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the mainstream and consequently produces stable prop-
erties of the shear layer, being valuable to considerably 
improve flame stabilization.

1  Introduction

Growing environmental concerns has led to significant 
restrictions concerning pollutant emissions in gas turbines. 
Lean premixed combustion is a promising solution because 
it has the advantage of preventing high thermal loads at the 
turbine entry and being able to cutoff thermal NOx emis-
sions (Correa 1993; Wulff and Hourmouziadis 1997). How-
ever, the implementation of lean premixed combustion 
increases the risks of flashback, flame blow-off at partial 
load regimes, and possible combustion instabilities induced 
by thermoacoustic oscillations (Candel 2002). Integration 
of cavities in combustors could be used to improve flame 
stabilization, and extend lean blow-off limits of gas tur-
bines (Lieuwen 2012). Among others, it is interesting to 
note the development of trapped vortex combustors (Hsu 
et  al. 1998; Roquemore et  al. 2001), rich-burn/quick-mix/
lean-burn (RQL)-staged combustors (Straub et  al. 2005), 
or even scramjet hypersonic applications (Ben-Yakar and 
Hanson 2001).

The effectiveness of these geometries lies on the pres-
ence of a shear layer at the flow separation, and important 
flow recirculation zones within the cavity (Pitz and Daily 
1983; Ghoniem et al. 2005). Both contribute to improving 
the mixing between burned gases contained in the cavity 
and incoming lean mixtures. However, the flow dynam-
ics of the separating shear layer in non-reacting condi-
tions is subject to a variety of hydrodynamic instabili-
ties (e.g., Kelvin–Helmholtz instability) (Ho and Huerre 
1984; Dimotakis and Brown 1976), which can induce 
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vortex shedding (Brown and Roshko 1974). In cavity 
flows, these instabilities can be amplified: The trailing 
corner of the opposite wall combined with the genera-
tion of vortical structures in the shear layer may induce 
large pressure and velocity fluctuations which can travel 
upstream. This might lead to undesired level of noises, 
and even self-sustained hydrodynamic oscillations (Rock-
well and Knisely 1979; Cattafesta et al. 2008). Numerous 
studies have considered the primary mechanisms involved 
in the development of such instabilities in inert cavities 
(Rockwell and Knisely 1979; Little and Whipkey 1979). 
Gharib (1987) and Koening and Roshko (1985) found 
that a “locked” vortex in the cavity led to an extremely 
stable flow topology, but very little fluid was exchanged 
between the cavity and the main channel. In addition to 
the natural flow entrainment (Sturgess and Hsu 1997), 
some authors suggested to directly inject mass into the 
cavity to improve mass transfers, and flame stabilization 
in combustion applications (Hsu et  al. 1998). Unfortu-
nately, these flows still remain unstable: The coupling 
between the complex flow dynamics and subsequent heat-
release rate oscillations makes the design of such configu-
rations more difficult due to the untold number of param-
eters (Altay et  al. 2009). Therefore, an understanding of 
the stabilization mechanisms involved in a cavity-based 
combustor is of great importance. Moreover, experimental 
data could be used for numerical simulations, by provid-
ing suitable model validation.

As combustion dynamics must be both temporally and 
spatially resolved, high-speed laser imaging diagnostics are 
a well-adapted strategy to obtain measurements exhibiting 
instabilities. As mentioned by Bohm et al. (2011, 2013), the 
advent of Q-switched, all-solid-state, diode-pumped lasers 
and the emergence of complementary metal oxide semi-
conductor (CMOS) camera technologies made it possible 
to transfer planar optical diagnostic methods to the multi-
kilohertz regime. Among the available high-speed optical 
diagnostics, high-speed OH-PLIF (Kaminski et  al. 1999) 
and PIV (Upanietks et al. 2002) methods have proved to be 
suitable for combustion applications. Recent studies have 
implemented these laser diagnostics to investigate unsteady 
or transient mechanisms in academic turbulent flames and 
conventional gas turbine combustors for various scenarios: 
local extinction associated with vortex–flame interactions 
in opposed-jet flames (Bohm et  al. 2009), estimation of 
flame dynamics, and consumption rates in a turbulent flame 
(Johchi et  al. 2015), re-ignition in a jet diffusion flame 
(Steinberg et al. 2011), 3D-flame propagation in a turbulent 
flow (Trunk et al. 2013), flame blowout in swirl combustion 
(Stohr et al. 2011), PVC and flashback in LPP swirl flames 
(Boxx et al. 2010), flame kernel development in a GT, and 
ignition processes in internal combustion engines (Boxx 
et al. 2013; Peterson et al. 2014).

