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Abstract: The mixing fields within a SCRAM-jet combustion chamber are visualized using pressure­
sensitive paint (PSP) as an oxygen sensor. The experiments are performed in a small supersonic wind
tunnel at the National Aerospace Laboratory - Kakuda Research Center (NAL-KRC). The main stream
Mach number is 2.4, and the dynamic pressure ratios between the injected gas and the main flow are 0.3,
0.7, 1.1 and 1.5. Three fuel injection nozzles are used; oxygen is injected from the central nozzle and air
from the two nozzles at either side. The spread of the injected gas is measured to observe the effects of
placing the nozzles in different positions. The results show that the jet has its own independent flow
structure, and that little mixing of gases occurs between the flow structures created by each nozzle. When
the injection dynamic pressure ratio is increased, the oxygen fraction rises in the recirculation zone and
falls in the separation zone downstream ofthe injection.
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1. Introduction
The SCRAM-jet engine is under consideration for use as a propulsion device for the next generation of space
planes. The flow of air at the entrance to the SCRAM-jet combustor is maintained at supersonic speed to reduce
both the pressure loss created by a shock wave and the load on the structure required to restore the temperature and
pressure. Therefore, harsh ignition conditions (high velocity, low temperature, low pressure) are created within the
combustor. The ignition limits restrict the operating range of the engine, particularly in low total temperature
zones.

Tomioka et al. (1997) investigated the flow field in the combustion chamber of this type of SCRAM-jet
engine. They studied the effects of the three-dimensionality of the flow field on the ignition limits, using a
supersonic combustor with a backward-facing step and perpendicular injection nozzles. The results indicated that a
complex flow field is generated downstream of the backward-facing step, as shown in Fig. 1. Methods such as PIV
were used to elucidate the characteristics of the flow, but it was difficult to measure flow in the vicinity of the walls
or in the recirculation zone downstream of the step (Ikeda et al., 1999).

In the present work, pressure-sensitive paints (PSPs) were used to measure the pressure distribution along
the wall surfaces of the combustion chamber. PSPs have been introduced recently as a new system for measuring
pressure (Handa et al., 1999; Engler et al., 1992; Crites, 1993). The paint is an oxygen sensor, and the resulting
pressure distributions have been used as a method of flow visualization. In the present study, oxy gen was
substituted for some of the injection gas in the SCRAM-jet combustor. PSPs were then used to study the behaviour
of the injection gas at the wall surfaces.



132 PSP Measurement ofFlow Fields in a Supersonic Combustor with a Backward-facing Step

Jet

Bow Shock

Horseshoe Vortex

Air·~==~~~=

Fig. 1. Flow characteristics model behind backward-facing step.

2. Experimental Apparatus
The experiment was performed with a small supersonic wind tunnel at the National Aerospace Laboratory Kakuda
Research Center (NAL-KRC). The test section used to model the supersonic combustor is shown in Fig. 2. The
cross section of the test section was 94.3 mm x 51 mm and contained a 6 mm high (h) backward-facing step.
Three supersonic injection-type fuel nozzles, 6 mm in diameter and 30 mm apart, were located 24 mm (4h)

downstream from the backward-facing step. Air and oxygen were used in the nozzles to accommodate the PSPs.

Fig. 2. Test section with backward-facing step and PSP sheet.

Ru(bpy) was used as the PSP dye molecule, and a TLC sheet was used as a binder. The Ru(bpy) was
adsorbed onto the TLC sheet (silica gel 60) using ethyl alcohol as a solvent, and thoroughly dried before the sheet
was pasted into the test section. An observation window for the PSP measurement was located on the upper
surface of the test section, and LED lamps for PSP excitation were attached to windows set into the sides of the
section. Two LED lamps were used, each consisting of 222 lamps with a peak wavelength of 460 nm (Nichia
Corporation NSPB300A), thereby assuring adequate light for measurements.

A Hamamatsu Photonics CCD camera, C4742-95-l2NR with 1024 x 1024 pixel resolution, was used to
capture the images. Each pixel was capable of recording in 12 bits. The measurement configuration is shown in
Fig. 3.

In addition, 21 gas-sampling holes (7 for each injector), 1 mm in diameter, were provided on the nozzle axis
(x = 0 mm, ±30 mm). These were used for the in situ corrections. The pressure and oxygen fraction during the
operation of the wind tunnel were measured.

3. Measurement of the Oxygen Distributions in the Vicinity of the
Wall Surface

3.1 PSP andMeasurement Principles

PSP uses collisional quenching, in which a dye is activated by a particular wavelength light, gives off fluorescence
and phosphorescence and returns to its non-radiating base state when it collides with oxygen molecules. This
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Fig. 3. PSP measurement configuration.
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Fig. 4. Principle of PSP technique.

process is shown in Fig. 4. The Ru(bpy) used in the present experiment is excited by 457 nm light, and emits
600 nm light to return to its base state. But when there is a heavy collision with oxygen molecules under high
pressure, when the concentration of oxygen molecules increases, the non-radiating quenching increases; and the
brightness of the luminescence drops. The emitted light intensity ratio is given by the Stern-Volmer equation.

