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Abstract

This paper reports on the visualization of non-stationary thermal fields for two experi-
mental problems with different temporal and spatial scales using high-resolution infrared
(IR) thermography. We study: 1. the near-wall region of the impinging non-isothermal liquid
jet and 2. the heat fluxes from the shock-tube walls during the passage of the shock wave.
These are the high-speed fluid dynamic processes, and their study involves obtaining and an-
alyzing large amounts of visual data.

For the non-isothermal mixing of an impinging water jet, the flow is analyzed in the re-
gion near an IR-transparent wall. The thermograms of non-isothermal vortex flow in the
near-wall region are presented. The energy spectra of temperature pulsations are computed
for various regions of the wall-jet flow. In the gas-dynamic experiment, the thermal response
of the shock tube wall to the shock wave propagation is studied. The infrared imaging of sur-
faces with different thermal conductivity and emissivity is conducted.

The approaches are discussed for optimizing the registration and analysis of large ther-
mographic datasets.

Keywords: infrared thermography, post-processing, thermal radiation.

1. Introduction

When studying dynamic processes in plasma, gases, liquids and multiphase media with pano-
ramic methods based on modern digital cameras, problems arise due to the presence of large
arrays of digital data which carry useful information about the physical processes being stud-
ied. With the constant improvement of digital equipment, the amount of information received
by the researcher also increases. In each experiment, tens of thousands of new images can be
obtained that are of interest to researchers and the scientific community, provided that they
are analyzed and interpreted correctly from a physical point of view. This leads to new tasks
related to the storing, systematization, processing, analysis, and presentation of the results of
a visual experiment.

A large amount of information and the development of technologies for storing and transmit-
ting it has contributed to the introduction of machine learning into the analysis and pro-
cessing. However, when getting new knowledge about the object of research in unique exper-
imental conditions, the connection of machine learning is still problematic [1]. This is espe-
cially true for problems for which a numerical solution is not yet available, and it is difficult to
obtain the initial synthesized data necessary for training. In addition, machine learning is still
quite resource-intensive for general use and does not always produce better results than clas-
sical methods of analyzing visualized data.


https://doi.org/10.26583/sv.12.5.02
mailto:znamen@phys.msu.ru
mailto:shagiyanova@physics.msu.ru
mailto:koroteeva@physics.msu.ru
mailto:muratov583@gmail.com
mailto:pa.ryazanov@physics.msu.ru

The development of a new generation of thermal imaging technology made it possible to reg-
ister two-dimensional thermal fields in dynamics with high spatial and temporal resolution.
In this paper, we consider some results obtained with medium-wave infrared (IR) shootings
using data processing programs.

Thermography is widely used for the study of heat flows from the surfaces of solids [2, 3] and
in hydrodynamics [4, 5]. Another application of thermography is the registration of thermal
fields on the surface of a liquid [6 — 9]. Water absorbs medium-wave IR radiation in a thin
submillimeter layer, this effect allows you to visualize structures on the surface of the liquid.
In the literature, there are mainly works devoted to slow flows with small Reynolds numbers
or stationary flows. For the study of liquid media, infrared thermography is often used simul-
taneously with other imaging methods, such as PIV or tomography [10].

In [11], the structure of a free liquid jet falling on a metal plate was analyzed using IR ther-
mography and digital anemometry based on particle images. The combined use of medium-
wave and near-infrared thermography [12] is used for the study of liquid films. In these
works, thermographic data reflect the properties of the flow at the gas-liquid interface, or the
result of the influence of the submerged flow.

Thermal imagers have proven their effectiveness in analyzing the dynamics of complex non-
isothermal flows due to the possibility of high-speed shooting — the registration frequency
can reach several kHz depending on the spatial resolution. Modern devices have high sensi-
tivity (up to 20 MK) [13], which is successfully used for studying heat transfer, in particular,
caused by turbulent flow.

Previously, a method for thermography of high-speed flows was proposed [14]. As a result of
its application to the study of a number of model jet flows, large experimental data amounts
were obtained. The method involves thermal imaging registration through the IR-transparent
wall of the reservoir from the boundary layer of the liquid. In this case, the flow movement
indicator is a turbulent vortex structure with different temperatures. The quantitative data
obtained by the proposed method for turbulent boundary layers of jet flows can be used, in
particular, for numerical calculations when verifying the results of numerical simulation of
turbulent flows [15].

