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Acombustorwith a divergent inlet passage and a coaxiallymovable bluff-body flame holder has been developed to

enable self-excitation of high-amplitude acoustic oscillations, for the purpose of enhancing the rate of evaporation of

water sprays. Commercially available liquid petroleum gas is used as fuel. The acoustic pressure levels and modal

contents are controlled by varying the location of the bluff body along the axis of the combustor relative to its inlet.

Locating the bluff body closer to the inlet yields higher acoustic pressure amplitudes over a wider range of fuel–air

ratios. The excitation of high amplitudes is accompanied by a shift from the fundamental to the first harmonic at

different fuel–air ratios for different air mass flow rates in the fuel-lean range. When high sound pressure levels are

excited in the combustor, the heat transfer due to water cooling of the combustor walls and across the walls of the

tailpipe increase considerably, up to 40% for an increase in sound pressure levels from 145 to 160 dB. Water-spray

evaporation experiments are performed with low and high sound pressure levels of acoustic excitation for different

water injection rates over a range of mass flow rates of fuel and air. For a given mass flow rate of air and fuel, it is

found that thewater evaporation rate increases significantly above a certain threshold acoustic pressure, up to 107%

for a sound pressure level of 156 dB, despite the considerable increase in heat loss due to the acoustic oscillations.

I. Introduction

T HE importance of improving the performance of devices
involving energy-intensive processes such as spray drying and

calcination, cannot be overstated. In such processes, the rate-
controlling mechanisms are the heat and mass transfer between the
gas phase and the droplets/particles in the condensed phase. If these
rates can be increased by the of acoustic oscillations, the time
required, for instance, to dry a typical droplet would decrease. This,
in turn, would lead to increased productivity and savings in fuel
costs. The reduced drying time would reduce the required size of a
new dryer, which would also lead to savings in capital investment
costs.

The possibility of using sound to increase the convective heat and
mass transfer rates has received attention in recent times (e.g.,[1]).
The goal of the present work is to develop a combustor that is capable
of self-excitation of strong acoustic oscillations, which could be used
to enhance the rate of liquid-spray evaporation. The self-excitation of
acoustic oscillations is achieved in the present work by means of
resonance with fluid-dynamic instabilities, including periodic vortex
shedding from a bluff body in the combustion zone, resulting in
oscillatory heat release. Schadow and Gutmark [2] reviewed the
research related to the driving mechanism of dump combustor
instability, with gaseous fuels. They summarized that vortex
shedding is an important drivingmechanism, and the development of
coherent flow structures and their breakdown into fine-scale
turbulence can lead to periodic heat release, which, when in phase
with the pressure oscillations, can drive the latter, as stated by the
Rayleigh criterion [3]. Gutmark et al. [4] investigated the interaction
between fluid-dynamic and acoustic instabilities in combusting

flows within ducts. Their results showed substantial increases in the
amplitude of the instability when the fluid-dynamic frequency
associated with large-scale coherent structures in the near field of the
duct matched the acoustic mode frequency of the confining duct.
Lieuwen et al. [5] point out that the convective and chemical heat-
release time scales of the fuel–air mixture within the combustor may
match the acoustic time scales for excitation of strong acoustic
oscillations, and this could be amplified by equivalence-ratio
fluctuations due to the response of the fuel feed line to the acoustic
oscillations present in the combustion chamber. The vortex shedding
at a location such as the dump plane in a dump combustor, for
instance, would carry the fuel–air mixture in packets and modulate
the heat-release fluctuations.

The effect of a strong acoustic field on the rate of evaporation of a
liquid droplet was numerically investigated by Gemmen et al. [6].
They found that the evaporation rate of a 100 �m-sized droplet was
increased by at least 160% for a sound pressure level of 174 dB over
steady flow at the same mean Reynolds number. Sujith et al. [7]
experimentally demonstrated the enhancement of the evaporation
rate of ethanol and water droplets up to 100% in the presence of an
externally imposed acoustic field at 160 dB. Their theoretical
analysis showed that, as the acoustic velocity increased, the
evaporation rate decreased until it reached a minimum and then
increased significantly [8].

