
the 𝜎𝑇  distribution normalized with the maximum detected 𝜎𝑇  value. 
The 𝜎𝑇  value is higher for the transitional region compared to areas 
associated with fully laminar and fully turbulent flow, which is due 
to the fast drops in surface temperature due to turbulent spots and 
subsequent recovery during passages of laminar flow. The intermittency 
factor is expected to be close to 0.5 at the maximum of the 𝜎𝑇  value, 
which relies on the assumption that the turbulent spots are equally 
distributed [63–65].

The 𝜎𝑇  value is higher in the fully turbulent area than in the fully 
laminar area. One must be cautious with the interpretation as these ar-
eas are associated with different surface temperatures and temperature 
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Fig. 13. (a) Comparison of surface temperature distribution, (b) intermittency 
distribution, (c) standard deviation of temperature 𝜎𝑇 , and (d) average heat 
flux 𝑞̇𝑤, along with the corresponding detected transition locations for (a)–(c). 
A direct comparison of transition locations can be seen in Fig.  14. Time span 
is 3.0 s < 𝑡 < 3.1 s with flow conditions 𝑅𝑒𝑐 = 7.5 ⋅ 106, 𝑀 = 0.8, and 
𝜆𝜃 = 12.9 ⋅ 10−3.

gradients inside the model. Still, it suggests that the turbulent structures 
that cause a large variation in convective heat flux lead to the larger 
standard deviation of the 𝜎𝑇  value.

4.1.2. Surface temperature distribution
Due to the increased heat flux associated with a turbulent flow 

and the ratio between model surface temperature and adiabatic wall 
temperature 𝑇𝑤∕𝑇𝑎𝑤 being larger than one, the surface temperature 
decreases from a laminar to a turbulent boundary layer. This relation-
ship is often used to reliably define a transition location [63] as the 
location of the highest streamwise temperature gradient. To determine 
this location, the procedure described in Costantini et al. [63] serves 
as a basis and is applied to every spanwise position. The temperature 
signal is filtered in space with a uniform filter and a subsequent 
Gaussian filter, both with kernel size of 5%. The maximum gradient 
that lies within 20% to 80% of the minimum and maximum recorded 
temperature is identified as the transition location.

The aforementioned quantities (maximum temperature gradient, 
intermittency distribution, and temperature standard deviation) and 
the averaged heat flux are presented in Fig.  13 for the investigated 
surface area. Furthermore, the transition locations obtained using the 
three methods are shown and directly compared in Fig.  14. All three 
methods show remarkable agreement, with the variation between the 
locations detected by these methods being much smaller than the 
spanwise variations of the transition itself. The transition front is not 
a straight line but appears frayed, this being a consequence of a 
natural transition front for which instabilities are amplified [26,29,40]. 
Spanwise variations in the model contour, of the surface roughness in 
the leading edge region and in the freestream properties may lead to 
different amplifications of boundary layer disturbances, thus causing 
transition onset and extent to vary in the spanwise direction. The total 
variation, in this case, is about 4% of the chord length and is caused by 
the upstream transition in the region 𝑦 = 0.15m to 0.16m. It is probably 
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Fig. 14. Detected transition locations for the direct intermittency determina-
tion, maximum temperature gradient and maximum 𝜎𝑇  for 3.0 s < 𝑡 < 3.1 s
with flow conditions 𝑅𝑒𝑐 = 7.5 ⋅ 106, 𝑀 = 0.8, and 𝜆𝜃 = 12.9 ⋅ 10−3.

Fig. 15. Intermittency distribution and non-dimensional temperature and heat 
flux distribution for 3.0 s ≤ 𝑡 ≤ 3.1 s at 𝑦 = 0.169m with flow conditions 
𝑅𝑒𝑐 = 7.5 ⋅ 106, 𝑀 = 0.8, and 𝜆𝜃 = 12.9 ⋅ 10−3.

caused by a surface defect in the leading edge region or close to the 
iTSP surface. In fact, when applying the active layer (see Section 2), the 
regions that are not meant to be coated are masked with masking tape. 
When it is removed, occasionally, the interface between areas without 
and areas with an active layer may not be perfectly smooth. Although 
the total thickness of the active layer is below 1 μm, this could be much 
larger at the edges if the paint runs up the masking tape. Therefore, 
the edges were carefully treated to remove large irregularities. Because 
the active layer of the iTSP cannot be sanded conventionally, some 
smaller irregularities might still persist, causing a transition further 
upstream for the high Reynolds number cases. (This aforementioned 
defect, however, could not be identified upon visual inspection after 
the test campaign.)

