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Abstract

For high-speed air breathing engines, fuel injection and subsequent mixing with air is paramount

for combustion. The high freestream velocity poses a great challenge to efficient mixing both in

macroscale and microscale. Utilising cavities downstream of fuel injection locations, as a means to

hold the flow and stabilise the combustion, is one mechanism which has attracted much attention,

requiring further research to study the unsteady flow features and interactions occurring within

the cavity. In this study we combine the transverse jet injection upstream of a cavity with an

impinging shock to see how this interaction influences the cavity flow, since impinging shocks have

been shown to enhance mixing of transverse jets. Utilising qualitative and quantitative methods:

schlieren, oilflow, PIV, and PSP the induced flowfield is analysed. The impinging shock lifts the

shear layer over the cavity and combined with the instabilities generated by the transverse jet

creates a highly complicated flowfield with numerous vertical structures. The interaction between

the oblique shock and the jet leads to a relatively uniform velocity distribution within the cavity.
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I. INTRODUCTION

The introduction of this paper is focused on two different flow phenomena, namely, trans-

verse jets and cavities in supersonic flow. Although these two topics may seem disconnected

at first, they are brought together through this research.

Transverse jet injection into supersonic/hypersonic flows has several engineering applica-

tions ranging from flow control and attitude control, by creating forces and moments, to fuel

injection in scramjets and thrust vector control.1–9 Such flows are extremely complicated and

unsteady, making the numerical and experimental studies of such phenomena very difficult

and challenging.

For the application in scramjet combustion, due to the millisecond residence times of

the flow, efficient mixing is key.10–12 Mai et al.13 showed that by having an incident shock

impinge close to the transverse jet injection location, an enhanced mixing level can be

achieved with an increased residence time that would lead to a more efficient combustion.

Similar findings were reported by Schetz et al.14 regarding the increased mixing levels during

shock-jet interactions and also the location of the impinging shock which results in the best

mixing, that is, when the shock impinges immediately downstream of the jet. The enhancing

combustion properties of impinging shocks is also documented by Huh and Driscol,15 where

the authors believe that it is the adverse pressure gradient caused by shock that is responsible

for altering the recirculation zones and leading to flame stability.

According to Lazar et al.16 cavities represent a fundamental fluid dynamic configuration,

with applications ranging from supersonic aircraft weapon bays and the problems associated

with aerodynamic drag and heating to high-speed combustion. Employing cavities inside

scramjets is a mechanism to improve combustion by decelerating the breathing air from

supersonic to subsonic speeds in order for combustion to occur. Supersonic flows over cavities

lead to extremely unsteady flows, requiring detailed analysis and design consideration. As

evident from the schlieren photograph of Figure 1, in all flows over a cavity a shear layer

is present, which develops out of the boundary layer behind the leading edge of the cavity

and is sustained by the velocity difference between the freestream and the flow inside the

cavity. In supersonic flows an oblique shock forms at the leading edge of the cavity due to

the separation of the boundary layer and an expansion or compression wave is similarly seen

at the trailing edge. As the shear layer separates from the leading edge of the cavity, it starts
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to roll up into large-scale vortical structures due to the KelvinHelmholtz instability. When

these structures impinge on the trailing edge of the cavity, acoustic waves are generated.

These waves propagate to the leading edge within the cavity, because the free-stream flow

is supersonic, to further excite the shear layer.17

Gruber et al.18 looked at how changes in the aft wall of an open cavity can lead to changes

in the shear layer and hence the drag and residence time within the cavity. Sakamoto et

al.19 revealed the complex three-dimensional nature of two-dimensional cavity flows, and the

oscillatory nature of the leading edge cavity shock. When introducing an impinging shock

over the cavity, they found that the shear layer angle, separation lines, and the features

of the bow shock at the rear corner of the cavity depend strongly on the impinging shock

location. Ukai et al.20 showed that if an injector is positioned close to the cavity leading

edge, not only is the mixing enhanced within the cavity, but a stable mixing can be achieved

independent on the jet-to-freestream momentum flux ratio.

According to Ben-Yakar and Hanson21 flame holding is achieved by: 1) organisation of

a recirculation area where the fuel and air can be mixed partially at low velocities, and 2)

interaction of a shock wave with partially or fully mixed fuel and oxidizer; both of these

methods can be found in the present study. It is therefore the goal of this study to examine

the flow physics when combining an impinging shock wave with a transverse jet located

upstream of a cavity. It is believed that combining the merits of enhanced jet mixing due

to an impinging shock together with placing a cavity downstream, higher levels of mixing

and flow stability can be achieved. It is believed that the results will not only shed light

on the fundamental flow characteristics but also help in the development and verification of

advanced turbulence modelling tools.

