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Abstract

Using the example of a flow around a shallow cavity, the possibilities of liquid-crystal vis-
ualization at subsonic and supersonic flow velocities are demonstrated. To determine the flow
structure at the bottom of the cavity, a coating based on a composition of pure cholesteric lig-
uid crystals (ChLC) was used. To determine the distribution of temperatures and heat fluxes,
thermosensitive films formed by encapsulation of ChLC in a polymer matrix were used.

Based on the experimental results, the influence of the Mach number on the spatial pat-
tern of the flow inside the cavity and the temperature distribution at the bottom of the cavity
was obtained. The pattern of surface streamlines obtained by the LC coating coincides with
that obtained using the oil film visualization. In this case, the LC method makes it possible to
compare the values of shear stresses in different parts of the surface also. It is found that the
occurrence of resonance phenomena leads to restructuring of the flow inside the cavity and a
change in the values of shear stresses. It is shown, that in subsonic flow around the zone of
increased heat transfer is concentrated near the axis of symmetry of the cavity.

Keywords: liquid crystals, shallow cavity, temperature, shear stress, oil film visualiza-
tion, Rossiter fluctuations.

1. Introduction

The study of flow in cavities is one of the classical problems of aerodynamics and is of
great practical importance in the development of flow control methods, optimization of
heat transfer, aerodynamic drag, intensification or attenuation of generated pressure fluc-
tuations. Despite the simplicity of the geometry of a shallow cavity, a complex spatial flow
occurs when it flows around. The structure and flow regime in the cavity depend on the ra-
tio of its geometric dimensions [1, 2], the shape/inclination of the walls [3], the velocity
and direction of the flow [4 — 6], the thickness and state of the boundary layer at the lead-
ing edge [7].

Traditionally, microphones or pressure sensors [2] and hot-wire anemometers [8] are
used to study such flows. In the study of thermal processes on the surface of the model,
thermocouples are used. [3]. Among the panoramic methods for flow investigations, infra-
red thermography (IRT), oil film methods, the method of sublimation coatings, etc. can be
used. When studying complex flows, a combination of various panoramic imaging methods
is effective, the comparison of which makes it possible to increase the reliability of experi-
mental data, especially given the relatively few works devoted to the diagnosis of heat
transfer and surface friction in cavities.

For a more detailed study of thermal processes inside the cavity, liquid crystal (LC)
coatings are of particular interest [9 — 14]. This is due to the possibility of obtaining pano-
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ramic qualitative and quantitative data on temperature, heat flux and their evolution over
time. In addition, LC coatings that are sensitive to tangential stress allow you to visualize
the picture of the limiting stream lines and the distribution of tangential stresses.

The purpose of this work is to test LC methods for visualizing the panoramic distribu-
tion of temperature and surface shear stress using the example of a shallow cavity.

2. Fundamentals of liquid crystal visualization

The main features of liquid crystals (L.C) are the high lability of their structure and ani-
sotropy of physical properties. As a consequence, small external disturbances (tempera-
ture, mechanical stresses, electric and magnetic fields) cause their deformation, which
leads to a change in the orientation of molecules in the layer, their supramolecular struc-
ture and optical properties.

The methods of LC visualization are based on the diffraction of light on the spiral
structure of one of the types of LC — cholesteric LC (ChLC) [15]. Being applied on the sur-
face, this type of LC can form 2 textures: confocal and planar. The confocal texture is char-
acterized by a disorderly arrangement of the optical axes of the cholesteric spiral, and in
the planar texture all the axes of the spirals are oriented in the same direction and perpen-
dicular to the surface on which the coating is applied (Fig.1).
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Fig. 1. The structure of the ChLC (upper row) and the optical response of the LC:
(a) confocal texture; (b) planar texture; (¢) planar texture deformed by tangential shear.

The white light incident on a planar texture is reflected selectively in accordance with
the Wolf-Bragg condition: the wavelength of the selective reflection maximum ‘o = 2nd Sin
0, where n is the average refractive index of light, d = P/2 is the pitch (the period of the dif-
fraction grating), and 0 is the angle between the incident beam and the cholesteric plane.
For the real case with an imperfect planar texture, Lo also depends on the angles of inci-
dence ¢n and light reflection go:

A = Pncos 1 {arcsin (%j + arcsin (%ﬂ
2 n p

In aerodynamic experiments, the temperature, mechanical shear, and pressure simul-
taneously affect the ChLC. At the same time, under the conditions of our experiment, the
influence of pressure can be neglected, since LCs change their properties only when they
are exposed to pressure above 10 atm.