Even if many studies have considered reactive cavi-
ties operating with both supersonic and subsonic flows 
(Ben-Yakar and Hanson 2001; Yuan et al. 2015; Sun et al. 
2015; Hsu et al. 1998; Roquemore et al. 2001), few stud-
ies have reported unstable operating conditions (Hsu et al. 
1999; Roquemore et  al. 2001), and no detailed investiga-
tions exist concerning mechanisms driving occurrence of 
these instabilities. Therefore, the objectives of the present 
study are to (1) implement simultaneous high-speed PIV 
and high-speed OH-PLIF in a complex geometry and to 
(2) investigate the combustion dynamics in an academic 
premixed cavity-based combustor displaying unstable and 
stable behaviors. The imaging system was applied on two 
operating conditions, differing from the ratio of momentum 
J, taken between the mainstream and the cavity jet: The 
first one exhibited self-sustained thermoacoustic oscilla-
tions, whereas the second one burned stably. The paper is 
organized as follows: the experimental setup, and test con-
ditions are described in Sect. 2. Section 3 provides details 
concerning the laser measurement methods, and post-pro-
cessing tools used to process the data measurements. An 
analysis is then carried out to examine the two operating 
conditions, and point out the mechanisms of flame stabili-
zation in Sect. 4.

2 � Burner and operating conditions

2.1 � Burner design

Experiments were conducted in an existing test facility, 
which was previously used to study swirl injectors (Taupin 
et  al. 2007; Burguburu et  al. 2011). The main advantage 
of this setup is the presence of a fully annular transparent 
quartz tube, which can operate up to 0.5  MPa. Important 
modifications were performed and resulted in many con-
straints for the cavity-based combustor design. The burner 
is inserted into a Herasil cylindrical quartz tube with an 
inner diameter of 80 mm and a length of 200 mm. This 
quartz tube is surrounded by a second protective trans-
parent casing equipped with planar quartz windows (not 
shown in Fig.  1). To avoid thermal and mechanical con-
straints, cooling air is injected in the gap between the cas-
ing and the cylindrical quartz tube. This cold air is also 
used to cool down exhaust gases (by means of dilution 
holes located downstream of the burner region). An adap-
tive nozzle, located at the burner outlet, is used to set the 
absolute pressure Pch of the combustor to 0.17 MPa.

The cavity-based burner is shown in Fig. 1, and it con-
sists of cylindrical forebody and afterbody elements, with 
a diameter of 59 mm and a corresponding main height of 
10.5 mm. A smaller tube, with a length of Lc = 22 mm, 
is used to assemble the two pieces and form an annular 
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cavity located in the inner part of the quartz tube. With this 
configuration, boundary effects as well as asymmetries can 
be limited. Cavity dimensions are set according to results 
reported by Burguburu et al. (Burguburu et al. 2012) with 
an aspect ratio of Lc/Haft = 1.19.

The cavity region is detailed in Fig. 2. The mainstream 
flow consists of a premixed mixture of air and methane 
(CH4) with a bulk velocity Um, and an equivalence ratio φm . 
It flows in the 10.5-mm high annular gap created between 
the forebody and the cylindrical quartz tube. To reduce 
acoustic coupling with the combustor system, the inlet 
is also choked using a sonic nozzle. Acting as secondary 
flame holders, 20 rods, each with a diameter of 3 mm, are 
positioned on the upstream cavity corner and produce a 
blockage area of 23 % in the mainstream.

The upstream reactive flow (URF) injection system 
delivers a premixed mixture of air and CH4 with a bulk 
velocity Uc, and an equivalence ratio φc. This injection sys-
tem is installed in the lower part of the upstream cavity face 
by means of a 1 mm annular slot. An additional injection 
system, named downstream cooling air (DCA), is used to 
cool down the cavity trailing edge, subject to large thermal 
constraints. Figure 2 displays cartesian coordinates, with x 
= 0 located at the cavity leading edge and oriented in the 

direction of the mainstream. The y-axis is pointing in the 
mainstream. The corresponding velocity components in the 
coordinates (x, y) are (Ux, Uy). The grey rectangle in Fig. 2 
represents the field of interest for laser diagnostics. In addi-
tion, three zones of interest (A, B, C) are defined and will 
be used later for the data analysis (in Sect. 4): Zone A is 
located in the mainstream, zone B is in the downstream 
part of the cavity, next to the cavity trailing edge, and zone 
C includes the flow separation region between the main 
channel and the cavity (also named shear layer region).

2.2 � Operating conditions

Experiments were conducted with a constant global power 
Pglob of 53.5 kW (constant power split between the main-
stream and the cavity Pm/Pc). Therefore, fuel mass flow 
rates were kept constant in this study. Preliminary results 
concerning the combustor stability are depicted in Fig.  3. 
It displays a stability map based on the root mean square 
(RMS) of pressure fluctuations in the combustor, with vary-
ing the bulk velocities Um and Uc (by means of the air flow 
rate). As we were operating at a defined power, the equiva-
lence ratios in the cavity and the mainstream flow were also 
modified.