II. EXPERIMENTAL SETUP

A. Wind tunnel and model

The wind tunnel, identical to that used by Ukai et al.,20 is an intermittent indraft tunnel

with test section dimensions of 150×215×485mm (width×height×length). Desiccant par-

ticles are present at the tunnel inlet to absorb the moisture in the air, a heater is used to

dry the desiccants and relieve them of any moisture content. For a Mach number of 1.9, the
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tunnel has a stable run time of approximately 5 seconds and a Mach number variation of

±0.01 for different runs. The Reynolds number for the current experiments is 8.4×106/m.

Although previous studies examining scramjet flow physics have covered higher Mach num-

bers and Reynolds numbers in the 106 regime,22 the flow inside the combustion chamber of a

scramjet would be travelling at a much lower Mach number due to the various compression

waves encountered upstream.23

As shown in Figure 2, a shock generator with a wedge angle of 10 degrees is mounted

on the top wall of the test section to generate an oblique shock wave. The location of the

shock generator can be varied in the streamwise sense. Two locations are chosen, Case 1

immediately downstream of the jet location, and Case 2 where the shock wave impinges

7.5mm downstream of the cavity leading edge.

A rectangular open cavity, 100mm in length (L) and 20mm deep (D), was designed into

the bottom wall of the test section. An axisymmetric conical jet hole with an orifice diameter

of di=2.2mm was placed 10mm (0.1L) upstream of the cavity along the centreline, with air

as the jet medium. A jet to freestream momentum flux ratio, measure of the jet penetration

into the freestream, of 5.3 was chosen, identical to the work of Ukai et al.20,24 which is defined

in Eq. (1),

J =
γjetpjetM

2
jet

γopoM2
o

(1)

where γ denotes specific heat ratio, p pressure, M Mach number, and the subscripts “o”

and “jet” refer to the freestream and jet conditions, respectively.12

B. Measurement Techniques

A standard Z-type schlieren system was utilised, identical to that used by Zare-Behtash

et al.25,26 The light source was a 450W continuous Xenon lamp and a Photron SA-1 high-

speed camera was used to capture images at a frame rate of 10kfps with an exposure time

of 1µs.

Oil flow visualisation is a simple and effective method for visualising surface flow

patterns.27 Here, a mixture of fluorescent powder, paraffin, oleic acid, and silicon oil was

used to map the flow. Before each run, the oil is deposited inside the cavity near the rear

wall and illuminated with a pair of UV LED panels, 390nm wavelength, from both sides of
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the test section. Images are acquired using a Canon SLR camera, model EOS-450D, with

a 12M pixel resolution. The recipe was optimised through trial and error to ensures that

the oil does not dry too quickly, allowing sufficient time for the flow to establish, but at the

same time it is not too viscous to obstruct the flow.

For particle image velocimetry, a Litron Nano L series, ND:YAG Q-switched laser, 532nm

wavelength, 4ns pulse duration, 200mJ/pulse and 15Hz repetition rate, was used for illumi-

nation along the centreline of the cavity. The time averaged flow field measurements consist

of 60 image pairs captured with a ∆t of 0.9µs. The ∆t was recommended by the software,

which is dependent on the field of view and the freestream velocity. A laser arm was used

to deliver the laser to the test section. To create tracer particles a TSI six-jet atomiser

model 9307-6 was used. The seeder is capable of creating particles with a diameter of ap-

proximately 1µm.28 A LaVision Imager ProX CCD camera with 1600×1200 pixel resolution

was used for image capture at 14 bit digitisation. The recorded image pairs are initially

divided into 32×32 pixel interrogation windows and then processed with a cross correlation

algorithm using the DaVis 7.2 software, the interrogation windows are then refined to 16×16

pixel squares.

The total uncertainty of the PIV measurements, taking into account the error arising

during the cross-correlation process,29 the accuracy of the seeder particles to follow the flow

streamline,30 and also the uncertainty in velocity measurement using PIV,31 is calculated at

± 6.5%.

