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The principles of visualization and measurement of surface temperatures and heat fluxes by the method of liq-
uid-crystal tomography in an aerophysical experiment are described. The properties of polymeric liquid-crys-
tal, heat-sensitive coatings and application of them in subsonic and hypersonic facilities for investigating the
structure of a near-wall flow and aerodynamic heating are considered.
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Introduction. The optical methods of visualization and temperature measurement on a solid surface blown by
a gas flow which are based on the change in the optical properties of thin-film coatings have attracted the attention of
researchers by their simplicity and by the possibility of obtaining a panoramic picture of a temperature field. It is
known that any disturbance of a flow is accompanied by a change of temperature in a boundary layer. Therefore, visu-
alization and measurement of the distribution of temperature near a blown surface allow one to identify such structural
characteristic features of a flow as transition of a laminar flow into a turbulent one, separation and reattachment of
flow, influence of shock waves on a boundary layer, etc. Film coatings altering their optical properties under the ac-
tion of a gas flow make it possible to register temperature distribution over a large area at one instant of time. To the
obvious advantages of these methods one should assign the relative simplicity of preparation of the model surface, not
requiring rather complex piercing of the model for installing various types of probes. Application of film coatings
opens up the way for increasing the informativeness and making an experiment much cheaper.

To date, a common instrument for panoramic visualization and measurement of temperature fields on a sur-
face in an aerophysical experiment are thin-film coatings based on liquid crystals sensitive to temperature [1–3]. This
has become possible due to the introduction of automated digital processing of color images with a high spatial and
temporal resolution and creation of software for secondary processing of information.

Liquid-crystal thermography (LCT) has long been applied for visualizing and measuring temperature fields and
heat fluxes in an aerodynamic experiment [1–4]. The refinement of the method was due to new developments of liq-
uid-crystal materials and creation of respective optical schemes of illumination and registration of a color image and
of the algorithms of processing images for obtaining quantitative results. A wealth of experience has been gained on
application of thin-film coatings in many scientific and engineering applications in various facilities in Japan, the USA,
Russia, Great Britain, and in other European countries. To date, progress in the development of the LCT method in
Russia is due to the works carried out at the S. A. Khristianovich Institute of Theoretical and Applied Mechanics of
the Siberian Branch of the Russian Academy of Sciences (ITAM): a heat-sensitive material has been created and a
method of visualization and measurement of temperature fields and heat fluxes to fit the Institute’s facilities has been
developed.

The present work gives a brief overview of the results obtained: the properties of the polymeric liquid-crystal
films developed at the Institute and the basic principles of application of coatings in aerodynamic experiments at sub-
sonic and hypersonic flow velocities are described.

Polymeric Liquid-Crystal Films. Liquid crystals (LC) constitute a large class of compounds (primarily or-
ganic) characterized by orientational order [5–7]. For temperature indication, cholesteric liquid crystals (CLC) charac-
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terized by a periodic helical structure with a certain pitch are used. Such a structure possesses the properties of a
uniaxial negative crystal. When an unpolarized white light passes through a thin CLC layer with a planar texture (the
helix axis is perpendicular to the surface), it decomposes into two waves with opposite circular polarization. Depending
on the CLC structure (the right helix or the left one), one wave passes as it is, whereas the other is reflected selec-
tively. The effect of selective Bragg reflection appears when the incident-light wavelength is close to the pitch of the
helix. If the helix’s pitch corresponds to the wavelengths of visible range, the surface appears colored. It is this optical
effect of liquid crystals — the temperature dependence of the wavelength of selective reflection on temperature — on
which the LCT method is based.

Since the structural elements of liquid crystals are bound by rather weak dispersion forces, small external ef-
fects (temperature, mechanical shear, electric and magnetic fields) alter the pitch of the helix and respectively the
wavelength of the reflected light. The pitch of the helix depends on the chemical structure of the CLC compounds.
Therefore, in order that the pitch of the CLC helix correspond to the visible-light wavelengths in the assigned tempera-
ture interval, one mixes several compounds with different pitches.

In aerodynamic experiments, an LC coating applied to a surface is subjected to the simultaneous action of
temperature and surface friction. To separate the influence of these two factors on the cholesteric helix pitch when
they are used to measure temperature, it is necessary to protect the LC from the influence of mechanical shear. Among
the means of protection is encapsulation of the LC into a polymeric matrix [8]. The choice of the polymeric matrix
and the method of encapsulation is determined by the conditions of the experiment in which they will be used. The
material formed by encapsulation of liquid crystals can be obtained either in the form of a film or a dispersion of in-
dividual capsules in any isotropic medium.

