A st Petersburg Polytechnic University Journal. Physics and Mathematics. 2023. Vol. 16. No. 1.1
HayuyHo-TexHuyeckne Begomoctu CM6IrMy. dusmnko-matematmyeckme Hayku. 16 (1.1) 2023

Conference materials
uUDC 533.6.071.3
DOI: https://doi.org/10.18721/IJPM.161.179

Application of temperature-sensitive paint with two channels for
studying thermal processes in short duration gas dynamic facilities

V.E. Mosharov', V.N. Radchenko', I.V. Senuev', M.A. Kotov ?&

! Central Aerohydrodynamic Institute, TSAGI, Zhukovsky, Moscow Region, Russia;
2Ishlinsky Institute for Problems in Mechanics of RAS, Moscow, Russia
= kotov@ipmnet.ru

Abstract. Specialists from TsAGI have developed a unique two-channel luminescent trans-
ducer, a temperature-sensitive paint that allows the measurement of full-field surface heat
transfer rates in short-duration wind tunnels. The paper contains a description of the features
of the method, its advantages, as well as a brief review of several main results obtained in the
study of complex heat transfer structures under high gas flow velocities.
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Annoramua. Cneuuanuctel  LHAI'M  paspabotanm  yHUKaJbHBIN  JABYXKaHaJbHBII
JIIOMMHECLIEHTHBII ITpeo0pa3oBaTesib TeMIIepaTypbl — TEPMOUYYBCTBUTEIbHYIO KPACKY, KOTOpast
MO3BOJISIET U3MEPSITh TEIUIOBbIE MOTOKM K MOBEPXHOCTU MOJAEIM B adpOAMHAMUYECKUX TPpydax
KpaTKoBpeMeHHOro maeiicTBus. CTaTbsl CONEPXKUT ONMCAaHWE OCOOEHHOCTEH MeToma, €ro
MPEUMYIIECTB, a TAKXKE KPaTKUi1 0030p HECKOJIBKUX OCHOBHBIX PE3YJIbTATOB, TTOJYYEHHBIX TIPU
MCCJIEOBAHUM CJIOXKHOM CTPYKTYpPbl TEUEHMIA B YCJIOBHUSX BBICOKMX CKOPOCTEN HaOEeramolero
razoBOro MoToka.
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Introduction

Luminescent temperature transducers, which are used in aerodynamic experiments to determine
thermal characteristics, are of two types: those based on organic phosphors and those based on
crystal phosphors. In the literature, the first ones are called TSP (temperature-sensitive paint),
and the second TGP (thermographic phosphors). TSPs emerged and developed in parallel with
luminescent pressure transducers (Pressure Sensitive Paint, PSP) as a “co-product”. Sensors
based on crystal phosphors appeared earlier; their scope is not limited to aerodynamics [1].

TSPs are used to study the laminar-turbulent transition of the boundary layer and measure
heat fluxes [2]. In the first case, TSP compete with the thermal imaging method [3, 4], and when
measuring the heat flux, they also compete with thermal melting indicators [5—7]. The sensitivity
of modern thermographic cameras is higher than TSP with a larger dynamic range; it also does
not require the application of a sensitive coating on the model and the organization of model
lighting. However, the spatial resolution of camera matrices is still significantly inferior to CCD
and CMOS matrices. Another disadvantage of the thermal imaging method (as well as pyrometry)
is the influence of external thermal illumination, which can penetrate, for example, from the
test section of a wind tunnel (the metal walls of the nozzle and the working part are mirror
for IR radiation). Also in cryogenic installations (large Reynolds numbers) [8§—10] the surface
temperature of the model is 110—140 K, the thermal imager cannot measure such temperatures.
Finally, most thermal imagers use matrices of bolometers, the information from which is read
sequentially. The non-simultaneity of temperature measurement must be taken into account
when studying fast processes — if the heating time is comparable to the time of reading the matrix,
then the use of a thermal imager is impossible.

Simultaneity of temperature measurement is an important advantage of TSP over melting
temperature indicators. In contrast, TSPs do not absorb energy for phase transition and can be
thinner, which also reduces their heat capacity and allows them to be used in short duration shock
tubes. Also TSP is a reversible sensor, i.e. it is enough to apply TSP only once for the entire cycle
of thermal testing of the model.

This work contains a description of a two-channel TSP developed by TsAGI specialists and
which makes it possible to register the thermal features of short duration high-speed gas-dynamic
flows with particular accuracy. A brief overview of some of the studies performed with this tool is
also provided. There are works where TSP based on organic phosphors are used to measure heat
fluxes and study the transition of the boundary layer in short duration facilities [11—13]. However,
in all works, single-channel (single-color) TSPs are used, which lose in accuracy to two-channel
transducers.

