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Abstract. Interference between shock waves generated by sharp fins, on the one hand, and boundary
layer and high entropy layer generated by blunt leading edge of a plate, on the other hand, has been
studied experimentally in short duration wind tunnel UT-1 at Mach numbers M = 6, 8 and 10. The
Reynolds number based on the undisturbed flow parameters and plate length was in the range from 5x10°
at M = 6 to 1.5x10° at M = 10. The boundary layer was laminar ahead the fins, and transition took place
inside the separation zone generated by the impinging shock. Three model geometries have been studied:
plate without fins, plate with one fin, and plate with two fins generating opposite directed shocks. Heat
transfer and pressure distributions have been measured by the help of luminescent temperature sensitive
paint (TSP) and pressure sensitive paint (PSP). The study shows that presence of high entropy layer
results in significant decrease of heat transfer in the 3D interference regions generated by a single fin or a
pair of fins, as well.

1. INTRODUCTION

Interference between an impinging shock wave and a boundary layer is under
12

investigation for more than a half of century " In almost all the papers, the flow over a
sharp plate (or a sharp cone) was studied. At the same time, the leading edge of an
intake and other elements of a hypersonic vehicle should have certain bluntness. It is
required to reduce heating of the leading edge. On the other hand, it is necessary to limit
the bluntness radius in order to avoid deteriorations of aerodynamic characteristics of
the intake and the entire vehicle.

In the papers®*, for the first time was systematically studied influence of high-entropy layer
generated by a bluntness on heat transfer in the interference region at high Reynolds
numbers corresponding to the transitional flow. Two-dimensional impingement of an
oblique shock on the flat plate has been investigated. At flow conditions studied (Mach
number 6-10, Reynolds number of order 10, laminar-turbulent transitional flow in the
interference region), even small bluntness of the plate results in significant weakening of
heat exchange in the interference region. The effect increases with Mach number and
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bluntness. But existence of threshold bluntness depending on Mach number was revealed:
exceeding of the threshold bluntness has small influence on heat transfer in the interference
region.

In the present work, similar investigation is extended on three-dimensional flows. The flow
formed over the sharp and blunt plates at impingement of inclined shock waves produced
by one fin or two fins generating crossing shocks is studied experimentally. The problem is
relevant to the overflow of a fin joined with a wing (or fuselage) and of an air intake. It
attracted much attention last years (see for example review?). But in the previous papers,
overflow only sharp plates has been studied.

Switch to experimental investigation of 3D flows in a short-duration wind tunnel
requires development of appropriate measurement methods. This problem is also
addressed in this paper.

2. MODELS AND FLOW CONDITIONS

Two similar models have been tested (Figure 1). The first one is intended for heat
transfer investigations by the help of temperature sensitive paints (TSP). The main part
of the model (the plate 1) is manufactured from prepreg resin. The length of the plate L
is 300 mm, its width B =150 mm. An additional steel plate 4 (its thickness is 3 mm) is
fastened to the front surface of the main plate to achieving sharp leading edge. An
adapter 5 can be used in order to change bluntness radius of the leading edge in the
range from 0 to 4 mm. The second model is intended for measurement of pressure
distribution by the help of pressure sensitive paints (PSP). Its main plate 1 was
manufactured from aluminum alloy. Therefore the additional plate 4 is not necessary.
The same adapters 5 have been used in this case for bluntness variations. On the main
plate, one or two fins 2 with different angles can be fastened. Sharp fences 3 have been
used for preventing of gas cross flow.
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Figure 1. Scheme of the model
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The tests have been performed in the short duration facility UT-1 which operates like a
Ludwieg type wind tunnel. Duration of steady flow is 40 ms. Profiled nozzles were
used. The flow parameters are presented in the following table.

M | Dmm | PGap [T, K [Re, x10°
6 300 32 [725 4.3
8 500 35 [740 2.3
10 500 40 760 1.5

Table 1. Flow conditions

3. MEASUREMENT METHODS

3.1. Measurement of heat transfer

Temperature Sensitive Paint application techniques intended for heat flux measurements
in Ludwieg wind tunnel have been described in5.6.

3.1.1. Temperature sensitive paint

TSP consists of organic luminophore molecules and polymer binder. It can be made thin
enough in order to be used in short duration wind tunnels.

