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The transport of droplets in a pressure-atomized kerosene spray flame was examined using a two-
component phase Doppler system to measure the droplet size and velocity distributions at several locations
within the spray. The effect of combustion on droplet transport was examined by comparing the results
to a nonburning spray under similar flow conditions. Directions of motion of droplets are calculated from

" the measured droplet velocity components to provide information on trajectories and dispersion of drop-

lets. Results show that combustion reduces the strength of gas recirculation as evidenced by significantly
fewer droplets being transported upstream toward the nozzle along the centerline for the burning spray
as compared to the nonburning spray. Combustion enhances droplet vaporization and results in reduced
number density and larger droplet mean diameters and velocities when compared to the nonburning
spray. At the spray centerline, there is a wide range of droplet trajectories that are associated with
recirculated droplets and those originating from the nozzle. There is some correlation between droplet
velocity and diameter. Some larger size droplets are also found to be entrained into the recirculation
pattern. At the spray boundary, few droplets deviate from the mean direction. Also, droplet velocity is
well correlated with increasing diameter but appears to approach an asymptotic value in which droplet

velocity becomes insensitive to diameter.

I. Introduction

PRAY flames are commonly stabilized by using swirl

burners to recirculate combustion gases and fuel vapors.
This class of burners has attracted considerable attention be-
cause of the potential to improve combustion efficiency and
reduce pollutant emissions in the waste disposal and power
generation industries. The aerothermochemistry of swirl-sta-
bilized spray flames depends significantly on the degree of
mixing between the fuel droplets and coflowing airstream.
Nevertheless, most investigations on mixing and turbulence—
chemistry interactions in combustion processes have dealt with
gaseous-fueled flames’ (i.e., no droplets present). Such studies
can provide insights into the complex problem of droplet/air
mixing, but only for very small droplets if they are assumed
to follow the gas flow pattern.? For larger droplets that do not
tend to follow the gas flow, a more complete picture of fuel
transport in the spray flame is realized via spatially resolved
measurements of droplet velocity.

This article examines from an experimental point of view
droplet transport in a swirl-stabilized kerosene spray flame.
Measurements of droplet diameter, number density, and veloc-
ity were carried out at different spatial positions using phase
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Doppler interferometry. These results are presented, in contrast
to a recent study® of a kerosene spray flame in which droplet
mean velocities were reported using a laser velocimetry sys-
tem. Mean properties characterize the global features of a
spray, whereas size and velocity distributions provide a more
detailed picture of the behavior of individual droplets. In the
present study, measured droplet velocity components are used
to determine the direction of droplet motion throughout ‘the
spray from which conclusions are drawn concerning droplet
transport. The results are compared with data for a nonburning
kerosene spray® for the same conditions of fuel and airflow
rates, and swirl, to assess the influence of combustion on drop-
let transport.

Data are presented at several locations in the spray. Loca-
tions are chosen where gas recirculation near the nozzle results
in significant droplet dispersion (i.e., near the central region of
the spray), and where the droplet concentration is relatively
high (i.e., near the spray boundary). For the latter case, drop-
lets are transported in a ballistic fashion, as their motion is not
influenced strongly by the surrounding airflow pattern.

II. Experimental Apparatus

Experiments were carried out in a spray combustion facility
that has been described previously.>~® The facility includes a
swirl burner with a movable 12-vane swirl cascade (see Fig.
1). The vanes rotate simultaneously to impart the desired de-
gree of swirl intensity (defined by the swirl number S, which
is the ratio of axial fluxes of angular momentum to linear mo-
mentum)’ to the airstream that surrounds the fuel nozzle. The
value of § = 0.53 was chosen for the present study because it
produces a stable flame stationed approximately 20 mm down-
stream the nozzle exit, and results can be compared to prior
studies under nonburning conditions.’> The flame structure is
also characteristic of that found in many industrial combustion
systems.
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Fig. 1 Schematic of the movable-vane swirl burner.
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Fig. 2 Schematic of the spray boundary position relative to the
flame sheet. The numbers identify particular locations where the
flow parameters are discussed in detail.

A simplex pressure-jet fuel nozzle, located at the exit plane
and centerline of the burner, is operated at total air and fuel
flow rates of 64.3 and 3.2 kg/h, respectively; these flow rates
provided an input equivalence ratio of approximately 0.75. The
nozzle generates a nominal 30-deg (half angle) hollow-cone
kerosene spray under unconfined conditions that is injected
vertically upwards from the nozzle. A schematic of the spray
relative to the flame envelope, which includes the measure-
ment grid, is illustrated in Fig. 2. Also shown are coordinates
for several specific locations (designated L.1-L5) where results
are discussed in more detail. Locations L1, L2, and L4 are
representative of the central region of the spray where recir-
culation of the surrounding gases and droplet entrainment is
expected-to be significant. Locations L3 and L5 correspond to
the spray boundary.