As opposed to the previous studies on single droplets, McQuay
and Dubey [9] investigated the effect of the different harmonics of
acoustic oscillations of 150 dB amplitude at 54, 106, and 162 Hz set
up in a Rijke tube on the evaporation characteristics of a nonreacting
ethanol spray using a phase Doppler particle size analyzer (PDPA).
With the first and third acoustic natural modes excited in the tube,
they found that the droplet diameters decreased by about 13–30% on
the average. Note that because evaporation is a surface phenomenon,
its rate is proportional to the square of the droplet diameter. The
second mode had little effect on the droplet diameters because the
location of the spray nozzle corresponded to a velocity node. Spectral
analysis of the droplet’s axial velocity component revealed dominant
frequencies of the acoustic waves. The effect of an acoustic field of
150 dB amplitude at 80 Hz on an ethanol spray flame in a propane-
fired Rijke tube pulse combustor was investigated by Dubey et al.
[10] using PDPA. They reported that the droplet diameter in the
combusting ethanol spray was reduced by 15% on the average by
the acoustic oscillations. They have clarified that the decrease in the
droplet diameter ismainly due to spray evaporation and not due to the
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effect of the acoustic oscillations on the atomization process for the
kind of atomizer they have used. A similar atomizer is used in the
present study.

Dutko et al. [11] studied the effects of resonant acoustic
oscillations on the evaporation rate of a water spray within the
resonating chamber of a pulse combustor burning natural gas. They
reported that when resonant acoustic oscillations were present in the
combustor, the evaporation rate was increased when compared with
the steady-state combustion. The amount of water that was sprayed
into the combustor and evaporated without wetting the walls and
pooling of liquid water in the chamber was significantly increased by
25–30% [for a sound pressure level (SPL) of 168 dB] over the
investigated range of conditions, when acoustic oscillations were
excited in the combustor.

Although Gemmen et al. [6] and Sujith et al. [7] have showed
substantial improvement in evaporation rates in the presence of
strong acoustic oscillations, their works have been with single
droplets. The studies with sprays, on the other hand, have not showed
a similar level of enhancement in the evaporation rate with acoustics.
The present work has been motivated by this apparent disparity.

The desire to evolve a compact device has necessitated multiple
roles for the combustor, namely, to achieve complete combustion, to
act as a resonant cavity, and to serve as a chamber to inject the spray
for evaporation. It is well known that acoustic oscillations could be
damped by spray droplets [12,13]. Besides, excitation of high-
amplitude acoustic oscillations could enhance the heat loss to the
walls, thereby making less heat available for evaporation of the
spray. These contravening factors have required characterization of
the acoustic field excited by the combustor developed in the present
work and the heat losses under different conditions of acoustic
excitation. These results, along with the effect of the acoustic
oscillations on the spray evaporation rates are presented next, after
the description of the experimental details. The mechanism of
acoustic excitation in this combustor configuration is briefly
discussed in the context of the past studies [2,14,15].

II. Experimental Details

A. Setup

The experimental setup used for this study is a laboratory-scale
combustor for a maximum rating of 30 kW. Figure 1 shows a
schematic of the experimental setup. It consists of a primary
combustor, a water-spray injector segment, and a tailpipe.

The primary combustor is a 750-mm long stainless steel tube of
110-mm inner diameter. The inlet to the combustion chamber
consists of two coaxial ducts, of which the outer duct allows air and
the inner one allows fuel. Commercially available liquefied
petroleum gas (LPG) is used as fuel in the present work. The airline is
a 600-mm-long tube of 50mm inner diameter. The air duct opens into
the combustor through a divergent passage having a semicone angle
of 45 deg. The fuel line is a tube 1800 mm in length, with an outer
diameter of 19 mm. The fuel line terminates in a disk-shaped bluff
body of 40-mm diameter, which helps in flame holding. The bluff
body has 16 holes of 2-mm diameter each along the circumference

for fuel injection. The ability to move the bluff body in the axial
direction along the divergent portion of the combustor enables the
excitation of different modes of acoustic oscillations at different
amplitudes in the combustor. The primary combustor is cooled by
circulating water through a cooling jacket around it to mitigate its
deformation due to thermal stresses.

Water is sprayed inside the combustion chamber using an air-blast
atomizing system along the air flow direction. The spray nozzle is
mounted in a short water-injector segment connected between the
primary combustor and the tailpipe, all of which have the same inner
diameter. The tailpipe is 900 mm long.

Acoustic decouplers are provided upstream of the air and fuel
flows, between the flow measuring devices and the combustor, to
decouple the measuring devices from the acoustic field inside the
combustor. This is needed because the measurements made using
rotameters are prone to errors of up to 15% due to the presence of a
strong acoustic field [16]. The acoustic decouplers are over 3 times
larger in diameter and over 5 times longer than the diameters of the
respective inlet pipes to the combustor.