In the present tests, binary (two color) temperature sensitive paint was used. Binary
paint contains organic luminophore molecules of two types. One luminophore
(europium complex) is temperature sensitive. It’s luminescence decreases with
temperature growth. Other luminophore (Coumarin) is temperature insensitive. Its
luminescence is used as a reference for pixel-by-pixel correction of excitation light
variation from flash to flash. Both luminophores are excited simultaneously by UV flash
lamp (280-390 nm), but they emit light in two different spectral ranges. Temperature
sensitive luminescence is red (580-630 nm), and temperature insensitive luminescence
is blue (420-500 nm), thus they can be separated spectrally.

Intensity of emitted red light decreases at temperature increase with the rate of 3+5%/°C
and is absolutely insensitive to pressure. TSP is optimized for the temperature range of
10+60°C. TSP degrades at the temperature above 120°C.

TSP is applied on the model surfaces by spraying like an ordinary paint. The thickness
of the dry TSP layer is about 3+5 micrometers. After TSP application, a set of markers
are placed on the model surface. Markers are contrasted (black) points on TSP surface
and are used for correction of the model position in the flow and without the flow.

Both images (sensitive and reference) were acquired by one CCD-camera during one
exposure using prism image splitter’. The prism image splitter contains two identical
prisms with different glass filters and is placed in front of camera lens. Naturally, the
prism image splitter decreases image size twice. The image splitter was used in present
experiment because the window of wind tunnel is too small to install two cameras.

3.1.2. Data processing

Three images are acquired for each wind tunnel run: dark image (without excitation
light), wind-off (at known constant temperature) and wind-on images. Each image
contains two model images in different spectral ranges and is divided to two separate
model images. Thus the number of processed images increases to six.

Data processing includes the next steps:

e Dark signal correction (dark image subtraction);

e Flat field correction;

e Alignment of wind-off and wind-on images using the markers on the model images;
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e Pixel-by-pixel correction of excitation light intensity variation: temperature
sensitive (red) images are divided on corresponding reference (blue) images;

e Image normalization: wind-on image is divided on corresponding wind-off image.
The ratio of 'wind-on' to 'wind-off' images depends only on temperature. It does not
depend on paint layer thickness;

e Temperature field calculation using TSP calibration characteristics. TSP calibration
is performed in laboratory calibration setup on TSP sample prepared simultaneously
with the model covering (a priori temperature calibration);

e Heat flux calculation;

e Distortion correction using an image of etalon body;

e Projection of resulting 2D Stanton number field on the 3D mesh describing the
model geometry.

3.1.3. Heat flux calculation using temperature measurements

Global heat flux distribution is computed using temperature field by exact solution of

one-dimensional heat transfer equation:
9 = 1-exp(p *) erfe(B) (1)
8 = (Tm - Tm)/(Ti - Tin)a

where

T}, 1s the initial model temperature measured by thermocouple before the test start,

T,, is the model surface temperature measured by TSP at the moment ¢ after the test

start,

T, 1s the recovery temperature (it is assumed 7,27)),

B = hf/ is non-dimensional heat transfer coefficient (/4 is the heat transfer

Jhep

coefficient),

JAcp is heat activity of model material,

erfc is a standard error function.
The results are presented as Stanton number fields (St=h/p.V=Cp).

3.2 Measurement of pressure

3.2.1. Pressure Sensitive Paint

PSP application in short duration wind tunnel for hypersonic flows was discussed first
in®. The main requirement to the paint is the fast response to the pressure change.

PSP is a polymeric layer penetrable to oxygen molecules and containing luminophore
molecules. Exited by appropriate light source, the luminophore molecules may be
transferred to the ground state with light emission (luminescence) or may lose energy by
transferring it to oxygen molecules without light emission (luminescence quenching).
The part of lost energy is directly proportional to oxygen concentration in the polymer
layer and oxygen mobility. Concentration of oxygen in polymer layer is directly
proportional to oxygen partial pressure on its external boundary and thus the
luminescence output is inversely proportional to oxygen partial pressure (air pressure)
above polymer surface.

Response time of PSP is determined by oxygen diffusion in the polymer layer and is
directly proportional to the square of layer thickness /# and inversely proportional to
polymer diffusion coefficient D:
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s

n°D )
Usage of permeable polymer applied as a very thin layer is a way to decrease response
time.
PSP based on silicon resin (D=1.15x10" cm%/sec) was used in present work (LPS-F2,
OPTROD Ltd., Russia). Thus for 99% relaxation of oxygen concentration in PSP layer
during wind tunnel run (3t < 40 ms), the thickness of paint layer should not exceed 5
micrometers. Paint of such thickness is applied easily by air sprayer using diluted
solution.
PSP of LPS-F2 type is excited by UV light with wavelength 300+350 nm and emits
blue-green luminescence. Intensity of PSP luminescence decreases about three times at
pressure growth from zero to one bar. Temperature sensitivity is about 0.3%/°C at the
pressure 1 bar.

