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Abstract

An experimental study is reported on the physical characterization of the structure of ethanol/argon/oxygen
coflow laminar spray diffusion flames in the pressure range 0.1–0.9 MPa. Diagnostic techniques include phase
Doppler anemometry to measure the droplet size distribution and the axial and radial velocity components of
the droplets. The gas-phase velocity is determined using measurements from the smallest (low Stokes number)
droplets and is corrected for thermophoretic effects. Temperature information is obtained using thin-film pyrome-
try combined with an infrared camera. All flames present a cold inner core, in which little or no vaporization takes
place, surrounded by an envelope flame buried in a thermal boundary layer, where most of the droplet evaporation
occurs. The thickness of this thermal boundary layer scales with the inverse of the Peclet number. Especially near
the base of the flame, photographic evidence of streaks, which in some case even reveal the presence of soot,
suggests that some droplets survive the common envelope flame and burn isolated on the oxidizer side in a mixed
regime of internal/external group combustion. The reconstruction of the entire droplet vaporization history con-
firms this evidence quantitatively. A criterion for droplet survival beyond the envelope flame based on the critical
value of a suitably defined vaporization Damköhler number is proposed. The scaling and self-similar behavior of
the investigated flames suggest that a mixed regime is established, with a momentum-controlled cold core and a
buoyancy-controlled high-temperature boundary layer, the thickness of which varies significantly with pressure, as
expected from Peclet number scaling. The growth of this layer and the thickness of the vaporization region are re-
duced at pressures above atmospheric because of density effects on thermal diffusivity. Some aspects of the design
of the combustion chamber and of the atomizer system are discussed in detail since they are critical to the suppres-
sion of instabilities and to the establishment of a well-defined high-pressure quasi-steady laminar environment.
 2005 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

In many liquid-fuel applications, the gas in the
combusting chamber is at pressures well above the
atmospheric and in some cases it can reach condi-
tions that are supercritical for the injected liquid fu-
els [1]. Not much has been reported to date on high-
Published by Elsevier Inc. All rights reserved.
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pressure laminar spray flames, which are more com-
plex than individual droplet burning, yet much bet-
ter defined than practical spray systems. A study of
such flames can help understand the basic phenom-
enology of high-pressure spray combustion. The sur-
prising paucity of studies on this topic can be par-
tially attributed to the inherent difficulties in setting
up simple, small-scale, well-controlled experimental
systems.

Laminar spray diffusion flames have been stud-
ied in both counterflow [2] and coflow [3] configu-
rations at atmospheric pressure. Despite its intrinsic
two-dimensional nature, the coflow configuration is,
perhaps, better suited for high-pressure studies, since,
unlike the counterflow case, most of the liquid phase
evaporates and ultimately burns. It is also closer to
the reactant injection pattern in practical configura-
tions and can provide a fundamental understanding of
practically relevant combustion regimes. Among the
attainable regimes, group combustion [4], in which
droplets burn collectively as a group rather than indi-
vidually, prevails in spray flames, with the large ma-
jority of droplets vaporizing completely before reach-
ing the reacting layer. Even in this pseudo-gaseous
diffusion flame regime there may be droplets the res-
idence time of which in the flame is smaller than
the vaporization time. These droplets can survive the
interaction with the flame, burn on the outside, and
extinguish when a critical diameter is reached, in a
combustion regime referred to as internal group com-
bustion [5]. These isolated droplets may contribute to
low combustion efficiency and NOx production [6].

The goal of the present investigation is to exam-
ine the behavior of laminar spray flames spanning
one order of magnitude in pressure, yet far removed
from the complexities of critical phenomena. After
describing the experimental apparatus and the quan-
titative and qualitative criteria used to design it, we
examine the physical structure of these flames and the
effects of a ninefold change in pressure on their scal-
ing and self-similar behavior. Particular attention is
devoted to the vaporization history of droplets that do
not fully vaporize before reaching the diffusion flame
in a regime of internal group combustion. Results on
two of the four flames studied were presented in [7].

2. Experimental system, design consideration,
and test conditions

2.1. The chamber

The design of the vessel to perform high-pressure
combustion experiments is a rather complex task and
requires meticulous attention to details. Optical ac-
cess, safety, proper fluid dynamic behavior, and me-
chanical strength are all essential characteristics, the
importance of which should not be underestimated.
We give below an extensive description of the crite-
ria followed in the design of the system, since they
proved to be a major challenge in the initial phase
of the project. A sketch of the complete experimen-
tal apparatus used in the high-pressure spray com-
bustion experiment is shown in Fig. 1a. The cham-
ber, with inner diameter measuring 8.25 cm, was de-
signed with three openings to provide optical access
to the reacting flow under investigation. BK7 glass
was used for phase Doppler measurements, while
for temperature measurements one of the glass win-
dows was replaced with a zinc–selenide one with
high infrared transmissivity. To improve the S/N ra-
tio of the phase Doppler signal, a 68◦ angle be-
tween windows was chosen to approach the Brew-
ster angle for scattering from ethanol droplets. The
optically accessible section was positioned to have
the bottom of the windows at the same height as
the burner outlet. Because of the limited optical ac-
cessibility of the chamber, it was possible to scan
only the first 20 mm of the four flames. It will be
shown later that this area is the most interesting
from the point of view of group combustion and is
relatively immune from buoyancy-induced instabili-
ties that invariably set in further downstream in the
flame.

The structure of the diffusion flame is strongly in-
fluenced by the fluid dynamic characteristics of the
combusting flows. In designing the chamber, special
care had to be taken to avoid external, chamber-
induced, fluid-dynamic effects influencing the re-
acting flow. To that end, a chamber extension was
mounted at the top of the optically accessible section
to damp fluctuations associated with buoyancy in-
duced instabilities and expand the pressure range over
which quasi-steady behavior could be established.
The chamber was equipped with typical safety fea-
tures such as burst disks and pressure release valves.
Pressure was regulated using a valve throttling the
exhaust. Further details, with remarks on an acoustic
analogy that helped us size the chamber up, are given
in Appendix A and in [8].