Fig. 1   Schematic illustration of 
the experimental setup

Fig. 2   Details of the cavity-based combustor. Nomenclature and 
coordinates are presented. The grey square shows the region of inter-
est for optical diagnostics

ϕ

Fig. 3   Stability map displaying the root mean square (RMS) of pres-
sure fluctuations (in Pa) with varying Um and Uc. Experiments con-
ducted at a constant power Pg = 53.5 kW. Crosses correspond to the 
operating conditions investigated in this study
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It can be seen that the combustor exhibits either large 
or small pressure fluctuations. When Uc is relatively low 
and Um relatively high, one can obtain a stable combus-
tor. These findings are in agreement with the literature 
as this stable zone corresponds to large velocities in the 
mainstream (Roquemore et al. 2001; Hsu et al. 1998). In 
contrast, the combustor exhibits large pressure fluctua-
tions when the mainstream air bulk velocity is decreased, 
or when the cavity air bulk velocity is increased. Based 
on preliminary measurements of Burguburu et al. (2012), 
who highlighted an optimum equivalence ratio in the 
cavity to obtain a stable configuration, the cavity equiva-
lence ratio of the URF mixture was set to φc = 3.0. This 
corresponds to a bulk velocity Uc = 3.0 ms−1 (horizon-
tal white line in Fig. 3). Two mainstream air flow rates 
were selected, representative of “stable” and “unstable” 
flows (crosses in Fig. 3). Similarly to Kumar and Mishra 
(2011b), the ratio of mainstream momentum to the cav-
ity jet momentum J = ρmU

2
m/ρcU

2
c  (ρ being the density 

of the mixture at room temperature) is used to character-
ize each operating condition. The “unstable” case cor-
responded to a ratio of momentum J = 2.8, whereas in 
the “stable” case, J was increased to 7.1. Detailed oper-
ating conditions of each injection system are shown in 
Table 1.

3 � Optical diagnostics and Image processing

Two high-speed laser-based measuring systems are used in 
this study: a OH-PLIF system, and a PIV system. Note that 
both systems are used at different repetition rates in order 
to obtain good signal-to-noise ratios. Only simultaneous 
data are analyzed. The region of interest is given in Fig. 2, 
and corresponds to a plane located in the spacing between 
two rods (see Sect.  2.1). Specific tools used to analyze 
measurements are described in this section.

3.1 � 10‑kHz OH‑PLIF system

A high-speed OH-PLIF system operating at a repetition 
rate of 10  kHz was used to record the hydroxyl radical 
(OH) in the flame. A 10-kHz frequency-doubled, diode-
pumped solid-state Nd:YAG laser (EdgeWave IS2011-E) 
operating at 532 nm (average power of 100 W) pumps a 
tunable dye laser (Sirah Credo) supplied with Rhodamine 
590 dye. The resultant frequency-doubled output energy 
was 460 µJ/pulse. The energy in the probe volume was 
measured to 130 µJ/pulse (removing the optics used to 
create the laser sheet, and taking into account the two 
optical windows of the burner). The resultant laser beam 
was overlapped with the PIV beam by using a dichroic 
mirror and was expanded through a set of fused silica 
lenses (a spherical lens f1 = 1000  mm to create a focal 
spot, and a cylindrical diverging lens f2 = −20  mm) to 
form a laser sheet of approximately 30 mm in height, and 
a thickness of 200 µm (Fig.  4). Note that this resulted 
in a non-collimated sheet in the probe volume. The exci-
tation wavelength was tuned to the Q1(5) ro-vibronic 
transition of the A2Σ+(ν′ = 0) ← X2Π(ν′′ = 1) band 
(� = 282.75  nm). Daily adjustments to the excitation 
wavelength were performed using a laminar premixed 
CH4/air flame. The detection system consists of an exter-
nal image intensifier (HighSpeed IRO, LaVision) con-
nected to a CMOS camera (Fastcam SA1) with a resolu-
tion of 512× 512 pix2 (21.5 pix/mm magnification ratio). 
The UV lens (100  mm f/2 B-Halle Nachfl. GmbH) was 
mounted on a Scheimpflug system because the camera 
was titled at a 15◦ angle (away from the laser sheet nor-
mal) due to the central metal body and the presence of 
the PIV camera. The intensifier gate was set to 500  ns, 
and background noise arising from elastic scattering of 
the particles used for PIV was reduced with a high-pass 

Table 1   Operating conditions. The total power is conserved

Unstable Stable

Main Um (m/s) 5.0 8.0

φm (–) 0.8 0.7

Pm (kW) 50.0 50.0

Cavity Uc (m/s) 3.0 3.0

φc (–) 3.0 3.0

Pc (kW) 3.5 3.5

Global Pglob (kW) 53.5 53.5

Pch (MPa) 0.17 0.17

J (–) 2.8 7.1

Fig. 4   Schematic representation of the dual measurement technique
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colored optical filter (Schott WG305). A broadband col-
lection strategy from 308 to 330  nm with a bandpass 
colored filter (Schott UG11) was chosen to improve the 
signal-to-noise ratio. The duration of the measurement 
was 2.18  s at 10  kHz, but the combined analysis with 
vector fields (see below) resulted in the extraction of only 
one out of every four PLIF images.