T

3.2.2. Measurement methodology and data processing

Methodology of pressure field measurements is quite similar to temperature field
measurements described in Section 3.1, but one-component paint is used for pressure
measurements. Data processing includes all the described steps except for the pixel-by-
pixel correction of excitation light intensity variation from flash to flash. Only global
correction for the whole investigated surface is possible for one-component paint. For
this aim, a spot of Luminescent Reference Paint (LRP) is applied on the model surface.
LRP is a luminescent material which is insensitive both to temperature and pressure.
Luminescent signal of LRP is used for excitation light correction: each image is divided
on average LRP intensity.

Wind-off images were acquired before wind tunnel start at zero pressure. Wind-on
images were acquired at the end of wind tunnel run (with 40 ms delay after flow
initialization). Some runs were fulfilled with 20 ms delay in order to be confident that
PSP response time is small enough.

Model for PSP measurements was made from aluminum to decrees temperature
influence on measurement results. It was assumed that PSP temperature does not change
during the run and is equal to the model temperature before the test. Pressure field was
calculated using a priory PSP calibration. PSP calibration was performed in laboratory
calibration setup on PSP sample prepared simultaneously with the model covering.

4. HEAT TRANSFER

4.1. Plate without fins

The experimental results testify to the laminar state of the boundary layer over the most
part of the plate: the data coincide with calculations of laminar boundary layer (Figure
2) (some discrepancy near the leading edge is probably caused by the junction between
the additional steel plate 4 and the main plate 1, Figure 1). Here and below the Stanton
number presents itself the ratio of measured heat flux to the difference between the total
temperature and the surface temperature.
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Figure 2. Distribution of Stanton number along the plate (M=6)

At Mach number 6, laminar-turbulent transition takes place only in narrow longitudinal
strips. They are provoked by micro irregularities of the leading edge. In the strips, the
transition starts at the distance 150-200mm from the leading edge and does not finish to
the end of the plate.

Similar results have been obtained at Mach numbers 8 and 10, but increase of Mach
number and corresponding decrease of absolute values of heat flux results in
augmentation of random error of data.

4.2. Plate with one fin

Figure 3 presents fields of Stanton number values on the plate near a single fin which have
been obtained at two experiments. They differ only in bluntness of the plate. A narrow
strip of high heat transfer is created between the shock and the fin (nearer to the fin).
There is also visible that bluntness leads to significant weakening of heat transfer in the
interference region: at presence of bluntness, the region of high heat transfer become
smaller and the maximum heat transfer coefficient decreases.
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Figure 3. Stanton number distribution near the fin with angle 6 = 15 at Mach number M = 6: a) on the
sharp plate, b) on the blunt one with bluntness radius » = 0.5 mm
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In the range of bluntness radii from 0.1 to 0.5 mm, a periodical system of strips forms in
the forward part of the interference region (see Figure 3b). Maximum values of Stanton
number in the strips exceed the minimal ones located between the strips on 25-60%.
Distance between the strips (wave length) in direction of undisturbed flow is 5-6 mm
which is several times bigger than the thickness of boundary layer (6 ~ 1 mm).
Inclination angle of the strips is approximately 50° relative the undisturbed flow.
Presence of the strip system can be connected with instability of the laminar boundary
layer in the interference region in front of shock wave.

For graphical presentation of data, the polar coordinate system shown on the Figure 3a
is used. Its origin coinsides with the fin leading edge and the angle ¢ of the rays is
counted clock wise from the fin surface. From theoretical point of view, the viscid-gas
flow near the fin can not be considered as a conical one. But analisysis of many tests
performed show that variation of heat transfer coefficient along a ray is small at related
distanses from the fin leading edge R/X, > 0.3 for Mach number M=6 and at R/X, > 0.5
for M=8 (X,=130.5 mm is the distance from the plate leading edge to the fin leading
edge). This is why the polar coordinate system is used in this investigation.

Figure 4 presents distributions of relative Stanton numbers on the sharp plate obtained
in two repetitive experiments. The distributions correspond to the arc cross section 3
(see Figure 3a) with relative radius R/X, = 0.5. The experimental values of Stanton
number St are related to St, which is the calculated value for the point X,. Results of two
repeated tests practically coincide. Good repetition was confirmed in many tests at
Mach number 6. At higher Mach numbers, the repetition is not so good.