In ITAM SB RAS (Khristianovich Institute of Theoretical and Applied Mechanics, Sibe-
rian Branch of Russian Academy of Science), the coatings based on cholesterol ethers and
a number of acids have been developed and applied, their wavelength of selective reflection
changes both under the influence of the temperature of the surface under study (i.e. the
pitch), and under the influence of deformation induced by a mechanical shear (i.e., the an-



gle of inclination of the spiral optical axis). Figures 2 and 3 show color-temperature de-
pendences of various mixtures of cholesterol esters.
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Fig.2. An example of color-temperature Fig.3. An example of color-temperature
dependences of LC compositions with dependences of LC compositions insensitive
different temperature sensitivities. to temperature .

To protect thermosensitive compounds from the influence of mechanical shear, they
are encapsulated in a polymer matrix. As a result, thermo-indicating films are obtained
that are sensitive only to temperature (Fig. 4 and 5).

The main characteristics of the developed LC films are: the thickness is 20+50 mi-
crons; the temperature range is from -5 to 150 C; the temperature sensitivity is 104 w/cmz2;
the response time 3+30 ms; the life time is above one year.
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Fig.4 Microscopic structure of polymer- Fig.5. Reflection spectrum of pure LC (1)
liquid crystal film. and LCin polymer (2).

Chromatic coordinates in a different color coordinate system are used as color charac-
teristics of the optical response of the LC to a particular effect and for digital processing of
color images obtained in the experiment. As a rule, the conversion of the color coordinate
system from the RGB system to the HSI system (hue, saturation, intensity) is used.

In our experiments, we used the chromatic coordinate — H (Hue). As the local temper-
ature decreases, the LC coatings monotonously change their color from blue to red. Fig. 6
shows a typical dependence of the Hue on the temperature H(T). The dependence of the
hue on the tangential stress in the conditions of an experiment with a coating based on a
mixture of pure cholesteric LC is also described by a polynomial of a low degree. Therefore,
for a qualitative analysis of the flow structure on the model under study, it is convenient to
use Hue maps [16].
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Fig. 6. Typical dependence of hue on temperature H(T).

The qualitative interpretation of the obtained LC thermogramm is based on the corre-
lation of flow characteristics with heat transfer, such as: the area of flow attachment corre-
sponds to increased heat transfer from the surface (relatively cold areas are red), stagnant
areas correspond to the reduced heat transfer (relatively hot blue areas of the surface), etc.
Similarly, under the influence of skin friction in areas with a higher level of tangential
stresses, the wavelength of the reflected light is shifted to the blue region of the spectrum.
In the areas of separation, the color of the coating remains the original. The hue of the LC
optical response is used for calibration and development of LC compositions with the re-
quired metrological characteristics.

3. Experimental conditions

The experiments were carried out in a wind tunnel T-325M ITAM SB RAS with a cross
section of the test section 40 x40 mmz2, which is blow-down type facility. A set of replacea-
ble test sections is available to simulate different speeds of the incoming flow. The subson-
ic test section has a constant cross section and a retaining shutter at the outlet, which al-
lows you to smoothly change the inflow Mach number from 0.3 to 0.7. Supersonic test sec-
tions have a built-in nozzle for a certain Mach number (2, 3, or 4). The Reynolds number
can be changed by changing the total pressure in the wind tunnel pre-chamber. The Reyn-
olds unit number was Re: = 19-10® m in all experiments conducted, except for experi-
ments with a maximum velocity of M = 4, where Re: =21-10° m.

A model of a plate with a rectangular cavity was made of fiberglass and installed in one
of the replaceable side walls of the test section. In the experiments, a cavity with a length of
L = 60 mm, a width of W = 30 mm and a depth of D = 9 mm was used. A cavity with such a
size ratio belongs to the so-called shallow cavity [2], when the ratio of length to depth L/D
is greater than one, and the flow realized in it at /D = 6.7 belongs to the open type.

Visual access to the test section of the wind tunnel was provided by a window with op-
tical glass on the side wall opposite the cavity. Outside the wind tunnel there was a lighting
system and a camera. Fig. 7 presents the experimental scheme and the coordinate system.

