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This paper describes an experimental investigation of the effect of transverse liquid injection (distilled water) on

the acoustic field generated by confined supersonic flow past a cavity. The effect of cavity depth in the absence/

presence of liquid injection on the acoustic field is studied. In the presence of liquid injection, the effects of injection

pressure and injection location on the acoustic field are investigated. The dependence of suppression/amplification of

the acoustic amplitudes (compared with the absence of injection) on the injection condition and cavity depths is

ascertained. In general, liquid injection in the presence of cavity resulted in higher amplitudes. Even square cavities

that did not exhibit oscillations in the absence of injection generated significant acoustic amplitudes in the presence of

liquid injection at high injection pressures. Phase-locked schlieren imaging was performed to sequence the fluid-

dynamic events. Schlieren images indicate the interaction of the shock wave generated by the flow past the liquid jet

and the oblique shock generated at the cavity-leading edge. The schlieren images show that the amplitude increase

observed for higher injection pressures for a range of cavity depths is accompanied by an unsteady normal shock

ahead of the cavity-leading edge (which does not span the entire width of the test model, but is located locally in front

of the liquid jet).

I. Introduction

I N SUPERSONIC combustion ramjet engines (scramjets), due to
the short residence times, it is essential to specifically adopt a

device or strategy to enhance the mixing between the fuel and
oxidizer to achieve combustors of reasonable size and weight. At the
same time, the mixing device/strategy should not lead to large total
pressure losses for theflow in the combustor, because thiswould lead
to thrust losses. There are several techniques for improving the
mixing. Some of them are based on the generation of streamwise
vorticity, such as ramps, tabs, lobe mixers, chevrons, etc. Some
others are based on the self-excitation of resonance such as with
cavities. Seiner et al. [1] has presented a review of the history of
adopting such mixing-enhancement techniques in scramjet engines.

Recent mixing-enhancement/flame-holding studies have concen-
trated on cavity-based devices as the total pressure losses incurred by
these devices are less compared with other mixing-enhancement
devices. Supersonic flow over cavities can excite acoustic oscilla-
tions, which can enhance the rate of mixing of fuel and oxidizer.
Also, cavities provide a subsonic region containing a hot pool of
combustion products, which can anchor the flame. The length of the

cavity determines the mass entrainment characteristics, whereas the
depth of the cavity determines the residence time [2]. Therefore,
cavities can be tuned to achieve either mixing enhancement or
flame holding by changing the length and depth of cavity. It is then
essential to understand the cavity behavior to incorporate cavities in
scramjet engines.

Early research on cavities focused on studying the large fluctuat-
ing pressures occurring on the wall of the cavity because of its rele-
vance to the flow in the weapon bays of aircraft [3]. A closed cavity
usually has higher drag compared with an open cavity [4], and so the
latter is preferred in scramjet engine applications. Krishnamurty [5],
in his pioneering work on open cavities, reported the emission of
acoustic radiation from cavities both in subsonic and supersonic
flow. Rossiter [6] made a distinction between these cavities based on
the predominance between random and periodic components of the
observed oscillations in the subsonic-to-transonic regime. He has
given an empirical formula for the prediction of the different modes
as a function of the flowMach number. Heller et al. [7] modified the
Rossiter’s formula recognizing the disparity in the speeds of sound in
the freestream and within the cavity. However, neither formula
contains an explicit dependence on the depth of the cavity.

Themechanism of self-sustained oscillations in a cavity has been a
subject of debate until today. Various models have been proposed to
model the physical processes in a cavity, namely, the interaction
between pressure fluctuations and the acoustic source [6,8,9]. The
results of Zhang and Edwards [10] showed open cavities to be
dominated either by longitudinal or transverse oscillations
depending on the L=D ratio and the Mach number. In the case of
cavity with L=D less than 2, the oscillations are controlled by a
transverse mechanism, whereas the oscillations are controlled by a
longitudinal mechanism for cavity L=D greater than 2.