A stepper-motor-driven, three-dimensional traversing ar-

" rangement translates the burner assembly in the vertical and
horizontal directions (see Fig. 3). All optical diagnostics are
fixed in position about the burner assembly and the burner
translates independently of the optical equipment. Measure-
ments of radial profiles of the burning spray properties, e.g.,
droplet size, number density, velocity, etc., are carried out at
different spatial positions (in radial increments of 2 mm across
the burner). Enough symmetry is assumed to exist about the
spray axis so that measurements of spray properties in any
particular plane containing that axis are considered represen-
tative of the entire spray. Measurements are reported in the
plane in which the burner is traversed (X in Fig. 3). Additional
details can be found elsewhere.®~*

A two-channel phase Doppler interferometer® (PDI) was
used to obtain droplet size and velocity information on indi-
vidual droplets passing through the measurement volume (see
Fig. 3). Mean properties were based on the statistical analysis
of the measured size and velocity distributions. Several issues
arise when using the PDI for such measurements in spray
flames. These include the sensitivity of the measurements to
the combustion gas temperature, and the influence of droplet
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Fig. 3 Schematic of the experimental droplet size/velocity facil-
ity: BS, beam stop; PR, PDI receiving optics; PT, PDI transmitting
optics; and M, mirror.
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Fig. 4 Variation of D,, with r measured at different z for the
burning and nonburning sprays.

trajectory through the probe volume on the inferred droplet
size. Concerning the former, it has been demonstrated that
phase Doppler measurements are insensitive to the combustion
gas temperature since the technique depends weakly on droplet
refractive index for nonabsorbing liquids.” With regard to the
influence of droplet trajectory through the probe volume on
inferred droplet size, such an effect can lead to the measured

droplet size distribution being broader than the actual size dis-
tribution within the spray.'® The sensitivity of measured di-
ameter to droplet trajectory is minimized by ensuring that the
characteristic width of the probe volume is much greater than
the particle diameter, and by measuring the scattered light in-
tensity in the near-forward direction." In the present setup, the
scattering measurements were made in the near-forward direc-
tion (30-deg scattering angle) and the minimum probe volume
width was on the order of 100 um.

The phase Doppler system provided information on particle
size between 1-300 um with the optical arrangement em-
ployed in this investigation. The measurement volume is de-
fined by the 119- and 113-um laser beam waists at 514.5 and
488.0 nm, respectively (with a fringe spacing of approximately
6.6 um for both laser beams), and with the off-axis light col-
lection optics positioned at a scattering angle of 30 deg. The
focal lengths of the transmitting and receiving optics were 495
and 500 mm, respectively. The focal length of the collimating
lens was 300 mm. For the experiments carried out in this in-
vestigation, the photomultiplier detector voltages were opti-
mized to provide the greatest sensitivity to the wide range of
droplet sizes typically found in these sprays. Near the spray
boundary, which is defined as the location where the measured
number density is largest, data acquisition rates were high
(10,000 data points were collected within 120 s). However, in
other regions of the spray, considerably more time was re-
quired to collect the data.

Near the spray boundary, the required system gain was sig-
nificantly lower and the fraction of validated data was two to
three times larger than near the spray centerline (reaching a
maximum validation rate of approximately 80%). Compared
to the nonburning case for which validation rates were reported
at 95% near the spray boundary, in the burning spray valida-
tion rates were much lower. This reduction in validation rate
is attributed to reduced signal quality. The variation in vali-
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Fig. § Variation of D;, with z measured a) along the centerline
and b) nominal spray boundary for the burning and nonburning
sprays.
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dation rate with spatial position, and its effect on number den-
sity and mass flux, is discussed in more detail elsewhere.'>"
Measurements were repeated at several selected positions to
ensure measurcment repeatability that was generally better
than 5% near the spray boundary.

III. Results and Discussion

A. Droplet Mean Properties

Droplet mean properties (i.e., size, number density, and ve-
locity) are presented to describe the global features of the spray
flame. The effects of combustion on droplet transport are em-
phasized by comparing the same spray under burning and non-
burning conditions. The results for the nonburning case were
taken from an earlier investigation.® Radial profiles of the
droplet Sauter mean diameter (Ds,) at four axial locations (z =
10, 25.4, 50.8, and 76.2 mm) downstream of the nozzle exit
are presented in Fig. 4. Two cases are compared, namely, data
for a burning and nonburning kerosene spray. The solid boxes
along the abscissa indicate the position of the burner passage
walls, with the fuel nozzle located at the axis of the burner
(r = 0). The vertical bars identify the nominal spray boundary,
which is defined as the radial location (at a given axial posi-
tion), where the radial profiles of number density exhibit a
peak (i.e., see Fig. 5). These peaks also correspond to those
for volume flux (i.e., volume of the droplets passing a unit
cross-sectional area per unit of time).