B. Measurements

Air is supplied to the combustor from a reservoir with a capacity of
30 m3 at 1.3 MPa. The volume flow rate of air is measured using a
venturimeter that is calibrated using a precalibrated rotameter in the
range 300–1500 liters per minute (LPM) with an error of<2% of the
full range. The volume flow rate of fuel is measured using an LPG
rotameter (range 3–30LPM, less than 2% error of the full range). The
flow rate of water sprayed inside the combustor is determined by
measuring the depression of themeniscus of a column of the water in
a transparent reservoir and the time taken for the corresponding
depression. The volumetric rate of water injection is calculated as
qinj � �h � A�=t, where h is the depression of the meniscus, A is the
area of cross-section of the graduated chamber, and t is the time taken
for the depression of themeniscus. The flow rate of the cooling water
is measured by noting the volume of water collected in a container
during a given time interval. Chromel-alumel thermocouples are
used to measure the temperature of the exhaust gases in the
combustor and at the exit, the outside wall temperature, and the
temperature of the cooling water at the inlet and the outlet.

The acoustic pressure oscillations in the combustor are measured
at the divergent portion of the combustor inlet using a piezoelectric
transducer (either Kistler Model 206 or PCBmodel 103A12, having
sensitivities of 100 and 500 mV=psi, respectively). Data are
acquired for 1 s at a sampling rate of 15,000Hz,which ismuch higher
than the expected dominant frequencies. This gives a bin size of 1Hz
for the fast Fourier transform (FFT) of the data.

To estimate the amount of water that exited the combustor in the
form of droplets, that is, without undergoing evaporation, the Mie
scattering technique is adopted. A thin light sheet from aHe-Ne laser
illuminates a region 3 mm away from the exit of the combustor
tailpipe. The light scattered by the droplets is imaged using a high-
sensitivity CCD camera.

C. Operational Conditions and Procedures

The ranges of variation of the different parameters in the study are
given in Table 1. Because the goal of the present study is to examine
the effect of self-excitation of a strong acoustic field on the water-
spray evaporation rate, care has to be taken not to substantially alter
the flow conditions between the situation when high-amplitude
oscillations are excited and when they are not. The self-excitation of
acoustic oscillations by the combustor is achieved primarily by
adjusting the location of the bluff body relative to the combustor
inlet, under a given set of flow conditions. The location of the bluff
body is described by lb as the distance between the inlet section of the
divergent portion of the combustor and the downstream face of the
bluff body. Preliminary tests have been performed in the range
0< lb < 125 mm at specific air and fuel flow rates, but most
subsequent tests are performed at two locations of the bluff body, that
is, lb1 � 12 and lb2 � 32 mm, as indicated in Table 1. The variations
in the air- and fuel-mass flow rates yield a corresponding variation inFig. 1 Schematic of the laboratory-scale bluff body combustor.
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the overall fuel–air equivalence ratio � in the range 0.18–1.86. The
average air flow velocity at the combustor inlet (just downstream of
the divergent section) is estimated from the flow-rate measurements
as being in the range of 0:88–2:12 m=s.

In the experiments on water evaporation, the quantity of water
exiting the combustor as droplets is quantified by calibration of their
Mie scattering from a laser sheet at the exit of the combustor. The
calibration is performed by spraying water inside the combustor at
known flow rates in the range of 0:2–4:5 g=s under cold air flow
conditions, without allowing for it to collect along the bottom of the
combustor.

For relatively large quantities of water injected into the combustor
under hotflowconditions, some amount ofwater gets collected along
the bottom of the combustor wall. This process is referred to as
pooling [11]. A part of the pooled water drains out of the combustor
exit without undergoing evaporation. This is collected in a container
for a specific duration, and its quantity ismeasured at the end of a run.
As the combustor is not thermally insulated, the setup is allowed to
attain thermal equilibrium over 15 min from the start of water
spraying, before evaporation measurements are made.

