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PARTICULATE AND DROPLET DIAGNOSTICS IN SPRAY COMBUSTION

Hratch G. Semerjian
Center for Chemical Engineering
National Bureau of Standards

Gaithersburg, MD 20899

I. INTRODUCTION

The objective of this project is to investigate droplet evaporation,
combustion and particulate formation processes in spray flames, using non-
intrusive diagnostic techniques, and to delineate the effect’of chemical and
physical properties of the fuels on the above processes. The results of
this study will provide an experimental data base, with well-defined bound-
ary conditions, for the development and vglidation of spray combustion
models. These models, in turn, can be used to develop computerized design
methodologies, to predict combustor performance over a wider range of
operating parameters, and to predict the effect of variations in fuel
properties on combustion efficiency, radiative energy transfer, and pol-
lutant emissions.

In most combustion systems which utilize liquid fuels, the fuel is in-
troduced into the combustion zone through an atomizer, forming a large num-
ber of liquid droplets, which undergo vaporization, mixing (with the
oxidizer) and combustion processes. The rate and extent of each of these
proresses affect overall combustion efficiency, energy transfer and emission

of pollutants, such as soot, oxides of nitrogen, CO and unburned



hydrocarbons. Individual droplets transport fuel within the spray and dif-

- fuse fuel vapor in their wakes. The rates ofvvaporization and diffusion are
dependent upon the rate of energy transfer by convection and radiation from

- the flame and its surroundings, as well as the gas phase concentrations sur-
rounding the droplets. It can be seen, then, that the combustion of sprays
is a process where mass, momentum and energy transfer and chemical reactions
occur simultaneously and are strongly coupled. Our current undefstanding of
spray, combustion is not adequate to enable designers of combustion chambers
for gas turbines, diesel and direct injection engines, and industrial fur-
naces and boilers to meet the additioqal constraints ﬁo be imposed by future
requirements of fuel flexibility and control of emissions.

Most of the current theoretical analyses have been based on models of
single-droplet vaporization with individual droplet burning. These models
and droplet combustion studies have been reviewed by Williams [1], Faeth
[2,3] and Law [4]. Individual droplet burning may be possible in very
dilute sprays ﬁith low-volatility fuels; however, recent experimental
studies [5-8] have found no evidence of single droplet combustion in
laboratory sprays. Indeed, according to Chiu et al. [9], most of the typi-
cal industrial oil burners operate at a group combustion number, G, (defined
as the ratio of the rate of droplet vaporization to the transport of gaseous
species by diffusion) on the order of one or greater, and gas turbine com-
bustors operate at G > 10. These correspond to conditions of external group
combustion and external sheath combustion regimes, respectively, where the
interaction between the droplets cannot be ignored, and the fuel spray and
the vapor cloud have to be considered as a whole. More recently, these fin-
dings have been substantiated by Yule and Bolado [10], using photographic

techniques. As a result of such findings, more recent theoretical efforts



have focused on group combustion or non—dilute spray combustion models [11-
161.

Review of the current literature shows that a large portion of ex-
- perimental efforts has been concentrated on investigation of the combustion
of single droplets or arrays of dropletS»f17-22]. There is a limited amount
of information on the detailed structure of spray flames. Most of the
studies are focussed on gaseous concentration measurements, with some data
on droplets obtained using MgO coated plates [7,8,23,24]. More recent
measurements have also been attempted using diffraction techniques [10,25-
281, generating qualitative data without any spatial'resolution. There are
only a limited number of studies, where SPC (single particle eounting) tech-
niques have been utilized to obtain detailed, spatially resolved
measurements in sprays [29-36]. Based on these observations, it can be con-
cluded that there is a critical need for detailed data on the structure of
spray flames, including information on the particle field, droplets,
velocity and témperature fields, as well as gaseous species concentrations.
The objective of this project is to obtain such a comprehensive data base,
as a complementary effort to the spray modelling work being éarried out at
JPL and LANL. In addition, this study will provide data on the effect of
fuel properties and flow field characteristics on the spray combustion
processes. Finally, this research effort will focus on identification of
the most important sub-processes, such as droplet vaporization, droplet-
droplet interactions, droplet-air interactions, radiative energy transfer,
etc., which have the greatest impact on the overall characteristics of spray

flames.