Thework of Yu and Schadow [11] showed that the acoustic waves
radiating from cavities are powerful enough to affect the mixing
characteristics significantly. They demonstrated the enhancement of
mixing in a freejet by a cavity mounted at the exit of the supersonic
nozzle. They used two-dimensional and semicircular cavities. They
found that the resonance causes periodic shedding of organized
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structures that can be used to control mixing. This could be achieved
with the two-dimensional cavity only when the cavity dimensions
were adjusted to specific acoustic modes. No adjustments were
required for the semicircular type of cavity. Sato et al. [12] studied the
effect of an acoustic wave impinging on the mixing layer. The
primary air was supersonic with Mach number being 1.78, and the
secondary air was injected from the injector installed on the center
line of the nozzle. Their results showed that the combination of cavity
shape and injector shape influences the mixing characteristics to a
large extent. The impingement of acoustic wave improved the
mixing of the main air and the injected air.

Burnes et al. [13] studied the effect of fuel injection on mixing
using cavities with helium and tetrafluroethane. They reported that
the experiments provided direct evidence of persisting coherent
structures in a ducted supersonic flowfield, which may enhance
mixing. It was indicated that the fuel that was injected into the cavity
suppressed the flow oscillations and inhibited the coherent structure
formation, whereas fuel injected into the wake of the cavity was
entrained into the coherent structures, showing evidence of mixing
enhancement. Hsu et al. [14] conducted experiments using ethylene
to measure quantitative fuel distributions around a cavity (fuel
injected upstream of the cavity) in a nonreacting Mach 2 flow at
different backpressures to simulate static pressure raise due to
combustion. The boundary layer separated, causing amodification of
the fuel transport to the cavity. They recommended that the fuel be
delivered directly into the cavity for a controllable and stable cavity
flame holder to eliminate the potential transition problem resulting
from boundary-layer behavior. The last two papers showed contra-
dictory requirements of fuel injection location for mixing enhance-
ment and flame holding. Ben-Yakar and Hanson [15] discussed the
need for an optimal configuration of cavity that will yield the most
effective flame-holding capability and mixing enhancement with
minimum losses in their study using hydrogen fuel.

In summary, cavities show great promise for mixing enhancement
and also flame holding for scramjet applications. Although there is a
large body of literature on the acoustic field produced by supersonic
flow past a cavity, not much work has been done on investigating the
influence of liquid injection on the cavity-induced acoustic field, and
the influence of this acousticfield on the liquid penetration height and
jet spread. In this context, it will be interesting to examine the
acoustic amplitudes generated by the supersonic flow past a cavity,
particularly when the liquid droplets from the fuel spray damp the
acoustic field. This work examines the effect of liquid injection into
supersonicflowpast a cavity on the cavity dynamics and the resulting
acoustic field. The effect of injector pressure and injection diameter
on the acoustic field generated by the cavity is investigated. Phase-
locked schlieren imaging are used to sequence the fluid-dynamic
events occurring in the test section. The shock pattern in the presence
and absence of liquid injection has been studied for different cavity
depths.

II. Experimental Details

The experimental test facility has provision to supply compressed
air at a maximum stagnation pressure of 10 bar from three reservoirs.
The pipeline from the reservoir outlet was connected to a settling
chamber, followed by a circular-to-rectangular transition duct
(Fig. 1a). A Bourdon-type pressure gauge was used to monitor the
stagnation pressure in the settling chamber, and the duct was
connected to a 2-D convergent divergent nozzle. The nozzle was
calibrated using a pitot-static probe, and the average Mach number
(M1) is found to be 1:5� 0:05 (uncertainty of 3%). The static
pressure at the exit of the nozzle is around 1 atm.

The nozzle was connected to the test section with a rectangular
cross section of 40-mm height and 30-mmwidth. A schematic of the
test model is shown in Fig. 1b. The length of the test model was
maintained as 150mm. A length of 150mmwas chosen, as previous
investigations [16] showed that the acoustic signals were weak at
locations far downstream of the cavity-trailing edge. On the top wall
of the test section, three injection ports (P1, P2, and P3), and three
transducer ports (T1, T2, and T3) for measuring acoustic pressure