Creation of two channel TSP

The temperature transducer should not feel pressure; the excited state time should be very
small. It is necessary either to provide short-lived fluorescence or to place the phosphor molecules
in a polymer matrix that is impermeable to oxygen [14]. Or, it is necessary to use molecules with
deep-lying transitions that are inaccessible for oxygen quenching. It is desirable to have a high
luminous intensity of the sensor coating with high sensitivity, which means that temperature
quenching should occur in a limited, given temperature range. For short duration shock tubes,
the temperature range of 10-150 °C is of interest. The mechanism of temperature dependence of
fluorescence (internal conversion) can be described as:
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Where v, is the frequency of luminescence light, k,_ is the rate constant of excitation of
luminophore molecules, k. is the fluorescence emission rate constant, ng is the concentration
of luminophore molecules in the ground state, [, is luminescence intensity in the absence of
oxygen or at absolute zero temperature, Q is luminescent sensor volume, k is the rate constant
of nonradiative transitions, / _is the intensity of the exciting radiation, b is distortion factor, AE
is the activation energy of internal conversion, /; is the luminescence intensity in the absence of
temperature quenching at 7= 0 K. The sensitivity is described by the expression:

AE
b~exp(— m )
dl/ - _ Vi AE g1

: (2)
AE, / Yk /T
1+b-exp (— 4T)
If the quantum vyield is not optimized, then the sensitivity can be written as:
dl AE
— =0 3)
dT kT

The activation energy cannot be greater than the energy of the excited state — AE < hvf= hc/xf
I.e. under normal conditions, it is impossible to obtain a high sensitivity of the luminescence
intensity to temperature in a limited temperature range. It is necessary to look for other
mechanisms. Such mechanisms may include concentration quenching or intermolecular energy
transfer, if these processes are controlled by the mobility of molecules in the polymer matrix and,
therefore, are determined by temperature.

The lanthanide ions Ln**" have a rather bright luminescence due to radiative transitions inside
the 4-f shells, and these transitions are inaccessible for oxygen quenching. Good results can be
obtained with the cluster luminescence of one of the Europium complexes (Eu(dbm).phen). Its
molecules practically do not luminesce either in solution or in crystals, but clusters consisting
of several molecules have bright luminescence that is not quenched by molecular oxygen. The
temperature dependence of this luminescence is determined by the mobility of molecules of
Europium complex in the polymer. This allows one to adjust the temperature sensitivity, but all
the imperfections of the polymer (relaxation after polymerization, temperature hysteresis) affect
the calibration characteristic. It means that TSP needs to be calibrated.

Epoxy resin E-41 without polymerization turned out to be the optimal polymer for creating a
converter based on the Europium complex. At temperatures up to 100 °C, the resin remains solid.
The calibration characteristic of such a sensor is shown in Fig. 1, a. Temperature sensitivity can
be changed by adding a plasticizer.
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Fig. 1. TSP calibration curve (a); excitation and luminescence spectra (b)

Many recipes for TSP have been proposed, including the complexes of Europium and Terbium
lanthanides [15—17]. The application methods of TSP and PSP are very close, with the only
difference being that TSP are temperature sensitive and not pressure sensitive, while PSPs sense
both. For accurate temperature measurement, two-channel TSP must be used.

TsAGI specialists developed a two-color TSP containing an additional reference phosphor,
the luminescence of which does not depend on temperature, the Coumarin-7 laser dye. Its
luminescence is used for pixel-by-pixel correction of changes in the intensity of the exciting
radiation. Both phosphors are excited simultaneously from the same light source, but emit light
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in different spectral regions and can be easily separated (see Fig. 1, b). The two-channel TSP
does not exclude a normalization frame at a known temperature of the model to eliminate the
inhomogeneity of the ratio of active and reference phosphors on the surface under study. In this
case, it is necessary to ensure the isothermality of the model and measure its temperature. It is
interesting that the TGP application technique also uses registration in two spectral regions [18].
However, no other two-channel (two-color) TSP have been developed.

As with the PSP, markers must be applied to the surface of the model to match the images
with and without flow from each luminophore. They (with known 3D coordinates) are also used
to transfer the measurement results to the 3D surface of the model.

The central point of the thermal experiment is the choice of the model material. It must
be heat-insulating, homogeneous in terms of thermophysical properties and technologically
advanced. The use of optical methods also imposes additional conditions: optical uniformity of
the surface, light color and opacity. TSP is applied to the surface of the model with a spray gun
like ordinary paint. The layer thickness after drying is 3—5 microns, which makes it practically
invisible and significantly complicates the application process. However, control of the thickness
and uniformity of the coating can be carried out in ultraviolet light. After applying TSP, markers
(black dots) are applied to the surface of the model. More detailed information about the
features of the experiment, the method of application and post-processing of the results can be
found in [19, 20].