II; TECHNICAL APPROACH

Experiments are being carried out ;n a spray combustion facility which
simulates operating conditions found invpractical combustion systems, and
- provides flexibility for investigation of flow field and injector geometry
effects on combustion characteristics. The spray combustion facility also
allows for the study of the effect of fuel properties, including single com-
ponent as well as multicomponent fuels. A schematic of the variable swirl
burner, currently being used for this study, is shown in Fig. 1, and the
detailed specifications for the burner are presented in Table 1. This
burner design is similar to that used by Beretta et él. [37-39], and will
allow for comparison with their experimental results. ‘

A combination of nonintrusive optical diagnostic and intrusive probing
techniques are being utilized to obtain comprehensive data on the spray com-
bustion characteristics. A laser velocimetry (LV) system is used to measure
the velocity field throughout the combustion region. A dual-beam system is
used to measuré the axial, radial and tangential velocity components, and
the unit is capable of operating in both back scatter and forward scatter
configurations. Velocity measurements are obtained from the modulation fre-
quency of the intensity of light scattered by particles traversing the probe
volume, formed by the two laser beams. A Bragg cell, operating at 40 MHz,
is also utilized to discriminate for velocity direction, which is necessary
especially in recirculating parts of the flow. Velocity data are obtained
both for the droplets as well as the gas phase, using seed particles, in or-
der to inveStigate convective effects and the effect of slip on energy and
mass transfer processes.

Information on particle and droplet characteristics (diameter, number

concentration, volume fraction) is of critical importance, in order to



develbp a good understanding of transport proceSses between the liquid
droplets and the gas flow surrounding them. Development of measurement
techniques for particle/droplet characterization is an area of intense re-
search, but there are no established experimental techniques that are
applicable over the large particle size range (0.01 um to above 100 um) and

10 em3) required for studies of spray flames.

number density range (103 - 10
In addition, very few of these techniques have been tested in combustion
environments. Therefore, as part of this investigation, several particle
diagnostic techniques are being explored and, where possible, results ob-
tained with different techhiques are being compared, ﬁo establish rangeé of
applicability, limitations, and the effect of properties such as refréctive
index and size distribution on measurement accuracy.

Laser based'light extinction/scattering (LES) techniques are used to
characterize the droplet/particle field in the flame. A typical experimen-
tal set-up for these measurements is shown in Fig. 2. Specifically, this
apparatus allo%s measurement of the partiéie scattering coefficient as a
function of laser polarization and scattering gngle as well as determining
the extinction coefficient. Size and number density measurements can be ob-
tained from ratios of the appropriate scattering coefficients.

Specifically, the ratio of scattering to extinction coefficients, the dis-
symmetry ratios and the pclarization ra%io are all sensitive to particle
size. The first of these ratios is particularly sensitive to small absorb-
ing particles and has been used for soot particle size measurements in the
range of .01 to .2 um, for number densities of 1012 to ?010 cm—3 [40-43].
The dissymmetry raﬁio yields particle size information for particles of a

larger size range, d = 0.1 to 10 um, for number densities of 1010 to 105

-3

cm -, Polarization ratio measurements have been shown to yield information



ovér a wide range of particle and droplep;sizgs and appear particularly well
suited to high number density conditions (>10° em 3) [39,41].

During the past year, the emphasisidf our work has been on the
measurement of laser scattering polarization ratio, th(e)/ vi(e), in
isothermal and combusting sprays. This ensemble scattering/ polarization
ratio (ESPR) technique is especially useful in regions of high droplet den-
sities, where single particle techniques will be difficult to apply, and has
been.demonstrated to provide good discrimination between the presence of
soot {or cenosphere) particles and droplets [44-U46]. This technique may be
an effective method to follow the general ttajectory-of fuel droplets, to
determine the location of the spray ignition zone, and, in conjunctioﬁ with
the LV measurements, the spray ignition times.