2.2. Liquid supply system

The atomizer was mounted at the base of the
high-pressure stainless steel chamber. For the high-
pressure spray flames under investigation the atom-
izer selection proved to be critical since such flames
are very sensitive to the specific atomization tech-
nique. Pressure atomizers [2] are not well suited to
this function since they do not offer good control
over the size distribution and their adaptation to lam-
inar spray flames requires sufficient time for the two
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(a)

Fig. 1. (a) Experimental apparatus; (b) burner and atomizer details.
phases to equilibrate in a large settling chamber. The
last requirement conflicts with the need to keep at
a minimum the volume of such a chamber to avoid
buoyancy-induced instabilities at high pressures, as
explained in Appendix A. Ultrasonic atomizers [9,
10] are also inappropriate, as we discovered in pre-
liminary experiments, since the pressure waves gener-
ated during the atomization process introduce strong
disturbances in the flame as the pressure increases
above one atm. By a process of elimination, the best
compromise spray system that satisfied all the nec-
essary prerequisites turned out to be a homemade
spray generator (inset in Fig. 1b) that was based on
the laminar aerodynamic shearing of a liquid jet by a
gaseous coflow [11]. Its operating principle is as fol-
lows. A small hole in a thin plate through which a
gas stream is flowing generates velocity and pressure
fields with relatively strong gradients next to the aper-
ture. If the meniscus at the tip of a capillary tube is in-
serted in the pressure field coaxially to the small hole,
the liquid elongates towards the opening. When the
pressure drop through the hole overcomes the liquid–
gas surface tension stresses, the meniscus develops in
a cusp-like shape. If a constant liquid-flow rate is sup-
plied through the capillary, a steady thin liquid jet is
emitted. After exiting the hole, the jet diameter re-
mains almost constant up to the point where the jet
breaks up because of capillary instabilities in the so-
called Rayleigh break-up regime. The generated spray
is expected to produce droplets of uniform size as
long as the gaseous flow is laminar. This constraint
limits the maximum allowable liquid flow rate for a
fixed droplet size.
To overcome this limitation the atomizer had to
be multiplexed. Two different configurations were
adopted. The first one with three capillary tubes
reached a maximum flow rate of 0.7 ml/min. In the
second one, nine capillary tubes had to be positioned
in parallel to reach a total flow rate of 2.1 ml/min with
a flow rate per tube of approximately 0.23 ml/min.
After a few iterations, a diameter of 75 µm was cho-
sen for each hole. Each hole was positioned in the
plate with a precision of ±5 µm to ensure coaxiality
with the 400-µm o.d. tubes. A further decrease in size
of the hole would have brought excessive complica-
tions in the control of the relative position between
the holes and the tubes. The tubes were held in place
by two 12-mm thick Teflon disks, kept at a distance
of 20 mm by threaded rods. A sketch of the atomizer
is visible in the inset of Fig. 1b.

Contrary to the claims in [11], monodispersity was
never reached, possibly because of various limitations
in the adjustment of the atomizer. However, a mod-
est level of polydispersion, as the one achieved in
the present design, turned out to be beneficial, since
the small droplets were useful to ensure flame stabi-
lization, whereas the larger ones would survive the
diffusion flame and burn on the outside, mimicking
the behavior of practical sprays. Furthermore, the at-
omizer allowed for some level of manipulation of the
distribution, with the possibility of tracking the vapor-
ization of droplets in deliberately produced spikes in
the distribution.

The liquid fuel was fed into the atomizer from a
container pressurized with nitrogen. The flow rate was
controlled by changing the stagnation pressure in the
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Fig. 1. Continued.
vessel. Contact between the two phases was avoided,
to prevent dissolution of the pressurizing gas into the
liquid and, ultimately, the formation of bubbles in the
delivery line. To that end, as shown in Fig. 1a, a piston
with tight tolerances was designed so that it would be
capable of moving freely into the cylinder but avoided
the direct contact between the liquid and the gas. To
monitor the liquid level in the vessel a small magnetic
element was mounted on the piston. Another magnet
was placed on the outer wall of the vessel and moved
along the surface of the tank with the piston via mag-
netic field coupling.

2.3. Test conditions and characteristic numbers

Argon was used as a carrier gas entering the cham-
ber on the side of the atomizer and carrying the spray
upward through a 30◦ contraction terminating in a
7.5-cm-long tube with an inner diameter of 10 mm.
Two different reasons motivated the selection of argon
as the inert, as opposed to either nitrogen or helium:
it has a molar heat capacity smaller than that of ni-
trogen, resulting in higher flame temperatures, which
helps stabilizing the flame; it has a density larger
than that of helium, which helps counteract buoyancy.
Ethanol was selected as a fuel because of its low soot-
ing tendency.

Liquid fuel from droplets that impinged on the
walls of the atomizer was collected at the base of
the duct in a deep groove on the side of the atom-
izer. The carrier gas bubbled through it and carried it
downstream in the form of vapor. As a result, no sig-
nificant accumulation of liquid was observed during
the experiments. At the exit of the duct, the droplet-
laden jet met with a pure oxygen stream with a con-
stant inlet velocity ≈4.5 cm/s and burned in a coflow



S. Russo, A. Gomez / Combustion and Flame 145 (2006) 339–356 343
Table 1
Physical parameters for the four flames

Flame Pressure
(MPa)

C2H3OH
(ml/min)

Ar
(slpm)

CH4
(slpm)

Tad
(K)

Uavg
(m/s)

ν [300 K]

(m2/s)

α [300 K]

(m2/s)

t0
(mm)

1 0.1 0.7 2.7 0.018 2549 0.58 13.9 × 10−6 20.9 × 10−6 2.0
2 0.3 0.7 2.7 0.034 2683 0.19 4.6 × 10−6 7.0 × 10−6 1.4
3 0.3 2.1 8.1 0.115 2634 0.58 4.6 × 10−6 7.0 × 10−6 1.1
4 0.9 2.1 8.1 0.155 2719 0.19 1.5 × 10−6 2.3 × 10−6 0.7
diffusion flame. A system of screens, packed glass
beads, and honeycomb (Fig. 1b) guaranteed the lam-
inarity of the oxidizer coflow. The burner was posi-
tioned at the base of the high-pressure combustion
chamber and kept in place by applying suitable ten-
sion to the connected gas tubes. A nitrogen shroud
flow was supplied at the base of the chamber on the
outside of the burner to prevent recirculation of the
gases above the honeycomb and to keep the win-
dows clean from any kind of vapor or particulate de-
posit.