2, Thermal imaging registration

Most currently used thermal imagers operate in the medium-wave (3 - 5 microns) and long -
wave (8-14 microns) spectral bands. In this work, a FLIR SC7700 thermal imaging camera
operating in the medium-wave IR range of 3.7-4.8 microns was used for panoramic registra-
tion of dynamic thermal fields. This device has a high temperature sensitivity (NETD) of up to
20 MK. For full-frame mode (640x512 pixels), the maximum shooting frequency is 115 Hz
and with limited resolution is to 400 Hz. The spatial resolution for the described experiments
is 0.08 - 0.15 mm / pixel.

Increasing the volume of obtained results has led to a new problem — the problem of a ration-
al approach to the registration, processing and storage of visualization data arrays. For the
thermal imager shooting with a duration of t = 1 s at a frequency of f = 295 Hz and a spatial
resolution of 348x344 pixels takes 60 MB. The choice of a short time interval for registration
is only possible for the study of stationary flows. When analyzing non-stationary flows, a
long-term survey is required to ensure continuous recording of the non-stationary phase of
the process. Thermal imaging “film” with a duration of t = 600 s at f = 100 Hz and a maxi-
mum resolution of 640x512 pixels takes up about 40 GB.

3. Examples of post-processing of dynamic thermal fields

This paper demonstrates the use of infrared thermography for the study of two dynamic pro-
cesses of different types in different time and space ranges: turbulent jet flow of a liquid and
the passage of a shock wave in a gas. The study of non-isothermal mixing of a liquid on the
surface of an IR-transparent wall allows us to study the hydrodynamic structure of the flow



based on the obtained data on thermal pulsations in the near-surface region of an impact
submerged jet. When a shock wave passes through the channel, a thermal response is regis-
tered on the solid wall of the gas-dynamic stand. Both tasks are connected with panoramic
registration of the flow field and obtaining, processing, and analyzing a large amount of visual
information. Initial processing was performed using FLIR Altair software. Then, in accord-
ance with the given task, approaches for quantitative analysis of data sets were chosen.

3.1. Wall area of an impact non-isothermal liquid jet

Most experimental studies on the heat exchange of jets with a solid wall are based on the reg-
istration of the thermal field of the wall itself. Measurements in the medium face limitations
of the method, such as the finite thickness of the laser knife, or its use near the wall in the
presence of large gradients. Infrared thermography allows you to visualize directly the wall
layer of turbulent fluid flow through an IR-transparent window.

In this paper experiments were performed for nozzles D = 1-4 mm, flow rates vje: = 0.7-10
m/s and Reynolds numbers Reje: = 5000-35000, calculated for values at the exit of the nozzle.
The distance from the nozzle section to the impact surface varied H/D = 1-6. Registration was
conducted through an IR-transparent window with a thickness of 2 mm made of calcium flu-
oride with a transmission capacity of more than 90%.

It is known that in the wall area of the impact jet, three characteristic flow areas can be dis-
tinguished: the area of flow inhibition, the wall area of flow and the area of flow separation.
Post-processing of thermographic films allows us to identify patterns in the dynamics of pa-
rameters in certain flow zones.
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Fig. 1. (from left to right) instantaneous thermogram, averaged thermogram (N = 256 frames)
and temperature profiles along line 1 for different flow rates for H/D = 2.

The stationary component of the non-isothermal flow near the impact surface is visualized
using averaged thermograms and temperature profiles. In the area of flow deceleration, the
normal velocity to the collision surface reaches zero, the temperature profile reaches a plat-
eau. The shape of the profile depends on the diameter of the nozzle and the distance from the
nozzle to the impact surface, and the height depends on the Reynolds number (Fig. 1). In the
area of flow deceleration, temperature pulsations are practically not observed (point 1 in Fig.
2).
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Fig. 2. An example of a thermogram and a time base of the temperature at four different dis-
tances from the stagnation point: R/D = 0.2, 1.5, 3 and 5.



The transition region of the impact jet flow is studied on the basis of registration of non-
stationary fields of liquid temperature pulsations. Figure 2 shows an example of a time base
of temperature ripples at four different distances (R) from the stagnation point. The observed
temperature fluctuations are compared to the mixing process of liquid isothermal elements,
since the characteristic times of turbulent mixing are much less than the times of thermal
conductivity and natural convection.