In addition to the LES techniques described above, there has been ex-—
tensive research on sizing techniques involving forward scattering intensity
measurements [47,48] and measurements based on analysis of amplitude or
phase informaﬁion from laser velocimetry measurements of particle systems
[49-51]. Of the latter group, two approaches have received particular
attention: laser visibility (LVV) and phase/Doppler interferometry (PDI)
techniques. In the case of the visibility technique (also referred to as
the particle sizing interferometry technique), a particle crossing the LV
probe volume produces a Gaussian signal (pedestal) with the modulated com-
ponent superimposed on the pedestal. The ratio of the modulated signal
amplitude to the pedestal amplitude provides a measure of particle size as
shown by Farmer [49]. This technique is applicable to particles sig-
nificantly larger than the wavelength of the laser light, and cankprovide
measurements in the diameter rénge of 1-200 um. For the phase/Doppler ap-

proach, the phase difference between LV measurements made at two different



angles is used to obtain a measure of particle size. An off-axis three-

detector version, developed by Bachalo [50,51]. has been demonstrated to

provide size information for droplets u§ to 1 mm diameter. Both the

- visibility and phase/Doppler approaches offer the capability of simultaneous

droplet size and velocity measurements. However, both are restricted to

single‘particle scattering and thus are limited to number concentrations of
5 73

10”7 cm or less.

The laser light scattering intensity deconvolution (LID) technique is
another method which involves measurements in the forward scattering direc-
tion (small 6) to obtain a measure of‘the particle siie. The intensity'of
the scattered light generally depends on the location of the particle‘within
the probe volume, as well as on the collection optics configuration. To
overcome this problem of non-uniform response within the measurement volume,
numerical inversion schemes combined with calibration procedures, have been
devised to unfold the distribution of signal amplitudes and provide an indi-
cated size diétribution which eliminates the dependence on trajectory
{30,31,47,48]. The LID technique can provide particle/droplet sizing
capabiiities down to about 0.1 um for number densities extending to 105
em 3.

As mentioned earlier, few comparisons between these various sizing ap-
proaches have been carried out [52]. Recently, we have considered several
techniques which could provide droplet sizing information for comparison
with the polarization ratio results. Of particular interest have been the

phase/Doppler and the light intensity deconvolution techniques. Some

preliminary results have been obtained and future work will continue in this

-

direction.



The particle/droplet and velocity measurements have been supplemented
by intrusive temperature and gas composition éeasurements, in order to com-
plete the data base needed to characterize the spray combustion process.

- Temperature measurements are performed using finééwire thermocouples.
Difficulties in obtaining spatially resolved temperature measurements in
two-phase flows using this technique are well documented. Recognizing these
limitations, the thermocouple results will be used as a qualitative tool to
yield relative rather than absolute measurements, especially for comparison
between different experiments. Other measurement techniques, currently un-
der development at NBS and elsewhere, will be utilized for this project as
they become available. On a limited basis, gas sampling will be used to ob-
tain information on stable gaseous species and particles. Gaseous species,
> 9 SOé and unburned hydrocarbons can be analyzed on-
line with currently available conventional gas analyzers. A more

such as CO, CO NOX, 0]
comprehensive gas phase analysis can also be carried out, whenever needed,
using a gas chfomatograph/mass selective detector (GC/MSD) system.