Heat-sensitive compositions of liquid crystals based on the cholesteryl ester and the technique of their encap-
sulation into a polymeric matrix have been developed at the ITAM. Temperature-indicating films consist of a lawsone
base black in color onto which a temperature-sensitive layer — liquid crystals encapsulated into a polymer — is ap-
plied by the method of coating. The thickness of the temperature-sensitive layer must amount to 10–15 μm.

The working range of the temperatures of the film depending on the LC composition may vary from −10 to
+200oC, with the threshold sensitivity being equal to 5⋅10−4 W ⁄ cm2 .

Method of Application of Temperature-Indicating Films. The technique of using polymeric liquid-crystal
temperature indicators is described in a number of publications [9–11]. Along with the general principles that should
be complied with in using temperature indicators, there exist certain characteristic features in each specific case. First,
it is necessary to approximately know the temperature region in which an LC coating will function. Second, a coating
must not disturb the thermal field of the test surface, i.e., the heat capacity of the test surface must exceed that of the
LC coating. Third, the rate of change of a temperature field must be smaller than the time constant of the CLC coat-
ings used. A temperature-sensitive coating can be formed directly on the test surface by the sputtering technique or by
gluing a prepared film to the surface. Usually in subsonic flows the test surface should be heated beforehand. In ex-
periments, the temperature field of the surface cooled by an encircling flow is visualized. In contrast to subsonic
flows, in hypersonic facilities the heating of the model surface is registered.

The thus-prepared object of investigation is installed in the test chamber of a wind tunnel and is exposed to
white light. The color picture of the temperature field obtained in an experiment is fixed by a video camera.

For quantitative interpretation of the color picture, the temperature-sensitive coating is calibrated. The optical
scheme of a calibrating device must be identical to that employed in a real experiment. Thus, the measurement of tem-
perature is reduced to the measurement of color (calorimetry) in a certain system of tristimulus values. The linear sys-
tem RGB applied in color television is the Cartesian coordinate system constructed in conformity with the
three-component theory of color vision. Since CLC reflect pure spectral colors, this model is not ideal for exact iden-
tification of color. Therefore, for measuring the color of an LC coating, we use the nonlinear HSI system in which a
color is determined by a hue H, saturation S, and intensity I [10]. On change in temperature, the hue H, in contrast
to the coordinates R, G, and B, changes monotonically; therefore the function H(T) can be used for the calibration and
measurement of temperature. Typical calibration dependences of a hue on temperature for mixtures of different com-
positions that characterize their temperature range and sensitivity are presented in Fig. 1. Using the developed pro-
grams of digital processing of images and the calibration dependence of a hue on temperature, one can obtain the
quantitative distribution of temperature on a test surface.
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Below, as an illustration of the possibilities of polymeric liquid-crystal coatings and of the LCT method, we
present the results of the application of this method for investigating the structure of a boundary layer and thermal
heating in subsonic and hypersonic facilities.

Panoramic Visualization of the Near-Wall Flow Structure. The panoramic visualization of the near-wall
flow structure at subsonic flow velocities by the LCT method, the high-temperature sensitivity of this method, and its
informativeness were demonstrated, in particular, in [12–14]. In this paper, as an illustration we present the results of
a parametric investigation of a separation flow on a symmetric profile. The study of separation flows and of the meth-
ods of controlling them is important for engineering applications, since such flows are extensively distributed in prac-
tice. This justifies the great amount of effort that has gone into the study of the instability and transition to turbulence
in the case of separation flows [15–18].

In particular, we have investigated the phenomenon of the appearance of longitudinal structures in the region
of reattachment of a boundary layer on the wing profile installed at a large angle of attack [19]. The interest in the
longitudinal structures appearing in shear flows was due to their substantial role in the process of laminar–turbulent
transition.

Experiments were conducted in the ITAM’s subsonic low-turbulence (Tu < 0.04%) T-324 wind tunnel with
dimensions of the test section 1000 × 1000 × 4000 mm. The investigations were carried out on a model of a symmet-

Fig. 2. LC visualization of the structure of the boundary layer on the leeward
side of the wing without acoustic effect (1) and with its effect of frequency f
= 500 Hz (2) with the flow directed downward, α = 5.6o, U∞ = 10 m ⁄ s.