3.2 � 2.5‑kHz PIV system

A high-speed PIV system operating at a repetition rate of 
2.5 kHz is used in this study. Note that the repetition rate 
was chosen to obtain a sufficient spatial resolution for 
the camera. A double cavity Nd:YLF laser (Darwin-Duo, 
Quantronix) operating at 527 nm fired two laser beams, 15 
and 30 µs apart (depending on the operating conditions). 
The laser beams were transmitted and combined with the 
UV laser beam through the dichroic mirror and expanded 
through the same lenses used for the PLIF beam. The laser 
thickness of the PIV beam was 500 µm. 1µm zirconium 
dioxide ZrO2 particles were seeded through the various 
flow injection systems (by means of fluidized beds). The 
estimated Stokes number was 0.06 (based on the cav-
ity length and the mainstream bulk velocity), being suffi-
cient enough to track the flow. Moreover, the laser thick-
ness was sufficiently thin in comparison to the vector 
spacing, so that calculation of derived 2D-quantities was 
precise enough. Mie scattering was collected on a 5-kHz 
high-speed CMOS camera (Phantom V10) equipped with 
a Nikon f/2.8 105 mm lens. The camera was set to a reso-
lution of 480× 480 pix2, resulting in a 24 pixel/mm mag-
nification ratio. Distortion created by the cylindrical win-
dow were limited (less than 2 pixels) but systematically 
corrected with the use of a calibration target. However, due 
to important reflections, the field of view was reduced, and 
it was not possible to capture the entire mainstream flow 
passage (see Fig. 2). PIV Images were dewarped, and pro-
cessed with a multi-pass interrogation window algorithm 
(DynamicStudio, Dantec) resulting in a final interrogation 
window of 32× 32 pix2 and a 50 % overlap. A median fil-
ter (effective only if the peak ratio was lower than 1.3) was 
applied as a vector post-processing routine. At 2.5 kHz, the 
system operated over 6.0 s durations with a vector spac-
ing of 0.7  mm. The vector resolution was estimated with 
the method of Foucaut et al. (2004). This method is based 
on the PIV transfer function, which can be modelled as a 
cardinal sine (low-pass system). The cutoff frequency is 
chosen when the gain of this function is reduced by 3 dB. 
In the present conditions, it resulted in a range of resolved 
scales lying between 2.5 and 18 mm. Note that in our study, 
the investigation of relatively large scales was of interest, in 
order to improve the understanding of stabilization mecha-
nisms in both conditions.

3.3 � Additional measurement techniques

In order to further understand thermoacoustic oscillations, 
a dynamic pressure sensor (Kistler 7061B ThermoComp, 
10 kHz sampling rate) was mounted on a waveguide sys-
tem, 280 mm downstream from the cavity region (Fig. 2). 
Due to the spatial offset between the reaction zone the loca-
tion of the pressure sensor, a temporal correction was per-
formed, assuming a mean temperature of 1700 K, obtained 
by Merlin (2012). A sensitivity analysis showed that an 
uncertainty of ±400K on the temperature of burned gases 
led to a phase shift of less than 1◦ (taking the fundamen-
tal acoustic period as a reference). Acoustic mode detec-
tion was performed with one-sided power spectral densities 
(PSD) and the Welch method (Welch 1967). Results are 
given as sound pressure levels (SPL, units in dB Hz−1 ) with 
a frequency resolution of ±5 Hz. Temporal fluctuations 
in the global heat-release rate were collected on a 10 kHz 
sampling rate photo multiplier tube (PMT, Hamamatsu 
6780-20) with a selected photocathode of 0.15-nA low dark 
current. The output signal of the PMT was amplified with a 
Hamamatsu C7319 pre-amplifier (106 gain). A BG12 band-
pass optical filter was used to record spontaneous CH* 
emission, thus providing a signal characteristic to follow 
heat-release rate fluctuations (Najm et al. 1998).

3.4 � Image Processing

3.4.1 � Combustion dynamics

As the burner is staged and involves a large recirculation 
region, attempt to extract the location of the reaction zone 
or OH molar fraction with OH-PLIF images is not suita-
ble due to the long lifetime of this radical in burned gases. 
However, access to the location of burned gases provides 
information on the effectiveness of the flame stabilization 
in the vicinity of the shear layer. An image processing tool 
was then developed to estimate locally the gas state, being 
either unburned or burned. With OH-PLIF images, the 
dimensionless variable p is defined as

In Eq. 1, IOH corresponds to the pixel intensity of OH-PLIF 
signals, and B(−) is a binarization operator. Note that the 
variable p is quite similar to the classical progress variable 
(Peters 2000). Therefore, p can take two values: p = 0 cor-
responds to unburned gases, whereas p = 1 corresponds to 
burned gases.

Figure 5 presents the method used to calculate p. First, 
OH-PLIF images were corrected to take into account the 
spatial inhomogeneity of the laser sheet profile with ace-
tone-PLIF images recorded in the chamber filled with a 
homogeneous mixture of acetone vapor and air. The limited 

(1)p = B(IOH).