The structures in the wall flow are visualized (Fig. 3), obtained by subtracting the average
frame: their shape and location in the transition region can give information about the vortex
mixing of the wall layer. The size and shape of the structures depend on the parameters of the
circular jet flow: The Reynolds number Rej.: and the relative distance from the nozzle slice to
the impact surface H/D [19].
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Fig. 3. Instantaneous thermograms of the wall area of the impact jet obtained by subtracting
the average frame for Rejer = 8390, 16130, 22770 and H/D =1, 2, 4, 6.

The calculation of mean-square pulsations of intensity [20] in the boundary layer of the lig-
uid was also performed, and the values of the radius of maximum pulsations were obtained.

Processing of the received arrays of visual data is performed by constructing thermal ripple
spectra of the turbulent boundary layer of the liquid. At the selected points of the flow, time
scans of temperature pulsations are registered, which are used to construct energy spectra in
the frequency range from 1 to 150 Hz. By their shape and comparison with known turbulence



models, we can speak about the features of flow regions and laminar-turbulent transition.
Examples of energy spectra in characteristic areas of the impact jet flow (D = 3 mm, H/D = 3,
Vjet = 2.4 m/s, Rejer = 7700) are presented in figure 4.
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Fig. 4. Typical energy spectra of temperature pulsations at three selected flow points at differ-
ent distances from the flow stagnation point: 1 - R/D ~ 0;2-R/D ~ 4;3-R/D ~ 8.

The criterion for analyzing energy spectra in this study is their slope calculated using the least
squares method. When the flow propagates from the stagnation point in the radial direction,
the wall flow is affected by vortex structures of different scales from the outside, changing the
turbulent properties of the flow in the visualized area. An example of 3D visualization of the
spectrum slope map is shown in Fig. 5. The color corresponds to the value of slope, and in
general the surface has a bell-shaped form. At a distance of 3-6 relative diameters from the
impact site, it becomes possible to distinguish a section that is comparable to the classical
power law of Kolmogorov "-5/3" and corresponds to the appearance of an inertial interval

[21].

Fig. 5. Power slope map of the near-wall region of the impact submerged jet (on the right) for
the 10*10 R/D region (presented on the left).

Another method of post-processing of thermographic data arrays is tracing with heat points,
which is considered in [22]. Velocity fields of turbulent non-isothermal fluid flows are ob-
tained using cross-correlation algorithms.

Preliminary analysis of typical process times and spatial scales is necessary to optimize the
survey parameters. Choosing the time of registration, frequency of shooting, spatial resolu-
tion, as well as the method of processing results in accordance with the task statement and
the specific area of flow will lead to a rational use of resources. Based on the results of the
analysis of experimental data, the process of post-processing can be represented as a diagram
(Fig. 6).
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Fig. 6. Scheme of working with experimental data.

3.2. Shock wave heating of the wall of the channel

In this problem, thermal imaging was used to study changes in heat flows from the wall of a
rectangular channel of a shock tube with a cross-section of 24x48 mmz2; the dynamics of heat-
ing of the side and end walls of the channel after the passage of a shock wave was obtained.
The optical axis of the IR registration was directed perpendicular to the main axis of the
shock tube (Fig. 7); radiation was recorded from the regions of the vertical copper wall of the
tube 24 mm high and 2 mm thick in the section of the low-pressure chamber. The dynamics
of heating of the outer wall due to thermal conductivity after the passage of a shock wave in
the channel was studied. The flow temperature in the channel behind the shock wave was de-
termined based on the Rankine — Hugoniot conditions [23].

By varying the materials of the diaphragm, as well as the initial pressures in the high and low
pressure chambers, a wide range of Mach numbers in the shock tube is achieved. The dura-
tion of the passage of the shock-heated flow beside the registration area was 300-400 ps, af-
ter which the contact surface and the rarefaction wave passed.

Fig. 7. Experimental installation for a gas-dynamic stand.



The thermal imager registered radiation from 5 survey areas, which were materials with dif-
ferent thermal conductivity and emissivity deposited on the side surface of the pipe. Coatings:
1 - layer blackened with matte aerosol paint, 2 - black electrical tape, 3 - white masking tape,
4 - a clean surface of the copper pipe and 5 - layer blackened with a marker. Figure 8 shows
an instantaneous thermal image of the shock tube wall.
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For Mach numbers from the range M = 1,9 — 3,5, thermal imaging films with a duration of 5
seconds and a volume of 350 MB were recorded. The shooting frequency was maximum (up
to f = 400 Hz) due to the small characteristic times of processes inside the channel. Processes
caused by the thermal conductivity of the channel walls heated from the inside by the flow
were registered. Processing was carried out on the basis of FLIR Altair software. Fig. 9 shows
the curves of dependence on the time of temperature change at the points in the centers of the
five survey zones.

