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Application of Temperature Senstive Paint (TSP) technology for inves-
tigation of boundary layer transition in short-duration wind tunnels is
presented. Investigations were made on sharp and blunted §at plates
in UT-1 wind tunnel of TsAGI operated in Ludwieg scheme at Mach
numbers 5, 6, and 8 (Reynolds numbers from 5.5 · 106 to 26 · 106). Both
natural and induced boundary layer transitions were investigated.

1 BACKGROUND

Temperature Sensitive Paint method is a very e¨ective optical technique for heat
§ux measurements. It provides the pattern of heat transfer rates on the whole
visible model surface that is essential for three-dimensional (3D) §ows. In few
recent years, this technique is successfully developed in TsAGI for short-duration
wind tunnels [1, 2].
Temperature Sensitive Paint is a specially developed paint containing speci¦c

luminophore which luminescence depends on temperature. Being excited by the
light of appropriate spectral range, the TSP emits the luminescent light of longer
wavelength range, and luminescent light intensity decreases with an increase of
temperature. Thus, the temperature distribution can be determined in each
point of investigated surface from noncontact optical measurement of TSP lumi-
nescence intensity by acquiring an image of the whole investigated surface. But
luminescence intensity depends not only on temperature but also on excitation
light intensity and TSP thickness. To exclude an e¨ect of excitation light inten-
sity and TSP thickness, it is necessary to acquire second reference image of inves-
tigated surface at known temperature. Normalization of active image (acquired
at unknown temperature distribution) on reference image exclude an e¨ects of
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excitation light and TSP thickness distributions. Unfortunately excitation light
distribution may be changed because of model displacement and deformation
and/or because of excitation light source instability. This e¨ect can be excluded
by usage of two-component (binary) TSP. Second reference component of such
TSP is excited by the same excitation light and emits luminescent light in the
spectral range di¨erent from spectral range of active component luminescence,
and intensity of this light is insensitive to the temperature and depends only on
excitation light intensity. Normalization of active component images on reference
component images allows excluding any e¨ect of excitation light intensity varia-
tion. Resultant image obtained from images of active and reference components
acquired at known (¢wind-o¨£) and investigated (¢wind-on£) conditions depends
only on temperature distribution on investigated surface and allows calculating
this temperature distribution using TSP calibration characteristic.

To determine heat §ux distribution, it is necessary to acquire temperature
distributions at two time moments and to calculate heat transfer rate in each
point of investigated surface using thermoconductivity properties of model ma-
terial. In most cases, the global heat §ux image can be calculated from temper-
ature ¦eld measured by TSP using exact solution of one-dimensional (1D) heat
transfer equation:

ϑ = 1− exp(β2) ercf (β) ; ϑ =
Tm − Tin
Tr − Tin

where Tin is the initial model temperature before wind tunnel start measured
with thermocouple; Tm is the model surface temperature at the moment t after
§ow initialization measured by TSP; Tr is the recovery temperature and is as-
sumed Tr ≈ T0; β = h

√
t/
√

λcρ is the nondimensional heat §ux (h is the heat
transfer coe©cient and

√
λcρ is the thermal product of model material); and erfc

is a complementary error function. Stanton number ¦elds can be calculated as
St = h/(ρ∞V∞Cp).

To minimize an in§uence of TSP on heat §ux measurements, it is necessary
to minimize TSP thickness that provides the minimal heat capacity of TSP layer,
on one hand, and to minimize temperature distribution inside TSP layer, on the
other, that provides the most accurate measurement of the temperature of upper
surface of investigated model.

Heat transfer distribution is caused by various aerodynamic e¨ects, such as
shock waves, separations, boundary layer state, etc. This paper presents appli-
cation of TSP technique for boundary layer transition investigations. Boundary
layer transition can be detected with TSP technique because the heat §ux in
turbulent boundary layer is much higher than in laminar one.

Speci¦c feature of short-duration wind tunnels is short period of stable §ow
parameters; hence, all measurements should be made within this short period.
On one side, it means that model surface temperature will not reach too high
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values even at quite high stagnation temperature value that allows to use organic-
based TSP. On the other side, the measurement system should be quite fast to
provide the measurements in this short operation period.

2 EXPERIMENTAL FACILITY AND THE MODEL

Presented experiments were performed in UT-1 wind tunnel of TsAGI operated
as Ludwieg tube. UT-1 wind tunnel is equipped with supersonic contoured
nozzles for Mach numbers 5, 6, and 8. Total pressure was in the range of 70�
90 bar, and total temperature 510, 590, and 740 K depending on Mach number.
Flow duration was 40 ms.
Investigations of boundary layer transition were made on the §at plate 1

(Fig. 1) of 318.8-millimeter length and 150-millimeter width. Model was
equipped with the sets of removable leading edges 3. Ten removable leading
edges of the plate had blunting from sharp to 5-millimeter radius, but only lead-
ing edges of 0-, 0.75- and 2-millimeter radii (r) were used in present experiments.
The model (§at plate) was made of steel while the investigated surface was cov-
ered by prepreg 2 to provide low thermoconductivity. In order to provide model
strength, some part of the surface was not covered by prepreg, and small metal
strips were remaining along the model borders. Sharp fences 4 were installed on
both sides of the plate to prevent gas over§ow from the lower plate surface.