	 Exp Fluids (2016) 57:50

1 3

50  Page 6 of 14

optical distortion caused by the oblique viewing angle and 
the curved face of the quartz tube was systematically cor-
rected with a calibrated target. A typical OH-PLIF image 
is shown in Fig.  5a. Pixel-to-pixel noise contained in the 
images was suppressed using a nonlinear diffusive filter 
(NLDF) adopting the following diffusive scheme (Weickert 
1997):

where I and D are the intensity of a pixel and the local 
diffusivity, respectively. The definition of D was chosen 
according to Charbonnier et al. (1994) and was updated at 
each time step (i.e., nonlinear diffusion). A filtered image 
is depicted in Fig.  5b. Two extracted profiles in Fig.  5c 
show more precisely the diffusive effect of the filter on the 
fluorescence levels (black line: raw profile, gray line: fil-
tered profile). Finally, an automatic binarization algorithm 
(Otsu 1979) was applied on the filtered images to segregate 
burned and unburned gases (for instance the threshold in 
Fig. 5c, d). Figure 5e compares a raw image with the bina-
rized one (red line). With this procedure, the choice of the 
threshold could affect the accuracy of the parameter p. A 
sensitivity study, by artificially changing by ±10% the 
threshold value obtained with the present method resulted 
in a variation of ±5% on the final values of 〈p〉. In view of 
the results given in Sect. 4, this uncertainty is negligible on 
the analysis performed in this study.

3.4.2 � Proper orthogonal decomposition (POD)

A particular attention must be paid to effects of the peri-
odic instability on the flow field: existence of coherent flow 
motions and energy associated with these coherent motions. 
Phase-averaging is a common tool which could be imple-
mented with the periodic pressure trace. With this method, 
it is possible to obtain the mean velocity evolution along 
one instability cycle. However, in some cases, the phase 

(2)∂t I = ∇ · (D∇I),

averaged mean flow could be difficult to estimate, and may 
lead to a biased estimation of the turbulent kinetic energy. 
Similarly, a Fourier transform analysis only provides the 
energy contribution of a specific frequency. Therefore the 
choice of the cutoff frequency can affect results. Therefore, 
to report the energy associated with the whole periodic 
instability and to be non-dependant on the cutoff frequency, 
the POD appears to be an interesting tool. Theory of the 
POD is well established, and the reader can refer to studies 
which give a detailed description of this approach (Berkooz 
et  al. 1993; Cordier and Bergmann 2002). In the present 
study, the POD is applied to velocity components to high-
light the presence of periodic flow motions responsible for 
flow instability. The POD technique consists in the decom-
position of the velocity field u(x, t) as

where x is a vector containing the velocity components, 
Φk(x) are space functions, ak(t) are temporal coefficients, 
and K is a positive integer used to approximate the variable 
of interest u(x, t). Space functions Φk are usually defined 
a priori (e.g., sin or cos functions in the case of a Fourier 
transform). In contrast, the POD directly uses the original 
data u(x) and an energetic criterion to estimate these func-
tions. Mathematically, it corresponds to maximize the pro-
jection of the variable of interest u on the space function Φ 
and corresponds to an eigenvalue problem (i.e., Ax = �x). 
� are the eigenvalues associated with the eigenfunctions Φ. 
Therefore, individual eigenvalue �k represents the contribu-
tion of the kth mode to the overall turbulent kinetic energy 
(taking velocity fluctuations into account).The advantage 
of POD is that it produces a set of eigenmodes, which rep-
resent spatial coherences within the flow. Moreover, these 
eigenmodes are ordered according to the turbulent kinetic 
energy. Note that the direct method (i.e., spatial correlation 

(3)u(x, t) ≈

K∑

k=1

ak(t)Φk(x),

Fig. 5   Post-processing steps 
to determine the gas state 
dimensionless variable p from 
OH-PLIF images

(b)

(a)

(c)

(b)

(d)

(e)

(a)

(c)
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matrix) was implemented as the number of grid points in 
each velocity field was much lower that the total number of 
PIV snapshots.

4 � Results and discussion

This section aims to highlight the key flame stabilization 
mechanisms occurring in the cavity-based combustor. First, 
a description of the flow/flame dynamics encountered in 
the two operating conditions is presented. Then, the effect 
of the oscillatory flow motion as well as shear layer proper-
ties on flame stability are discussed in details.

4.1 � Phenomenological description of the unstable 
and stable cases

Figure 6a depicts time series of pressure recorded for both 
operating conditions given in Table  1. The unstable case 
exhibits large and cyclic pressure fluctuations, measured at 
p′rms = 1430 Pa. In contrast, low-pressure fluctuation levels 
are observed in the stable case, with no more cyclic behav-
ior. The corresponding pressure spectrum of the unstable 
case is presented in Fig.  6b and displays large peaks at a 
fundamental frequency of f0 = 122  Hz, and the others at 
its harmonics. Note that the pressure spectrum of the stable 
case exhibits a broadband spectrum, with no narrow peaks.