III. Results and Discussion

A. Characterization of the Combustor

1. Acoustic Characteristics

The objective of this set of experiments is to determine the effect of
the overall equivalence ratio and the air mass flow rate on the
dominant frequency and pressure amplitude of the acoustic
oscillations excited in the combustor developed in the present study.
The acoustic amplitude could be varied by changing the bluff-body
location lb. A shift towards a higher acoustic mode occurs in the self-
excitation of acoustic oscillations at high acoustic amplitudes, as the
bluff body is moved towards the combustor to the location lb �
12 mm (lb1), from higher values. Because the cross section of the
inlet of the combustion chamber is divergent and the area of cross
section reduces towards the inlet, movement of the bluff body
towards the inlet in this region leads to an increase in local velocities.
This may result in a higher frequency of vortex shedding, leading to
mode shift from fundamental to the first harmonic. Yu et al. [15] have
also reported similar sudden hopping of the dominant frequency
when the inlet flow velocity is increased. The excitation of high-
amplitude oscillations at the highermode occurs over awide range of
overall equivalence ratio. The acoustic amplitude first increases and
then decreases as the overall equivalence ratio is varied, as
demonstrated by Sivasegaram and Whitelaw [14].

Attention is focused on the two bluff-body locations lb1 and lb2 to
compare the variation of dominant frequency and acoustic pressure
amplitude with the overall equivalence ratio, as these two locations
are representative of excitation of relatively high and low levels of
acoustic oscillations, respectively. Figure 2 shows these variations
for the two preceding bluff-body locations over a wide range of air
mass flow rates. Focusing first on Fig. 2a corresponding to lb1, it can
be seen that, as the equivalence ratio is increased in the fuel-lean side
(� < 1), the dominant frequency shifts from a lower mode (referred
to as mode A) to a higher mode (referred to as mode B),
progressively, as the air flow rate is increased. The amplitude also
correspondingly increases from the 500–1000 Pa range
(�148–154 dB) to about 2500–3500 Pa (�162–165 dB and even
higher under some conditions). As the conditions turn fuel rich, that
is, when � � 1, the dominant frequency abruptly drops to another

mode (referred to asmodeC). There is a correspondingly drastic drop
in the amplitude to less than 200 Pa. This latter jump is almost
independent of the air mass flow rate, except at the lowest level
tested. Mode A is around 80–90 Hz, and is identified as
corresponding to the fundamental quarter-wave mode for the length
of the combustor-tailpipe section, whereas mode B is around 230–
260 Hz and is identified as its first harmonic. Mode C, being around
105–130 Hz, on the other hand, can be identified as the fundamental
mode corresponding to the inlet duct with both ends closed. Note that
these identifications are approximate and associated with the modes
based on a quiescent mean-isothermal duct with idealized boundary
conditions for purposes of qualitative understanding. The evaluation
of the exactmodes is complicated by the presence ofmeanflow, axial
temperature gradients, distributed heat release and its acoustic

Table 1 List of operating conditions

Parameter Maximum value Minimum value Minimum step size Other conditions

Bluff-body position lb, mm 0 125 1 _ma � 13:1 g=s
�� 0:47

Air flow rate _ma, g=s 9.4 22.5 1.9 lb1 � 12 mm
lb2 � 32 mm

Fuel flow rate _mf , g=s 0.27 1.15 0.04 lb1 � 12 mm
lb2 � 32 mm

Fig. 2 Variation of dominant acoustic frequency and corresponding

pressure amplitude with overall equivalence ratio for different air flow

rates: a) lb � 12 mm, b) lb � 32 mm.
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response, variations in the speed of sound, etc. During these
experiments, it was observed that the lb values for which maximum
amplitude could be achieved were varied only by 1–2 mm for the
different air flow and fuel flow rates tested. The excitation of the inlet
duct’s acoustic mode is a significant aspect of the work by Yu et al.
[15], but it is observed only under some conditions in the present
study at lower amplitude levels, as measured in the combustor. This
is probably because the combustor length was maintained to be short
relative to the inlet-duct length in that study, as opposed to the long
combustor provided in the present study. Further, the presence of a
nozzle in Yu et al. [15] offered the mechanism of vortex convection
and impingement as providing a time scale and contributing to the
instability period besides the acoustic time of the inlet-duct mode;
this mechanism does not apply to the combustor with an open end as
in the present study.

As opposed to the preceding information, the acoustic
characteristics observed at lb2 shown in Fig. 2b indicate excitation
of a relatively constant frequency of around 80–90Hz (modeA) over
the entire test range of the overall equivalence ratio for different
values of the air mass flow rate. Correspondingly, the variations in
the acoustic pressure amplitude do not show any jumps within the
equivalence-ratio range tested and are generally in the 100–600 Pa
(�134–150 dB) range. An increase in the acoustic pressure
amplitude with an increase in air mass flow rate and overall
equivalence ratio is generally observed, which is due to increased
levels of turbulent heat-release fluctuations.