To summarize, detailed and extensive data will be obtained in a
laboratory swirl burner on the combustion characteristics of a spray flame,
including data on the spatial distribution of droplet number density, mean
drop size and size distribution, droplet and gas velocities, gas temperature
and composition, and soot particle size and number density. Experiments
will be carried out under a number of conditions, where the flow parameters
(air flow velocity, swirl number, inlet air temperature, primary/secondary
air split) and fuel injector characteristics (fuel flow rate, spray angle,
atomization préssure, atomizer configuration) will be varied over a wide
range. These experiments will.be utilized to relate the spray combustion

characteristics to the critical physical processes, such as fuel-air mixing,



droplet formation and vaporization, flamglgeomet;y and recirculation.
Experiments carried out with both single compénent (pentane, heptane,
decane) and multicomponent (No. 2 fuel bil; No. 6 fuel oil, and fuels with
additives, such as toluene, Xylene, napthalene, etc.) fuels will allow
elucidation of the relationship between combustion characteristics and fuel
properties. Interactions with the parallel modelling efforts being carried

out at JPL, LANL and SNLL will provide critical input for this experimental

program.



III. PROGRAM PLAN AND STATUS

During the first phase of this project, éhe design and fabrication of
the variable swirl spray burner was comﬁleted; and the operating charac-
teristics were evaluated over a wide raﬁge of operating conditions.
Photography, high speed cinematography, and laser sheet beam scattering
techniques were used to identify various regions of the spray flame and to
observe trajectories of large droplets and overall features of the flame.
These studies have been used to identify: (a) a droplet transport region
dominated by the initial momentum of the droplets; (b) an ignition region,
controlled by the swirl strength of the air flow; and (e¢) a combustion plume
region, where large scale structures are observed. Some preliminary tem-
perature measurements were also carried out in the spray flame, using fine
wire thermocouples.

During the past year, significant progress has been made in several
areas. Additional temperature measurements have been obtained in a pressure
atomized kerosene spray introduced into the swirling air flow field.
Detailed droplet and air velocity measurements were carried cut under
isothermal and burning conditions, to investigéte the effect of energy
release on the veloéity-fields. Droplet and air flow characteristics were
determined near the fuel injector and at the exit of the combustion air
passage. These measurements have been used as the boundary conditions for
the calculations carried out at LANL. Detailed droplet size and number den-
sity measurements have been made in isothermal sprays, using the ESPR
technique, to investigate the structure of the fuel spray and the effect of
swirl on the droplet field. In addition, a comparative evaluation of three

droplet sizing techniques (i.e:, ESPR, PDI and LID) have been carried out.
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Temperature measurements with fine wire thermocouples have been per-
formed to provide information on the nature of the temperature field for
comparison with the laser velocimetry and light scattering measurements.
Temperature profiles obtained at several heights, with and without the
primary air, are shown in Fig. 3. The most striking feature observed in
Fig. 3(a) is the presence of two reaction zones in the lower part of the
flame. This temperature field is attributed to the independent interaction
of the primary and secondary air flows with the fuel spray. The central
reaction zone results from the interaction of the primary air flow with the
vaporized fuel, transported from the fuel spray cone'towards the center of
the flame. Thus, it is more typical of a premixed flame and displays é
strong blue color. Mixing with the secondary air occurs at the edge of the
droplet spray boundary and is more fuel rich. This fact is borne out by the
strong yellow luminosity at this region which is due to the presence of soot
particles. At higher locations, mixing causes the two high temperature
regions to mefge and the temperature peak is observed at the center line.
Fig. 3(b) shows that, in the absence of the primary air stream, the tempera-
ture near the center of the field remains relatively low and unchanged. The
central core is now a fuel rich region and the temperature rise is observed
only on the edge of the spray cone, where fuel and air mixing occurs. The
location of the temperature peak moves radially outward, with increasing
axial distance, following the trajectory of the spray sheet.

Complete characterization of the spray flame also requires a detailed
knowledge of the droplet and air velocity fields, in order to elucidate the
mass and momentum transfer processes in this complex two-phase flow field.
Measurements of axial, radial and tangential velocity distributions have

been carried out to characterize both the droplet and air flow fields.