Fig. 1. Calibration dependences of hue on temperature for the CLC mixtures
of different compositions with the width of the operating region ΔT =
(5–15)oC. H, deg; T, oC.
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ric profile of a wing with a chord of 232 mm, a span of 335 mm, and a relative thickness of 15% for two angles of
attack: 5.6o and 18o. The encircling flow velocity was 10 m ⁄ s.

Investigations were carried out in both a natural case, i.e., in the absence of controlled perturbations, and on
superposition of acoustic disturbances. The latter were produced by a loudspeaker, installed downstream of the model,
to which a sinusoidal signal of definite frequency and amplitude was applied.

The first series of experiments was carried out at an angle of attack of the wing of 5.6o and an encircling
flow velocity of 10 m ⁄ s (Re = 1.5⋅105). In this case, a laminar separation bubble of length along the chord of 50 mm
appears. Behind the bubble, in the region of reattachment, a turbulent boundary layer is formed

Figure 2 presents fragments of the LC visualization of temperature distribution on the wing installed at an
angle of attack of 5.6o for the flow directed downward for the cases of natural and controlled acoustic disturbances
(500 Hz). The LC visualization shows that in the case of natural perturbations in the region with x > 130 mm a system
of longitudinal structures that manifest themselves in the form of longitudinal alternating bands of higher  and lower
temperatures appears. This region corresponds to the concluding stages of the formation of the laminar–turbulent tran-
sition and a turbulent boundary layer and to the accumulation of the disturbances shown by the curve obtained ther-
moanemometrically. The spatial arrangement of structures on the model surface does not change in the course of the
experiment. Investigation of the spectrum of pulsations in a separated boundary layer has shown that the most unstable
modes of this flow lie in the range 300–1000 Hz. On imposition of sinusoidal acoustic disturbances with frequencies
lying inside the given range of instability, the flow structure changes. As compared to the natural case, the position
and characteristic transverse scale of the longitudinal structures alter. The visualized region of the appearance of lon-
gitudinal structures is displaced upstream. Most likely this is due to the displacement of the flow reattachment point,
since the rear boundary of the separating bubble is very sensitive to the level of external disturbances. On assignment
of the frequency of disturbances above the upper limit of the instability range, the flow pattern coincides with that in
the unperturbed case. It is evident that the formation of longitudinal structures in the region of reattachment of the
separated boundary layer is attributed to the development of the instability waves in the mixing layer. According to
the LC visualization data, the length of the wave formed in the region of reattachment of longitudinal structures in the
transverse direction turns out to be approximately equal to the length of the excited instability wave.

At a large angle of attack of α = 18o, results analogous to the previous case were obtained, except for some
differences, viz., to the most enhanced vibrations in the natural case corresponds a frequency region displaced, as com-
pared to the previous case, to the region of higher frequencies from 1500 to 3000 Hz. Without the use of artificial
disturbances the LC visualization of flow at an angle of attack of 18o does not manifest the formation of longitudinal
structures (Fig. 3). In measurements with artificial excitation a frequency of 2500 Hz was used.

Fig. 3. Visualization of the structure of the boundary layer on the leeward side
of the wing without acoustic effect (1) and with interaction at the frequency f
= 2500 Hz (2) with the flow directed downward, α = 18o, U∞ = 10 m ⁄ s.
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The application in the given experiment of polymeric liquid-crystal coatings due to their high temperature sen-
sitivity and the ability to demonstrate a panoramic picture of a temperature field in one experiment made it possible
to reveal stationary longitudinal structures on the upper surface of a straight wing in a subsonic flow. It was shown
that the structures appear behind the separating bubble in the region of flow reattachment. The excitation of such
structures on exposure to acoustic effect at frequencies from the range of flow instability was demonstrated. The char-
acteristic transverse scale of the originating longitudinal structures depends on the frequency of exciting vibrations and
approximately corresponds to the length of the instability wave excited in the boundary layer.

Panoramic Visualization of Temperature and Measurement of Heat Fluxes in High-Velocity Facilities.
The problems of heat protection are determined to a large extent by the state of the boundary layer on the surfaces of
an aerospace vehicle. The numerical methods of solving problems with a boundary layer are still limited, and their
creation and development are retarded in a number of cases by the absence of reliable experimental data that could in
full measure satisfy the requirements of the validation of the models selected and of the methods of computational
aerodynamics of gases. Therefore, only investigations in wind tunnels allow one to obtain experimental data for under-
standing this phenomenon and controlling it.