Due to different coefficients of thermal conductivity of coatings, the time and temperature
parameters for survey areas differ (Fig. 9). The fact that the recorded initial temperature of
metal and white tape is slightly higher than other materials is explained by the large value of
the reflection coefficient of these materials. Also, the thickness of the electrical tape and
masking tape does not allow registering a jump in temperature behind the shock wave, while
the temperature change on the two black coatings allowed us to draw an analogy with the
classical X — t diagram for solving equations for the shock tube (Fig. 10).
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Fig. 9. Temperature measurement result for the selected survey areas for the shock wave

Mach number M = 3.5.



The abrupt temperature change in the channel corresponds to complex gas-dynamic process-
es that take place inside the shock tube. The shock wave traveling through the low-pressure
chamber heats and compresses the working gas behind it, forming a so-called “plug”. The
changed parameters of the gas behind the shock wave front, namely, temperature, pressure,
and density, are estimated using Rankine—Hugoniot conditions.

T3

3 2 0

—-\\\—\_—

Fig. 10. The temperature profile in the stream channel.

Figure 10 shows the temperature distribution profile in the channel. The heated and com-
pressed satellite stream that goes behind the shock wave front is closed by a contact surface
that separates the working and pushing gases. This change in heat flow, observed in all areas
of the survey, has some dependence on the Mach number. When analyzing data sets, it was
shown that the temperature change is proportional to the increase in the Mach number of the
shock wave, starting from M = 2.2 (Fig. 11). The minimum time recorded by the thermal im-
ager for the rise of heat flow from the wall behind the passing shock wave is about 10 milli-
seconds for the survey area covered with black aerosol. The change in thermal radiation from
the end surface of the pipe, which occurred as a result of double shock compression when re-
flecting a shock wave, was also studied.
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Fig. 11. The dependence of the temperature changes on the Mach number.

4. Conclusion

The appearance of a new class of recording infrared technology and new ways to store visual
data has led to the accumulation of large amounts of digital experimental data. In this paper,
the methods and results of post-processing and analysis of large-volume visual data are pre-



sented on the example of digital data arrays obtained on two stands — thermophysical and
gas-dynamic — for thermographic visualization of high-speed heat flows.

Based on the analysis of the evolution of dynamic thermal fields in the millisecond range of
characteristic times, pulsations of turbulent hydrodynamic flow of an impacted submerged
liquid jet that occur during non-isothermal mixing near a wall transparent to IR radiation
were studied in a wide range of experimental parameters. Both spatial and temporal charac-
teristics of changing thermal fields obtained during panoramic visualization of the jet impact
area were analyzed simultaneously; special programs were used to process the data arrays ob-
tained.

For the first time, changes in thermal radiation from the side and end surfaces of the channel
during the passage and reflection of the shock wave were registered for the gas-dynamic
stand. Measurements were made for several areas of the channel with different thermal con-
ductivity and emissivity of the wall. It is shown that the minimum time recorded by the ther-
mal imager for the increase of heat flow from the outer surface of the wall when the shock
wave front passes the survey point is about 10 milliseconds. The quantitative dependences of
temperature and time parameters of thermograms on Mach numbers in the range 1.9 - 3.5
(gas temperature behind the shock wave) and the coating material are revealed. The gas dy-
namic flow in the shock tube is close to one-dimensional; the evolution of parameters was
studied with the maximum frequency of shooting, which allowed to resolve processes whose
times are limited by the thermal conductivity of the walls.

In studies involving large amounts of panoramic visualization data, additional preliminary
analysis of hydrodynamic flows is required in order to minimize the number of measure-
ments and the amount of information received:

— refinement of the survey area parameters (minimize the area and time of registration
from the beginning to the end of the process, having previously made an assessment of the
useful area);

— optimization of spatial and temporal resolution of registration (rough estimates - by
the Nyquist—Shannon sampling theorem);

— ensuring synchronization of the equipment with the beginning and the end of the pro-
cess.

In this study, the preliminary analysis and use of complexes for processing digital data arrays
allowed us to obtain new results, minimize the time of the experiment, and limit the con-
sumption of a limited resource of digital equipment.

The work was supported by an RSF grant 18-19-00672.
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