Table 1 gives a summary of the examined flame
conditions, listing flow rates of fuel and inert, adia-
batic flame temperatures, the axial component of the
average velocity in the fuel stream, the inert momen-
tum and thermal diffusivities. Four flames were in-
vestigated, with the fuel to inert ratio kept constant in
all four cases. In Flame 1 and Flame 2, 0.7 ml/min
of ethanol where injected into 2.7 slpm of argon at
0.1 MPa and 0.3 MPa, respectively. Flame 3 and
Flame 4 were established with 2.1 ml/min of ethanol
and 8.1 slpm of argon at 0.3 MPa and 0.9 MPa, re-
spectively.

To ensure the attachment of the flame at the tip of
the fuel tube, some methane had to be added to the
fuel side. Since the focus of the present investigation
is on the physical structure of the flames, it was eas-
ier to hybridize the fuel stream with the addition of a
gaseous hydrocarbon, rather than alcohol vapor. No-
tice that in any spray flames the coexistence of fuel
in both the liquid phase and the gaseous phase is in-
evitable and their relative amounts decreases in the
streamwise direction. In this sense, the deliberate ad-
dition of gaseous fuel in the feed stream is tantamount
to mimicking conditions that would inevitably prevail
somewhere downstream of the injector in a pure spray
flame. Methane provided approximately 4% of the to-
tal enthalpy for Flame 1, 8% for Flames 2 and 3, and
10% for the flame at the highest pressure. Adiabatic
flame temperature calculations took into account the
gaseous hydrocarbon addition.

Some estimates of overall nondimensional para-
meters may be helpful in establishing similarities
and differences among the flames. The characteris-
tic numbers relevant to the present problem are the
Reynolds, Peclet, and Richardson numbers, defined
Table 2
Characteristic nondimensional numbers for the four flames

Flame Pressure (MPa) Re Peh Pr Ri

1 0.1 200 135 0.67 0.4
2 0.3 200 135 0.67 3.7
3 0.3 600 400 0.67 0.4
4 0.9 600 400 0.67 3.7

as Re = UavgR

ν , Peh = UavgR

α , Ri = �ρ
ρ

gR

U2
avg

, respec-

tively, with R as the burner mouth radius, Uavg as the
average velocity at the burner mouth, ν and α as the
momentum diffusivity and the thermal diffusivity, g

as the gravitational acceleration, and ρ as the density.
The conditions described in Table 1 were chosen

so that the values of these numbers reported in Table 2
would be reached, with transport properties calculated
at 300 K for pure argon. Buoyant forces were assumed
as generated by an average temperature difference of
1400 K. A careful selection of flow conditions was in
principle tuned toward isolating individual effects in
the four flames. For example, Flames 1 and 3, as well
as Flames 2 and 4, have the same Richardson number,
which should result in a similar buoyant behavior. On
the other hand, Flame 1 has the same Peclet number
as Flame 2, which should result in a similar tempera-
ture field. Clearly, these considerations only apply in
an overall sense. Further details on scaling and self-
similarity, as well as their controlling parameters will
be given in the discussion of the results. The present
set of measurements broadens considerable the pres-
sure range and the Richardson number range, as com-
pared to our earlier work discussing only Flames 1
and 3 [7].

2.4. Diagnostics

The distributions of droplet size, together with
the axial and radial velocity components were mea-
sured using phase Doppler anemometry (Dantec Elec-
tronik). All the flames presented a number of droplets
below 10 µm in size that, under the present condi-
tions, had Stokes number lower than 2 × 10−2 and, in
the region of largest radial velocity gradient, less than
7 × 10−2. Therefore, they can be considered good
trackers of the gas, if thermophoretic effects are prop-
erly accounted for.
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Gaseous temperatures between 900 and 2200 K
were measured via silica-carbide thin filament py-
rometry [12] using an infrared camera (Electrophysic
Corp. PV320) with a 50-mm germanium lens. The
camera response was calibrated using a thermocou-
ple in a heated stream.

3. Results and discussion

3.1. Flame appearance

As shown in the pictures in Fig. 2, the first two or
three flames had the typical quasi-conical appearance
of gaseous flames, with the fourth flame being nearly
cylindrical in the lower section that was optically ac-
cessible in this study. The striking difference from
strictly gaseous flames was the appearance of lumi-
nous, in the last case sooty, streaks provisionally as-
sociated with droplets punching through the common
gaseous flame enveloping the bulk of the spray. As
shown below, detailed measurements of droplet size
and velocity and flame temperature provided quanti-
tative evidence corroborating this interpretation. The
extent of this mixed combustion mode, typically de-
fined as internal group combustion [5], varied from
flame to flame, with the most pronounced “streaking”
in Flame 4 and the least pronounced in Flame 2. The
streaks appeared more frequently near the anchoring
region at the flame base.

Flame 1, at atmospheric pressure, exhibited a
steady, blue, reacting layer measuring approximately
45 mm in height (grayish quasi-vertical line in
Fig. 2a). Flame 2 was also stable and measured only
30 mm in the vertical direction (Fig. 2b). Flame 3 ex-
hibited instabilities in the upper part in the way of
flickering that is typically associated with buoyancy
effects [13,14] (Fig. 2c). These fluctuations did not
have a significant effect on the lower part of the flame.
The maximum axial amplitude of the oscillation was
reached at approximately 45–50 mm well above the
section under consideration in this study. At 20 mm
the flame oscillated radially only ±0.25 mm around
its average diameter of 9.60 mm with a ∼12 Hz fre-
quency as recorded by temperature measurements.
Because of the low tendency of ethanol to soot and
of the high dilution, no yellow emission from carbon
particles was recorded in any of the first three cases.
Soot volume fraction is known to scale linearly with
pressure in the combustion of fuel droplets in high-
pressure gaseous environments [15]. In fact, some of
the droplets escaping the diffusion flame at the high-
est pressure in Flame 4 did produce soot, as can be
seen in Fig. 2d. The yellow spots were caused by
blackbody emission from soot created by envelope
flames surrounding the droplets that exited the flame
and burned on the outside. Near the anchoring point,
the number of droplets exiting the diffusion flame
reached a maximum, but differently from the previous
cases, streaks of droplets burning in envelope flames
could be seen also higher up in the axial direction. At
approximately 16 mm, instabilities started to develop.
Also, in this case the source of instabilities has to be
attributed to the buoyant acceleration of the hot gases
[16]. Flames 2 and 4, because of low inertia, were
subject to the strongest buoyancy influence. While the
low Reynolds number and the relatively small height
of Flame 2 did not allow instabilities to develop, in
Flame 4 the fluctuations were significant and the re-
acting layer became unstable well below 20 mm.