The Pressure sensitive paint (PSP) technique was also utilised. The description of this

technique along with its merits over conventional pressure measurement techniques are well

documented in the literature.32–37 The in-house developed PSP technology used in the

present study has been successfully applied in a variety of flow conditions and has been

found in all cases to provide accurate pressure measurements when compared to conven-

tional pressure transducers.38–44 The PSP setup consists of a LaVision Image Intense 12-bit

CCD camera with a 590nm long-pass filter mounted on the lens, and UV LEDs with peak

wavelength of 390nm were used for image acquisition. Ruthenium is used as the luminoh-

pore molecules in the current recipe. Multiple images were collected and then summed to

improve the signal to noise ratio of the collected data. The PSP was sprayed over the cavity

floor over a matte white coat, and the camera was mounted on the top wall looking down

onto the cavity.
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A dark image is subtracted from the wind-on (with flow) and wind-off (no flow) images

to account for variations in the dark current signal of the camera. An in-house developed

Matlab code is used for image processing. The code also carries out an image registration

to eliminate any errors due to model movement during the experiments. An a-priori cal-

ibration was applied to the data, since in-situ calibration was not possible in the current

setup. Temperature errors are usually associated with PSP measurements. Due to the low

speed flow near the cavity floor, the recovery temperature approaches the flow stagnation

temperature, and the fact that the model is made from aluminium, that has a high thermal

conductivity, all contribute to an isothermal boundary condition.45

Pressure tappings were also placed along the cavity floor. However due to the tunnel

design, long tubes were required to connect these to the transducers. The length of these

tubes combined with the relatively short flow duration meant that the pressure data were

unreliable.

III. RESULTS AND DISCUSSION

Instantaneous schlieren photographs of the flow are presented in Figure 3. From these

images, the boundary layer thickness upstream of the cavity is calculated as 8.1mm. From

the separation of the boundary layer at the leading edge of the cavity, a shear layer is formed.

Downstream, the shear layer becomes less visible due to its unsteady nature. At the rear

corner of the cavity a bow shock is formed due to the impingement of supersonic flow at

this location. Figures 3(a) and (b) correspond to Case 1, shock immediately downstream

of the jet, whereas Figures 3(c) and (d) show Case 2 with the impinging shock downstream

of the cavity leading edge. At the front corner of the cavity typically an oblique shock

wave is induced by the shear layer, however in the present study the interaction between

the impinging shock in Figure3(a) leads to a different flow structure. When an incident

shock impinges on a boundary layer it creates a reflected shock, whilst at the same time

lifting the boundary layer and creating a virtual bump. Depending on the strength of this

interaction, a region of reversed flow is some times created within this virtual bump. Due

to the strong interaction of the impinging shock and boundary layer a separation shock is

formed immediately upstream of the impinging shock. Traces of a weak recompression shock

are also visible in this picture.
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In Figure 3(c), the impinging shock occurs over the cavity and on the shear layer, however

the interaction results in a similar interaction as with the boundary layer,46 namely the lifting

of the shear layer. Because the shear layer is lifted, the boundary layer separation at the

leading corner of the cavity is moved further upstream, i.e., separation occurs earlier, and

so the oblique separation shock from the cavity corner moves upstream. This behaviour is

evident when comparing the case with the impinging shock to the undisturbed cavity case

shown in Figure 4. When the jet is switched on in Figures 3(b) and (d), the presence of the

jet moves the separation shock further upstream for both shock impingement locations.

Surface oil flow visualisations along with the streamlines are shown in Figure 5. The

model centreline marked by the dashed line also crosses the centreline of the upstream jet.

Wall effects occurring close to the cavity sides are evident. With no jets, the cavity floor is

dominated by a strong flow originating from the rear face and terminating in two counter

rotating vortices in Figures 5(a) and (c). When the jet is switch on, depicted in Figures

5(b) and (d), the presence of the jet leads to a relatively lower pressure along the centreline

of the cavity floor (corroborated by the PSP measurements in Figure 9) compared to the

sides. This gradient in pressure causes the air from the cavity sides to converge along the

centreline and push the two large vortices closer together.

While the individual PIV measurements are likely to be accurate, the uncertainty as-

sociated with the possible lack of sufficient vector fields, to ensure statistical convergence,

needs to be first addressed. As indicated in Figure 6, six random locations in the field of

view were selected as samples and their stream-wise velocity component compared to. As

evident in Figure 6(a), the obtained velocities tend to converge for the current ensembles

with 60 vector fields. The standard error of the ensembles (standard deviation/square root

of the population size), in Figure 6(b), decreases substantially as the number of vector fields

increases. The sample points P5 and P6 exhibit higher error since they are located into the

shear layer and cavity region, respectively, hence being influenced by the high instability of

the flow.