For the spanwise region 𝑦 = 0.16m to 0.18m the variation in 
transition location is much smaller, being around 1%. For both the 
𝜎𝑇  value and the maximum temperature gradient, the measured loca-
tions are influenced by interference from the presence of the marker 
located at 𝑦 = 0.163m; this has a great influence on the measured 
surface temperature and cannot be fully compensated for (compare 
Section 2.3). There is only a minor influence of the markers on the 
determined intermittency distribution and heat flux (compare Figs. 
13(b) and 13(d)) or on the properties of the turbulent spots.

The streamwise evolution of the boundary layer condition can fur-
ther be evaluated with a non-dimensional average surface temperature 
and average heat flux distribution. The non-dimensional temperature 



B. Dimond et al. Experimental Thermal and Fluid Science 177 (2026) 111781 
Fig. 16. Surface heat flux distribution for an isolated turbulent spot with 𝑅𝑒𝑐 = 6 ⋅ 106, 𝑀 = 0.8, and 𝜆𝜃 = 19.0 ⋅ 10−3 at 𝑡 = 3.2944 s. A video of the presented spot 
passage is presented in supplementary video 2. Flow is from top to bottom.
distribution is defined here as 

𝑇 ∗ =
𝑇 − 𝑇𝑙𝑎𝑚
𝑇𝑡𝑢𝑟 − 𝑇𝑙𝑎𝑚

(12)

and 𝑇 ∗ is 𝑇 ∗ averaged over the respective time span. 𝑇𝑙𝑎𝑚 and 𝑇𝑡𝑢𝑟
are calculated as an average over the respective time span of the 
first and last ten grid points (0.0765m < 𝑥𝑙𝑎𝑚 < 0.0805m and 
0.1275m < 𝑥𝑡𝑢𝑟 < 0.1315m) respectively, where the boundary 
layer is expected to be fully laminar or fully turbulent. Accordingly, 
a non-dimensional heat flux can be defined analogously as 

𝑞̇∗𝑤 =
𝑞̇𝑤 − 𝑞̇𝑤,𝑙𝑎𝑚

𝑞̇𝑤,𝑡𝑢𝑟 − 𝑞̇𝑤,𝑙𝑎𝑚
(13)

with the average laminar and turbulent heat flux 𝑞̇𝑤,𝑙𝑎𝑚 and 𝑞̇𝑤,𝑡𝑢𝑟 and 
the average value 𝑞̇∗𝑤 calculated as above. According to Dhawan & 
Narasimha [8] and Chen & Thyson [66], the non-dimensional time-
averaged heat flux is equivalent to the intermittency distribution. Con-
trary to their proposal, the laminar and turbulent heat flux level is 
taken to be constant here rather than as function of the streamwise 
coordinate. Evaluating flow conditions that result in a fully turbulent 
or laminar boundary layer for the field-of-view yielded only a small 
streamwise change in surface heat flux, within the uncertainty range of 
the present measurement technique. The non-dimensional temperature 
and non-dimensional heat flux distributions are presented in Fig.  15 
along with the direct intermittency and the corresponding fitted John-
son distribution. The averaged surface temperature is well below the 
intermittency curve for the latter stages of transition; this is considered 
to be due to the specific working principle of KRG. When the flow is 
established in the early stages of the run, the transition location moves 
upstream until it reaches a quasi-steady state for the remainder of the 
run. Therefore, the regions far downstream will generally be cooler 
compared to turbulent regions closer to the transition region, since 
there was a longer time span with a high heat flux to cool the iTSP and 
the underlying layers. Using the streamwise temperature distribution 
to detect the onset and end location of the transition region (like 
presented by Weiss et al. [67]) depends on the temperature history, 
and may therefore be unreliable in this case or in generall cases with 
a moving transition front. In contrast, the detected transition location 
(corresponding to 50% intermittency — determined via the maximum 
surface temperature gradient method) is reliable in this case and shows 
good agreement with the other techniques.