10
-- = 1+ KN(O,)

1

This equation can be normalized to a reference state (subscript r) by

1,

1
1+ K·N(o,)

1+ K·N(o,J,

In wind tunnel experiments, the conditions prior to the start of the test (atmospheric pressure) are generally used as
the basic state. The following equation, taking non-linearity into account, is used.

n = 0,1,2, ...

Here, a separate measurement is required to obtain the corrective coefficient An.

3.2 Correction Methodfor Oxygen Fraction
Normally, either an a priori or in situ method of correction is used to obtain the pressure distributions from the
light intensity emitted by the PSP.

In the a priori method, the oxygen fraction and temperature characteristics of the PSP are measured in
advance. The correction curve is obtained and used to convert the light intensity measured in the experiment to
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Fig. 5. PSP oxygen fraction profile.

oxygen distributions. The wall surface temperatures during the experiment are also measured, and used to correct
the effect of temperature changes in the paint. For this reason, temperature sensitive paint (TSP) is often used in
conjunction with PSP. However, the effects of dye deterioration cannot be ignored. This is caused when PSPs are
exposed, such as in the present TLC-based PSP arrangement. The accuracy of the measurements will drop with
time, even with temerature correction.

In the in situ method, a number of gas sampling ports are placed on the measuring surface and gas samples
are taken during the experiment. The gas samples are analysed to obtain the oxygen concentration in the vicinity
of the sampling ports. These measurements are compared with the light intensity emitted by the PSP, and a
correction curve is obtained. This curve is then used to correct measurements on the entire surface. Using this
method, it is relatively easy to obtain the pressure distributions, but the margin of error is large unless the wall
surface is a uniform temperature since the proportional constants contained in the Stem-Volmer equation are
temperature dependent. An aluminium plate was used as the TLC sheet in the present experiment. It was assumed
that heat conduction through the metal plate provided a uniform temperature on the wall surface where
measurements were taken. Therefore, the in situ method was used.

The calibration curve and the oxygen distributions above the side injection nozzles, obtained using the in

situ method are shown in Figs. Sea) and S(b) for a dynamic pressure ratio of 0.3. The circle in Fig. Sea) indicates
the measured data and the line shows the calibration curve. Figure S(b) shows the oxygen distribution from the
recirculation zone upstream of the nozzle to the downstream separation zone. The squares on the graph indicate
the oxygen concentration measured from the gas samples, and the line shows the oxygen distributions obtained
using PSP as a function of distance from the backward-facing step. The oxygen fractions obtained from the PSP
measurements are similar to those obtained from the gas samples, but there are some areas where they do not
coincide. This is because the TLC adhesive layer often separates when processing the gas-sampling ports, and the
PSP dye is not absorbed evenly in the vicinity of the gas sampling hole. Therefore, it is difficult to take accurate
measurements of the emitted light intensity in the vicinity of the gas sampling holes. In addition, the PSP dye
(Ru(bpy)) has a relatively large temperature dependency. However even with these problems, there is a correlation
between the oxygen fractions obtained from gas samples and PSP.

4. Results and Discussion
The pressure distributions obtained without injected flow and with injected flow are shown in Figs. 6(a) and 6(b)
respectively, for a dynamic pressure ratio of 0.7. The backward-facing step is located at the right side of the
figures, and the main stream flows from right to left. The small black dots are the gas sampling holes, and the
large black dots are the injection nozzles.

Without the injected flow, there was a low-pressure (separation) zone located downstream of the backward­
facing step. The main flow reattached to the wall near the injectors, and the flow was homogeneous downstream
from this points.
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Fig. 6. Visualized pressure distributions of dynamic pressure ratio 0.7.
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Fig. 7. Visualized oxygen fraction distributions.
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When air was injected from the injection nozzles, the pressure in the low-pressure zone rose and began to
recirculate. The pressure rose abruptly between O.5D and l.OD upstream of the nozzles, where D is the nozzle
diameter, and a horseshoe-shaped area of high pressure was generated in the upper stream of each nozzle. This
increase in pressure is caused by a three-dimensional bow shock wave in front of the jet stream. A horseshoe
vortex is also created. The three-dimensional bow shock wave bends in the direction of the main stream as it
spreads outwards across the width of the flow path, and the wall surface pressure downstream falls drastically.
Between the injection nozzles, the tips of the two horseshoe-shaped areas of high pressure interfere with each
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other, creating high pressure area that then spreads upstream.
An area of low pressure exists downstream of the side nozzles. This area expands to approximately 2.5D

between 0.5D to 1.0D downstream of the nozzle, then settles into a width of 2.0D and splits into two parts. The
pressure in the central part of the two-pronged area of low pressure region rises relatively quickly: between 1.0D
and 2.0D downstream of the nozzle, the pressure is roughly the same as the surrounding wall pressure.