The time averaged absolute flowfield velocity and streamlines for both cases is presented

in Figure 7. Corroborating the schlieren images the impinging shock in Figures 7(a) and (c),

with the jet off, raises the boundary and shear layer. This behaviour is further confirmed by

examining Figure 8 which shows the flow over the same cavity with identical flow properties

(the scales are slightly different). The boundary layer upstream of the cavity leading edge
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is flat and parallel to the wall for the case with no shock impingement. Comparing this to

the PIV results of Figures 7(a) and (c), in these figures the boundary layer is clearly lifted.

For Case 1 in Figure 7(a), the shear layer downstream of the interaction remains horizontal

and propagates downstream. For Case 2 however, in Figure 7(c), the raising of the shear

layer is accompanied by a subsequent dip in its profile.

When the jet is switched on, see Figures 7(b) and (d), the flowfield characteristics are

considerably different. Based on the work of Gruber et al.4,47 and Ukai et al.,24 the interaction

between the jet and incoming flow leads to the creation of new vortical structures, leading

to the amplification of the turbulence with the boundary layer and shear layer. The new

structures created by the transverse jet are a combination of the influence of the jet bow

shock and recirculation regions before and after the jet injection location. The presence of

the jet not only thickens the shear layer but also lifts it higher. With the jet on, the flow

structure inside the cavity is also different between Case 1 and Case 2. In Figure 7(b), the

presence of a large vortex towards the aft wall of the cavity is evident. For Case 2, however,

this vortex appears to be much smaller and closer to the aft wall. The streamlines of Figure

7(d) indicate that there is a greater transfer of mass and momentum between the cavity and

the freestream in Case 2.

The pressure along the cavity centreline, obtained from PSP data, is provided in Figure

9 for the two cases with and without the jet. The uncertainty in the PSP measurements is

±4.4%.48 For both shock locations, the pressure is higher when the jet is switched on. The

higher measured pressure, along the model centreline, indicates that with the introduction

of the jet the flow speed along the cavity floor is reduced. This is consistent with the

PIV data of Figures 7(b) and (d), where the shear layer thickness over the cavity increases

with the introduction of the jet changing the vortex structures inside the cavity. A distinct

difference between the two shock impingement cases is the pressure rise (looking from X =

220 pixels towards the cavity fore-wall) labelled in Figure 9(a). The location of this pressure

rise corresponds to the recirculation region near the fore wall of the cavity. Since the rise

in pressure appears for the jet off and on cases, it means that it is as a result of the shock

interaction and its impingement location. It appears that the impinging shock reduces the

strength of the vortex near the fore wall, leading to a lower induced velocity and therefore

higher static pressure. This, however, needs to be substantiated by comparing the pressure

measurements from an undisturbed cavity. High resolution PIV measurements focusing on
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this small region are necessary to extract the exact flow structures.

Because the two shock impingement cases with no jet exhibit a similar time averaged

velocity profile, taking Case 1 where the shock impinges immediately downstream of the jet,

the root mean square of the V x (longitudinal) and V y (transverse) components of velocity

profile are presented in Figure 10. It is clear from this data that for the present open cavity

case, the longitudinal oscillations, running along the cavity, are the dominant structures

responsible for the mass and momentum transfer in and out of the cavity. This behaviour

was also observed for Case 2 with the jet off, and with the jet on for both cases. For

small cavities (L/D < 2-3) transverse oscillation dominate the cavity unsteadiness whereas

for larger aspect ratio cavities longitudinal oscillation are the dominant mechanism. The

impingement of the shear layer at the aft wall introduces freestream flow into the cavity. This

impingement creates acoustic or compression waves inside the cavity.21 The propagation of

these compression wave inside the cavity result in the high rms value of the Vx component.

The turbulence Reynolds stress, Rexy is an important dynamic quantity affecting the

mean flow since it is responsible for a major part of the momentum transfer due to turbu-

lent fluctuations. The Reynolds stress is not only an indicator of the r.m.s. velocities but

also related to vorticity which is has strong influence on mixing, making it a suitable param-

eter to analyse. The calculated Reynolds stresses are provided in Figure 11. The highest

concentration of Rexy occurs near the aft wall of the cavity since this is where the dominant

vortex structure inside the cavity exists. With the introduction of the jet in Figures 11(b)

and (d), Case 1 shows a greater area of the cavity covered by turbulent structures originating

from the transverse jet.