2. Flame Structure

There is a significant and abrupt change in the flame structure
corresponding to the transition from the relatively low-amplitude
acoustic oscillations at the fundamental mode to high-amplitude
oscillations at the first harmonic mode. Figure 3 shows the difference
in the time-averaged appearance of the flame under these two
conditions, when viewed from the combustor exit along its length.
The flame zone is relatively very compact in the vicinity of the bluff
body, is blue in color as with fuel-lean premixed flames, and exhibits
apparently intense periodic oscillations, when the bluff body is
located close to the inlet of the divergent portion of the combustor,
that is, at lb1. As opposed to this, it is elongated along most of the
combustor length and is yellowish–orange in color, typical of a
diffusion flame when the bluff body is located away from the inlet of
the divergent portion of the combustor, that is, at lb2. As a result, a
compact heat-release zone prevails when strong acoustic oscillations
are self-excited, whereas a distributed heat-release zone prevails
when the acoustic oscillations are self-excited at low-pressure-
amplitude levels. Such a drastic change in theflame structure has also
been reported by other investigators in the past, such as Schadow
[17]. This has important implications on the effect of acoustic
oscillations on heat transfer of the combustor in terms of temperature
distribution in the flame zone, as can be seen in the following
subsections.

Unlike almost all of the previous investigations, such as
Sivasegaram and Whitelaw [14], Yu et al. [15], and Schadow and
Gutmark [2], which were on premixed combustors, the present study
adopts what is nominally a nonpremixed combustor, with the fuel
being injected at the periphery of the bluff body used to stabilize the
flame, that is, the fuel is injected just upstream of the flame zone.
Therefore, acoustic enhancement of fuel–air mixing is an important
step in the combustion and chemical heat-release process, whose
fluctuations drive the acoustic oscillations, in turn.

Another aspect to note in this geometry is the possibility of
impinging shear-layer instability due to flow separation and vortex
roll-up at the inlet to the divergent section and the impingement of the
vortical structures at the upstream corner of the bluff body [18]. This
is further influenced from upstream by the oscillations in the inlet
duct, which, in turn, are coupled with the oscillations in the
combustor where the acoustic driving occurs due to the flame
fluctuations there. This is a complex set of processes that requires
further investigation, but it has not been pursued in this study because

the focus is on the efficacy of the excited acoustic oscillations to
enhance the evaporation rate of a water spray.

A thirdmechanism in operation in the present situationwith regard
to the excitation of oscillations is the possibility of equivalence-ratio
fluctuations, because the fuel injection is within the acoustic field of
the duct and, therefore, could fluctuate [5]. In general, this
mechanism would coexist with that due to the heat-release-rate
fluctuations from the flame in response to the prevalent oscillations
and due to vortex shedding.

It is important to note from Fig. 3 that the combined effect of these
mechanisms is not only to cause heat-release fluctuations but also to
change the mean structure of the flame itself, under self-excited
conditions.

3. Heat-Transfer Characteristics

The coupling between the acoustic oscillations and the flame zone
in the combustor developed in the present work, as observed in the
preceding subsections, leads to enhanced heat transfer to the water-
cooling jacket around the combustor and from the tailpipe to the
ambient. The heat transfer from the combustor and tailpipe walls has
implications on the rate of spray evaporation. This aspect has been
studied as part of the present work.

It is well known that the excitation of high-amplitude acoustic
oscillations causes wall heat transfer in general. This is compounded
by the compactness of the flame zone under conditions of high-
amplitude acoustic excitation, which results in an early increase in
the mean temperature along the length of the combustor, thereby
increasing heat transfer to the surrounding water-cooling jacket and
in the tailpipe further. As a result, the mean temperature of the
exhaust products is lower when strong acoustic oscillations are
excited than otherwise, leading to apparently counterintuitive
observations. Figure 4 shows variations of the exhaust gas

Fig. 3 Images of the luminous flame viewed along the length of the
combustor from the exit with the bluff body at two locations: a) lb1 and

b) lb2, corresponding to self-excitation of high- and low-amplitude

acoustic oscillations, respectively.

