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ABSTRACT
Combustion instabilities have been encountered in almost all of the propulsion system development
programs. In typical liquid fueled combustors, the most dangerous oscillations are at the frequency of 80-500
Hz. This low-frequency “rumble” is generally characterized by longitudinal acoustic oscillations and should be
suppressed for proper operation.
The study is aimed at the investigation of two streams interaction, to understand the physical
mechanisms involved in spray combustion instability and its suppression. Here two streams represent the main
oscillating flow in an unstable combustor and the oscillating control hot stream.
The study is focused on the experimental investigation of interchamber interaction between the host
combustion acoustics and the oscillating spray with its associated heat release near the flame holder.
The laboratory model incorporates the primary oscillating reactive stream, produced by conventional
pressure atomizer and pulsating ambient air. A secondary (smaller) pressure sensitive (effervescent) atomizer
produces the secondary (control) stream.
Special emphasis was given to diagnostic techniques to analyze the details of the oscillating streams
and their interaction. Advanced, with highly improved resolution FIV (Fluid Image Velocimetry) method was
applied for velocity field analysis coupled with local measurements of time dependent Pressure, Temperature,
CH*- Emission and Velocity. The FIV method is a full-field, two dimensional, nonintrusive, quantitative flow
visualization technique which allows high resolution instantaneous measurement of two-dimensional velocity
flow field with high accuracy. In addition, the PDA system was used to measure the dynamic spray
characteristic (droplet diameter and velocity) and as a calibration method for the FIV system.
It was shown that the use of FIV for velocity mapping simplifies the effort and gives much more
detailed result. The extremely high density of calculated velocity field also simplifies and increases accuracy of
further calculations based on velocity map (such as vorticity distribution).
The application of various optical diagnostics methods, including the recently modified FIV method,
allows the detailed investigation of the special effervescent atomizer and flameholder assembly. The ability of
an atomizer to produce oscillating spray and heat release at a wide frequency range as well as its high sensitivity
to small pressure perturbation was demonstrated. At some frequencies, 100%-modulated heat was achieved.
This allows the use of the special effervescent type atomizer to suppress combustion instability almost
completely. Hence, it can be mounted in the flameholder section of typical ramjet combustor and assist in the
suppression of its instabilities.
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OBJECTIVES
The study is focused on the experimental investigation of the interaction between the host combustion
acoustics and the oscillating spray and its associated heat release near the flame holder. It also includes
optimization of the geometrical properties for improving the mixing process and minimizing combustion
instability at given operating conditions. This is done through the parametric investigation of the effect of
atomizer dimensions and flameholder geometry and fuel supply pressure, on the spray atomization and flame
modulation. The investigation incorporates intensive usage of different optical diagnostic techniques mainly
including velocity field mapping in order to visualize the interaction between the two streams.
The optimization procedures of the flameholder system is based on the investigation of the following
characteristics:
•
•
•
•
•
•

Pattern (and volume) of main vortex and its interaction with the secondary stream
Pattern of heat release distribution
Flame length
Sensitivity to small pressure perturbation
Frequency response
Depth of flame modulation

The parametric study included variation of the following geometrical properties:
1.

Simple cone shape flame holder: diameter and angel of the cone.

2.

Tube-cone configuration: confined and unconfined cone.

3.

Cone-cone configuration: diameter and angle (2α) of the second cone.