In experimental investigation of heat transfer and of a laminar–turbulent transition on the surface of aerody-
namic models, the choice of a reliable method with a high spatial and temporal resolution is important. Visualization
of flows occupies a particular place in the diagnostics of flows, giving an idea of the full flow picture. In the majority
of cases, this is attained without introduction into the flow of any transducers or probes that disturb it. The use of
modern light sources and of computer processing of an image allows one to obtain not only a qualitative picture of
flow on the surface, but also the quantitative distribution of gas-dynamical parameters.

Rapidly varying conditions of an experiment in high-velocity setups make the task of visualization of the ther-
mal field on the surface and of identification of thermal loadings much more difficult. The application of polymeric
liquid-crystal coatings seems to be promising, since they can simultaneously ensure panoramic visualization and moni-
toring of the change in time of the mean surface-temperature level. From these data it is possible to obtain estimates
of the mean levels of the densities of heat fluxes.

Under the conditions of a short-duration experiment, it is necessary to take into account the thermal inertia of
film heat indicators. The thermal inertia of LC depends on the composition of the LC mixture, the geometry of LC
capsules and of the measured layers and their thermophysical properties, as well as on the conditions of heat transfer
on the surface, and on the direction of the thermal process (heating or cooling). The response time of an LC coating
is composed of the lag time attributable to the heat conduction in the measured layer and the response time of the
molecular structure of the LC. The calculated and experimental values of these parameters given in the literature are
contradictory and may serve only for rough estimations. An analysis of the literature data shows that despite the fact
that the time of reorientation of the pure molecules of a LC is about 3 ms [20], the time constant of the encapsulated
LCs is an order of magnitude higher. In [21], the limiting value of the time constant and the upper-boundary trans-
mission frequency were obtained theoretically, and they are equal to 1.5–45 ms and 4–500 Hz, respectively. In [22],
the time constant for an LC layer of thickness 25 μm on a thin steel foil was measured experimentally and was equal
to 36 ms. Based on these data, a conclusion can be drawn that at times of measurement lower than 30–40 ms mainly
panoramic visualization of the flow structure can be useful, whereas measurements of heat transfer with the use of
static calibration of an LC coating can be inaccurate. When an experiment lasts longer, there appears the possibility of
not only visualizing the flow around a model, but also of obtaining quantitative data on the distribution of thermal
loads on the model surface. The polymeric liquid-crystal coatings developed at the ITAM were tested to determine
heat-flux densities under the conditions of a hypersonic flow around a model.

The LCT method was tested under the conditions in the ITAM’s hypersonic installations operating periodically
(AT-326) and intermittently (AT-303). The experiments were run at the Mach numbers M � 6, 11, and 14, respectively
[23–25]. The AT-326 installation is a batch-operated blow-off wind tunnel with a nozzle-cut diameter of 200 mm, test-
section length of 400 mm, and regime duration of up to 20 min, whereas the AT-303 installation is a short-duration,
adiabatic-type wind tunnel with a nozzle cut diameter of 300–800 mm and regime duration of 0.2–0.5 s.

To find stationary heat fluxes in the AT-326 in aerodynamic experiments on models made from a heat-insu-
lating material, the exact solution of the equation of unsteady-state heat conduction for a semi-infinite body was used
under boundary conditions of the third kind, i.e., at a constant heat-transfer coefficient on the model surface.
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The calculation of the heat-flux densities in the AT-303 installation was carried out using, for a model of a
semi-infinite body, a nonstationary method typical of short-duration installations. To obtain estimations of the heat-flux
densities on condition that ΔT = (TLC − Tin) << (Tr − Tin), it is permissible to use the exact solution of the heat-con-
duction equation at boundary conditions of the second kind, i.e., at a constant density of a heat flux to the model sur-
face: q(t) = const. It is assumed that the same boundary conditions are realized in experiments in the AT-303. The
temperature increment was measured with the aid of an LC at two time instants.