To control the level of pressure fluctuations and determine the flow mode in the upper
wall of the test section in the section x/L =1.17 (see Fig. 1 b), a Kulite pressure sensor XCS -
093-25A was installed. To determine the structure of the flow in the cavity, an oil-black
visualization was used, which allows to obtain streamlines on the model surface. For this
purpose, a mixture of spindle oil with soot was used. For better visibility of the streamlines,
the cavity model was painted white. The holding time of the oil-soot mixture in the flow
was determined empirically by recording video for each of the flow regimes.
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Fig. 7. The experimental scheme (front view) (a) and the coordinate system used
in the cavity (b)

In order to verify the data on the structure of the flow in the cavity obtained with the
help of oil-film visualization and to study the influence of the Mach number on it by meth-
ods of liquid crystal coatings, diagnostics of temperature fields was performed. The dura-
tion of the experiment was also controlled during video recording (25 frames per second)
and was no more than 100, sometimes 200 seconds, which allowed us to neglect heat over-
flows according to the model under study. The methods of application, calibration and dig-
ital processing of experimental data obtained using LC are described, for example, in [9 —
15].

Two types of LC coatings were used in the work: a temperature-sensitive polymer-
liquid crystal film and a coating based on a composition of pure cholesterol LCD (CLC)
sensitive to the tangential stress of surface friction.

The thermosensitive film with the bandwidth of the selective reflection region AT =
(15+17) °C was stuck to the model. Pure LCs, sensitive to the tangential stress and insensi-
tive to temperature in the temperature range under study, were applied to the model by
spraying, followed by the creation of a selectively reflecting light planar texture of the ChLC
before each experiment, if necessary. The response time of the LC is 20 — 100 ms, depend-
ing on the composition viscosity.

Prior to the experiment, the cavity model, coated with a thermosensitive film, had a
dark blue color at the room temperature. After switching on the flow, due to cooling, the
color of the LC coating changed in accordance with the local intensity of heat exchange of
the surface with the flow. As the local temperature decreases, the coatings monotonically
change their color from blue to red. At the same time, the hue H decreases almost linearly.

4. Results and discussion

Previously, it was found that in the studied shallow cavity at Mach numbers from 0.3
to 0.75, two types of flow structure can be realized, which correlate with the absence or
presence of generation of high-intensity acoustic fluctuations, called the Rossiter fluctua-
tions [17, 18] (Fig.8). To determine the frequencies of individual fluctuation modes, the
Rossiter formula is derived.

f= Up m-a
L 1
M+ %{
where Uw is the free stream velocity, m is the mode number, k = Uc/Uw is the dimension-
less vortex drift velocity, a is the phase delay (in wavelengths, a < 1) as a result of the time
delay between the moment of collision of the vortex with the trailing edge of the cavity and

the moment of emission of the sound wave. The values of the empirical constants k = 0.57
and a = 0.25 correspond most exactly to the majority of experimental data [19, 20].



Figure 8 shows examples of the signal spectra of the pressure sensor installed on the
side of the cavity under study. The dotted lines on them indicate the frequencies calculated
by formula (1), with the indication of the number of the corresponding mode. The spec-
trum corresponding to a Mach number of 0.3 shows several discrete peaks close in fre-
quency to the first Rossiter mode. On the spectrum corresponding to M = 0.7, a discrete
peak of significant amplitude is observed at a frequency coinciding with the second Rossit-
er mode, which indicates the occurrence of resonant phenomena in this flow regime.

At supersonic flow velocities, pressure fluctuations close in frequency to Rossiter fluc-
tuations are observed only at M = 2. A noticeable difference from the calculated value of
the second mode may be due to the fact that the same values of the empirical constants k
and a in formula (1) were used for the calculation, as for subsonic velocities of the oncom-

ing flow.
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Fig.8. Fourier spectra of the pressure sensor signal.

The first type of flow, when there are no high-intensity fluctuations, is observed at
Mach numbers up to 0.4 and at M = 0.6. The structure of such a flow on the example of M
= 0.3 is shown in Fig. 9a. Here and further, the freestream is directed from left to right.
There is a stagnant zone in the front part of the cavity, occupying about 25% of the length
of the cavity. The flow has a cellular, slightly asymmetrical structure, which may be due to
the non-strict perpendicularity of the leading edge to the velocity vector of the incoming
flow or errors in the manufacture of the model. The reversal flow in the middle part of the
cavity indicates the presence of two main vortices inside the cavity, swirled by the flow. The
absence of shear layer attachment to the bottom also indicates the implementation of an
open type of flow. The attachment line is in position x/L =0.85.

When high-intensity fluctuations occur, a noticeable restructuring of the flow occurs.
These types of flow correspond to the Mach numbers equal to 0.5 and above 0.65. The flow
structure at M = 0.7 is shown in Fig. gb. In such cases, attachment points (sources) arise at
the bottom, from which a comprehensive spreading occurs. The streamlines from these
sources, diverging first in all directions, are carried away by the return flow to the front
wall of the cavity. This structure of the streamlines indicates the formation of toroidal vor-
tices elongated towards the leading edge. In addition, the reattachment line is shifted clos-
er to the rear wall up to the position x/L =0.9.

b)
Fig.9. Flow structure on the cavity bottom. Oil-film visualization M=0.3 (a) and M=0.7(b)



Similar structures are also visualized by the method of an LC coating sensitive to the
surface shear stress (Fig. 10-11).