EXPERIMENTAL SYSTEM
The combustor model represents a conventional open type combustion chamber (cylindrical with coneshape bluff-body for stabilization), designed to simulate realistic flow conditions in actual unstable combustor.
It can operate as stable combustor (stable mode), as an unstable combustor with its own acoustic resonance
frequencies (self-oscillating mode) and as an unstable combustor with artificially induced air oscillations at
different frequency and with variable amplitudes (force-oscillating mode). In the force-oscillating mode, the
pressure oscillations are obtained by superimposing air pulses formed by the rotation of a perforated disk, to the
main airflow. The combustor (see Fig. 1) has also an additional liquid fueled heat source, capable to release
heat in an oscillating manner, at the main air frequency and with variable phase shift. The geometrical
properties of flameholder assembly, used in the optimization procedure are described in Table 1.
Measurement system
Measurement system consists of three main parts: PDA system, (Aerometric inc.), FIV system and data
acquisition system based on A/D converter controlled by Viewdac software. A “Sampling ” signal from PDA
system or “Frame Synchronization” signal from FIV system was used to trigger on the data acquisition system
(see Fig. 1). This method was used to ensure the synchronization and phase locking of the time-dependent
droplet velocity and diameter measurement with those of temperature, pressure and CH*-radical emission. In
case of FIV system, it was a way to obtain exact time position of instantaneous 2-D velocity mapping with
respect to acoustic oscillations.
The FIV (Fluid Image Velocimetry) technique [Quenot (1992), Kowalwsky et. al. (1998), Levy et. al.
(1998)], of extremely high spatial resolution, was used for velocity field analysis coupled with local
measurements of time dependent pressure, temperature and CH* emission from the flame zone. The FIV
method is a full-field, two dimensional, nonintrusive, quantitative flow visualization technique. The analysis of
2D-flow velocity map from FIV evaluation permit to prepare a parametrical investigation of flameholder
assembly for it’s following optimization. The FIV technique was calibrated for linear and rotational motions
and indicated accuracy of better than 94.7% and 97.6% respectively. The accuracy of the FIV technique was
also verified using synthetic particle image sequences [2] generated with a 2D numerical solution. The average
velocity angle error was about 3% and average velocity value error - 0.4%. The application of FIV was tested in
periodic and in reactive flows and demonstrated its definite superiority over the conventional PIV.
The FIV system consist of:
• Two Nd:YAG pulse lasers, Quanta-Ray, GCR -16 Series,
• Digital pulse/delay generator, Stanford Research System, Inc., model DG 535,

•
•
•
•
•
•
•

Seeder for Al2 O3 particles or fog generator,
Set of lens and optical components,
CCD camera, Sony Corp., model XC-75-CE,
Frame Grabber, Data Translation, model DT 3155,
Computer, Intel, Pentium 90/48Mb,
Data acquisition program, Data Translation, SDK,
FIV program.

In addition to the FIV, Phase Doppler Anemometry (PDA) was used for time-dependent measurements
of the diameters and velocities of droplets in the oscillating spray (cold flow experiments). The determination
of flame oscillations, resulting from spray modulation, was based on the measurement of chemilluminescens of
CH*-radicals (λ=431.5nm), which indicated the reaction intensities and location. The measurement system
consisted of a photomultiplier (with data acquisition equipment), mounted on a vertical computer-controlled
traversing mechanism, appropriate interference band pass filter, lens and 1.5x30 mm aperture for the limiting of
the photomultiplier field of view in the flame cross section.
Table 1. The geometrical properties of the flame holder assembly used in optimization procedure.
Configuration
Simple cone

Properties
Diameter of the cone
Angle of the cone (2α)

Tube-cone

Values
35, 40
[mm]

Description
α

1100 , 600

Confined

Unconfined

Cone-cone

Diameter of the second
cone
Angle of the second cone
(2α)

35, 40
[mm]

α

600 , 900 ,
1100

RESULTS
FIV measurements were used for investigation of the flow pattern downstream of the flameholder.
Figures 2 and 3 clearly show different vortex structures for different (confined tube-cone and 600 simple cone)
flameholder configurations. The typical toroidal vortex structure downstream of the flameholder is seen best in
Fig. 3 (non-reactive flow). The velocity maps in the figures were obtained from a single pair of images using
seeding of Glycerine fog. The droplet mean diameter was about 0.5 µm. The flow was illuminated by two
Nd:YAG pulse lasers of 8 ns duration fired at 30 µm interval. The figures represent a typical quality of the
measured results and indicates the superiority of the FIV over its alternatives, especially in the complicated
combustion environment. In addition to velocity flow map, a vorticity distribution was also calculated.

Fig. 1. Experimental and Optical System: FIV, Detection of CH* Emission and Data Acquisition.

Fig. 2. Velocity flow field in the flame recirculation zone. FIV evaluated vectors for pair of images taken at 27
µs interval, geometrical scale: 8.5 pixel/mm.