3.2. Key features of the droplet size distributions

In principle, droplet size distributions with some
common features in all four flames would be desirable
for ease of comparison. For example, if the cumu-
lative volume distribution of the droplets, indicating
the percentage of the total liquid volume contained in
Fig. 2. (a–d) Chemiluminescence image for Flames 1–4. In all the flames individual droplets burning are visible. In (d), corre-
sponding to Flame 4, some local soot production and ensuing blackbody emission is also visible.
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Fig. 3. (a–d) Droplet size distribution for Flames 1–4 at r = 0 and z = 0.75 mm; (e) cumulative volume distribution for the

different flames.
all droplets with diameter less or equal than a spec-
ified value, were approximately the same, any sharp
difference in evaporation history could be attributed
to different temperature–time histories. Similarly, the
presence of sharp peaks in the size distribution may
offer the opportunity to track the evaporation of sub-
sets of droplets experimentally. With this in mind, by
manually adjusting the axial distance of the needles
relative to the perforated plate, we tweaked the atom-
izer configuration till typical distributions at the exit
of the burner appeared as in Figs. 3a–3d. In Flame 1,
a strong peak around 33 µm, corresponding to the
main mode of Rayleigh break-up of the liquid fila-
ment, is clearly visible. A smaller peak around 40 µm
corresponds to the second harmonic. Other modes of
oscillation were buried in the remaining part of the
distribution. Clearly visible are also satellites droplets
produced during the atomization process and falling
in the range 0–20 µm. Similar features were present
also in the distribution of the high-pressure, low-flow-
rate flame (Flame 2). While for Flames 1 and 2 the
main peak was at 33 µm, for Flames 3 and 4 the
main peak was located at around 40 µm and the sec-
ond harmonic at 50 µm. The good correspondence
between the distributions is shown in Fig. 3e, where
the volume distributions are compared. Three curves,
pertaining to Flames 1, 3, and 4, are almost superim-
posed, with small differences only in the range 33–
40 µm, depending on the location of the main peak.
Slightly different was the distribution for Flame 2, for
which, because of the lack of droplets in the range
70–100 µm, the volume distribution was systemat-
ically above the others (leftmost curve). Those big
droplets accounted only for approximately 10% of the
total volume and the volume distribution of Flame 2
differed from the others by only about 15%. As a re-
sult, the goal of “shaping” distributions with some
common features for ease of interpretation and for di-
agnostic purposes was achieved, although we never
managed to operate the atomizer in the monodisperse
mode, as reported in [11].

3.3. Gas velocity scaling and self-similar behavior

The axial “gaseous” velocity component, mea-
sured by tracking low-Stokes-number droplets, is
shown in Figs. 4a–4d at selected axial locations in
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the first 20 mm of Flames 1–3 and in the first 16 mm
of Flame 4. The arrow in the figures indicates the di-
rection of increasing axial position. In all the figures,
the right side corresponds to θ = 0 and differs from
the left part by π in polar coordinates.

All radial scans exhibited good cylindrical sym-
metry. At the burner mouth, Flame 1 had an almost
parabolic axial velocity profile, which became pro-
gressively flatter in Flame 2, and even more so in
Flames 3 and 4, characterized by a larger Re (see
Table 2). Expectedly, all profiles were perturbed in
the heat release region near the outer periphery of the
scans, as a result of density changes and buoyancy ac-
celeration. These perturbations became broader and
broader higher up in the flame, as a result of the
growth of the boundary layer at the interface of the
fuel jet and the coflow oxygen.

Fig. 5a reports the measured axial component of
the velocity along the centerline as a function of the
axial coordinate. The velocity remained nearly con-
stant or decreased for the four flames. This is a char-
acteristic of momentum-controlled diffusion flames,
unlike the typical

√
z dependence of buoyancy-

controlled flames [17]. Because of the low value of
the Richardson number (see Table 2), inertia was
dominant over the buoyant acceleration and the cen-
terline velocity was not affected by buoyancy.

The value of the axial velocity at the location
where the temperature peaked is shown in Fig. 5b as
a function of the square root of the axial coordinate,
under the premise that the scaling should follow

u(z) ≈
[

2

(
�ρ

ρ

)
gz

]0.5
,

where �ρ/ρ is a density factor and g the gravitational
acceleration. Flames 1 and 3 had a similar behavior, as
did Flames 2 and 4. Because of the high temperature
the density difference between these locations and the
free stream was large and, locally, the flames were
strongly affected by buoyancy. The ratio of buoy-
ancy to inertia, the Richardson number, controlled the
velocity behavior. Flames 1 and 3 had the same Ri
(Table 2) and similar velocity behavior. An analogous
trend can be seen for Flames 2 and 4. In all four cases
above 4 mm (z0.5 = 2), the behavior was linear and
with similar slopes. But, because of the higher inertia,
Flames 1 and 3 still appeared to be momentum con-
trolled at the lower heights and the velocity locally
increased because of viscous effects and thermal ex-
pansion. A few millimeters downstream buoyancy set
in, the velocity gradients decreased, buoyancy dom-
inated over viscous forces and the slope of curves 1
and 3 approached the one for Flames 2 and 4.

A first conclusion on the structure of the flames
can be drawn on the basis of the presented data.
Differently from diffusion flames in air [18], these
Fig. 4. Radial profiles of the axial velocity component at se-
lected heights above the burner: (a) Flame 1 (z = 0.75, 2, 4,
7, 10, 12, 16, 18, 19.5 mm); (b) Flame 2 (z = 0.75, 2.5, 5,
10, 12, 16, 18, 20 mm); (c) Flame 3 (z = 0.75, 4, 5, 8, 12,
16, 18, 20 mm); (d) Flame 4 (z = 0.75, 4, 8, 12, 16 mm).

highly diluted diffusion flames were momentum-
controlled in the center while presenting a buoyancy-
controlled annulus on the outside. For flames at lower
Ri, buoyancy “intervention” was delayed with respect
to flames with higher buoyancy to inertia ratio. In
the inner core, because of the unchanged temper-
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(a) (b)

Fig. 5. (a) Axial velocity component along the centerline as a function of height above the burner; (b) axial velocity component
at the radial location of maximum temperature as a function of the square root of the height above the burner.