1



Radial profiles of the three droplet velocity.components were obtained at
several axial positions downstream of the burner nozzle, under both non-
swirling and swirling conditions [53,54]. A typical set of results is shown
in Figs. 4-7, displaying the effect of swirl and acceleration due to combus-
tion on the droplet velocity fields. Figures 4 and 5 show a progressive
decay in both velocity components across the width of the spray, with in-
creasing axial distance. The mean axial and radial velocities are found to
reach maxima along the spray sheet where the larger droplets prevail. In
the presence of swirling air, the droplet velocity field is significantly
modified (compare Figs. 4 and 6). Clase to the nozzle, the negative vaiues
of U and positive values of V (not shown here) indicate that droplets
penetrate through the spray boundary in a radially outward direction and
upstream toward the burner. Also to be noted is the increased radial dis-
tance over which droplet velocity measurements were recorded in the swirling
case. Furthep downstream of the nozzle exit, mean droplet velocities in the
axial and radial direction for the swirling case decay more rapidly, as com-
pared to the nonswirling case, since smaller dropléts are entrained and
recirculated upstream by the swirling combustion air. 'Measurements obtained
under bu?ning conditions ipdicate a significant acceleration in the flow at
downstream locations (i.e., for Z>15 mm), whereas very small effects are ob-
served near the nozzle ( compare Figs. 6 and 7). This is to be expected,
since the flame stand-off distance for this case is approximately 20 mm
downstream of the nozzle.

Measurements of the three air velocity components were also obtained
in order to get a more quantitative understanding of the momentum and mass
transport processes controlling the droplet trajectories and evaporation

rates, as well as to provide accurate boundary conditions for the numerical

12



models used to predict the overall flow field. Figures 8-10 show radial
profiles of the mean air velocity at several axial locations, in the absence
of any droplets. Of particular interesflare the radial profiles obtained
near the combustion air passage exit (e.g., at Z=10 mm). It can be seen
that, in the absence of swirl, a relatively flat axial velocity profile ex-
ists across the entire air passage (see Fig. 8). The minimum at the center
of the field is due to the presence of the fuel nozzle. When swirl is in-
troduced; the axial velocity profile is distorted substantially and a
velocity peak is observed near the outer wall of the air passage (see Fig.
9). The tangential velocity profiles alsc show a paréllel trend.
Significant values of the tangential velocity component are measured near
the air passage exit, which are not observed in the nonswirling case (see
Fig. 10). Because of the complexity of the flow field, accurate boundary
conditions are critical for model development and validation.

During the past year, substantial progress was made towards quantita-
tive characterization of the spray droplet field under isothermal and
burning conditions. An ensemble light scattering/polarization ratio (ESPR)
technique has been employed to determine local fuel droplet characteristics
in dense sprays [46]. The technique is based on measurement of the
polarization ratio (Y = th/vi) of the scattered light by the droplets.
Angular distribution of the polarization ratio, and its sensitivity to
refractive index and droplet size, were calculated based on Lorenz-Mie
theory; these results were then used to optimize the optical detection
scheme. The technique was used to obtain detailed information on the spa-
tial distribution (axial and radial) of the mean droplet size and number
density in the spray (see Figs: 11-13). The radial profiles indicate the

expected broadening of the spray with increasing axial distance. Again, it

13



can be seen that the combustion air has a significant effect on the mean
droplet size only at downstream regions of thé spray, where the effects of
swirl are dominant. A gradual increasekin D32 along the axis and the spray

~ sheet is observed when moving downstream in the axial direction. The swirl-
ing case continually indicates a slightly larger value of D32 than for S=0.
This increase in the mean droplet diameter is attributed to the vaporization
(or transport) of the smaller droplets, resulting in a larger mean droplet
size_further downstream. There is also the possibility of droplet coales-
cence, caused by the relative velocity that exists between smaller and
larger droplets. A theoretical treatment on droplet coalescence has
recently been attempted by Greenberg and Tambour [55]; however, their -
numerical results require experimental verification. The unambiguous estab-
lishment of the presence of coalescence, and delineation of the parameters
controlling droplet coalescence phenomena will be a major step towards a
better understanding of spray combustion phenomena.