Fig. 3. Typical toroidal vortex structure located downstream of the flameholder, simple 600 cone configuration.
FIV evaluated vectors for pair of images taken at 30 µs interval, geometrical scale: 8.8 pixel/mm.

Vorticity calculation.
The out-of-plane (spanwise) component of vorticity is given by:
1  ∂v ∂u 
ω z = 
− ,
2  ∂ x ∂ y 
where (u, v) are the velocity components in the x-y plane. Several numerical schemes exist for performing such
calculation, and three different methods have been used in this study. The first is the estimation by invoking
Stokes’ theorem to relate the circulation per unit area around a point of interest, a numerical approximation can
be implemented to the above equation. Defining the closed contour by eight point surrounding the node at
which the vorticity is to be evaluated one obtain:
1
ωiz, j =
{∆x ( ui −1, j−1 + 2u i, j−1 + ui +1, j−1 ) +
8 ⋅ ∆x ⋅ ∆ y
+ ∆y( v i +1, j−1 + 2v i +1, j + v i +1, j+1 ) −

− ∆x( u i +1, j+1 + 2u i, j+ 1 + u i−1, j+1 ) −
− ∆y( v i −1, j+ 1 + 2v i−1, j + v i −1, j−1 )}.
The above equation was used to evaluate the local out-of-plane vorticity using eight surrounding neighbors of a
point for each individual FIV result.

Fig. 4. Typical vorticity distribution, simple 600 cone configuration.

Alternatively, one can use a standard differentiation scheme, such as forward or centered differences.
In this study we used two different and more accurate differential operators, namely “Least Squares” and
Richardson extrapolation. By the “least squares” scheme the vorticity can be estimated as:
1
1
ω zi, j =
(2 v i+ 2 , j + v i+ 1, j − v i −1, j − 2 v i− 2 , j ) +
(2u i , j+ 2 + u i , j+1 − u i , j−1 − 2u i , j− 2 ) ,
10 ⋅ ∆ x
10 ⋅ ∆y
The Richardson extrapolation is:
1
1
ω zi, j =
(8v i +1, j − v i+ 2 , j − 8v i −1, j + v i − 2, j ) −
(8u i , j+1 − u i , j+ 2 − 8u i, j−1 + u i , j− 2 ) .
12 ⋅ ∆x
12 ⋅ ∆y

The major difference between the two last operators is that the Richardson extrapolation is designed to produce
a smaller truncation error, while the least squares operator reduces the effect of fluctuations [Sveen. (2000)].
Figure 4 shows the typical vorticity distribution, calculated by the Least Square method from velocity
map given in Fig. 3. Four pairs of vorticity peaks, with equal distance between pairs, can be clearly seen in the
figure. The color code indicates that intensity of vorticity is maximal at the dark red and minimal at the dark
blue regions. Simple calculation shows that a frequency of vortex break up is 500-600 Hz in “cool” flow
condition. This frequency corresponds to resonance acoustic frequency of combustion chamber and to selfoscillation frequency that was measured also in “hot ” experiment.
Time-dependent PDA measurements of the oscillating spray demonstrated modulation of the droplet's
velocities and diameters by the pressure oscillations of the atomizing air. Time averaged histograms of size and
velocities 30 mm downstream of the atomizer discharge orifice are given in Fig. 5. It was revealed that quality
of atomization had a very weak dependence on the oscillating frequency. The D30 slightly decreases with
frequency. It can be seen that even though the pressure varied significantly within the cycle (velocities varied
from –10 m/s to 70 m/s), the size distribution demonstrates a characteristics of a fine spray ( D10 = 8.8 µm).

a.

b.