(a) (b)

Fig. 6. Axial velocity as a function of the radial position, both normalized with respect to the values at the point of maximum
temperature; (a) Flame 2; (b) Flame 4.
ature, buoyant forces were absent and the velocity
profile was controlled by the Reynolds number. In
Flames 1 and 2 with equal Reynolds number, the
velocity profiles were self similar (parabolic) in the
central, cold, region with constant temperature. In
Flames 3 and 4 the velocity profile was almost flat.
Different was the behavior in the external layer. At
increasing values of the radial coordinate, as the tem-
perature increased, buoyancy competed with inertia
and the Reynolds number based similarity was lost,
while a Richardson number based similarity was at-
tained (Fig. 5b) between Flames 1 and 3, and between
Flames 2 and 4.

In Flames 2 and 4, because of the low velocity,
buoyancy easily overcame inertia in the outer layer,
the hot gases were strongly accelerated and the ax-
ial velocity maintained a self-similar behavior. Fig. 6a
shows the axial velocity profile for Flame 2, normal-
ized with respect to the axial velocity at the point of
maximum temperature at the same height. The ab-
scissa is the radial coordinate normalized with respect
to the radial coordinate at the maximum temperature
location. The self-similarity of the velocity profile is
evident in the outer layer and at higher axial positions
held also towards the center. Similar behavior was en-
countered in Flame 4, but in this case, because of the
higher Peclet number, the hot region was narrower
(Fig. 6b). As discussed earlier, because of the one or-
der of magnitude difference in Richardson number,
buoyancy played a different role in Flames 1 and 3.
Since it competed with inertia in a mixed regime in
which neither dominated, self-similarity was not es-
tablished.

Radial velocity components of droplets smaller
than 10 µm are reported in Figs. 7a–7d at selected ax-
ial locations in the first 20 mm of Flames 1–3 and in
the first 16 mm of Flame 4. In all cases, the radial
velocity presented a region of constant, almost zero
velocity and external wings with nonzero gradients.
Differently from the axial behavior, the droplets were
moving in regions of strong temperature gradients in
the radial direction and thermophoretic effects cannot
be disregarded. In this case the gaseous velocity is the
difference between the measured droplet velocity and
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Fig. 7. (a–d) Radial profiles of the radial velocity component
at selected heights above the burner for Flames 1–4.

the thermophoretic drift,

vg = v − vT,

where vg is the radial gaseous velocity, v and vT
represent the droplet velocity and the thermophoretic
drift, respectively. The local particle drift velocity can
be defined as

vT = −(αTDp) ×
( ∇̄T

)
,

T

Fig. 8. Normalized axial growth of the thermal layer (t is
the radial thickness of the cold region; t0 is the extrapolated
thickness at z = 0; Pe is the Peclet number in the cold region;
Pe0 is the Peclet number in the cold region of Flame 1).

where (αTDp) is the thermophoretic diffusivity re-
sulting from the product of Dp, the particle Brownian
diffusivity, and αT, the dimensionless thermophoretic
diffusion factor. To evaluate the diffusivity, use can
be made of αTDp ≈ 0.5υ , where υ is the gas mo-
mentum diffusivity [19]. In Flame 1, for the region
of maximum temperature gradient (∼1000 K/mm)
and with transport properties evaluated at 1000 K, the
thermophoretic drift was estimated to be on the order
of 3 cm/s, which is not negligible when compared
with the droplet velocities in this region. Smaller drift
velocities were calculated for the other flames be-
cause of the pressure effect on the argon diffusivity
dominating over the smaller increase in temperature
gradient.

The evolution of the radial velocity profiles shows
evidence of a cold core, in which little or no va-
porization took place. In that region, the temperature
remained constant since the flow had not been influ-
enced yet by the flame generated heat. The dimension
of the cold region can be inferred from droplet size or
radial velocity measurements [7,8].

The radial growth of the thermal layer is related
to the relative magnitude of convection and diffu-
sion, i.e., the Peclet number. The normalized thick-
ness of the thermal layer is reported in Fig. 8 as a
function of a normalized axial coordinate. The ordi-
nate is defined in terms of: t , the thickness of the
cold region; t0, the extrapolated thickness at z = 0
(listed in Table 1); Pe, the Peclet number in the cold
region; and Pe0, the Peclet number in the cold re-
gion of Flame 1. A ±0.25-mm error in measuring
the thickness and a ±0.5-mm uncertainty in deter-
mining the height are represented by the error bars
in the figure. Once corrected for Peclet number ef-
fects, the thermal layer had a similar growth in all four
flames.
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3.4. Determination of droplet trajectories and
evaporation history

In Figs. 9a–9d we show the measured gas temper-
ature for the four flames as a function of spatial coor-
dinates. Thin filament pyrometry was applicable only
above 900 K. The cold core temperature was mea-
sured at 288 K by a thermocouple for Flame 1 and

Fig. 9. Gaseous temperature as a function of the radial co-
ordinate at selected heights (z = 1, 4, 8, 12, 16, 20 mm
for Flames 1–3 and z = 1, 4, 8, 12, 16 mm in the case of
Flame 4).
assumed constant for the four flames [8]. In the re-
maining region we interpolated the temperature from
900 to 288 K with a Stineman function [20], smoothly
matching the slope in the high-temperature region
to the zero gradient in the cold core. The horizontal
line in the figure shows the temperature upper bound-
ary to the region where the interpolation procedure
was applied. The same considerations that were made
about the axial velocity profiles, with respect to the
spread of the mixing layer and its scaling with Pe,
apply obviously also to the thermal profiles. In each
of the flames the peak temperature remained almost
constant at different heights. Since pressure effects re-
duce molecular dissociation, higher values of the peak
temperature were measured at high pressure [21].

Capitalizing on the knowledge of temperature, ve-
locity, and droplet size distribution at every point in
the flow field, we can track the evolution of some of
the modes of the distribution and verify if it is con-
sistent with theory. Specifically, the evolution of the
diameter of a single droplet vaporizing in a quiescent
atmosphere can be followed by tentatively applying
the d2-law, that is,

(1)−dd2

dt
= 8λ

ρlCp
ln

[
1 + Cp(T∞ − Tw)

L

]
= K.