The vertical line on Figure 4 depicts shock location in the inviscid gas. The influence
region of the fin is restricted by the ray ¢ ~ 35°. For ¢ > 35°, the ratio St/St, is close to 1.
The maximum of Stanton number is located on the ray ¢ = 3°- 4°, i.e. between the fin
surface (¢ = 0) and the shock wave (¢ = 7.65°). At considerable distance from the fin
leading edge (R/X, > 0.3), a plato forms with approximately constant values of Stanton
numbers. It is located in the range ¢ =10° - 20°.
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Figure 4. Distribution of related Stanton number values over the sharp plate (r = 0) at M=6 in the cross
section 3 (see Figure 3a); radius of the arc is R = 66 mm (R/X,= 0.5)

Figure 5 demonstrates influence of plate bluntness on cross distribution of heat transfer
coefficient. Plate bluntness decreases heat transfer significantly and diminishes
unevenness of heat transfer distribution in the interference region.
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Figure 5. Influence of plate bluntness on heat transfer distribution in the cross section 3, R/X, = 0.3 (see
Figure 3): solid line =0, dotted line » = 0.5 mm, chain line » = 1.0 mm

Influence of plate bluntness on the maximal value of related Stanton number in three
cross sections is shown in the Figure 6. Here S, is maximal value on the blunt plate,
St 1s similar one on the sharp plate, and 5 is displacement thickness of the laminar
boundary layer in the point X,. Bluntness results in significant decrease (approximately
1.5 times) of the maximal Stanton number at considerable distance from the fin leading
edge. At small distance from the fin leading edge (in the section 1), non monotonic
variation of the ratio St,»/ St., 1S visible. It is connected with movement in forward
direction of the hot strip (existing behind the shock wave) caused by the bluntness of the
plate.

At increase of bluntness, stabilisation of hear exchange occurs beginning from some
bluntness dimension. It means that further increase of bluntness does not significant
effect on the maximal value of heat transfer coefficient. Near the fin leading edge (at

R/X, = 0.12), stabilisation comes at /5 = 0.2, and far from the fin leading edge it
happens at 7/ ~ 1. Similar fenomenon has been observed at 2D interference flow’.
The present work differs from’ not only due to 3D flow but also due bigger distance

between the plate leading edge and the shock. Similar results have been obtained at
higher Mach numbers M=8 and 10.

Stmo/ Stms

Figure 6. Bluntness influence on maximal Stanton number in three cross sections (see Figure 3) at M=6:
solid line - section 1, dashed line - section2, chain line - section 3.
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4.3. Plate with two fins

Figure 7 presents distribution of Stanton number near two similar fins generating
opposite directed shock waves. Near the leading edges where the fins do not
interference whith each other, a narrow strip of high heat tranfer is created near both
fins (between the shock and fin surface). Ahead the strips, wider zones of slightly
intencificated heat transfer are situated. The intencification is caused by separation
shocks and pressure increase in front of them. Interference between the fins leads to an
additional augmentation of heat transfer both at intersection of the main shocks
(generated by the fins) and at intersection of the secondary shocks (generated by the
separation zones), as well (Figure 7a). Bluntness of the plate results in significant
decrease of heat transfer in both zones (Figure 7b). Unfortunately, the heat transfer
distribution between the fins is non symmetric. On the one hand, this is due to error in
mounting of the fins, and on the other hand, due to high sensitivity of heat transfer in
the interference region to the flow direction.
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Figure 7. Stanton number distribution near two fins with angle 6 = 15 at Mach number M = 6: a) on the
sharp plate, b) on the blunt one with bluntness radius » = 1.0 mm

For quantitative analysis, 7 sections shown on Figure 7a have been chosen. The data
obtained for the three first sections confirm that distributions of Stanton numbers near a
single fin and a pair of fins practically coincide in this region both on the sharp plate
and on the blunt one (for example on Figure 8, comparison is performed for the section
1). It means that in the case of pair fins, they are streamlined by a supersonic flow, i.e.
the “supersonic start” of the channel formed between the fins takes place. According
the calculation, for supersonic start at Mach number 6, the related width of the channel
should be h/H>0.634. In reality, the related width of the model tested (see Figure 1) was
smaller: h/H = 0.5, but the start takes place. It happened probably because the channel
was not closed fully. In addition, “the wave start” of the flow in the impulse type wind
tunnel UT-1 can also promote start of supersonic flow inside a narrowed channel.
Coincidence of the data for the single fin and the pair fins near the leading edges
testifies again to good repetition of the test results at M=6. At last, Figure 8
demonstrates significant diminishing of heat transfer in the forward part of interference
region due to the plate bluntness.
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Figure 8. Distribution of Stanton number in the cross section 1 (R/X,= 0.12, see Figure 7a) over the sharp
(r=0) and blunt (» = 1 mm) plates: solid lines — single fin, dashed lines — pair fins.