were provided (Fig. 1b). The sides of the test model were made of
glass for optical access and the top and bottom walls were made of
acrylic sheets. The length of the cavity (L) was fixed as 50 mm, and
the depth of the cavitywas varied from 10 to 72mm in steps of 2mm.
The cavity-leading-edge location is 50 mm from the start of test
model. The cavity depth was varied bymaking the bottomwall of the
cavity movable. A cavity length of 50 mm was chosen from the
numerical simulation results [17] because the amplitudes are the
highest for a cavity length of 50 mm as compared with other cavity
lengths. A cavity depth less than 10 mm does not produce any
significant acoustic oscillation, and a cavity depth more than 70 mm
cannot be accommodated in a practical supersonic combustor.
Therefore, a depth range of 10 to 72 mm was selected for the study.
The Mach wave (angle of 42 deg with respect to freestream flow)
corresponding to freestreamMach number of 1.5 is shown in Fig. 1b.

The three injection locations were located such that the P1
injection location was ahead of the cavity-leading edge on the wall
opposite to cavity, the P2 locationwas directly opposite to the cavity-
leading edge, and the P3 location was slightly downstream of the
cavity-leading-edge location. The injector diameters chosen were
1mm and 0.8mm. The injector wasmade of stainless steel, and it is a
plain orifice injector mounted flush with the inner wall of the test
model. Distilled water was used as the surrogate fuel. Nitrogen
cylinders were used to pressurize the liquid stored in a cylindrical
tank. A flow-regulating valve was connected to the nitrogen cylinder
to get different injection pressures (i.e., to reduce the 150-bar
pressure in the nitrogen cylinder to the required injection pressure). A
Bourdon type pressure gauge was installed in the line from the outlet
valve in the tank to the injector to measure the injection pressure.

The acoustic pressure measurements were performed on the wall
opposite to the cavity using Kistler type 206 piezoelectric
transducers. The transducer has a sensitivity of 100 mV=psi, with a
dynamic pressure range of 0.01–80 psi at any static pressure level.
The transducer location T1 was located just ahead (20 mm) of the
Mach wave impingement location on the top wall. It was seen in
numerical simulations for the case of absence of injection [16] that
unsteadiness was not experienced at locations (around 30mm) ahead
of the Mach wave impingement location. Therefore, transducers
were not located ahead of the T1 location. The signal from the
transducer is conditioned using a signal conditioner and acquired
using a computer through a 12-bit analog-to-digital (A/D) data
acquisition board, which can sense signals up to amaximumpeak-to-
peak voltage level of 5 V. The maximum uncertainty in the
measurement of the acoustic pressure amplitude due to digitization is
7 Pa. The amplitude nonlinearity of the transducer is �1% in the
calibrated range. Because the dominant frequency to be measured is
estimated as in the 4–25 kHz range, the sampling frequency is set at
100 kHz. The number of samples acquired is 32,768 (�27). Fast
Fourier transform (FFT) is performed on the stored signal with a
frequency resolution of 3 Hz. The output of the FFT is used to
determine the frequency components and its amplitude.

III. Results and Discussion

A. Acoustic Field in Absence of Injection

Acoustic signals were acquired at three locations (T1, T2, T3) in
the absence of injection (baseline case) for different cavity depths.
The amplitude spectrum for four different cavity depths (D� 0 mm;
i.e., absence of cavity, 24, 40, 68 mm) acquired at T1 location is
shown in Fig. 2. In the absence of cavity, the spectrum is broadband
with low amplitudes indicating that theflow is steady. In the presence
of cavity, the signals consisted of broadband frequencies
accompanied by a narrow band of preferred frequencies (tones)
with considerable amplitude. Discrete tones with high acoustic
amplitudes are observed for shallow and deep cavities. However,
tones are not observed for the case of square cavities at T1 transducer
location (D in the range of 40–56 mm). The shallow cavities
exhibited two or three discrete tones at frequencies less than 10 kHz.
In the case of deep cavities, three or four discrete tones exist with the
higher discrete frequencies being in the range of 10–20 kHz. Also,
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the dominant frequency jumps to a higher value when the cavity
geometry changes from shallow to deep cavity.