Implicit in the use of this formula is the negligi-
bility of convective effects, since Reynolds numbers
based on relative velocities were estimated to be on
the order of 10−1. Since the composition of the fuel
stream was constant for the four flames at 10 mol of
inert gas per mole of fuel, argon can be assumed as
the only gaseous component. With a suitable choice of
the droplet wall temperature Tw, the evaporation co-
efficient reduces to a mere function of the gas-phase
temperature, K(T ). Once the gas-phase temperature
is known, we can use Eq. (1) to follow the droplet
size evolution in the flame. Notice, also, that only the
first part of the droplet vaporization history is depen-
dent on the particular technique used for temperature
interpolation. For example, for the 40-µm droplet less
than 10% of diameter decrease can be attributed to
that part of the flame where the gaseous temperature
is obtained via interpolation.

In Fig. 10a the evolution of droplet diameter in
Flame 1 along a droplet trajectory is shown for three
different droplets of initial sizes, 33, 40, and 60 µm.
This figure is adapted from Ref. [7] for compar-
isons purpose. The trajectory is tracked by the ax-
ial coordinate in the abscissa. The droplets, despite
starting from the same position (r = 3.0 mm and
z = 1.0 mm), followed different trajectories as a re-
sult of different initial velocities and inertial behav-
ior. The calculated size evolution, represented by the
continuous lines following Eq. (1), is in good agree-
ment with the experimentally measured one, repre-
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(a) (b)

(c) (d)

Fig. 10. (a) Flame 1. Left ordinate: droplet size history as a function of the vertical coordinate for three different initial sizes: 33,
40, and 60 µm. Continuous lines are computed; open circles and triangles are the experimental data. Right ordinate: evaporation
coefficient for the 60-µm droplet based on an assumed droplet wall temperature of either 288 K (continuous line) or 351 K
(dashed line), respectively. The latter value is the ethanol boiling point. (b) Flame 2. Droplet size history as a function of the
vertical coordinate for three different initial sizes: 33, 40, and 65 µm. (c) Flame 3. Droplet size history as a function of the
vertical coordinate for two different initial sizes: 40 and 75 µm. (d) Flame 4. Droplet size history as a function of the vertical
coordinate for two different initial sizes: 40 and 60 µm.
sented by the open symbols for both cases for which
traceable modes of the initial distributions were avail-
able. If droplet size measurements were not available
at the precise radial location, the two closest points
are reported. The measured size is expected to be in
the range represented by the bar connecting the two
symbols. Similar results were obtained for the other
flames. The comparisons, however, are less exten-
sive because only one mode of the distribution could
be used for evaporative tracking in Flames 3 and 4.
Also, the high pressure flames, especially Flame 4,
exhibited such a thin thermal layer, that the bulk of
the droplet evaporation occurred in a very narrow re-
gion on the order of less than one or two mm thick.
Nevertheless, the overall picture emerging from these
data is undoubtedly that the classic d2-law applied
under the assumption that the droplet in the flame
core evaporated in inert gas at the prevailing temper-
atures.
We can now confidently compute the size evolu-
tion of droplets of arbitrary size, despite the lack of
detailed measurements that would require too great a
manipulation of size distributions with sparse data in
the distribution “tails.” This is shown with the contin-
uous curves in the figures for relatively large droplets
with initial size 60 µm in Flames 1 and 4 and 65 and
75 µm in Flames 2 and 3, respectively. These initial
sizes are critical since they represent the maximum
size of droplets that at the prevailing conditions and
for the specified initial position fully vaporized be-
fore punching through the flame. Since the behavior
is monotonic, the implication is that any droplet larger
than these critical ones starting at the same position
survived the flame and burned on the oxidizer side,
isolated from the cloud. Since evidence of this phe-
nomenon was offered experimentally by the streaks
discussed in connection with Fig. 2, we can attempt
to correlate these findings, as elaborated below.
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Fig. 11. Trajectories of the Dav = 1 droplets for Flame 1.
Numbers on individual trajectories are the initial sizes of the
droplets. Also shown in the figure are four oblique lines,
the two outermost corresponding to the flame position, the
two innermost to the boundary of the cold region. Trajecto-
ries are superimposed on a long exposure laser light scatter-
ing image. Clearly visible, near the base, are trajectories of
droplets surviving the flame.

3.5. Vaporization Damköhler number

The phenomenon of droplets punching through the
flames and burning on the oxidizer side in an inter-
nal combustion mode can be rationalized in terms of
a comparison of two characteristic times, an evap-
oration time and the droplet residence time in the
high-temperature vaporizing part of the flame. Their
ratio is a vaporization Damköhler number [22] de-

fined as Dav = K̄

d2
0

s
w̄

, where s is the radial width of

the vaporizing region and w̄ is the average velocity of
the droplet normal to the reacting layer. The case of
Dav = 1 corresponds to those trajectories computed
for the largest initial droplet size in Fig. 10 and is crit-
ical since it separates two different classes of droplets.
The first class is composed of droplets (e.g., 33 and
40 µm in Figs. 10a and 10b) with Dav > 1 that com-
pletely vaporized inside the flame. The other class
consists of droplets for which Dav < 1. They survived
the diffusion flame and burned isolated on the outside.
Figs. 11–14 report conditions of Dav = 1 for
different initial radial positions for all flames, with
Figs. 11 and 13 adapted from [7] for comparison pur-
poses. In each figure we can identify: two oblique
lines close to the centerline, marking the outer edge
of the cold core of the flames, where no evapora-
tion occurred; two outermost either oblique or nearly
vertical lines, that corresponded with the flame loca-
tion, as inferred from the location of peak temperature
measurements; and a number of trajectories for which
the condition Dav = 1 applied, each trajectory being
labeled with a number representing the initial diame-
ter of the trajectory droplet. The critical diameter can
be determined as dcrit = (K̄ s

w̄
)0.5. If we assume that

all the droplets that reached the flame had an equal
average vaporization constant, since they had a sim-
ilar temperature history, the critical diameter will be
function only of the residence time in the flame. Gen-
erally, droplets exiting the duct near the tube wall had
a smaller path to the flame, which implies low resi-
dence time in the vaporization region and small criti-
cal diameters. Vice versa, droplets that exited the duct
closer to the center had a longer vaporization time be-
cause of the large pathway to the flame. As a result,
the critical diameters were larger. By the same token,
for given trajectories corresponding to a critical diam-
eter, if a droplet of that diameter exited the fuel tube
at a large radial position, it would punch through the
flame.