The distribution of Stanton number along the channel axis is depicted on the Figure 9. It
is interesting particularly due to information concerning heat transfer in region of
intersection of separation zones and secondary shock waves generated by the separation
zones (see Figure 7a, X=180-240 mm). At intersection of the secondary shock waves,
the ratio St/St, achieves on the sharp plate the value 15-20 (Figure 9, r =0, X = 230
mm), where as near the single fin (Figure 4, ¢ = 12°-20°) and near the fin leading edges
of pair fins (Figure 8) St/St, 4. Blunting of the plate results in diminishing of the ratio
from the value 15-20 to about 10 (see Figure 9, » = 1 mm).

St/Sto
30
25t
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10 |

X, mm

150 200 250 300

Figure 9. Distribution of Stanton number along the symmetry line between two fins (section 4, see Figure
7a).

The heat transfer coefficient achieves its maximal value in two strips near the shocks
reflected from the symmetry line (yellow spots on Figure 7a). Here the ratio St/St, on
the sharp plate is about 40-60 (Figure 10a, section 6). These zones would be very
difficult to reveal by the help of sensors. Blunting of the plate with radius Imm
decreases the maximal Stanton number more than 3 times (Figure10b, section 6).
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Figure 10. Distribution of Stanton number on the plates with two fins in three cross sections (see Figure
7a): a) on the sharp plate (» =0), b) on the blunt one (» =1 mm).

5.  PRESSURE DISTRIBUTION

Systematic investigation of pressure distribution was not performed. Only preliminary
tests have been fulfilled. The main aim of this section is to demonstrate possibilities of
the PSP method in short duration wind tunnel.

Pressure fields were measured at Mach number 6 on the plate with leading edge
blunting radius 0.1 mm. One fin and two fin model configurations were tested. Only
fins with wedge angel 20 deg have been tested. Pressure on the fin surface itself was
measured in several runs. Roll angel of the model was adjusted to illuminate only one
investigated surface: plate surface or fin surface (both surfaces were covered by PSP).
Such technique helped to exclude reflection of luminescence light from one surface onto
another one (reillumination).

Figure 11 depicts pressure distribution over the surfase of a single fin mounted on a
sharp plate. It demonstrates high sensetivity of the luminescent paint: one can see a
region of small pressure increase beeng a trace of weak wave generated by the boundary
layer of the plate.
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Figure 11. Pressure field on the fin with angle 6=20° at Mach number M = 6

On the Figure 12, pressure distribution on the fin along the flow direction is shown. The
horizontal dashed line corresponds to the pressure over the fin behind the oblique shock
in inviscid gas P = 12500 Pa (the calculated pressure in the undisturbed flow is 1350
Pa). It is evident that the data agree with the prediction.

{12

110
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Figure 12. Pressure distribution on the fin in the section 1-2 (see Figure 11)

Figure 13 presents pressure distribution on the sharp plate with a single fin. One can see
the narrow strip of high pressure between the shock and fin surface. In addition, there is
visible weak pressure increse due to boundary layer separation and presence of
secondary shock in front of the main oblique shock generated by the fin.

Figure 13. Pressure field on the sharp plate near a single fin with angle 6 =20°at M = 6
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On Figure 14 is shown the pressure field on the sharp plate with a pair of fins. One can
see regions of pressure increase at intersection of shock waves. The Figure depicts non
symmetry of the flow due error in mounting of the fins: inclination angle of the lower
fin is bigger than of the upper one.

Figure 14. Pressure field on the sharp plate near a pair of fins with angle 6=20°at M = 6

6. CONCLUSION

Heat transfer and pressure distribution over a plate near a single fin and a pair of fins
have been studied experimentally at laminar state of the undisturbed boundary layer.
The data show that at hypesonic speed, plate bluntness results in significant weakening
of heat exchange in the three-dimensional interference flows. This fenomenon is similar
to one observed at two-dimensional interference of shock wave with boundary and high
entropy layers. Especially big impact of plate bluntness was obtained in the channel
created between two fins generating opposite directed shocks.

The experience confirms that luminescent Temperature Sensitive Paints and Pressure
Sensitive Paints are very usefull at investigations of 3D flows in short duration wind
tunnels.

The work was performed under support of Russian Foundation for Basic Researches
(Project No. 05-01-00557a).
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