Figure 1 Model con¦guration. Dimensions are in millimeters
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Both natural and induced boundary layer transitions were investigated. Trips
were made as small disks of 1-millimeter diameter and 0.2-millimeter thick that
were placed in 3 rows on the distance from 15 to 25 mm from plate leading
edge with the step of 3 mm. Trips height was calculated by A. Skuratov based
on [3, 4]. Transition delay relative to generators position should be about 50 mm
for M = 6 according to this calculation.
Plate surface was covered with specially chosen white basecoat ¦rst. Basecoat

was chousing to have thermoinsulating properties as close to that of the model
material as possible to exclude an in§uence of the basecoat on heat §ux measure-
ments. After basecoat drying, the trips were placed on the model surface. After
that, the TSP was applied on the model surfaces by sprayer like an ordinary
paint. Final thickness of dry TSP layer was about 3�5 µm.
Experiments were made with trips ¦rst, then the generators were carefully

removed from the model surface with minimal damaging of TSP layer and the
same tests were repeated without any repairing of TSP layer. As a result, the
¦nal images without trips also have the marks of these generators.

3 MEASUREMENT SYSTEM

One of the problems of the present experiments is connected with large model dis-
placement during a run due to aerodynamic load. This displacement leads to sig-
ni¦cant change of excitation light intensity on the model surface between ¢wind-
o¨£ and ¢wind-on£ images. To correct these changes, the binary (two-component)
TSP was used. It contains two luminophors: ¦rst (active) luminophor is tem-
perature sensitive (its luminescence decreases at the temperature increase with
the rate of 3�5%/◦C); the second one is temperature insensitive and is used as a
reference for pixel-by-pixel correction of excitation light intensity changes. Both
luminophors are excited simultaneously from one light source (ultraviolet (UV)
§ash lamps), but emits light of di¨erent spectral ranges that allows to separate
luminescence of active and reference components easily by color glass ¦lters. Two
§ash lamps connected serially to one power supply were used to provide more
uniform illumination of the model. Flash lamps were equipped with UV glass
¦lters installed in front of the lamps to pass only UV light and to cut o¨ visible
and infrared light from the lamp. Electrical power of §ash lamps power supply
could be varied up to 400 J. Flash duration was less than 1 ms. Light pulse was
initiated with predetermined delay of 40 ms after §ow initialization. For this
purpose, the pulse signal from pressure sensor installed in the nozzle inlet was
delayed by generator for required period.
Two CCD (charge coupled device) cameras of 1360 × 1024 pixel resolution

were used to acquire temperature sensitive and reference images separately. Sep-
aration of sensitive and reference luminescence was provided by appropriate glass
¦lters installed in front of camera lenses: red for sensitive component and blue for
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reference component. Cameras

Figure 2 Flash lamps and CCD cameras
mounted on the window of test section of UT-1
wind tunnel. (Refer color plate, p. I.)

had electronic shutter and were
synchronized with §ash lamp that
permited to acquire images at some
level of ambient light. Both images
were acquired simultaneously twice
a run: before wind tunnel run at
known temperature (¢wind-o¨£ im-
ages) and with predetermined de-
lay of 40 ms after §ow initializa-
tion (¢wind-on£ images). The ra-
tio of these four images was con-
verted to temperature ¦eld using
appropriate calibration. Calibra-
tion of TSP was ful¦lled in calibra-
tion setup on TSP sample prepared
simultaneously with the model cov-
ering. Global heat transfer image was computed from temperature ¦eld assuming
1D heat transfer equation. Final results are presented as Stanton numbers ¦elds.
Flash lamps and CCD cameras were mounted on the windows of test section

as shown in Fig. 2. Distance from the lamps to the model was about 0.3 m and
from CCD cameras ¡ about 0.5 m.

4 RESULTS

Stanton number distribution allows analyzing the state of boundary layer on
the whole plate surface. A set of narrow strips of heat transfer growth are
clearly visible near sharp leading edge at trip absence (Fig. 3b). These strips are
transformed to the wedge-shaped of 9◦�10◦ at some distance. Such heat transfer
wedges are generated at any leading edge bluntness and all Mach numbers. These
wedges are more intense in the central part of the plate, i. e., near §ow center,
that can be caused by §ow disturbances that are concentrated on the axis of
axisymmetric hypersonic nozzle.
Figure 4 presents the comparison of measured Stanton number sections with

computed values for M = 6. In the lateral section located near the leading edge
(X = 50 mm) for the plate without trip, measured values are between the values
computed for laminar and turbulent boundary layers on the whole plate surface
except model boundaries where plate surface was not covered by thermoinsu-
lating prepreg. This distribution shows high instability of St value, caused by
instability of boundary layer transition. In the later sections, boundary layer is
transformed to the turbulent state causing stabilization of Stanton number near
turbulent values. In the axial section (Z = 0 mm), the boundary layer transi-
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Figure 3 Heat §ux distribution (Stanton number) at M = 6, §ow ¡ left-to-right:
(a) r = 0 mm, with trips; (b) r = 0 mm, without trips; (c) r = 0.75 mm, without trips;
and (d) r = 2 mm, without trips. (Refer color plate, p. I.)

tion begins at distance Xt ≈ 20 mm (Ret ≈ 1.1 · 10
6) and ends at XT = 36 mm

(ReT = 2 · 10
6). In section Z = 50 mm, the transition zone is shifted backward:

Xt = 90 mm (Ret = 4.9 · 10
6) and XT = 176 mm (ReT = 9.7 · 10

6).

