
2017

Twenty-Seventh Symposium (International) on Combustion/The Combustion Institute, 1998/pp. 2017–2023

AN EXPERIMENTAL AND THEORETICAL INVESTIGATION ON THE
EFFECTS OF ACOUSTICS ON SPRAY COMBUSTION

R. K. DUBEY,1 M. Q. MCQUAY,1 and J. A. CARVALHO JR.2
1Mechanical Engineering Department, 242 CB

Brigham Young University

Provo, UT 84602, USA
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Spray characteristics in an ethanol-fired, Rijke-tube combustor were studied experimentally by measur-
ing Sauter-mean diameter axial and radial profiles with a phase-Doppler instrument. Predictions of axial
Sauter-mean diameter profiles were also obtained by use of a simplified model describing the spray burning
in an acoustic field. The effect of flame locations (L/2, L/3, L/4, and L/6) and acoustic modes (first [118
Hz], second [259 Hz], and third [393 Hz]) were studied parametrically at a constant sound pressure level
of 150 dB. Both theoretical and experimental results showed that oscillations enhanced the combustion
process and resulted in a smaller burnout distance and higher slopes in the Sauter-mean diameter axial
profiles when the spray was positioned at locations of high acoustic-velocity fluctuations. Comparisons of
these experimental results and model predictions showed very good qualitative agreement. Flame lift also
played a significant role delaying the spray ignition at locations of high acoustic-velocity fluctuations. The
mean axial droplet velocity component along the axial and radial directions were not affected significantly
by the acoustic oscillations. Finally, the theoretical Rayleigh integrals showed that the particular spray used
here had very little acoustic-driving capability, a result that has been also supported by experimental
observations.

Introduction

Significant research has been done in the past
three decades on pulse combustion, characterizing
its effects on enhanced burning, heat transfer aug-
mentation, waste incineration, pollutant formation,
and flame structure [1–14]. Moreover, combustion
instabilities are a constant concern in the develop-
ment of rocket and ramjet engines because of their
undesirable effects on combustion efficiency and
structural integrity. Many numerical studies were
performed in the 1970s on acoustic instabilities and
their effects on solid- and liquid-propellant combus-
tion [15–19]. Recent theoretical studies in liquid-
fired combustors suggest that the development of
these acoustic oscillations is dependent on atomiza-
tion, droplet lifetime, and location of the spray inside
the combustor [20–22]. Experimental studies deal-
ing with single droplets in an acoustic field have been
performed in the past [23–25]; however, it is well
understood that the relationship between spray and
single-droplet combustion is not a straightforward
one [26]. There is also a continued need for well-
characterized experimental data to support the de-
velopment of reliable theoretical models for design

purposes. Nevertheless, only little experimental
work has been done in the area of acoustic interac-
tion with a spray flame.

The effect of the first acoustic mode on a hydro-
gen-stabilized spray flame in a propane-fired Rijke
tube has been characterized [13]. The interaction of
the first, second, and third acoustic modes with a
nonreacting spray in a Rijke tube has also been stud-
ied [27]. The impact of acoustics and spray quality
on the emissions of CO and NO from a spray flame
has also been documented experimentally [14]. In
these three studies, the spray location was held fixed
in the tube. The objective of the parametric work
reported here was to study theoretically and exper-
imentally the effects of acoustics on a reacting fuel
spray. The experimental grid consisted of three
acoustic frequencies (first [118 Hz], second [259
Hz], and third [393 Hz] longitudinal modes) and
four different burner locations (L/6, L/4, L/3, and
L/2, where L is the reactor length). Measurements
for nonoscillating conditions were also made and
used as a reference. A Rijke tube was used because
its acoustic field can be simply described mathe-
matically and effectively controlled by use of active-
control techniques [28–32].
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Fig. 1. Axial profiles of the Sauter-mean diameter for
the steady and first mode (118 Hz) condition in the Rijke
combustor, at four spatial burner locations of L/6 (30 cm),
L/4 (45 cm), L/3 (60 cm), and L/2 (90 cm).