Application of TSP at different facilities

1. Wind tunnel UT-1IM TsAGI

In this installation, operating on the principle of the Ludwig tube, a series of experimental
studies of heat transfer on the surface of sharp and blunt plates near a single wedge and near a pair
of wedges was carried out at Mach numbers M = 5-10 and several values of the Reynolds number
corresponding to laminar, transitional and turbulent boundary layer states in front of the wedge.
The research results are presented in [21—24]. The possibilities of TSP are illustrated in Fig. 2, a,
which shows the heat flux distribution on a flat plate between two wedges for two bluntness radii
of the leading edge of the plate at M = 6 and Re = 1.5-10°. It is very difficult to obtain heat flux
information with such a spatial resolution by any other method. Studies of the transition of the
boundary layer on blunt cones were also carried out (Fig. 2, b).
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Fig. 2. Excitation and luminescence spectra of a two-color TSP (a); boundary layer transition on a
cone depending on bluntness ()

2. Wind tunnel AT-303 ITAM SB RAS

Here, TSP was used to study the transition of the boundary layer on a model of a hypersonic
demonstrator. In the studied modes (M = 5.73; 7.75), in comparison with UT-1M, the AT-303
wind tunnel has high stagnation temperatures. Some of the results obtained are shown in Fig. 3,
where the fields of the conditional Stanton number are shown in color. In all launches at M = 5.73
(Fig. 3, a), the heat flux increased approximately twice immediately behind the bow, which can
be interpreted as a transition of the boundary layer. Decreasing Re from 13.8-10° to 9.2-10° results
in a slight downstream shift of the transition. The level of values of the Stanton number on the
line of symmetry in turbulent flow agrees in order of magnitude with the calculated values for a
flat plate. At the Mach number M = 7.75 (Fig. 3, b) at Re = 6.1-10°, a natural transition is also
observed. The experiment in AT-303 is described in more detail in [25].

466



4 Experimental technique and devices

0.0018 0.0016 0.0014 0.0012 0.001 0.0008 0.0006 0.0004 0.0002 0

Fig. 3. St distributions at M = 5.73 (a); 7.75 (b) [25]

3. HAST IPMech RAS

Experiments with TSP have been prepared and carried out to visualize the temperature field on
the surface of models at the HAST IPMech RAS, which functions as shock tube with aerodynamic
section. Results with triple angle semi-wedge imitating scramjet air intake are shown in Fig. 4.
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Fig. 4. Model surface temperature processed data at M = 5.3 (a); 5.5 (b) [26]

Heat transfer structures

Influence of entropy layer generated by blunt plate leading edge on the flow over different
wedge configurations was studied experimentally by means of TSP [27]. It was shown that even
a small bluntness of the plate leading edge considerably changes the heat transfer distributions at
shock wave/boundary layer interaction (Fig. 5, a), and under certain conditions it results in the
change of flow structure (Fig. 5, b, c).

SHARP
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a) b) )
Fig. 5. St distributions at M = 5 gas flow on the sharp and blunt plates with 15° wedge configurations [27]

In [28, 29] a generic inlet with flat walls and rectangular cross section was considered (Fig. 6, 7).
Also the data about an influence of upper cowl on heat transfer and flow structure inside an inlet
are obtained (Fig. 6, 7, b).

The flow around a cylinder mounted on a sharp or blunted plate is experimentally studied
in [30, 31].The results on the flow structure and heat transfer on the plate surface ahead of the
cylinder and in its vicinity are described (Fig. 8). It was founded that heat-transfer coefficient
peak values in interference regions decrease with increases in plate bluntness and distance from
cylinder to leading edge.
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nontransparent cowl
leading edge

Fig. 6. St distributions on the cowl (a) and flow structure on a wedge in the inlet with blunted
cowl (b) [28]

Fig. 7. Results of M = 5 on the plate with (b) and without a cowl (a) [28]
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Fig. 8. Heat transfer picture and the distribution of St along the line of symmetry [30]

Heat transfer over 15° compression corner flow affected by reattachment vortices of
controllable intensity are carried out in [32].The intensity of the vortices was varied by
accurate controlling the height of a spanwise rake of cylindrical pins placed on the plate.
It helped to determine the state of boundary layers at reattachment as close to laminar or
transitional (Fig. 9).

The influence of flow parameters and nose radius of blunt cone on the location of laminar—
turbulent transition is investigated in [33]. It is shown that transition reversal can occur either in
the absence of turbulent wedges or at a constant level of freestream disturbances. Both increasing
and decreasing branches of Re_ (Re_ ,) dependency were observed at constant nose radius while
varying only the unit Reynolds number (Fig. 10).
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Fig. 9. Example distributions of St over compression corner surface showing appearance of
reattachment vortices at rake height growth [32]
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Fig. 10. Transition location determination by St distribution (a@); Panoramic St distributions and its
correspondence to points of Lg (Rem) [33] (b)

Conclusion

TsAGI scientists have created two-channel TSP, which can significantly improve the accuracy
of temperature measurement. On the basis of digital technologies for recording and processing
images, the measurement of thermal parameters of gas on the surface of bodies has been worked
out. A technique has been developed for measuring heat flux fields in short duration gas dynamic
facilities. A brief analysis of some of the results obtained in recent years and demonstrating a wide
range of applications of the developed methodology is presented.
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