On the plate with trips, the Stanton numbers are close to the values computed
for turbulent boundary layer even at distance X = 50 mm from the leading edge
(25 mm from generators); just some small instability of about 10% amplitude
takes place. It means that the applied trips are quite e©cient for M = 6.

At Mach number M = 5 (Re∞L = 21.8 ·10
6), the boundary layer transition in

section Z = 50 mm begins at distance Xt = 49 mm (Ret = 3.3 ·10
6) and ends at

XT = 95 mm (ReT = 6.5·10
6) (Fig. 5). These data can be compared with results

of boundary layer transition investigations made in many wind tunnels of USA
on sharp cones [5]. According to these results, the boundary layer transition at
M = 6 begins at Ret = 2.9 · 10

6 and at M = 5 ¡ at Ret = 2.7 · 10
6. It can be

considered as indirect indication that disturbances level in UT-1 wind tunnel is
of the middle value in the sections located apart of the wind tunnel axis. But
appropriate Reynolds numbers for §ight conditions and for quiet wind tunnels
are essentially higher: at M = 5�6 ¡ Ret ≈ 7 · 10

6.

In the central part of the plate at M = 5, the boundary layer transition begins
near the leading edge, both without and with trips. Trips just decrease transition
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Figure 4 Longitudinal (a) and lateral sections at í = 6, Re∞L = 17.5 · 106, and
r = 0 mm (1 ¡ with trips, 2 ¡ without, dash-dot line ¡ calculated laminar boundary
layer, and dash line ¡ turbulent): (b) X = 50 mm; (c) 100; and (d) X = 200 mm
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Figure 5 Heat §ux distribution (Stanton number) at M = 5, §ow ¡ left-to-right:
(a) r = 0 mm, with trips; (b) r = 0 mm, without trips; and (c) r = 0.75 mm, without
trips. (Refer color plate, p. II.)

zone: without generators, the

Figure 6 Heat §ux distribution (Stanton num-
ber) at M = 8, r = 0 mm, with trips, §ow ¡
left-to-right. (Refer color plate, p. II.)

transition ends at XT

= 50 mm, while with genera-
tors ¡ at XT = 25 mm. Apart
the center of the plate, the tran-
sition also begins immediately
after generators and ends at XT

= 25 mm.

At higher Mach number
M = 8, the applied generators
do not induce boundary layer
transition (Fig. 6). Generator
height of 0.2 mm in this case
is ine¨ective for boundary layer
of 0.7 mm thickness (at the dis-

tance of generators installation X = 20 mm), but should be 0.6 mm at least
(according to [4]).

Figures 3b to 3d present an in§uence of leading edge bluntness on boundary
layer transition. Bluntness of 0.75 and 2 mm radii (r) eliminates all turbulent
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Figure 7 Longitudinal sections (Z = 0 mm) at í = 6, Re∞L = 17.5 · 106 at
r = 0 (a), 0.75 (b), and 2 mm (c) (1 ¡ with trips; 2 ¡ without; dash-dot line ¡
laminar boundary layer; and dash line ¡ turbulent)

wedges except the wedge in the plate center. It means that disturbances are
much higher in the axial part of the §ow than in the other parts.

Figure 7 presents central longitudinal sections (Z = 0 mm) of Stanton number
at bluntness radii 0, 0.75, and 2 mm. Small leading edge bluntness moves the
boundary layer transition backwards, but an increase of bluntness radius leads
to some shift of transition forward. Reverse of boundary layer transition at the
cone blunting is known [6, 7]. Backward shift of boundary layer transition at
the bluntness increase can be explained easily: it is caused by the decrease of
Reynolds number calculated with entropy layer characteristics and by entropy
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layer elongation (before its absorption by boundary layer) at the increase of
bluntness radius r. But it is more complicated to explain reversive shift of
boundary layer transition forward at further increase of bluntness radius. Some
authors explain this e¨ect by instability of laminar boundary layer on the bodies
of small bluntness or by instability of entropy layer. This problem should be
investigated more carefully.

5 CONCLUDING REMARKS

Temperature Sensitive Paint method is a very e©cient technique for investiga-
tions of boundary layer transition in short-duration wind tunnels. It is planed to
apply TSP method for transition investigations in adiabatic-compression wind
tunnel AT-303 (Khristianovich Institute of Theoretical and Applied Mechanics
SB RAS).
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