4.2. Turbulent spots

4.2.1. Turbulent spot traces
Fig.  16 shows the surface heat flux distribution for an isolated 

turbulent spot with 𝑅𝑒 = 6 ⋅106, 𝑀 = 0.8, and 𝜆 = 19.0 ⋅10−3 recorded 
𝑐 𝜃
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at 20 kHz. A video of the spot passage corresponding to the snapshots 
provided in Fig.  16 is provided in supplementary video 2. Note, that in 
contrast to many previous studies, this turbulent spot is not artificially 
created but is a naturally occurring spot. It originates upstream of 
the observation area through the interaction of freestream turbulence 
and model surface and grows in a streamwise and spanwise direction 
as it propagates downstream. The presented turbulent spot is one of 
many isolated turbulent spots found throughout the measurement cam-
paign. The properties and interactions between each other are further 
discussed in more detail in Dimond [24]. In this case, the heat flux 
is representative of the convective heat-transfer coefficient since the 
temperature difference between wall temperature and adiabatic wall 
temperature is essentially close to constant throughout the passage of 
the spot. The heat flux is, therefore, a direct representation of the state 
of the boundary layer. The general downstream-pointing triangular 
shape is visible. The leading edge tip is seen to be pointed, at least 
within the limitations of the image resolution. The wing tips of the tur-
bulent spot are rounded, in contradistinction to the idealized triangular 
shape. This effect has also been observed in numerical calculations for 
supersonic flows [18,68]. The trailing edge interface is mostly flat, but 
with some bulges.

There is only a faint appearance of a calmed region on the heat flux 
level that can be seen trailing the turbulent spot in Fig.  16. A better 
visualization is given in Fig.  17: There is an area of increased heat flux 
compared to the values observed in the purely laminar boundary layer 
between 0.08m ≤ 𝑥 ≤ 0.10m. The calmed region is expected to span 
about the same duration as the turbulent spot itself [69] and, therefore, 
should cover a significant streamwise portion in images 16(b) to 16(d). 
Van Hest et al. [70] stated the length to be between one- and two-times 
the length of the spot itself, depending on the pressure gradient. In this 
case the observable calmed region is shorter than one spot length which 
could be partly due to the uncertainties of the heat flux determination. 
The heat flux intensifies throughout the spot, and reaches its maximum 
towards its trailing edge. This finding agrees well with the findings of 
Hogendoorn et al. [71], who examined the heat flux of turbulent spots 
for flow at 𝑀 = 0.33. It is also in line with the expected wall shear 
stress increase towards the trailing edge [68].

Fig.  18 shows the surface temperature and heat flux temporal 
development for the turbulent spot presented above at one location (𝑥 =
0.1m and 𝑦 = 0.168m). An uncertainty range for the presented values 
can be estimated by evaluating the standard deviation of the values for 
a time range with no turbulent spots and short enough for the heat flux 
and surface temperature to be approximately constant (𝛥𝑡 < 0.01 s — 
compare Fig.  9). Evaluating the time range 3.1 s ≤ 𝑡 ≤ 3.11 s yields a 
standard deviation of 𝜎𝑞̇𝑤 = 1.6 kW∕m2 and 𝜎𝑇 = 0.016K.

The location of the trailing edge of the turbulent spot correlates with 
the minimum of the temperature distribution. The four consecutive 
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Fig. 17. Streamwise heat flux distribution for a turbulent spot presented in 
Fig.  16 with 𝑅𝑒𝑐 = 6 ⋅ 106, 𝑀 = 0.8, and 𝜆𝜃 = 19.0 ⋅ 10−3 at 𝑡 = 3.294 25 s. 
Colourmap as in Fig.  16. The streamwise distribution in (b) is averaged 
between the two blue lines indicated in (a). Flow is from the left.

Fig. 18. Heat flux (green) and temperature (blue) temporal development for 
the turbulent spot previously presented with 𝑅𝑒𝑐 = 6 ⋅ 106, 𝑀 = 0.8, and 
𝜆𝜃 = 19.0 ⋅ 10−3 at 𝑥 = 0.1m and 𝑦 = 0.168m and 𝑡0 = 3.2936 s.

data points representing the inside of the turbulent spot (3.2944 s ≤
𝑡 ≤ 3.294 55 s), corresponding to four separate image snapshots, have 
a roughly constant heat flux, the maximum being towards the end of 
the spot. Due to the high noise floor in the heat flux signal, the calmed 
region is not clearly distinguishable here.