In order to study the flame/turbulence interactions 
between the flow and gas state (i.e., unburned or burned) 
in the combustor, typical series of measurements are pre-
sented in Figs.  7 and  8 for the unstable and stable case, 
respectively. Figure 7 depicts a typical sequence of instan-
taneous measurements representing the coupling of the 
velocity vector fields colored by their corresponding mag-
nitudes and locations of burned gases (OH fluorescence 
levels in grayscale). The corresponding pressure and 

heat-release rate values are also given in the graph at the 
bottom, on the right in Fig. 7 (numbered red dots).

Instantaneous analysis of the combustion instability 
cycle in the unstable case reveals that the zone close to 
the URF jet injection system is highly unstable: instead of 
flowing constantly, intense puffs can be observed, contrib-
uting to the flow unsteadiness into the cavity. Indeed, sev-
eral vortices are established in Fig.  7#7, whereas almost 
null velocities are found in Fig. 7#3. In turn, the premixed 
flow rate injected into the combustor is changed and may 
explain the large heat-release rate oscillations. A direct 
consequence of these flow rate oscillations is visible in the 
downstream part of the cavity. A high radial velocity region, 
referred to “jet ejection process,” intermittently disturbs the 
shear layer established at the flow separation (dashed white 
circle in Fig. 7#1). These important fluctuations in the cav-
ity also impacts the mainstream flow. Figure 7 highlights a 
significant flow unsteadiness in the main channel. Instead 
of flowing continuously above the cavity, lean flow puffs 
are visible (Fig. 7#4 and #2). Note that these puffs are cor-
related with the cavity flow topology: when the “jet ejec-
tion process” is preponderant, it completely penetrates into 
the mainstream channel, and null velocities in the vicinity 
of the shear layer are observed. In contrast, when cavity 
velocities are almost null, mainstream velocities next to the 
cavity opening are quite large. Another consequence of this 
flow instability is the location of burned gases (via the OH 
traces), which exhibits large fluctuations, being either in the 
mainstream (Fig. 7#1 and #7) or in the shear layer (Fig. 7#
5). Note that analysis of high-speed images do not reveal 
any periodic disturbances due to the cylindrical flame hold-
ers located in the mainstream flow passage, confirming pre-
vious measurements (Burguburu et al. 2012).

Analysis of this sequence infers that the cavity flow 
unsteadiness is piloted by fluctuations of the URF flow rate, 
and finally greatly modifies the flow topology (“jet ejection 

(a) (b)

Fig. 6   a Time evolution of pressure fluctuations for the “unstable” (line) and “stable” (dashed line) operating conditions (see Table 1). b Pres-
sure spectrum of the “unstable” case



	 Exp Fluids (2016) 57:50

1 3

50  Page 8 of 14

process”), the heat-release rate, and the dynamic pressure. 
Analysis of high-speed measurements in the shear layer 
region also shows the absence of vortex shedding in the 
present configuration, contrary to results observed in back-
ward-facing step or dump combustors (Altay et al. 2009). It 
is worth noting that the URF mass injection inside the cav-
ity completely changes the flow topology, and may annihi-
late the vortex shedding process occurring in conventional 
shear layers. Experimental results confirm that the intense 
flow dynamics into the cavity alternately creates relatively 
large vortices, and therefore produces a modification of 
chemical reactions (e.g., local equivalence ratio) and hence 
heat-release rate. These strong oscillations interfere with 

the shear layer, which is completely destabilized, and not 
favorable to produce robust flame-holding capabilities for 
the main lean mixture.

Figure  8 presents various snapshots for the “stable” 
case. It depicts the absolute velocity field, colored by the 
magnitude. In contrast with the “unstable” case, the snap-
shots present strong similarities. The velocity field in the 
cavity is quite homogeneous, with the presence of two 
counter-rotative vortices (see white streamlines in Fig.  8#
4). Burned gases are located in two specific regions. First, a 
long and thin ligament of OH traces is located all along the 
flow separation at y = 0 mm. Second, a zone in the main-
stream, is established for y > 3 mm, with an axial location 

Fig. 7   Simultaneous OH Traces and velocity measurements (colored according to magnitude) for an individual pressure cycle in the unstable 
case
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at x = 5  mm. A zone of unburned gases intermittently 
appears between the two regions ( 0 mm < y < 3 mm and 
x < 7  mm), primarily due to the flow separation. Indeed, 
the URF mixture entering the cavity is rich (i.e., φc = 3.0), 
and cannot burn as it is above the flammability limit. This 
statement is confirmed when inspecting images in Fig.  7: 
no OH traces are found in the cavity. Therefore, this rich 
mixture must mix with the incoming lean mainstream, 
established between the cavity opening and the lean main-
stream flow. The incoming mainstream flow mixes with 
the cavity rich mixture in the vicinity of the shear layer, 
and lowers the local equivalence ratio. Then, radicals aris-
ing from the rich combustion enable ignition of the main 
mixture, slightly downstream of the cavity leading edge. 
This stable case clearly demonstrates that the main lean 
flame is stabilized by the use of the rich mixture injected 