In addition to the qualitative determination of the direction of the streamlines, unlike
oil-film visualization, these images show a change in the LC coating color. Under the influ-
ence of shear in areas with a higher level of tangential stresses, the wavelength of the re-
flected light is shifted to the blue region of the spectrum. In the areas of separation, the
color of the coating remains the original. A more pronounced change in the color of the LC
coatings at Mach numbers of 0.7 and 2 can be noted. This may be due to an increase in the
shear stress due to the presence of high-intensity fluctuations of the flow parameters inside
the cavity.
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Fig. 11. Picture of the streamlines in 60 and 80 s after the flow was turned off. M=0.7
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At M = 2, the three-dimensional flow pattern in the cavity became noticeably asym-
metric, the observed size of the stagnant region increased compared to subsonic flow veloc-
ities. The yellow color of the LC coating in the spreading zone indicates a lower level of



tangential stresses at such a flow velocity than at M = 0.7. The information obtained using
the LC permits optimally switching to local instrumental measurements on the surface un-
der study (thermocouples, surface sensors).

It should be noted that the change in the distance from the nozzle of the test section to
the cavity, i.e. the thickness of the boundary layer at the leading edge (within the frame-
work of this experiment) does not affect the flow structure (Fig. 12).

Fig. 12. Influence of the distance to the cavity on the flow pattern (M = 0.7)

Let us now consider the results obtained by the method of thermosensitive LC coatings
with a nominal sensitivity range of AT = 15+17 ° C. Figure 13 shows the time dependence of
the optical response of the LC during a start-up lasting about 9o seconds at M = 2. The red
areas correspond to increased heat transfer from the surface to the gas, respectively, the
blue areas correspond to reduced heat transfer. Despite the fact that the temperature dif-
ference during the experiment on the surface of the plate is slightly larger than the dynam-
ic range of the LC used (AT = 2° C) and visually not the entire surface of the plate is painted
at the same time, the temperature imprint of the flow structure of the supersonic flow on
the plate and in the cavity was obtained. Hue maps also show that this range of operating
temperatures of the LC allows you to almost completely obtain the distribution of instan-
taneous temperature in the cavity.

As is known, having a local temperature dependence on time T(X, y, t) under certain
boundary conditions on the surface, it is also possible to obtain the heat flux density.



Fig. 13. Change of LC thermographs during the experiment (from top to bottom) at
M = 2 (left) and corresponding hue maps (right).

Fig. 14 shows the LC visualization of the temperature field and the Hue map at Mach
numbers: 0.7, 2 and 3. It can be seen that the maximum heat transfer at M = 3 occurs in
the regions corresponding to the centers of the spreading areas (see Fig. 11b), despite the
absence of resonance at M = 3. In these positions, the cooling is maximum and the model
has a red color. At the same time, at the subsonic velocity of the incoming flow (M = 0.7),
only one region of increased heat transfer is observed near the center of the cavity, corre-
sponding to the region of increased values of tangential stresses (see Fig. 4b). This may be
due to the redistribution of mass flow at the cavity bottom due to an increase in velocity
and a decrease in flow density, owning to the intensification of heat exchange near the rear
wall due to an increase in the level of fluctuations generated at the rear edge by a faster
mixing layer.



Fig. 14. LC visualization of the temperature field (left) and hue maps at different Mach
numbers (right)

5. Conclusions

The paper presents the results of testing two types of LC coatings (sensitive to temper-
ature or shear stress) and methods of their application to visualize the panoramic distribu-
tion of these parameters on the example of a flow in a shallow cavity.

The use of coatings based on pure LCs makes it possible to obtain surface streamlines
similarly to the oil-film visualization method, while additionally it is possible to qualita-
tively compare the values of shear stresses in different parts of the model.

Both types of LC coatings made it possible to detect the features of the topology of the
near-wall subsonic flow on the surface under study, as well as the structure of the super-
sonic jet and its shape on the surface of the model as a function of time. In addition to to-
pology, the method of thermosensitive L.C films makes it possible to study heat transfer,
which is relevant when used in a number of technological processes.

The results of visualization of temperature fields showed that at subsonic freestream
velocities, the maximum heat transfer takes place in the middle part of the cavity, where
the near-wall flow velocity is maximum. At supersonic speeds, the areas of maximum heat
transfer correspond to the reattachment zones.
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