Fig. 5. Typical size (a) and velocity (b) distribution of fuel droplets in an oscillating jet. Frequency = 41 Hz.
Atomization air pressure: Mean pressure = 7.1 kPa, Peak to Peak Pressure = 25 kPa.
The time dependent and phase locked analysis of CH* emission along the combustor axis
were performed for self and forced oscillations of n-Heptane, n-Hexane and Kerosene fuels. The characteristics
of the oscillations (DC and AC components), phase locked with the static pressure oscillations were recorded
and revealed the flame response to the forced air oscillations. It is seen that the heat release (i.e. reaction zone)
occurred at a limited volume with a triangular distribution along the centerline (see Figs. 6 and 7). Figure 6
describes a stable combustion (note the values of the power spectra density) where as Fig. 7a indicates a selfoscillation combustion mode of operation. It was also realized that there were no principal differences in the
heat release pattern between the various fuels. The frequencies of the flame under self-oscillation condition were
hardly affected by the fuel type.
It can be seen that the location of the region with maximum heat release and location with the
maximum modulation amplitude of the heat release in the case of the force oscillations are not the same. They
were found to be highly dependent on the frequency of the oscillation.
In the current experimental setup, two configurations achieve 100% modulation of heat release: simple
600 cone (at frequency of 80-90 Hz) and cone-cone configuration (frequency of 70-80 Hz), see Figs. 8, 9. Figure
6 shows peak to peak variation of CH* emissions along the vertical axis of the combustor (part “a” of the
figure). The figure indicates that along of the whole vertical axis the modulation of CH* emission is 100%, i.e.
the values vary from zero to a maximum value. It can be seen from part “b” of the figure that the oscillations of
the atomizing air and the oscillations of the CH* emission have identical frequencies. Figure 9 shows images of
an oscillating flame recorded through a 431 nm optical filter (CH* radical emissions wavelength). These are a
sequence of synchronized stills from an interlaced video recording at 50 Hz with a shutter speed 1/10000. The
series of images indicate the extreme modulation in CH* emission intensity corresponds to the 100%
modulation values seen in Fig. 8a.

a.

b.

Fig. 6. CH* emission, stable combustion.
a. Variation of CH* emission along the combustor axis.
b. Frequency spectra of CH* emission.

a.

b.

Fig. 7. CH* emission, self oscillations.
One.
Variation of CH* emission along the combustor axis.
Two.
Frequency spectra of CH* emission.
The optimization of the flameholder assemblies (configuration and geometry) made it possible to
obtain at least 1100 Hz of the heat release modulation using different oscillation amplitudes of the atomization
air. The peak-to-peak amplitude of the atomizing air pressure, varied from 0.03 to 0.8 kg/cm2 with relative
modulations ((max-min)/mean) from 0.2 to 2.5, in the frequency range 8-1100 Hz. The ability of the atomizer
to produce oscillating sprays (and consequently oscillating heat release) as a function of the input amplitude of
the atomizing air pressure was also tested. This was realized by varying the ratio of DC and AC components of
the oscillating air pressure, while other parameters were kept constant. The minimal value of the peak-to-peak
amplitude of the atomizing air pressure, which can still cause visible modulation in the flame (for self
oscillating frequencies), was found to be about 0.03 kg/cm2 with relative modulation of 0.2.

a.

b.

Fig. 8. CH* emission, forced oscillations.
a. Variation of CH* emission along the combustor axis.
b. Frequency spectra of CH* emission and of atomizing air.

CONCLUSION

It was shown that the use of FIV for velocity mapping simplifies the effort and gives much more
detailed result. This is mainly due to the fact that, in contradiction to the conventional PIV, it does not require
recorded images of individual tracing particles, but rather it concerns with brightness pattern. This is
conveniently available even in lightly seeded flames, either by soot particles or (even mainly) by the huge
number of sub micron and nano size particles which typically comes together with the larger ones (as for
example in AL2 O3 powders). The extremely high density of calculated velocity field also simplifies and
increases accuracy of further calculations based on velocity map (such as vorticity distribution).
The application of various optical diagnostics methods, including the recently modified FIV method,
allows the detailed investigation of the special effervescent atomizer and flameholder assembly. The ability of
an atomizer to produce oscillating spray and heat release at a wide frequency range as well as its high sensitivity
to small pressure perturbation was demonstrated. At some frequencies, 100%-modulated heat was achieved.
This allows the use of the special effervescent type atomizer to suppress combustion instability almost
completely. Hence, it can be mounted in the flameholder section of typical ramjet combustor and assist in the
suppression of its instabilities.
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Fig. 9. Images of an oscillating flame recorded through a 431 nm optical filter. Forced oscillations.