Fig. 4 Variation of exhaust gas temperature along the centerline with

the overall equivalence ratio in the presence and absence of high-

amplitude acoustic excitation at different air flow rates.
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temperaturemeasured at the combustor centerline as a function of the
equivalence ratio at different air flow rates and along the radius for
one set of operating conditions in the presence and absence of high-
amplitude acoustic oscillations corresponding to the two bluff-body
locations lb1 and lb2, respectively. It can be seen that the exhaust
temperature is lower in the presence of high-amplitude acoustic
oscillations under all conditions tested, although this condition is
accompanied by intensemixing of the reactants and high combustion
intensity. This is because of increased heat loss to the walls of the
combustor in the presence of strong acoustic oscillations.

First, the heat loss to the water-cooled portion of the combustor is
considered. The fractional heat loss due to water cooling is given by

�HL �
Qwater

Qinput

(1)

whereQwater is the heat loss due towater cooling, andQinput is the heat
input in the form of fuel addition and combustion in the combustor.
Qwater is given by

Qwater � _mwaterCw�Tin � Tout� (2a)

where _mwater is the mass flow rate of the cooling water, Cw is the
specific heat capacity of water, andTin andTout are the temperature of
the water at the inlet and outlet of the water-cooling jacket. The mass
flow rate and the temperatures are measured quantities in the present
work, as mentioned earlier. Qinput, on the other hand, is given by

Qinput � _mf�hf (2b)

where �hf is the heating value of the fuel (taken as 44 MJ=kg for
LPG). Figure 5 shows the variation of fractional heat loss with the
overall equivalence ratio for the bluff body at lb1 and lb2 for an air
flow rate of 15:016 g=s. The acoustic-pressure amplitude variations
under these conditions are shown in the same figure for correlation
with the heat loss. Note that the fractional heat loss is substantial,
mainly as a result of the water-cooling. However, this has been
necessitated to ensure the structural integrity of the combustor walls
during continuous operation over a long duration. The figure shows a
strong correlation in the trend between the fractional heat loss and the
acoustic-pressure amplitude variations with the overall equivalence
ratio. For lb2, both quantities are nearly constant and at relatively low
levels. But, for lb1, the fractional heat loss and the acoustic pressure
amplitude first increase sharply at about the equivalence ratio of 0.5,
maintain a high value, and then fall sharply at around the equivalence
ratio of 0.92. It is interesting that the fractional heat loss outside the
preceding equivalence-ratio range is nearly the same as that for lb2.
This clearly shows that the sound pressure levels significantly affect
the heat losses; that is, with an increase in the sound pressure levels
the heat losses increase.

Next, we consider the heat transfer in the tailpipe. The convective
heat-transfer coefficient in the tailpipe has also been calculated from

the temperature measurements, using the following relation [19]:

h�
_mpCp
�DlT

ln
�
T1 � Ta
T2 � Ta

�
(3)

Here, _mp is themass flow rate of the combustion products,Cp is their
specific heat capacity at constant pressure, D is the diameter of the
combustor duct, lT is the distance between two temperature
measurement locations along the tailpipe, T1 and T2 are the
temperatures measured at the two locations, and Ta is the ambient
temperature. In the present work, temperatures are measured at
250 mm and 950 mm upstream of the combustor exit, both locations
being downstream of the water-cooled portion. Figure 6 shows the
heat-transfer coefficient as a function of the rms pressure amplitude
observed in the combustor at two different air flow rates. These
different pressure levels are obtained by adjusting the bluff-body
location, and they are reported in terms of rms values to account for
disparities in the dominant frequencies over the observed range. It
can be seen from the preceding figure that the heat-transfer
coefficient in the tailpipe also systematically increases with the
acoustic pressure in the combustor, as in the case with the water-
cooled portion.

4. Summary of Combustor Characteristics

Summarizing the characterization of the combustor for the spray
evaporation studies next, it can be seen that movement of the bluff
body closer to the combustor inlet leads to excitation of high-
amplitude oscillations at the first harmonic with the bluff-body end
acting like an acoustically closed end. For farther location of the bluff
body, the fundamental quarter-wavemode is excited at relatively low
amplitudes. At the high-amplitude conditions, the flame is compact
and held close to the bluff body; it appears to be like a premixed
flame. At low-amplitude conditions, the flame is distributed over a
large length of the combustor and is orange in color, more like a
diffusion flame. This shows that the acoustic oscillations influence
the mixing of the fuel and air that burn to excite the oscillations, in
turn. The heat transfer to the water-cooled portion and the tailpipe is
larger with high-amplitude oscillations than otherwise. This is
because the temperature increases rapidly across a compact flame,
and there is more heat to be lost to the combustor walls subsequently
downstream in the case of high-amplitude acoustic excitation than in
the other case; wherein a distributed combustion process increases
the temperature more gradually, probably to lower maximum levels
before heat is lost to thewalls of the combustor further downstream to
a lesser extent. Ultimately, the exit temperature is higher in the latter
case than in the former. These processes are qualitatively depicted
schematically in Fig. 7.