in the cavity, and mixing occurring in the shear layer. Note 
that this statement is in agreement with data from Fig. 3: 
when the cavity equivalence ratio is reduced, by keeping a 
J value relatively high, the burner is found to be unstable. 
Moreover, the ratio of mainstream momentum to the cavity 
jet momentum J, is more important in the stable case. This 
contributes to confine more the cavity flow dynamics (by 
reducing the effect of the “jet ejection process”), and thus, 
force the combustion dynamics to occur within the shear 
layer. This is also in agreement with the stability map in 
Fig. 3, and with previous works (Kumar and Mishra 2011a, 
b), which demonstrated the importance of this parameter 
to control the overall flow. Therefore, this aerodynamic 
parameter, combined with the cavity equivalence ratio 
could be used to obtain valuable characteristics in the shear 
layer for flame stabilization.

Fig. 8   Simultaneous OH Traces and velocity measurements (colored according to magnitude) for the stable case. Time between each snapshot 
is 800 µs. In #4, white lines correspond to streamlines
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4.2 � Unsteady flow characterization

This section focuses on obtaining an improved understand-
ing of the flow dynamics, responsible for the large pressure 
and heat-release rate fluctuations. Regarding the “unsta-
ble” case, Figure 9 presents the PSD of the axial velocity 
fluctuation u′x and radial velocity fluctuation u′y in zones A 
and B, respectively (see Fig. 2). Results clearly show that 
the frequency of peaks are in accordance with the ones 
observed on the pressure spectrum. In addition, as these 
peaks are retrieved regardless of the zone investigated, it 
confirms that the fluid-coherent feature do not originate 
from a local vortex shedding mechanism. Thus, thermoa-
coustic oscillations induce large-scale and periodic flow 

fluctuations in the whole combustor. However, the different 
peaks observed in Fig. 9 could be associated with different 
flow motions. Therefore, the use of the POD is adapted to 
spatially highlight these flow motions.

In order to evaluate the most energetic periodic flow 
motions and reconstruct a low-dimensional description of 
the flow field, a spatiotemporal proper orthogonal decom-
position (POD) was performed. The method was applied 
to the velocity fluctuation fields. Eigenvalues show that the 
first POD mode contains approximately 70 % of the total 
turbulent kinetic energy. In contrast with many inert tur-
bulent flows, the energy produced by the thermoacoustic 
oscillations is considerably huge. Therefore, a low-order 
reconstruction of the instantaneous velocity vector fields 
was performed by considering only the first POD mode. 
The RMS of each velocity component was estimated and 
results are shown in Fig. 10. The resultant fields reveal axial 
fluctuations in the main channel, whereas the “jet ejection 
process” is also visible when analyzing radial fluctuations. 
As explained in Sect.  4.1, the URF flow oscillations pro-
duce large flow fluctuations (“jet ejection process”), and 
destabilize the shear layer.

These results show that instabilities are fed by two 
energetic zones. In order to further elucidate the cou-
pling between these zones, the axial and radial velocities 
extracted from the low-dimensional flow field are plotted 
in Fig. 11. First, the spectrum of the temporal coefficient 
of the first mode proves that the most energetic flow fea-
tures periodically oscillate at the same acoustic frequency 
f0. Note that the spectrum also includes subsequent peaks, 
which proves that the spatial mode depicted in Fig. 10 is 
the only large periodic flow motion involved in the unsta-
ble operating condition. Second, time history of velocity 

Fig. 9   Power spectrum density of the axial velocity fluctuation u′x in 
zone A (mainstream), and radial velocity fluctuation u′y zone B (cav-
ity). Refer to Fig. 2 for the nomenclature

Fig. 10   RMS of the velocity fields of the unstable case, reconstructed with the first POD mode. Left urms
x . Right urms

y
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fluctuations (extracted from POD) within zone A and C 
are out of phase, thus reinforcing the hypothesis that the 
shear layer is fully modified by these large alternation 
of velocity fluctuations between the cavity and the main 
flows.

Figure  12 presents the RMS of axial velocities, which 
have been calculated with PIV raw data (no more periodic 
motion in this condition). Main part of flow fluctuations is 
located in the vicinity of the shear layer (y = 0  mm). As 
the ratio of momentum J is larger in the stable case, veloc-
ity gradients are increased, thus creating more fluctuations. 
Moreover, the cavity is aerodynamically more confined, 
and interactions between the mainstream and the cavity are 
solely localized into the shear layer. Therefore, increasing 
the mainstream momentum changes the global flow topol-
ogy, restrain flow fluctuations to the flow separation, and 
eventually contributes to the main flame stability.