4.2.2. Comparison with hot films
Fig.  19 shows the quasi wall shear stress 𝜏𝑞 for a typical example 

of a turbulent spot recorded with hot-film sensor 3 for flow conditions 
𝑅𝑒𝑐 = 6 ⋅ 106, 𝑀 = 0.8, and 𝜆𝜃 = 19.0 ⋅ 10−3. As the leading edge arrives, 
𝜏𝑞 increases sharply from its laminar level until it reaches its turbulent 
level, which indicates the turbulent spot has eventually covered the 
whole extent of the hot-film sensor. The gradient of 𝜏𝑞 occurs since it 
takes some time for the turbulent spot to cover the whole spanwise 
extent of the sensor. In this case, the turbulent spot covers the sensor 
for about 𝑡 = 0.22ms, during which time 𝜏𝑞 steadily increases. While 
this is to some extent expected, as mentioned above, the magnitude 
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Fig. 19. Sample turbulent spot recorded with hot-film sensor 3 at 𝑡0 = 3.2812 s. 
Flow conditions are 𝑅𝑒𝑐 = 6 ⋅ 106, 𝑀 = 0.8, and 𝜆𝜃 = 19.0 ⋅ 10−3.

Fig. 20. Comparison of two independent turbulent spot traces recorded with 
hot-film sensor 3 (quasi wall shear stress — see Fig.  19) and iTSP at 𝑥 =
0.12m, 𝑦 = 0.168m (heat flux — see Fig.  16). Flow conditions are 𝑅𝑒𝑐 = 6 ⋅ 106, 
𝑀 = 0.8, and 𝜆𝜃 = 19.0 ⋅ 10−3.

is surprising, as 𝜏𝑞 increases around 30% during the passage of the 
spot. This increase is considerably more than observed, for example, by 
Hogendoorn et al. [71] in a flow at 𝑀 = 0.33 (increase of 15% to 20%) 
and may therefore be partly explained with the uncertainty concerning 
the determination and accuracy of the quasi wall shear stress pointed 
out in Section 3.3. One further aspect is the increased heat flux of leads 
and carrier material in the vicinity of the sensor, which increases its 
total heat transfer with a temporal delay, promoted by the comparably 
high over-heat ratio to achieve the desired temporal resolution.

Fig.  20 illustrates the comparison of the quasi wall shear stress of the 
turbulent spot presented in Fig.  19 (spot passage time 0.22ms) and the 
heat flux of a separate turbulent spot recorded with iTSP (spot passage 
time 0.34ms) for the same flow conditions. The time is normalized 
with the time interval from leading to trailing edge passage of the 
spot, 𝑡𝑙𝑒 and 𝑡𝑡𝑒 respectively, 𝑡∗ = (𝑡 − 𝑡𝑙𝑒)∕(𝑡𝑙𝑒 − 𝑡𝑡𝑒). The instantaneous 
intermittency 𝛾∗ is the respective signal with the laminar level set to 0 
and the turbulent level set to 1. Although not representing the same 
turbulent spot, both methods yield the same overall characteristics, 
including the increased value towards the trailing edge of the spot. 
The calmed regions following the respective turbulent spots are clearly 
visible. They extend considerably longer than the spot duration itself 
for the spot recorded with the hot-film and contributes a significant 
amount to the total quasi wall shear stress caused by the turbulent spot. 
A similar behaviour is seen for the iTSP measurements, although the 
signal-to-noise ratio is lower.
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5. Summary and outlook

This study used time-resolved temperature-sensitive paint (iTSP) to 
investigate transitional phenomena at high chord Reynolds numbers 
and high subsonic Mach numbers under favourable pressure gradients. 
A thin iTSP active layer enabled an acquisition rate of 20 kHz, for 
the first time providing the necessary temporal resolution to inves-
tigate unsteady transitional phenomena under these flow conditions. 
Assuming a 1D heat-transfer, it was possible to determine the surface 
heat flux based on the time-resolved surface temperature time series. 
A binary distribution of surface heat flux values was found, which 
allowed the identification of laminar and turbulent boundary layer 
states. This enabled the direct determination of the spatially resolved 
intermittency distribution for the observation area. In a streamwise 
direction the intermittency distribution was found to agree well with 
the theoretical distribution proposed by Johnson & Fashifar [19]. The 
transition locations obtained by determining the maximum gradient of 
the surface temperature in streamwise direction and the location of 
the highest temperature (temporal) standard deviation were confirmed 
to be in excellent agreement with the location of 50% intermittency; 
their difference was mostly well below 2mm in streamwise direction. 
Similarly, the intermittency distributions obtained with hot films were 
in good qualitative agreement with those from the iTSP data analysis, 
although a direct comparison was not possible because the iTSP and 
hot films were situated on different parts of the wind tunnel model. 
The high temporal and spatial resolution of the iTSP made it possible 
to observe and characterize individual turbulent spots. The heat flux 
level obtained with iTSP and the quasi wall shear stress determined 
with the hot films increase towards the trailing edge of the spot, and a 
calmed region following the spot could be observed.