On the basis of the measured temperature distributions, the dimensionless modified Stanton numbers were cal-

culated: Stmod(t) = 
q(t)

ρeCpUe(T0(t) − Tw(t0))
. The heat-flux density is calculated as

q(t) = 
√⎯⎯⎯⎯⎯⎯π⋅ρ⋅c⋅λ ⋅ΔTw(τ)

2√⎯⎯τ
 = 

√⎯⎯⎯⎯⎯⎯π⋅ρ⋅c⋅λ ⋅(Tw(t) − T(t0))
2√⎯⎯⎯⎯⎯⎯(t − t0)

 .

In the AT-326 wind tunnel, the flow structure and aerodynamic heating of a flat plate at the encircling flow Mach

number M = 6, stagnation pressure P0 �106 Pa, and stagnation temperature from 180 to 277oC was investigated in the

range of unit Reynolds numbers based on the encircling flow parameters, Re1∞ = (7.9–9.6)⋅106. The regime lasted for

about 10–12 s. Mounted into the plate was a changeable rectangular insert from a heat-insulating material pierced by
three surface tape thermocouples. A polymeric liquid-crystal coating was applied to the plate. Wide-temperature

(ΔT � 10–20oC) and narrow-temperature (ΔT � 2–6oC) temperature-indicating compositions have been developed. Meas-
urements of the calibrating color-temperature characteristics of coatings were made with the aid of spectral and/or cal-
orimetric analysis. After the flow regime had been attained, a homogeneously heated model was introduced into the
flow with the aid of a quick lead-in mechanism. The color image of the temperature fields in the process of experi-
ment was registered by a camera with a frame rate of 25 Hz (Fig. 4).

The experiments have shown that on a smooth plate a laminar boundary layer that is very sensitive to the en-
circling flow perturbations is realized. The specific feature of LC coatings is their high temperature sensitivity, which
makes it possible to reveal the characteristic feature of the flow around a model. For example, in Fig. 5 vortices are
seen (1) which were induced by microroughnesses localized upstream (the flow is from left to right). The influence of
the difference in the thermophysical characteristics of the model is also revealed by the LC visualization (2). The in-
fluence of the longitudinal spreading of heat on a metal plate and on the thermally insulated insert distorts the form
of the isotherm (3). From Fig. 5 it is also seen that the heat insulator is heated more rapidly (the isotherm is ahead)
than the metal part of the surface on which lower values of the heat-transfer coefficients are realized due to the
spreading and removal of heat. In the given case, the video image clearly demonstrates the influence of the boundary
conditions (an adiabatic and nonadiabatic wall) on heat transfer. Even qualitative visualization of temperature fields, es-
pecially with high-temperature sensitivity, is highly informative. Visualization in real time allows a researcher to see
the perturbations that appear in a boundary layer as a result of his or her manipulations and those that are attributable

Fig. 4. Visualization of heating of a metal plate with a heat-insulated insert at
M = 6.
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to the flow. It allows one to select the places for setting discrete sensors and to visually control the course of the ex-
periment, for example, the state of the model and the presence of defects on the surface, the precision of the assembly
of parts, the position of the model in space, the presence of heat leaks, etc. These factors directly influence the errors
of the obtained experimental data, and in the case of measuring by discrete methods they do not become evident.

Figure 6 presents for comparison data on heat fluxes in the AT-326 that were obtained with the aid of LC
thermography and film sensors of heat fluxes [24]. The greatest discrepancy between the data in various runs did not
exceed 15%. An analysis of errors has shown that the greatest effect on the results is exerted by the deviation from
the operating conditions, in particular, the stagnation temperature T0. For technical reasons, the instability of this pa-
rameter constituted about 10oC. This is greatly responsible for the discrepancy of the data obtained by various methods.

In the short-duration AT-30, wind tunnel3 experiments were carried out on three models manufactured from a
heat-insulating material: two standard cones and a model of a returning ballistic apparatus [26–27]. The first standard
model was a pointed circular cone with an apex angle of 25o and a height of 203 mm (Fig. 7). The second model
was a hemisphere-blunted cone with a hemisphere radius of 20 mm (Fig. 8).

Experiments were carried out with a profiled nozzle with its outlet cross section equal to 400 mm. Prelimi-
narily, the LCT method was tested on standard models at the encircling flow Mach number M � 10.9 and the unit

Fig. 6. A comparison of the heat-transfer coefficients obtained on the plate
with the aid of film thermocouples (1) and by the LCT method (2). C,
W ⁄ m2⋅K; t, s.