The amplitude spectrum at the three locations (T1, T2, and T3) for
a cavity depth of 24, 40, and 68 mm are given in Figs. 3a–3c. The
maximum amplitude was experienced at T1 location for the cavity
depth of 24 mm (Fig. 3a) and is nearly of the same magnitude as that
at T2 location, whereas it decreases at T3 location. The T1 location
was located downstream of the oblique shock (generated by the
cavity-leading edge) impingement location on the top wall. The T3
transducer will register the fluid-dynamic effects generated at cavity-
trailing edge in addition to cavity-leading-edge effect. The cavity-
trailing edge will have oblique shocks/expansion waves because of

the oscillation of the shear layer near the trailing edge location. These
effects were weak for a cavity depth of 24 mm, resulting in reduced
amplitudes at T3 location. The amplitude spectrum for cavity depth
of 68 mm (Fig. 3c) shows maximum amplitude at T3 location. The
magnitude of amplitude at T1 location is comparable to amplitudes
registered at T3 location. The amplitude experienced for cavity depth
of 40 mm (Fig. 3b) was much lower than in the case of cavities with
24 or 68mmdepth. This is consistentwith the observation that square
cavities do not produce strong acoustic fields as compared with
shallow and deep cavities.

Schlieren images showed that in general, shallow cavities
experienced large scale vortices moving upstream inside the cavity
and large shear-layer deflections near the cavity-leading edge and
deep cavities showed small-scale vortices convected downstream,
with large shear-layer deflections near the cavity-trailing edge [17].

B. Acoustic Field in Presence of Injection

Experiments were performed with distilled water injection from
an injector of 1 mm in diameter located at the P3 location that is
located 25mmdownstream of the cavity-leading edge. Acoustic data
was first acquired in the absence of cavity, with liquid injection at
different pressures. The amplitude of oscillations is approximately
20 Pa, indicating that in the absence of cavity, liquid injection does
not lead to any significant acoustic field. The amplitude spectrum (at
T1 location) for different cavity depths at 5-bar injection pressure is
shown in Fig. 4. It can be seen in Fig. 4 that the periodic pressure
fluctuations of considerable acoustic amplitudes are experienced for
shallow cavities (D is 16–32mm) and deep cavities (D is 66–72mm)
in spite of the acoustic damping by the droplets, whereas broadband
spectrum is observed for square cavities (D is 40–66 mm). The
amplitudes are highest for a cavity depth of 24 mm and two to three

Fig. 1 a) Experimental test facility. b) Schematic of test model showing injection and transducer locations.

Fig. 2 Amplitude spectrum in the absence of liquid injection at T1
measurement location for various cavity depths.
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discrete tones could be seen in the amplitude spectrum. Similar
trends in spectra are observed from the acoustic pressure measure-
ments at T2 and T3 locations.

The amplitude spectrum of different cavity depths for the 20-bar
injection pressure is shown in Fig. 5 for the T1 location. The
amplitudes for 20-bar injection pressure increased substantially
compared with the case of absence of injection and 5-bar injection
pressure. Maximum amplitude (of the order of 12 kPa) is observed
for a cavity depth of around 28 mm. Square cavities (depth around
40 mm) that did not produce significant amplitudes in the absence of
injection now produced amplitudes of the order of 7 kPa in the
presence of injection. Themeasurement of pitot pressure at the exit of
the test section could not be performed due to water droplets getting
into the probe. The reasons for the changes in frequencies of
oscillations and the corresponding amplitudes are discussed with the
help of phase-locked schlieren images.

Phase-locked schlieren images were used to sequence the fluid-
dynamic events. The phase-locked images for a cavity depth of

Fig. 3 Amplitude spectra at different locations in the absence of liquid
injection for cavity depths of a) 24 mm, b) 40 mm, and c) 68 mm.

Fig. 4 Amplitude spectra at T1 location for P3 injection with an

injection pressure of 5 bar for various cavity depths.

Fig. 5 Amplitude spectra at T1 location for P3 injection with an

injection pressure of 20 bar for various cavity depths.
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24 mm at 5-bar injection pressure are shown in Fig. 6. The images
were phase locked at a frequency of 2.1 kHz. The images show a
highly unsteady normal shock standing ahead of the cavity-leading
edge during a part of the cycle (Figs. 6a–6c). The normal shock does
not span the entirewidth (thewidth of the testmodel is 30mmand the
width of the liquid jet will be less than 5 mm), but is present only in
front of the liquid jet and that the area averagedMach number will be
supersonic. The blockage offered by the liquid jet is estimated to be
less than 4% of the test section area without cavity. During the other
part of the cycle, the oblique shock generated at the cavity-leading-
edge wave interacts with the shock generated by the supersonic flow
past the liquid jet (Figs. 6d–6f). The shear layer undergoes
oscillations, and during the cycle, the shear-layer deflection at the
cavity-leading edge increases and then decreases. Shock waves
could be seen near to the cavity-trailing edge (Fig. 6d).