B. Water-Spray Evaporation Studies

The spray nozzle is located near the acoustic velocity antinode of
the first harmonic in the present study, because it is expected to
significantly enhance heat/mass transfer, as established by Matta
et al. [20]. Using the calibration of the Mie scattering intensity with

Fig. 5 Effect of acoustic pressure amplitude on the fractional heat loss

to water cooling at the walls of the combustor; air flow rate� 15:0 g=s.
Fig. 6 Variation of convective heat-transfer coefficient h in the tailpipe

with the acoustic pressure amplitude at different air flow rates.
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the quantity of water injected under cold flow conditions, it was
found that a maximum of 0:2 g=s of water exited the combustor
under hot flow conditions regardless of the level of acoustic
excitation, even for the maximum water injection rate tested
(15 g=s). Figure 8 shows the average pixel intensity (API) of Mie
scattering as the amount of water injected is increased under cold and
hot flow conditions. Typical images ofMie scattering bywater-spray
droplets exiting the combustor under cold and hotflow conditions for
the same rate of injection of water into the combustor are also shown
in Fig. 8. It can be seen clearly that the average pixel intensity of the
light scattered from the droplets is negligible because of evaporation
under hot flow conditions when compared with the case without any
evaporation under cold flow conditions. Correspondingly, the
amount of water droplets exiting the combustor in suspended form,
that is, less than 0:2 g=s, is considered to be negligible.

The evaporation of water injected inside the combustor is due to
evaporation of both the suspended water spray and the pooled water.
The water evaporation rate is determined as

_m evap � _minj � _mcoll (4)

Fig. 7 Schematic qualitative depiction of processes in the combustor

under conditions of excitation of oscillations of a) high amplitude and

b) low amplitude.

Fig. 8 Calibration to quantify water exiting the combustor in the form
of droplets: a) variation of average pixel intensity of Mie scattering of

water droplets and b) typical Mie scattering images under cold and hot

flow conditions, exiting the combustor.

Fig. 9 Variation of water evaporation ratewith thewater injection rate

at different air flow rates: a) 16.8, b) 20.6, and c) 22:5 g=s. The fuel flow
rate is 0:53 g=s. The corresponding equivalence ratios are 0.48, 0.40, and
0.36. The excited sound pressure levels are shown alongside for

correlation.
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where _minj is themass flow rate of water injected and _mcoll is themass
of water collected at the exit of the combustor per unit time. The
uncertainty in the estimation of _mevap is calculated by incorporating
the measurement errors.

Figure 9 shows the variation ofwater evaporation ratewith the rate
of water injection under conditions of both high- and low-amplitude
acoustic excitation, for air flow rates of 16.8, 20.6, and 22:5 g=s. The
fuel flow rate is maintained at 0:53 g=s in these experiments. The
variations in the excited levels of acoustic pressure amplitude under
these operating conditions are shown alongside for correlation. Note
that the difference in the sound pressure levels between the two
conditions of high- and low-amplitude excitation is �12–15 dB
similar to that observed earlier without water spraying, which is still
substantial despite the presence of water spray in these experiments.
It can be clearly seen that the water evaporates at a considerably
greater rate under conditions of high acoustic pressure amplitudes
than otherwise (�100% increase in some cases). The increase in the
water evaporation rate with acoustic pressure amplitude is more with
a greater amount of water injection, although the error in the _mevap

measurement also increases. Evidently, the evaporation enhance-
ment level is off for high values of _minj. Figure 9 also indicates that
the dependence of the enhancement in the water evaporation rate on
the air flow rate due to the acoustic oscillations is nonmonotonic.

The water-spray evaporation is not only dependent on the heat-
transfer rates to the droplets but also on the heat available for
evaporation. The heat available in the combustor for evaporation of
thewater spray is adjusted by the rate of fuel flow into the combustor.
Figure 10 shows the variation of the water evaporation rate with the
fuel flow rate under high and low SPL conditions, for the same air
flow rates as mentioned earlier, with the water injection rate
maintained at 6:6 g=s in all these cases. As expected, the water
evaporation rate increases with increase in the fuel addition, but
levels off for sufficiently large values of the fuel flow rate,
particularly at lower equivalence ratios, regardless of high or low
SPL. However, the enhancement in water evaporation rate is seen to
occur uniformly over the entire range of fuel flow rates tested.