Experimental Facility

The variable-length, Rijke-tube combustor used
has been described in detail in previous studies
[13,14,27,30–32]. This combustor, in its present con-
figuration, has a length (L) of 1.8 m, a diameter of
0.20 m, and water-cooled walls; it is opened to the
atmosphere at the top and mounted on a 1-m3 de-
coupling chamber. Acoustically, the tube is open on
both ends. Optical access was provided by two
quartz windows. The ethanol fuel was atomized in a
solid-cone, air-atomizing nozzle (Delavan model
30615) mounted on a positioning device, whose lo-
cation inside the tube could be adjusted from L/6 to
L/2. The combustor was operated at 20% excess air
for all experimental conditions. The total airflow rate
was 1340 g/min (1320 g/min and 20 g/min for the
primary and atomizing airflow rates, respectively).
The fuel flow rate was 100 g/min. The sound pres-
sure level was fixed at 150 dB (ref 20 lPa) for all
oscillating conditions. Droplet size and velocity dis-
tributions were measured using a phase-Doppler
particle analyzer [33,34].

Results and Discussion

Flame Structure

Visual observations and photographs of the flame
taken through the laser access windows for both
steady and pulsating conditions showed a remarka-
ble change in flame height and structure at the onset
of acoustic oscillations. In the steady case, the flame
was approximately 50 cm long, mostly yellow, and
smooth with no visual disturbances in the form of
structured wrinkles. At the onset of oscillations,
there were visible structured wrinkles in the flame;
it had a well-defined shape, was mostly blue, and was

shorter and wider than the steady flame. Significant
flame lifting was observed, caused by the high-ve-
locity acoustic fluctuations near the nozzle at certain
oscillating conditions. The amount of flame lift, mea-
sured from flame photographs, was proportional to
the magnitude of the local acoustic velocity.

Experimental Results

Figure 1 shows axial profiles of droplet Sauter-
mean (D32) diameter along the nozzle centerline for
the steady and first-mode operating conditions for
four burner locations (L/6, L/4, L/3, and L/2). In
general, D32 increases as distance from the nozzle
increases, because smaller droplets evaporate and
disappear faster than larger ones. For the experi-
mental conditions of this study, the faster-burning
conditions are initially indicated by higher slopes in
the profiles. As the distance from the nozzle in-
creases, after the smaller droplets are consumed and
the remaining droplets continue to burn, D32
reaches a maximum value (see the L/4 profile in Fig.
1 at the axial position of z ' 13 cm) and eventually
decreases to 0 when all the droplets are burned. For
higher axial locations (z . 18 cm), droplet data rates
dropped significantly, making measurements statis-
tically biased toward small droplets for a fixed sam-
pling time. In previous measurements [13] under
different experimental conditions (burner location at
L/5, sound pressure level of 155 dB, reactor length
of 3.0 m with an acoustic frequency of 80 Hz, initial
Sauter-mean diameter of 23 microns, reactor power
of 80 kW, and oscillations induced by a flat propane
flame below the spray nozzle and not by active con-
trol), a large difference in the initial D32 value was
observed between the steady and oscillating cases.
However, in that study, the larger slope in the D32
profile in the presence of acoustics was also ob-
served.

It is clear from Fig. 1 that (1) the presence of the
acoustic field has a distinct effect on the spray-com-
bustion characteristics; and (2) the magnitude of this
effect depends on the burner location in the tube.
Initially, at 2.54 cm above the nozzle, there are only
small differences in D32 values between all four
burner locations and the steady condition. Further
downstream, D32 values for the L/4 case are signifi-
cantly larger than those for the steady case; D32 val-
ues at L/6 are not as large as the ones at L/4, but
they are generally larger than those for the steady
case. D32 values at L/3 and L/2 were only slightly
larger than those for the steady condition. These dif-
ferences in D32 values are caused by the interaction
of the flame with the acoustic velocity field. Accord-
ing to single-droplet results [23], droplet-burning
enhancement is expected for burner positions cor-
responding to the locations where acoustic-velocity
fluctuations are the highest. Acoustic-velocity am-
plitudes for the first mode are 3.7, 3.0, 2.1, and
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