The phase-locked instantaneous schlieren images for the cavity
depth of 24mmwith injection pressure of 20 bar are shown in Fig. 7.
These images were phase locked at a frequency of 2.01 kHz. Only a
few schlieren images show normal shock (it is inferred that in the
remaining images, the shock is located far upstream of the cavity-
leading edge, which could not be captured due to limitations in
schlieren window size), and the normal shock is highly unsteady.
The normal shock could be seen in Figs. 7e, 7g, and 7i, and the
normal shock resulted in changing the flow conditions at the cavity-
leading edge resulting in increased amplitudes. A weak wave could
be seen on the shear layer (Figs. 7a, 7b, and 7k), and strong shocks
could be witnessed after the cavity-trailing edge (Figs. 7j–7l). The
obstruction offered by the injected liquid (estimated to be less than
7% of the test section area without the cavity) at 20-bar injection
pressure will create a strong shock compared with 5-bar injection
pressure because of the increased mass flow rate of the injected
liquid. The increased static pressure and reduction inMach number at
the cavity-leading edge resulted in increased amplitudes. Similarly,
the unsteady normal shock that was located in front of the liquid jet
was found to occur for injection pressures of 10 and 15 bar, resulting
in increased amplitudes compared with the absence of injection.

The amplitude spectrum for the cavity depth of 40 mm showed
frequencies of oscillations with significant amplitudes (of the order
of 7 kPa) at 20-bar injection pressure (Fig. 5b). In this case, the
supersonic flow past the cavity did not generate significant
amplitudes in the absence of injection, whereas it generated
significant amplitudes at high injection pressures because of the
interaction occurring between the shock generated by the flow past
the liquid jet and the shock wave at the cavity-leading edge. The
instantaneous schlieren image is shown for cavity depth of 40 mm in
Fig. 8a for 5-bar injection pressure and in Fig. 8b for 20-bar injection
pressure. The presence of an oblique shock at the cavity-leading edge
and the shock generated by flow past the liquid jet could be seen at 5-
bar injection pressure. Instantaneous schlieren image for 20-bar
injection pressure (Fig. 8b) shows the absence of oblique shock at

cavity-leading edge and a normal shock standing ahead of the cavity-
leading edge.

The phase-locked instantaneous schlieren images for cavity depth
of 66 mm at 10-bar injection pressure is shown in Fig. 9. The images
were phase locked at a frequency of 4.8 kHz. These schlieren images
indicate the oscillation of shear layer with vortices being convected
downstream along the shear layer. During a part of the cycle, the
shear layer bends towards the cavity-trailing edge, and a shock is
generated (Fig. 9d) ahead of the cavity-trailing edge. During the
other part of the cycle, the shear layer flows over the cavity-trailing
edge, and a shock gets formed (Fig. 9g) at a location downstream of
the trailing edge. Unlike the case of shallow cavities, the normal
shock is not seen in the images.

These results indicate that, for shallow cavities, even an injection
pressure of 10 bar resulted in increased amplitudes, and the schlieren
images show a normal shock ahead of the cavity-leading edge. In the
case of square and deep cavities, high injection pressures (around
20 bar) resulted in increased amplitudes compared with the case of
absence of injection.

Fig. 6 Phase-locked, instantaneous schlieren images for a cavity depth
of 24 mm at an injection pressure of 5 bar and P3 injection.

Fig. 7 Phase-locked, instantaneous schlieren images for a cavity depth

of 24 mm at an injection pressure of 20 bar and P3 injection.

Fig. 8 Instantaneous schlieren images for cavity depth of 40 mm (P3

injection) at injection pressure of a) 5 bar and b) 20 bar.
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The changes in injection location and injection diameter changed
the magnitude of the acoustic oscillations; however, the behavioral
pattern in terms of increased amplitudes at higher injection pressures
comparedwith case of absence of injection is the same irrespective of
the changes in injection location or diameter. A detailed presentation
of these results is available in [17].