Fig. 5. LC visualization of the temperature field on the plate: 1) influence of
microroughnesses on the frontal edge of the plate; 2) influence of the thermo-
physical characteristics of the model material; 3) influence of the longitudinal
spreading of heat over the plate on the shape of the isotherm; 4) temperature
field obtained from the LC data for case (3).
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Reynolds number Re1 � 3.0⋅106 m. The Reynolds number along the length of the generating line of the model was
equal to ReL � 0.58⋅106. The stagnation temperature for the time of regime existence varied within the range T0 =
1400–1420 K and the stagnation pressure was equal to P0 = (93–98)⋅105 Pa. The initial temperature of the model sur-
face was close to room temperature, which ensured the value of the temperature factor Tw

 ⁄ T0 � 0.2. Under the condi-

Fig. 8. LC visualization of heating (a) and the temperature chart (b) on the
blunt cone obtained by the LCT method.

Fig. 7. LC visualization of heating (a) and the temperature chart (b) on the
pointed cone obtained by the LCT method.
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tions of the AT-303 wind tunnel, the heat loading has a character close to the stepwise one — the time of the regime
attainment was 5–10% of that of the experiment.

Typical pictures of the LC visualization of the change in the temperature field in the course of an experiment
over the surfaces of standard models obtained by the method of liquid-crystal coatings are shown in Fig. 7 (for the
pointed cone) and in Fig. 8 (for the blunt cone). 

Figure 7 demonstrates the LC visualization and the temperature field, obtained from the LCT data, over the
surface of the pointed cone installed at a zero angle of attack. The interval of time between the frames was 40 ms.
The visualizability of the LC thermograms is due to the fact that on the assumption of the constancy of the mean
level of heat fluxes to the model surface, the isocaloric (identically colored) portions of the surface correspond to the
same values of specific heat fluxes. In the upper part of the cone, one can clearly see the thermal trace left by two
longitudinal vortices induced by the upstream microroughness. The disturbance of the axisymmetricity of the color pic-
ture can be explained by the inaccuracy of the installation of the model at the zero angle of attack.

The third model — the model of a returning ballistic apparatus EXPERT-B — was manufactured as a one-
seventh scale model relative to full-scale dimensions and had changeable nose parts (Fig. 9). The total length of the
generating line was L1 = 221.14 mm; the cone half-apex angle θ = 12.5o. The length of the panel was l = 42.76 mm
and the angle of inclination of the panel to the surface was ϕ = 20o. A variant of the model with increased, as
against the initial variant, transverse dimensions of the nose part, which made it possible to arrange a backward-facing
step at the juncture of the nose part with the body (circular ledge), was investigated. The thermal field of the model
was investigated in the same wind tunnel at the encircling flow Mach number M = 13.93 and the unit Reynolds
number Re1 = (2.36–2.43)⋅107. The Reynolds number along the length of the projection of the model generating line
L = 0.2214 m on the x axis was ReL � 5.42⋅106. The stagnation temperature for the time of regime existence varied
in the range T0 = 1260–1300 K, the stagnation pressure was equal to P0 � 108 MPa, Tw

 ⁄ T0 � 0.23. The duration of
the operating conditions varied from 40 to 350 ms. For simultaneous visualization over the entire portion of the sur-
face, the composition of a liquid-crystal mixture was selected in conformity with the temperature change expected on
it ΔT(x, y, t). In the experiments considered, LC coatings were used which had a width of the region of selective re-
flection equal to ΔT � 10–20oC. With a maximum temperature working range of the LC indicator of 20oC and dura-
tion of the operating conditions of 40 ms, the indicator made it possible to measure the heat-flux density not higher
than qmax � 0.05 MW ⁄ m2.

One of the tasks of the investigations carried out was visualization of the influence of the height of the cir-
cular ledge located at the place of juncture of the nose and conical parts of the model on the temperature field. Figure 10
presents the LC visualization of temperature distribution on the conical parts of the models with ledges of different
heights: h = 0, 1, and 2 mm. The presence of the ledge leads to the formation of a separation zone downstream of
the ledge with subsequent flow reattachment. In both cases h = 1 and 2 mm, in the region behind the ledge there oc-
curs a relative lowering of temperature. As the height of the ledge increases, the line of flow attachment downstream

Fig. 9. EXPERT-B model (a), model a with an LC coating (b).
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Fig. 11. LC visualization (from above), chart of temperatures and graphs of
temperature change along the longitudinal axis of the model from the ledge to
the panel for h = 2 mm at t = 40 ms. T, oC.