Further experiments have been conducted to determine the
dependence of water evaporation rates on acoustic pressure
amplitudes, by varying the bluff-body location, for given air and fuel
flow rates and water injection rate. These experiments are performed
at two airflow rates, namely 18.8 and 20:6 g=s. The fuelflow rate and
the water injection rate are maintained at 0:53 and 6:6 g=s
respectively. Figure 11 shows the plot of the water evaporation rate
(WER), normalized as �WER= _ma�=�p0rms=p0�, vs the normalized
rms acoustic velocity amplitude u0rms= �u (estimated as �p0rms=�0c �u)
excited in the combustor.Here, _ma is the airmassflow rate,p0rms is the
rms acoustic pressure amplitudemeasured in the combustor,p0 is the
mean ambient pressure (taken as 105 Pa), �0 is the mean air flow
density at the combustor inlet, c is the reference speed of sound taken
as 634 m=s corresponding to a typical spatially averaged time-mean
temperature of 1000K in the combustor, and �u is the spatio-temporal
average air flow velocity at the combustor inlet. The WER is
nondimensionally represented as mentioned earlier because the
water evaporation is expected to increase with both air convection
and the acoustic oscillations. It is seen in Fig. 11 that the data
obtained at the two different air flow rates fairly overlap over each
other for the choice of the dimensionless groups adopted, suggesting
that 1) increase in the convective effect only partly increases the
water evaporation but is substantially influenced by the amplitude of
acoustic oscillations prevalent in the combustor and 2) the
normalized acoustic velocity is the appropriate quantity that affects
the vaporization process, as indicated by Sujith et al. [8]. It is also
seen from the figure that there exists a threshold value of acoustic
pressure amplitude at each air flow rate, above which the water
evaporation is significantly enhanced. This is also in conformation
with the theoretical prediction on single droplets by Sujith et al. [8]
that, with increase in acoustic velocity, the evaporation rate would
decrease until it reaches aminimum, beyondwhich itwould increase.

It can also be deduced from Fig. 11 that the threshold amplitude
increases with an increase in air flow rate. Significant heat transfer to
and mass transfer from the spray droplets occurs in the presence of
acoustic oscillations only when the oscillations are strong enough to
cause flow reversal during each cycle [21]. This drastically increases
the rates of transport processes, besides increasing the residence
times of the spray droplets. At a higher mean flow rate of air, it takes
greater acoustic velocity amplitude to cause this process. Because the
acoustic velocity amplitude is proportional to the sound pressure
level, the threshold pressure amplitude is observed to increase with
increase in the air flow rate.

Fig. 10 Variation of water evaporation rate with the fuel flow rate at
different air flow rates: a) 16.8 (�� 0:47–0:73), b) 20.6 (�� 0:37–0:60),
and c) 22:5 g=s (�� 0:34–0:54). The water injection rate is 6:6 g=s. The
excited sound pressure levels are shown alongside for correlation.

Fig. 11 Normalized WER as a function of normalized estimated rms

acoustic-velocity amplitude. The fuel flow rate and water injection rate

are 0.53 (�� 0:43 and 0.40) and 6:6 g=s, respectively.
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IV. Conclusions

A laboratory-scale self-excited bluff-body combustor is
developed. The ability of the combustor to excite a wide range of
SPLs by adjusting the bluff-body location from 134 dB to as high as
165 dB has been demonstrated for a wide range of mass flow rates of
air and fuel. Excitation of high-amplitude oscillations is accom-
panied by a shift in the mode from the fundamental to the first
harmonic, at different equivalence ratios depending upon the air flow
rate. The flame structure appears to transition from an elongated
diffusion flame to a compact premixed flame as the SPL grows from
low to high values.

The presence of strong acoustic oscillations is found to increase
the rate of water-spray evaporation, despite increased heat losses to
the combustor walls (up to 40% increase for increase in the SPL from
145 to 160 dB). The water evaporation rate is enhanced by as high as
107% for a sound pressure level of 156 dB. The results indicate that
there exists a threshold amplitude level above which the enhance-
ment of the water evaporation rate is significant. These results are
very promising for application in various commercial and practical
applications such as spray drying, calcining, incineration, etc.
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