The dominant frequency and the corresponding amplitude for
different cavity depths are consolidated and shown in Fig. 10 for
injection pressures of 5 bar. In the absence of injection, the flow past
cavity depths less than 10 mm did not generate an acoustic field of
significant amplitudes. In the absence of injection, two mode jumps
are experienced as the cavity nature changes from shallow to square
and from square to deep cavity. Around a depth of 28 mm, the
dominant frequency shifts from the first mode (i.e., first discrete
frequency) to the third mode accompanied by reduction in

amplitudes. Around 40–50-m cavity depth, the flow does not show
discrete frequencies with significant amplitudes. When the cavity
becomes a deep cavity, the second mode dominates the oscillations,
and the amplitudes are comparablewith the case of shallow cavity. In
the case of injection, the mode jumps (i.e., from first mode to third
mode and then from third mode to second mode) occurs at higher
cavity depths. Thefirstmode jump that occurred around 28mm in the
case of absence of injection occurred around 40 mm for 5-bar
injection pressure (P3 injection location). The second mode jump
occurred at 60 mm cavity depth instead of 50 mm cavity depth as in
the case of absence of injection. The only injection location that
suppressed the amplitudes (as compared with the case of absence of
injection) for shallow cavities was the P3 injection location. The
other two injections resulted in increased amplitudes for shallow
cavities and the amplitudes are suppressed irrespective of the
injection location for deep cavities.

The dominant frequency and amplitudes for 20-bar injection
pressure at different injection locations are given in Fig. 11. The
amplitudes increased over the case of absence of injection for the
cavity depth ranging from 20–48 mm and from 62–72 mm. It can be
seen that cavities that did not generate acoustic amplitudes in the case
of absence of injection, now produced significant amplitudes for all
the three injection locations. The shock generated by theflowpast the
liquid jet changes the Mach number at the cavity-leading edge,
resulting in changes in the dominant frequency. There are a few
cavity depths around 55mm (L=D slightly greater than 1), which did
not show any increase in amplitude compared with the case of
absence of injection.

On the whole, the liquid injection resulted in increase in ampli-
tudes and shift in dominant frequencies. Instantaneous schlieren
images indicate interaction of the shock waves generated by flow
past the liquid jet and the cavity. In those cavities in which injection
leads to large amplitudes, a normal shock could be seen ahead of the
cavity-leading edge, and it is not stable. During the cycle, a normal
shock is seen traveling back and forth in the constant area portion
ahead of the cavity-leading edge.

IV. Conclusions

Experimental investigation was performed to study the effect of
liquid injection (distilled water as surrogate fuel) on acoustic radia-
tion of a rectangular wall-mounted cavity in confined supersonic

Fig. 9 Phase-locked, instantaneous schlieren images for a cavity depth

of 66 mm at an injection pressure of 10 bar (P3 injection).

Fig. 10 Dominant frequency and amplitude for the case of absence/

presence of injection at different injection locations for varying cavity
depths (5-bar injection pressure).

Fig. 11 Dominant frequency and amplitude for the case of absence/
presence of injection at different injection locations for varying cavity

depths (20-bar injection pressure).
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cross flow. The effect of cavity depth, liquid-injection pressure, and
injection location on the acoustic field was studied with the
supersonic flow Mach number being 1.5. The acoustic amplitudes
generated by flow past the cavity in the presence of liquid injection
increased substantially compared with the case of absence of
injection, in spite of the acoustic damping by the droplets. The
increased amplitudes occurred for the entire cavity depths tested for
an injection pressure of 20 bar (except for a few cavity depths around
55mm). The shock induced due toflowpast the liquid jet changes the
cavity-leading-edge flow conditions, resulting in changes in the
acoustic field. Instantaneous phase-locked schlieren images were
obtained to visualize the shock structures generated due to liquid
injection and its interaction with the shock structures generated by
the cavity. The increased amplitudes could be attributed to the
unsteady normal shock standing ahead of the cavity-leading edge.
The normal shock does not span the width of themodel but is present
only in front of the liquid column.
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