The results demonstrate the capabilities of time-resolved temper-
ature-sensitive paint to non-intrusively capture unsteady phenomena at 
the examined high Reynolds number flow conditions, due to its high 
temporal and spatial resolution. It can be used in future to further in-
vestigate transitional phenomena, which includes specific aspects such 
as properties of turbulent spots or the influence of flow parameters on 
transition location and length. Furthermore, the determination of time-
resolved surface heat flux is of great benefit for numerous applications 
such as hypersonic flight or turbomachinery flows.
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Table A.1
Thermal diffusivity for the materials relevant to calculate the heat flux.
 Material Thermal diffusivity 𝛼 [m2∕s] 
 Maraging steel (1.6359) (Manufacturer information) 5.67 ⋅ 10−6  
 Primer layer [72] 5.8 ⋅ 10−6  
 Base layer [31] 1.09 ⋅ 10−7  
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Appendix A. Heat flux calculations

Eq. (9) is solved numerically with the method of lines based on the 
finite-difference method with a forward differential in time and central 
differential in space with location node 𝑖 and time instance 𝑛. With 

𝜅 = 𝛼𝑚𝑎𝑥
𝛥𝑡
𝛥𝑧2

, (A.1)

where 𝛼𝑚𝑎𝑥 corresponds to the maximum thermal diffusivity (𝛼 =
𝑘∕(𝜌𝑐)) of the layers, the temperature at a given location node 𝑖 and 
time instance 𝑛 + 1 is only dependent on its node and neighbouring 
nodes at time instance 𝑛:

𝜌𝑖𝑐𝑖
𝑇 𝑛+1
𝑖 − 𝑇 𝑛

𝑖
𝛥𝑡

= 1
𝛥𝑧2

[

𝑘𝑖+1∕2𝑇
𝑛
𝑖+1 − (𝑘𝑖+1∕2 + 𝑘𝑖−1∕2)𝑇 𝑛

𝑖 + 𝑘𝑖−1∕2𝑇
𝑛
𝑖−1

]

(A.2)
⇒ 𝑇 𝑛+1

𝑖 = 𝜅
[

𝛼𝑖+1∕2𝑇
𝑛
𝑖+1 −

(

𝛼𝑖+1∕2 + 𝛼𝑖−1∕2
)

𝑇 𝑛
𝑖 + 𝛼𝑖−1∕2𝑇

𝑛
𝑖−1

]

+ 𝑇 𝑛
𝑖

(A.3)

where

𝛼𝑖+1∕2 ∶=
𝑘𝑖+1 + 𝑘𝑖
2𝜌𝑖𝑐𝑖𝛼𝑚𝑎𝑥

(A.4)

𝛼𝑖−1∕2 ∶=
𝑘𝑖 + 𝑘𝑖−1
2𝜌𝑖𝑐𝑖𝛼𝑚𝑎𝑥

. (A.5)

Since the thermal properties are not defined at the interface of the 
different layers, but are considered constant within a layer, 𝛼𝑖+1∕2 and 
𝛼𝑖−1∕2 are set to be the values corresponding to the value of the material 
at node 𝑖 + 1 and 𝑖 − 1, respectively. Note that this is a simplification, 
since it ignores the thermal contact resistance and assumes perfect 
heat transfer between two layers. This simplification is nevertheless 
reasonable, since the layers are spray painted, which reduces their 
thermal contact resistance compared to two touching solids. To en-
able a sufficiently small spatial resolution, a cubic interpolation of 
temperature data is performed in time.

The result of the preceding numerical calculation is then used to 
determine the heat flux according to Eq.  (10) with the time-resolved 
temperature values of two neighbouring grid points in 𝑧-direction at 
the surface (𝑇 𝑡

1 and 𝑇 𝑡
0) and the thermal conductivity of the base layer 

(𝑘 = 𝑘𝑏):

𝑞̇𝑤(𝑡) = −𝑘𝑏
𝑇 𝑡
1 − 𝑇 𝑡

0
𝛥𝑧

(A.6)

Based on values provided in Ozawa et al. [31], an estimate for the 
thermal conductivity of the base layer is given by 𝑘𝑏 = 0.202(16)W∕(m ⋅
K), but this value varies in other publications.
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The simplification of using a one-dimensional approximation is 
justified as the temperature gradient in the streamwise direction on the 
surface is much lower than the temperature gradient toward the inside 
of the model. For a typical case, this difference is more than two orders 
of magnitude (0.4K∕mm compared to 50K∕mm) in the region of 50%
intermittency, and even more outside this region. Therefore, expanding 
the calculations to a full 3D model is not expected to alter the results 
significantly. However, this assumption may not be valid for a much 
thinner base layer than considered here, or for longer times.