Fig. 10. LC visualization of temperature field on models with ledges at t = 40
ms and γ = 45o: 1) h = 0; 2) 1; 3) 2 mm.
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of the ledge on the conical portion of the surface of the model decreases downstream. The relative decrease in the
temperature of a subsonic flow in the recirculation zone downstream of the ledge is accompanied by a small increase
in the thermal load level in the reattachment zone.

Figure 11 presents the temperature charts and graphs of the change in temperature along the model surface
with a circular ledge of height h = 2 mm over the portion with the panel in two runs 2418 and 2420. In the run 2420
the picture of temperature distributions turned out to be nonsymmetric, with the result that the graphs of the tempera-
ture change differ noticeably. The obtained asymmetry is explained by the inaccurate installation of the model at the
angle of attack (not more than 0.5oC). The change of the temperature field points to the sensitivity of the thermal
process to flow regime and simultaneously to the sensitivity of the visualization method applied.

The authenticity of the results obtained is confirmed by the good convergence of the data of the LCT for the
main part of the EXPERT model body with the results obtained by other research workers at the ITAM on this model,
viz., by the panoramic method of infrared thermography (IRT) and the discrete calorimetric method [28, 29]. For dis-
crete measurement of the heat fluxes, the models were pierced by calorimetric transducers of thermocouple type. The
standard error of determining a heat flux by calorimetric transducers which includes the errors of reproduction of the
encircling flow parameters in the AT-303 did not exceed 10%. The panoramic distribution of the temperature field
changed with the aid of a fast thermographic complex based on the SVIT-type infrared imager developed and manu-
factured at the Institute of Semiconductor Physics of the Siberian Branch of the Russian Academy of Sciences. The
temperature resolution of the thermographic complex was 0.027oC, the temporal resolution was 0.010 s. Figure 12 pre-
sents a comparison of the modified Stanton numbers at close instants of time on the conical part of the model (down-
stream of the ledge with h = 2 mm) obtained by these three methods.

Conclusions. The unique optical properties of liquid crystals, namely, their high sensitivity to external effects,
finds application in the development, based on them, of new heat-sensitive materials for panoramic diagnostics of sur-
face temperature fields in aerophysical experiments. At the present time, due to the application of computers, the use
of such materials is possible not only for the visualization of temperature fields, but also for measuring them. The
charts of temperature distributions obtained on their basis allow experimentalists to investigate in detail the flow struc-
ture near the surface and develop methods of monitoring this structure. The approaches developed are applicable for a
wide range of problems of investigation of the fine structure of wall flows and heat transfer.

NOTATION

C, heat-transfer coefficient, W ⁄ (m2⋅K); c, specific heat, J ⁄ (kg⋅K); Cp, specific heat of air, J ⁄ (kg⋅K); f, fre-
quency of acoustic action, Hz; h, ledge height, m; l, length of the panel; L, model length, m; M, Mach number; P0,

stagnation pressure, Pa; q, heat-flux density, W ⁄ m2; Re1, Reynolds number based on the characteristic dimension of 1

Fig. 12. A comparison of the modified Stanton numbers obtained by three
methods at t = 40 ms.
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m; Stmod, modified Stanton number; t0, initial time, s; Δt, time integral, s; T0, stagnation temperature of a flow, K; Tw,
surface temperature of a model, K; Tr, recovery temperature; TLC, current temperature of the LC coating, K; Tin, initial

temperature of the model, K; Tu = √⎯⎯u′2  ⁄ U∞, degree of flow turbulence, %; u′, fluctuations of the longitudinal flow-

velocity component, m ⁄ s; U∞, encircling flow velocity at infinity, m ⁄ s; Ue, encircling flow velocity, m ⁄ s; x, y, longi-

tudinal and transverse coordinates; α, angle of attack assigned in the vertical plane of the tunnel, deg; ε = (ρcλ)0.5,

coefficient of thermal activity, W⋅m2⋅K−1⋅s−0.5; θ, half-apex angle of the cone, deg; λ, thermal conductivity, J ⁄ (s⋅m⋅K);

ρ, density, kg ⁄ m3; ρe, encircling flow density, kg ⁄ m3; τ, time, s; ϕ, angle of panel inclination, deg. Subscripts: e, en-

circling flow; r, recovery; w, wall.
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