A laser light-scattering image taken in the lower
part (0–17 mm) of Flame 1 is also shown in Fig. 11.
Trajectories of the droplets in an axial plane illu-
minated by the laser are visible. The 0.05-s expo-
sure time evidences the entire droplet trajectories. Al-
though the frequency of droplets crossing the flame
decreased with height, droplets can be seen crossing
the reacting layer at a height well above the limit of
the luminous streaks of Fig. 2a.

Flame 2 (Fig. 12) exhibited a reaction layer
that was not quasi-vertical, unlike Flame 1, but ap-
proached a right circular cone. This affected the thick-
ness of the vaporization region and implies that the
critical diameter was not only a function of the ra-
dial coordinate of the droplet at z = 0, but also of the
height at which the droplets exited the flame and, as a
consequence, of the vertical velocity. Clearly notice-
able, when Fig. 11a is compared with Fig. 12, is the
increased critical diameter for comparable heights in
the flame. At first, it should be noticed that their cold
regions evolved similarly because of the equal Peclet
number between the two flames. But, because of the
different flame shapes, the vaporization region was
larger at atmospheric pressure. The wider vaporiza-
tion region should have resulted in smaller droplets
punching through. But two effects combined to over-
come the decrease in path length. First, Flame 1 had
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Fig. 12. Trajectories of the Dav = 1 droplets for Flame 2.
See legend of Fig. 11.

typical radial velocities approximately 50% higher
than Flame 2; and, second, the average temperature
along the path was 10% larger in Flame 2.

In the case of Flame 3, in Fig. 13, as previously
remarked, because of Peclet number effects, the high-
temperature region was even narrower, as compared
to Flames 1 and 2. For the same axial position, the
critical diameters were larger than for Flame 1. Since
the path to the flame was shorter, one would expect
lower values of the critical diameter. Again, two ef-
fects offset the decrease in path length. First, the av-
erage vaporization constant increased because of the
increased maximum temperature (see Fig. 9); second,
the average radial velocity was lower in the high-
pressure case, as shown in Fig. 7.

In Fig. 14, corresponding to Flame 4, because of
buoyancy-driven instabilities, only the first 16 mm of
the flame are characterized. The Peclet number was
the same as for Flame 3, and the cold regions in
the two flames was similar. Outside this region, ax-
ial and radial velocities had comparable values. Thus,
the droplet trajectories were curved more than in other
cases. For comparable heights, the vaporization re-
gion was narrower than all other cases, but the ve-
locity at which the droplets approached the flame was
lower. The final residence time increased, as did the
critical droplet size.
Fig. 13. Trajectories of the Dav = 1 droplets for Flame 3.
See legend of Fig. 11.

Fig. 14. Trajectories of the Dav = 1 droplets for Flame 4.
See legend of Fig. 11.
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The results in Figs. 11–14 are consistent with
the visual appearance of the flames. At lower ax-
ial positions the critical diameters were smaller and
many droplets of the initial distribution survived the
diffusion flame eventually igniting on the outside.
A comparison of the critical diameters with the initial
size distribution shows that some droplets eventually
reached the diffusion flame also at position relatively
far away from the duct. These droplets did not always
ignite outside of the reacting layer since their diam-
eter was greatly reduced with respect to the initial
value and might have been below the extinction value
[23]. Moreover, the thickness of the region of low
oxidizer concentration outside the reacting layer in-
creased with height, making the ignition process more
difficult.

This finding is also consistent with Fig. 11, where
droplets exiting the flame were seen above the limit
of luminous streaks. A different behavior is seen in
Flame 4, where luminous streaks appeared also at rel-
atively high axial positions. Two effects contributed
to this phenomenon. First, the critical diameter for
droplet flame extinction decreases inversely with the
pressure [23]. Therefore, small droplets could still
burn. Second, the initial distribution in the case of
Flame 4 (Figs. 3d and 3e) presented a larger per-
centage of droplets above 80 µm. As a result, more
droplets could punch through the flame.

Clearly, because of the average radial velocity
changes at different pressures, the critical diameter
could not be correlated to the boundary layer thick-
ness, and, therefore, to the Peclet number, as we first
assumed in the initial design of the experiment.

4. Conclusions

An experimental study was conducted on high-
pressure laminar spray diffusion flames in the 0.1–
0.9 MPa pressure range. Buoyancy driven instabilities
were a major difficulty in establishing such flames.
The addition of an extra chamber to the experimen-
tal apparatus to act as a dead volume in the post-
flame region proved successful in delaying the onset
of the instabilities and allowing for the establishment
of steady flames.

The flames were stabilized in a coflow configu-
ration, with high dilution of argon on the fuel side
and pure oxygen on the oxidizer side. All flames pre-
sented a cold inner core, in which little or no vapor-
ization took place, surrounded by an envelope flame
buried in a thermal boundary layer, where most of
the droplet evaporation occurred. Some droplets sur-
vived the common envelope flame and burned iso-
lated on the oxidizer side, in a mixed regime of in-
ternal/external group combustion. Evidence of this
behavior was provided photographically by the pres-
ence of streaks associated with individual droplets
burning, especially near the base of the flame. It was
also confirmed by a detailed physical characterization
of the flames, through the measurements of droplet
and gaseous velocity components and gas tempera-
ture. Such measurements allowed for the reconstruc-
tion of the entire vaporization history and lead to the
establishment of a criterion for droplet survival be-
yond the envelope flame, based on the critical value
of a suitably defined vaporization Damköhler number.
Droplets, whose vaporization Damköhler number was
smaller than unity, outlived the envelope flame and
burned isolated on the outside, while droplets having
vaporization Damköhler larger than unity fully vapor-
ized before reaching the flame.