The thermal properties of thin layers are not easy to determine. 
They can vary depending on the thickness of the layer and depend 
on the layer interfaces, as these can have a significant influence on 
the thermal diffusivity. Table  A.1 lists the thermal diffusivities 𝛼 used 
to determine the heat flux. The most important value is that of the 
base layer, as this contains the largest temperature gradient over its 
thickness. However, several differing values are reported in literature, 
determined directly and through in-situ calibration [31,54].

 Abbreviations
 CMOS Complementary Metal-Oxide-Semiconductor
 COCO Compressible flow boundary layer solver
 iTSP fast-response Temperature-Sensitive Paint
 KRG Cryogenic Ludwieg-Tube Göttingen
 LED Light-Emitting Diode
 MHFS Multiple Hot-Film Sensor array
 PaLASTra Test model name: flat Plate for the Analysis 

of the effect on LAminar-turbulent transition of 
Surface imperfections, wall Temperature ratio 
and pressure gRAdient

 ToPas Three-dimensional optical Pressures analysis 
system

 TSP Temperature-Sensitive Paint
 Latin letters
 𝑞̇∗𝑤 Non-dimensional surface heat flux
 𝑞̇𝑤 Surface heat flux (W/m2)
 𝑐𝑝 Specific heat capacity at constant pressure 

(J/kg  K)
 𝑐𝑙𝑒, 𝑐𝑡𝑒 Leading and trailing edge celerity of turbulent 

spots (m/s)
 𝑐 Chord length (m)
 𝑔(𝑃0) Spot production function at point 𝑃0
 𝐼+, 𝐼− Intensity at temperature 𝑇 + 𝛥𝑇  or 𝑇 − 𝛥𝑇
 𝐼 Luminescent intensity
 𝑘 Thermal conductivity (W/m K)
 𝑀 Mach number, based on freestream velocity and 

freestream speed of sound
 𝑛 Turbulent spot production rate per unit length 

(1/m)
 𝑅𝑒𝑐 Chord Reynolds number, based on chord length, 

freestream velocity, and freestream kinematic 
viscosity

 𝑅 Dependence volume (spot sweep volume), Re-
sistance (Ω)

 𝑆 Temperature sensitivity of TSP (%/K)
 𝑇 ∗ Non-dimensional surface temperature
 𝑇𝑤 Surface temperature (K)
 𝑇𝑎𝑤 Adiabatic wall temperature (K)
 𝑡 Time (s)
 𝑈 (𝑡) Hot-film voltage during run
 𝑈0 Hot-film voltage without flow
 𝑈∞ Freestream velocity (m/s)
 𝑥25, 𝑥75 Streamwise locations with 𝛾 = 0.25 and 𝛾 = 0.75
 𝑥𝑔,𝑚𝑎𝑥 Streamwise location of maximum spot produc-

tion
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 𝑥 Streamwise coordinate (m)
 𝑦 Spanwise coordinate (m)
 𝑧 Wall-normal coordinate (m)
 Greek letters
 𝛼 Spot spreading angle (rad), Thermal diffusivity 

(m2/s)
 𝛾 Intermittency factor
 𝜅 𝛼𝑚𝑎𝑥

𝛥𝑡
𝛥𝑧2

 𝜆𝜃 Streamwise pressure gradient parameter
 𝜈 Kinematic viscosity (m2/s)
 𝜌 Density (kg/m3)
 𝜎𝑇 Standard deviation of surface temperature over 

time
 𝜎 Emmons’ dimensionless spot propagation pa-

rameter
 𝜏𝑞 Quasi wall shear stress (non-dimensional)
 𝜃 Momentum thickness (m)
 𝜉 Dimensionless streamwise coordinate

Appendix B. Supplementary data

Supplementary material related to this article can be found online 
at https://doi.org/10.1016/j.expthermflusci.2026.111781.

Data availability

Data will be made available on request.
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