Profiles of the Reynolds stress taken at three different locations along the cavity floor:

0.2L, 0.5L, and 0.8L (L being the length of the cavity) are plotted in Figure 12 for each

subfigure of Figure 11. The profiles corresponding to Case 2, Figures 12(c) and (d), show

higher magnitudes of Rexy near the aft wall compared to Case 1. The profiles of Case 1

indicate the presence of smaller structures and greater in number, this is induced from the

greater number of fluctuations in Rexy as we move from Y = 0mm at the cavity floor to

Y = 50mm in the shear layer. To clarify this behaviour, Figure 13 shows the Rexy profiles

for the two shock impingement locations with jet on at x = 0.5L. The greater number of

fluctuations is deduced from the higher number of peaks in the profile for Case 1.

Examining the Reynolds stress near the leading edge wall of the cavity in Figure 14, it
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is evident that for Case 1, where the shock impinges near the jet location, the region where

the Rexy has a lower magnitude near the fore-wall is smaller in size compared to Case 2.

In terms of mixing, this implies that in Case 1 a larger area of mixing is present inside the

cavity, leading to an enhanced overall mixing.

IV. CONCLUSIONS

The current investigation analysed experimentally the flow characteristics of a transverse

jet injection upstream of an open cavity with the influence of an impinging shock. The

results reveal that the location of the impinging shock influences the cavity flow. The

interaction between the vortical structures created by the transverse jet and the impinging

shock changes the geometry of the shear layer over the cavity. The streamlines showed

that when the shock impinges near the cavity leading edge, the lifting of the shear layer

encourages a greater momentum transfer into the freestream near the cavity aft wall. The

shock impingement location also influences the vortex structure inside the cavity. When the

shock wave impinges close to the jet, the strength of the vortex near the cavity fore-wall is

reduced leading to a lower induced velocity near the bottom wall.

Analysis of the Reynolds stress inside the cavity reveal that when the jet is introduced

and the shock impinges close to the jet, a greater area of the cavity is covered by turbulent

structures originating from the transverse jet. The Reynolds stress also shows an enhance-

ment in mixing occurring the cavity fore-wall for the aforementioned case, deduced by the

larger area of high of Reynolds stress magnitude.

We can conclude from the findings presented here that the case where the shock impinges

close to the jet leads to the creation of a greater number of smaller turbulent structures

compared to when the shock impinges on the cavity corner. Given the 3D nature of using a

single jet to force the cavity flow, high resolution PIV experiments focusing on specific areas

of the cavity a recommended. These will provide a more comprehensive insight into the

flow interactions. What remains to be seen is how the variation in turbulence and therefore

mixing resulted from the shock interaction influences parameters such as residence time,

burn percentage, thrust production and also the generation of noise inside a scramjet.

It is recommended that the number of vector fields collected for the PIV analysis be

increased so that a higher level of convergence can be achieved, thereby increasing the
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accuracy of the time-averaged results.
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FIG. 1: Schlieren image of a typical supersonic flow over cavity.16

FIG. 2: Model arrangement and test cases for shock impingement.

FIG. 3: Instantaneous schlieren images: (a) & (b) Case 1, (c) & (d) Case 2.
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FIG. 4: Instantaneous schlieren images: (a) baseline,24 (b) Case 2 corresponding to Figure 3(c).

FIG. 5: Oil flow pattern along cavity floor: (a) & (b) Case 1, (c) & (d) Case 2.
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FIG. 6: PIV statistical analysis for increasing number of vector fields: (a) Convergence of velocity,

(b) Standard error.

FIG. 7: Time average absolute velocity: (a) & (b) Case 1, (c) & (d) Case 2.
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FIG. 8: Time average absolute velocity for the no-shock case taken from Ukai et al.20

FIG. 9: PSP pressure profile along the centreline of the cavity, (a) Case 1, (b) Case 2.
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FIG. 10: Root mean square profiles of: (a) & (c) Vx and (b) & (d) Vy corresponding to Figure

7(a).
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FIG. 11: Reynolds stress: (a) & (b) Case 1, (c) & (d) Case 2.
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FIG. 12: Reynolds stress profiles along the cavity relating to Figure 11: (a) & (b) Case 1, (c) &

(d) Case 2.
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FIG. 13: Reynolds stress profiles for Case 1 and Case 2 at the cavity centreline of 0.5L.

FIG. 14: Zoomed areas of Reynolds stress: (a) Case 1, (b) Case 2 (the scales have been saturated

to better discern the flow near the leading edge wall).
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