The scaling and self-similar behavior of the flames
was investigated and pointed to a mixed regime, with
a momentum-controlled cold core and a buoyancy-
controlled high-temperature boundary layer, the thick-
ness of which varied significantly with pressure, as
expected from Peclet number scaling. At pressures
above the atmospheric, because of the decrease in
thermal diffusivity, the growth of this layer was re-
duced, as was the thickness of this vaporization re-
gion.
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Appendix A

It is well known that in laminar flames buoyancy
induces instabilities with a characteristic frequency
between 10 and 20 Hz [13,14,16]. Those instabili-
ties build up as a function of height, and appear only
in buoyant flames that are sufficiently tall, that is, in
flames in which there is sufficient time for the insta-
bilities to develop. It is worth remarking that also in
flames smaller than the minimum height for the flick-
ering to appear the hot gases above the flame tip might
be subject to these oscillations. In unconfined envi-
ronments such fluctuations above the flame are not
visible and are irrelevant since they do not affect the
reacting part. In a closed vessel, in contrast, any fluc-
tuation anywhere in the vessel can affect the reacting
layer.

A simple analogy between fluid dynamics and
electric circuits is helpful in understanding how in a
closed vessel the buoyancy-induced instabilities can
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Fig. A.1. Combustion chamber schematic with electric circuit components for the electroacoustic analogy.
affect a flame and in finding suitable remedies to
them. A gaseous flow can be treated as the analogue
of electric current, a volume becomes a capacitor,
flow resistance yielding a pressure drop is the equiva-
lent of a resistor, and pressure corresponds to voltage.
A complete treatment of the electroacoustic analogy
is reported in [24].

In Fig. A.1 we can see a schematic of the burner
inside the high-pressure vessel, while in Fig. A.2 the
analog electric circuit is represented. iF is the incom-
ing flow of fuel and inert gas, io the flow of oxidizer,
with Rf and Ro being the resistance along the fuel and
oxidizer lines, respectively. The valve at the exit of the
vessel is the output resistor Rout and the straight duct
connecting the main volume of the burner with the
flame region is represented by a resistor R1. C1 is the
volume of the atomization chamber and C2 is volume
available for the gases inside the vessel. R2 represents
the pressure drop met by the gas inside the vessel, in
the movement towards the source of instabilities. The
instability of the hot gases is modeled as a periodic
current id with zero average (no source of mass). It is
interesting to notice that the couple C1, R1 acts as a
low-pass filter for id, while C1 and Rf act as a low-
pass filter for if that is not affected by the instabilities
because of the high value of Rf, which determines a
very low cutoff frequency (f = 1

2πRfC1).
id, the analogue of the buoyancy-generated insta-

bility, acts in the region of hot gases above the flame
at a position here labeled F. Applying Kirchhoff’s first
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law at the node F we obtain

id = i1 + i2 − iOUT + io.

The currents flowing in the circuit can be divided into
two components: a DC component, here represented
in capital letters, and a small AC component, super-
imposed on the continuous one. Thus,

i1(t) = I1 + iI(t),

iO(t) = IO + io(t),

i2(t) = I2 + iII(t),

iOUT(t) = IOUT + iout(t).

The application of Kirchhoff’s first law at the B node
results in

i1(t) = IF + ic(t),

where IF = if is constant in time because of the previ-
ously discussed filtering effect of Rf, and ic has only
an AC component due to presence of C1. The balance
at node F can be rewritten as

id(t) = IF + IO + I2 − IOUT + ic(t) + io(t)

+ iII(t) − iout(t),

where I2 = 0 because of the capacitor C2. We shall
now solve the electric circuit using the small-signal
approximation and separate the AC component from
the small periodic oscillation. The DC component can
be written as

IF + IO = IOUT,

which represents the global mass balance fuel + ox-
idizer = products. This result follows from the fact
that buoyancy is not a source of mass and, conse-
quently, it does not affect the total mass balance.

The circuit for the small signal analysis is shown
in Fig. A.2b. It can be solved in terms of the complex
impedance Z = R + j (ωL − 1

ωC
). Next, we assume

that Rout � R1, Rout � R2, and Ro � R1, Ro � R2
which, from a fluid dynamic point of view, is equiv-
alent to assuming that the pressure drop of the exit
valve and the pressure drop along the oxygen sup-
ply line are much larger than the pressure drop along
the burner duct and the resistance met by the fluid
in the chamber in its motion towards the source of
instabilities. The circuit for the signal component re-
duces to the one in Fig. A.2c with Z1 = R1 − j 1

ωC1
,

Z2 = R2 − j 1
ωC2

, and id = ic + iII = V
Z1

+ V
Z2

.
The objective is to reduce the fluctuations in the

fuel flow rate or ic. If ic(t) 	= 0, fluctuations in the fuel
flow at the top of the burner occur and flame flicker-
ing ensues. The flickering is strictly dependent on the
presence of the high-pressure chamber. If the flame
Fig. A.2. (a) Analog electric circuit; (b), (c) circuits in the
small-signal limit.

were in open air, that is, with R2 = 0 and C2 = ∞,
id would be completely absorbed by C2 without af-
fecting i1. The effect of ic is analogous to the classic
buoyancy induced instabilities on the flame.

Since the magnitude of the disturbance |id| is
fixed, once the source, that is, the flame, is fixed, one
has to maximize the current iII in order to reduce the
value of ic. This can be done by increasing either the
capacity C2 or the resistance R1 or by reducing the
capacity C1. The components R1 and C1 are related
to the atomizer design. Even a substantial redesign
of the atomizer in the light of these new constraints
would not allow for a critical reduction of the instabil-
ities. To achieve a one-order-of-magnitude reduction
of the fluctuations the only plausible way is to in-
crease the capacitor C2 by adding an extra chamber,
to act as a dead volume. An extra duct, measuring
approximately 190 cm in length and 8.2 cm in diame-
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ter, was added above the optically accessible section,
as shown in Fig. 1. The total length of the system
reached 240 cm for a total volume of 12,700 cm3,
approximately 1000 times larger than the burner vol-
ume.

The use of a Helmoltz resonator [24] would have
the same damping effect without requiring an exces-
sive increase in the volume of the experimental appa-
ratus. This possibility, although very appealing, had
to be discarded since preliminary results with gaseous
flames showed that as the pressure increased from 1
to 8 atm the fluctuation frequency changed from 11 to
20 Hz, which would impose the need for an impracti-
cal tunable Helmoltz resonator.
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