In Fig. 7, the gas ejected from the central nozzle has been changed from air to oxygen. The dynamic
pressure ratio was 0.3 in Fig. 7(a), 0.7 in Fig. 7(b), 1.1 in Fig. 7(c) and 1.5 in Fig. 7(d). In each case, there was a
region of high oxygen concentration at the upstream of the central nozzle. There was also a region of high oxygen
concentration at the front of the side nozzles, although the concentration was less than that at the central nozzle.
This is caused by the influence of the high-pressure region generated by the three-dimensional bow shock wave.
The oxygen emitted from the nozzles is caught up in the horseshoe vortex generated by the three-dimensional bow
shock wave upstream of the injectors, and flows into the vicinity of the wall in the recirculation region.

Figure 8 shows the oxygen fraction distributions in the recirculation region ((a) Z = 4 mm, (b) Z = 10 mm,
(c) Z = 16 mm) along the X-direction. For comparison, Figure 9 shows pressure distributions at Z = 16,32 and
54 mm along the X-direction when air ejected from all the nozzles at a dynamic pressure ratio of 0.7. The injection
nozzles caused no change in the pressure when air was emitted from all the injection nozzles.

As the dynamic pressure ratio increases, the three-dimensional bow shock wave grows stronger and the
pressure rises. The oxygen fraction rises with the dynamic pressure ratio. While the pressure distributions at Z =

16 mm are flat, the oxygen fraction distributions are distinctive. From X = ±15 mm, midway point between the
injections, the oxygen fraction increases abruptly. There is hardly any mixing from the contact surface of two
adjacent flows. Going backwards towards the backward-facing step, this contact surface gradually breaks down
and oxygen mixes in with the flows on either side. These facts indicate that each flow creates its own independent
vortex in the recirculation zone, and that there is hardly any exchange of gases until the flow becomes mixed in the
secondary vortex directly behind the backward-facing step.

The pressure distribution along the X-direction at Z = 32 mm (Fig. 9) suggests that the low pressure area is
generated by the separation region downstream of the nozzles. The pressure of the low-pressure area downstream
of the central nozzle was slightly higher than that of the two side nozzles. A high-pressure area forms between the
nozzles as the horseshoe vortices collide each other. The interference between the wall surface and the horseshoe
vortex also forms a high-pressure area in the vicinity of the side wall. The pressure level is roughly equivalent to
that of the high-pressure areas between the nozzles.

The oxygen fraction distributions downstream of the injected flow along the X-direction are shown in Fig.
10. The distribution at Z = 32 mm (Fig. lO(a)) suggests that the oxygen fraction near the central nozzle is quite
high, and the injected oxygen is caught up in the horseshoe vortex. As the flow convects downstream, the high
oxygen fraction caused by the vortex gradually drops, while the oxygen fraction near the central axis rises.

The pressure distribution for Z = 54 mm is shown in Fig. 9. The pressure downstream of the nozzles
reaches a maximum value at X = 0 and ±30 mm due to the reattachment of the flow that passes over the horseshoe
vortex. In the oxygen fraction distribution at Z = 54 mm, shown in Fig. 1O(d), there is a local maximum atX = ±30 mm
for each dynamic pressure ratio, but these values are quite small compared with the oxygen fraction at X = 0 mm.
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Fig. 10. Spanwise oxygen distributions in the downstream of the injectors.

The oxygen fraction local maximum is also caused by the reattachment of flow in this area. High oxygen fraction
gas collides with the wall surface, which creates unusually high oxygen fractions.

When the dynamic pressure ratio was increased, the oxygen fraction rose in the recirculation zone and fell
in the downstream area. The same trend is observed for the side nozzles that are injecting air. This is because the
pressure in the separation zone directly behind the flow falls in proportion to the increase in the dynamic pressure
ratio.



138

5. Conclusions

PSP Measurement ofFlow Fields in a Supersonic Combustor with a Backward-facing Step

Pressure sensitive paint was used to measure the wall surface oxygen fraction distributions of the flow field in a
supersonic combustor with a backward-facing step. The results provide a more detailed oxygen fraction
distributions of the supersonic flow than that obtained by gas sampling ports. PSP is an effective measurement tool
that permits investigation of a complicated supersonic flow-mixing field. The conclusions of this study are as
follows:

(1) The jet contains its own independent flow structure and little mixing of gases occurs between the flow
structures created by each injection nozzle.

(2) The oxygen fraction rises in the recirculation zone when the injection dynamic pressure ratio is increased.
(3) The oxygen fraction falls in the separation zone downstream of the injection nozzles when the injection

dynamic pressure ratio is increased.
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