The central peak of D, for the burning spray at z = 10 and
25.4 mm is attributed to vaporization and depletion of the
smaller droplets that result in an increase in mean diameter.
For the nonburning case, no central peak exists. Also, this
result may be attributed, in part, to the fact that swirl exerts a
greater influence on droplet mixing for a nonburning spray
than a burning spray.’ Further downstream, at z = 50.8 and
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Fig. 7 Variation of N with z measured a) along the centerline
and b) nominal spray boundary for the burning and nonburning
sprays.
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Fig. 9 Variation of v with r measured at different z for the burn-
ing and nonburning sprays.

76.2 mm, data are not reported in the center for the burning
spray because of the absence of droplets at these positions.
The absence of droplets at these downstream positions, com-
pared to the relative abundance of droplets at these same lo-
cations for the nonburning spray, is indicative of the significant
enhancement of heat transport and droplet vaporization asso-
ciated with the high-temperature combustion gases.

The variation of droplet mean size with axial position along
the centerline and spray boundary is shown in Figs. 5a and 5b,
respectively. Data along the burner axis are limited for the
burning case because of the aforementioned difficulties in de-
tecting the presence of droplets at positions far downstream of
the nozzle. The trends show that the values of D;, increase for
both positions. This fact emphasizes the importance of vapor-
ization of smaller droplets which, essentially, removes them
from statistical consideration in determining mean spray prop-
erties. In addition to vaporization, other mechanisms for de-
pletion of smaller droplets in the spray boundary include co-
alescence between droplets (which, however, is not expected
to be significant because of the low probability of collisions
between small droplets) and/or dispersion. Note that compar-
ison of droplet size at different spatial positions, in fact, rep-
resents a different population of droplets. It is also recognized
that the data obtained in this study cannot with certainty iden-
tify the precise mechanisms.

The spatial variation of droplet number density N at the four
previously mentioned axial positions is shown in Fig. 6 along
with data for the nonburning spray.® Differences among the
two sets of data are substantial and illustrate the effects of
combustion. The number density exhibits a peak that is rea-
sonably symmetric around the centerline for the burning spray,
whereas no such peak exists for the nonburning spray. For the
nonburning spray, the values of N are essentially constant
across the spray and decrease outside of the spray boundary.
A close comparison of the results shown in Figs. 4 and 6

reveals that the largest droplet mean sizes reside at approxi-
mately the same radial position at which number density ex-
hibits a peak. This result indicates that the bulk of the fuel
mass resides along the spray boundary (as is characteristic of
hollow-cone sprays). Determination of the volume flux also
supports this conclusion.

The variation of number density with axial position is pre-
sented in Fig. 7 along both the centerline and spray boundary.
The number density decreases as axial position increases for

"‘/ spray centerline

nominal spray
boundary

Fig. 10 Coordinate system used in the definition of 8. Coordinate
(a) is replaced by (b) at the radial location where the magnitude
of radial velocity component is a minimum (A = 0 for a perfectly
symmetric spray).
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both cases, and the values of N are larger for the nonburning
spray. For example, near the spray boundary for the burning
spray, number density changes by a factor of 100, i.e., from
N =~ 3 X 10? particles/cm® (volume flux of approximately 1
X 107! cm’/s/em?) at z = 10 mm to N =~ 4 X 10' particles/
cm’® (volume flux of approximately 3 X 107> em®/s/cm®) at z
= 76.2 mm. Differences among the two conditions (burning
and nonburning) are the result of significant droplet vapori-
zation, due to heat transport from the surrounding combustion
gases, which deplete the population of droplets.

The spatial profiles of droplet mean axial » and radial v
velocity components at the four aforementioned axial locations
were measured and the results are shown in Figs. 8 and 9,
respectively. Results for the burning spray are again compared
with those for the nonburning spray.’ Positive values of u cor-
respond to droplets moving in the downstream direction (away
from the atomizer) and positive values of v signify radially
outward motion (negative values of v refer to droplet motion
toward the centerline of the spray). Figure 8 shows that the
droplet mean axial velocity decreases with increasing axial po-
sition for both the burning and nonburning sprays. In contrast
to the nonburning spray, droplets in the burning spray have
positive axial velocities and negligible radial velocities at po-
sitions near the axis of the burner. :