The presence of relatively small droplets on the axis and larger ones
close to the spray boundary is attributed to the characteristic design of
this particular fuel nozzle. The presence of two outer peaks in Fig. 13
also indicates the position of the spray sheet, formed by the hollow cone
nozzle. The middle peak results from droplets that are confined to the axis
by the primary air (refer to Ref. [53]). The smaller peak measured on the
right side of the profiles was initially thought to be an experimental
artifact. However, recent photographic evidence has shown that this may be
attributed to the spoke-like variation in droplet concentration caused by
the nozzle design (see Fig. 14(a)). This structure disappears when swirling

combustion air is introduced (see Fig. 14(b)) [56].
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To provide for a comparative evaluaiibn df dfoplet sizing techniques,
data were also obtained with the phase/Doppler and the light intensity
deconvolution systems under identical experimental conditions [57]. Figure
15 presents radial profiles of mean droplet diameter obtained with the PDI
system for the swirling case. The results reveal that the shape of these
profiles at all axial positions is similar tQ those shown in Fig. 12, which
were obtained using the ESPR technique. However, the mean droplet size ob-
tainéd with the PDI system is about 2-3 times larger than that obtained with
the ESPR technique. This may be attributed to the relative insensitivity of
the polarization ratio to droplets larger than about 60 um. Figure 16 shows
the measured size distributions for several radial positions at Z=25.4 mm
under swirling conditions. The results indicate a progressive increase in
mean droplet size with radial distance. The presence of a bimodal distribu-
tion of droplets at r=15 mm may be attributed to the spoke-like structure of
the spray sheet mentioned above. A typical size-velocity correlation ob-
tained near the spray sheet at r=15 mm and Z=25.4 mm is presented in Fig.
17(a). The results show good correlation, with larger size droplets travel-
ing at higher velocities than the smaller counterparts. This correlation is
more pronounced in regions of the spray where large droplets are present.
Generally, no correlation is obtained when the large droplets are absent;
e.g., at r=0 and Z=25.4 mm, see Fig. 17(b).

Data were also recorded using the LID apparatus at several axial and
radial locations within the fuel spray. Close to the nozzle exit the
droplet number density was beyond the capability of the available optical
arrangement; this particular configuration limited the use of the apparatus
to only dilute regions of the spray. Typical results taken at r=38.1 mm and

Z=76.2 mm under swirling conditions are presented in Fig. 18. The space in

15



the middle of the distribution results from eiimfnation of the background
noise level in each size range. The mean size obtained with this system is

much smaller than that obtained with the PDI system and is comparable to
that obtained with the ESPR technique. The PDI data presented in Fig. 16
indicate that most droplet sizes are observed to be larger than ap-
proximately 2 um. This would explain the observed difference in the
measured value of D32 between the ESPR and PDI techniques.

1Based on these observations, our work during the coming year will con-

centrate on the following three areas:

a) Comparative evaluation of droplet sizing techniques: this work will
be continued, with an emphasis towards identifying the applicable range of
droplet size and number density, and the limitations associated with varia-

tions in the droplet refractive index.

b) Investigation of the effect of fuel properties on spray flames: the
next sequence of experiments will be carried out with a residual fuel, to
obtain some preliminary data in a system of practical interest and to
demonstrate the capabilities of the measurement techniques. A more sys-
tematic investigation of fuel structure effects will then be carried out
with single component fuéls (e.g., heptane), kerosene and residual fuels.
This sequence will be undertaken after the new air-assist atomizer is in=-

stalled in the facility (see section (c) below).
c) Investigation of the effect of atomization on spray characteristics:

we have modified a research nozzle developed by Parker Hannifin for instal-

lation in our facility. This is an air-assist atomizer, typical of those

16



used in industrial applications, especially fér heavy fuels. This nozzle
will be used for all future experiments. This will also enable compariscn

of results with other investigators who are using identical fuel injectors.