4.3 � Combustion dynamics

As mentioned in the previous section, the increase in the 
ratio of momentum J was found to aerodynamically con-
fine the cavity and create a stable shear layer. In order to 
confirm the role of the shear layer on the flame stability, 
a simultaneous analysis of the flow and OH-fields in zone 
C was performed. Instantaneous axial velocity as well as 
the instantaneous gas state was extracted in the zone C, 
presented in Fig.  2. The latter was estimated by calculat-
ing the spatial averaged dimensionless variable 〈p〉c (See 
Sect.  3.4.1). Results are depicted in Fig.  13, and display 
two joint probability density functions (pdfs), which were 
calculated with a sample of 5000 data. It shows the prob-
ability to encounter a pair of (〈p〉c,〈Ux〉c) values.

Figure 13a presents the joint pdf of the “unstable” case. 
A bimodal distribution, segregating between 〈p〉c = 1 and 

(b)(a)

Fig. 11   a Power spectra of first POD coefficient. b Time history of velocity fluctuations in zone A and B, reconstructed with the first POD 
eigenmode

Fig. 12   RMS of the velocity 
fields of the stable case. Left 
urms
x . Right urms

y
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〈p〉c = 0.35 is observed. When the shear layer contains 
majority of burned gases (〈p〉c = 1), the axial velocities are 
quite low, revealing that the mainstream flow is ignited but 
is at the same time disturbed by the “jet ejection process”. 
Note that the appearance of negative velocities increases 
risks of flash-black in the main channel. In contrast, when 
axial velocities are large, the shear layer contains less 
burned gases, and demonstrates that the dynamic momen-
tum of the mainstream flow completely drains burned gases 
from this region. To confirm these findings, several instan-
taneous data were added on the pdfs (Fig. 13a). These data 
correspond to black crosses and numbering is identical to 
Fig.  7. It is clearly visible that the shear layer properties 
are oscillating between the two peaks of the pdf, and with a 
defined path. Thus, great differences in both velocities and 
gas state contribute to the shear layer unsteadiness.

The joint pdf of the stable case (Fig. 13b presents a dif-
ferent feature. Indeed, the pdf has a single peak, located 
at �p�c = 1, and �Ux�c = 10m s−1. Increase in the main-
stream momentum radically modifies the characteris-
tics of the shear layer, composed in major part of burned 
gases, and with low velocity fluctuations. Then, the stabil-
ity of the shear layer clearly contributes to a better flame 
stabilization.

5 � Conclusion

A premixed and staged, cavity-based combustor was exper-
imentally investigated by analyzing high-speed laser diag-
nostics data. Particle image velocimetry (PIV) and planar 
laser-induced fluorescence on the OH radical (OH-PLIF) 
were simultaneously implemented to study the flow and 
combustion dynamics. A binarization image processing 

routine as well as a proper orthogonal decomposition tool 
were used to detect burned gases and most dominant ener-
getic fluid structures, respectively. Two operating condi-
tions were investigated: The first one exhibited strong oscil-
lations, whereas the second one burned stably. These two 
conditions only differed in the mainstream momentum, 
which was larger in the stable case.

Analysis of the “unstable” case revealed intense pres-
sure fluctuations (at 122  Hz), originating from premixed 
flow rate oscillations of the cavity jet injection. As a result, 
the combustion and flow dynamics are greatly affected and 
modify strongly the stability of the shear layer between the 
cavity and the main channel (via the “jet ejection process”). 
A proper orthogonal decomposition (POD) confirmed 
large flow fluctuations in the whole combustor, creating 
a “pulse”-like combustion dynamics (pulsing at the same 
acoustic frequency). It should be noted that in our operat-
ing conditions, the classical vortex shedding is not the most 
dominant mechanism driving the self-sustainment of the 
present instability. The “stable” case burned stably, with no 
distinct instability (broadband pressure spectrum). Moreo-
ver, the shear layer region is quite stable and primarily con-
tributes to the efficient flame stabilization.

This study put in evidence the importance of the shear 
layer stability, producing effective flame-holding capabili-
ties. Indeed, burned gases and moderate velocity fluctua-
tions in this region enable to take advantage of the inherent 
fast mixing between the rich and lean stages of the combus-
tor. Even if this study was focused on particular injection 
systems, large value of the ratio of momentum between 
the cavity and mainstream flows J = ρmU

2
m/ρcU

2
c  is found 

to be valuable to control the cavity confinement and yield 
a better mixing in the shear layer region. This also dem-
onstrates that the range of operating conditions could be 

(a) (b)

Fig. 13   Joint probability density functions (pdfs) in zone C of the spatially averaged dimensionless variable 〈p〉c with the corresponding aver-
aged axial velocity i.e., 〈Ux〉c. 5000 instantaneous data were considered. a pdf of the unstable case. b pdf of the stable case
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extended as far as the cavity flow/combustion dynamics 
is sufficiently confined by the mainstream flow. Ongoing 
works are performed to further understand the acoustic 
coupling and occurrence of thermoacoustic oscillations.
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