The droplet axial and radial velocity components for the
buming spray exhibit maxima near the spray boundary (see
Figs. 8 and 9), with the mean flow corresponding to a direction
that is consistent with the nominal spray cone half angle (« in
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Fig. 10). For example, given the peak values of u ~ 13 m/s
and v =~ 8 m/s at z = 25.4 mm (as shown in Figs. 8 and 9),
the mean flow direction 6 of the droplets (see Fig. 10) is ap-
proximately 32 deg, whereas the nominal spray angle « (as
specified by the nozzle manufacturer) is about 30 deg. Near
the spray boundary, the values of u and v for the burning spray
are at least a factor of 3 higher than those of the nonburning
spray (see Figs. 8 and 9). Assuming that the droplet velocities
at the nozzle are the same for both cases, this result suggests
that combustion decreases significantly the mean rate of drop-
let deceleration.

B. Direction of Droplet Motion

The entrainment of droplets by the surrounding gaseous me-
dium, and secondary breakup of droplets in a spray flame, are
complicated phenomena involving aerodynamic drag forces
and the creation of waves at the surface of droplets. Somewhat
simplistic measures of these phenomena are provided by the
Weber number (=VZ,pD/a) for droplet breakup, the Stokes
number (=pD*V,,/18u8) for dispersion and entrainment, and
the Reynolds number (=V,,Dp/p) for drag and internal cir-
culation within droplets. In the definition of these parameters,
V... is the relative velocity between the droplet and surrounding
gas, p is the gas density, p, is the liquid density, D is the droplet
diameter, o is the droplet surface tension, u is the gas phase
viscosity, and & is a length scale characteristic of a vortex or
eddy in the coflowing swirling gas stream. Two practical dif-
ficulties arise when evaluating these parameters for spray
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Fig. 13 Probability distributions for droplet trajectory angles at three different locations (L1-L3) in the burning and nonburning sprays

for droplets in the size range of 1-5 pum.

flames. First, the droplet velocity relative to the surrounding
gas phase is not easily obtained, and second, the characteristic
length scale for the recirculating vortex in the definition of the
Stokes number is essentially unknown.

A complete mapping of the gas phase velocity (as distin-
guished from the velocity of droplets) in a spray flame is com-
plicated by the fact that typical sizes of seed particles (<5 um)
can be the same as the diameter of the smallest droplets pro-
duced by the atomization process. This fact leads to difficulties
in discrimination of phases in the light scattering signal. It is
difficult to distinguish between light scattering from seed par-
ticles and light scattered by liquid droplets'*’® with current
optical techniques. Attempts to bias the laser light detectors
for seed particle sizes have met with limited success in dense
regions of sprays because of the presence of droplets of the
same size as the seed particles.'® Of course, if it is known that
droplets will not be present with diameters similar to seed par-
ticle sizes, then seed particles introduced into the flow can
provide a measure of the gas phase velocity. However, this is
not the case for the current conditions where significant num-
bers of droplets less than 5 ywm are present, especially upstream
near the nozzle. For this situation the small droplets (now play-
ing the role of seed particles) must also be assumed to follow
the gas flow pattern. The validity of this assumption depends
on the extent to which the droplets have completely deceler-
ated to the gas motion. Indeed, it is unlikely to be true, in
general, near the nozzle because of the momentum imparted
to the liquid by the forced flow of fuel through the atomizer.

For these reasons, the droplet relative velocity could not be
determined with certainty under the conditions examined and
instrumentation used in this investigation. Therefore, it would
be inappropriate to evaluate the Weber, Reynolds, and Stokes
numbers. However, information related to droplet transport can
still be obtained indirectly from the droplet velocity com-
ponents.

The droplet velocity components were used to obtain a di-
rection of droplet motion 6, which is defined in Fig. 10. The
symbol A is a measure of the asymmetry of the spray. The
spray centerline is therefore defined to correspond to the radial
position (at any axial location) where the radial velocity com-
ponent is a minimum (see convention, defined earlier, for the
velocity components). When A = 0, the spray is symmetric
about the axis of the atomizer. The value of A is determined
at any axial location by first identifying the radial location at
which the radial velocity component reaches a minimum. The
symbol ¢ is referenced to that location and £ = O is the cen-
terline. For ¢ > 0, coordinate system (b) is used, and for £ <
0 coordinate system (a) is used. With this choice of an axi-
symmetric coordinate system and sign convention for velocity
components mentioned previously, negative values of 8 will
correspond to velocity vectors that are directed inward toward
the centerline. '

In a swirl-stabilized spray, the flowfield is nominally three-
dimensional and, hence, three components of the velocity vec-
tor (axial, radial, and tangential components) should be used
to determine the direction of droplet motion. However, for the
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