These results will provide needed data on the effect of droplet size
distribution on the evaporation and reaction rates, and on the coupling with
flow field characteristics (inlet air velocity, swirl number, stoichiometry,
etc.{. The experiments to be carried out with the air-assist atomizer will
provide data on the effect of atomization characteristics on the structure
of the spray flame. The experiments with different fuels (both single and
multicomponent) will provide critically needed information on the effeqt of
physiéal and chemical characteristics of fuels on droplet vaporization and
pyrolysis, combustion, particulate formation, and gaseous pollutant forma-

tion processes.

A set of milestones for CY 1987 are presented in Table 2.
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Specifications for the Movable~Vane Swirl Burner

Table 1

Property Specification Units
Fuel No. 2 fuel oil
Inlet Temperature 25 °Cc
Max. 0il Flow Rate 6 Kgm/hr
Ma*. Primary Air Flow Rate 9 Kgm/hr
Max. Secondary Air Flow Rate 87 Kgm/hr -
Inlet Air Density 1.185 Kgm/m>
Energy Throughput 71.8 KW
Stoich. Fuel/Air Ratio 0.0686
Heating Value 10,310 Kcal/Kgm
Primary Air Passageway Dia. 0.032 m
Secondary Air Passageway Dia. 0.101 m
Swirl Vane Angle (Max.) 70 deg
Number of Vanes 12
Vane Thickness 0.003 m
Vane Height 0.051 m
Vane Length 0.076 m
Swirl Number (Max.) 0.94



Table 2

Milestones

Obtain preliminary data on droplet size, number

density and velocity in residual fuel flames Mar. 87
Complete data set (V, T, N, D) for kerosene
and heptane spray with air-assist atomizer July 87

Complete comparative evaluation of ESPR, PDI
and LID systems for droplet characterization Dec. 87
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1.

12.

13.

14,

15.

16.

Figure Captions‘

Schematic of the moveable-vane swirl burner.
Experimental apparatus for laser scattering measurements.

Radial temperature distributions at several heights in the flame,
a) with, and b) without primary air.

Variation of axial mean droplet velocity with radial position,
measured at different axial positions for the isothermal spray under
nonswirling conditions. i

vVariation of radial mean droplet velocity with radial position,

measured at different axial positions for the iscothermal spray
under nonswirling conditions.

Variation of axial mean droplet velocity with radial position,
measured at different axial positions for the isothermal spray under
swirling conditions.

Variation of axial mean droplet velocity with radial position,
measured at different axial positions for the burning spray under
swirling conditions.

Variation of axial mean combustion air velocity with radial position,
measured at different axial positions under nonswirling conditions.

Variation of axial mean combustion air velocity with radial position,
measured at different axial positions under swirling conditions.

Variation of tangential mean combustion air velocity with radial
position, measured at different axial positions under swirling
conditions.

Variation of Sauter mean diameter with radial position, measured at
different axial positions under nonswirling conditions.

Variation of Sauter mean diameter with radial position, measured at
different axial positions under swirling conditions.

Variation of number density with radial position, measured at
different axial positions under nonswirling conditions.

Horizontal cross section of the fuel spray at Z = 76.2 mm under
a) nonswirling, and b) swirling conditions.

Variation of Sauter mean diameter with radial position, measured at
different axial positions under swirling conditions with the phase/
Doppler system.

Droplet size distribution for several radial positions at Z = 25.4 mm
under swirling conditions with the phase/Doppler system.



17.

18.

Size-velocity correlation for a) r = 15 mm, and b) r = 0 at Z = 25.4 mn
under swirling conditions with the phase/Doppler system.

Droplet size distribution at r = 38.1 mm and Z = 76.2 mm under
swirling conditions with the light intensity deconvolution technique.
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FIGURE 2

EXPERIMENTAL DROPLET VELOCITY/SIZING APPARATUS
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MEAN DROPLET VELOCITY VS. RADIAL POSITION
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