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Structure of a Swirl-Stabilized Spray Flame Relevant to Gas
Turbine and Furnaces

Kyeong Lee* and Behrouz Chehroudit
University of Illinois at Chicago, Chicago, Illinois 60680

To investigate the structure of a hollow-cone spray flame similar to those occurring in the primary zone of
gas-turbine combustors or within furnaces, a swirl-stabilized combustor was used. A kerosene spray was pro-
duced by a simplex atomizer with a nominal included-cone-angle of 30 deg. Swirling air had a calculated swirl
number of 0.36 and was produced by a swirl plate having an exit air velocity vector of 30 deg with respect to
the chamber axis. A phase Doppler particle analyzer was used to measure drop size; mean and root mean
square (rms) values of axial, radial, and tangential components; and drop velocity and size probability distri-
bution functions (PDFs) at five different axial positions from the nozzle. A mean spray flame structure and
terminology are proposed. It is found that a large portion of the drop flowfield within this spray flame is
dominated by radial and axial components of the velocity vector. It appears that sufficiently away from the
nozzle the direction of the mean droplet velocity vector is primarily established by the design of the swirl plate.
Based on the bimodal behavior of drop axial velocity PDF, pulsation of the central recirculation zone is proposed
and the extent of its effect on the droplet field is investigated. The rms of droplet flowfield is not isotropic in
this spray flame. At each axial position, axial rms has the highest value among the three components and occurs
near the maximum temperature point. Moving away from the nozzle near and along the locus of maximum
mean temperature, strong preferential evaporation and/or burning of small drops drastically affect the shape
of the size PDFs by progressively shifting its profile into larger size ranges.

Introduction

M ANY practical devices such as diesel, gas turbine, and
rocket engines use liquid fuel spray in their combustion

chamber to produce power for a variety of applications. Fur-
naces, oil burners, and incinerators are other examples in
which liquid fuel spray is used. In the aforementioned appli-
cations the liquid fuel must be atomized to droplets by ap-
propriately designed fuel nozzles. Atomizers are of different
designs for different applications. Also, the combustor shape,
flowfield, and thermodynamic conditions are drastically dif-
ferent for different cases. Hence, a universal treatment and
comprehensive knowledge on spray combustion are still lack-
ing in the literature. For these reasons detailed experimental,
theoretical, and numerical investigations of each case are needed
for a complete understanding of the important processes in
spray combustion to aid in designing more fuel efficient and
less environmentally destructive power generation/conversion
devices.

Many systematic experimental efforts on swirl-stabilized
model combustors simulating spray combustion in furnaces,
oil burners, and gas-turbine engines are available in the lit-
erature.1"12 A detailed comparison and generalization of all
the conclusions reached in these works are difficult because
different fuel nozzles, fuels, chamber geometries, and oper-
ating conditions are used.

This article concentrates on the experimental investigation
of hollow-cone spray flames similar to those occurring in the
primary zone of gas-turbine combustion chambers or liquid-
fuel-burned furnaces. To achieve this, a swirl-stabilized flame
combustor was constructed to simulate liquid fuel combustion
in these devices. This is an important first step towards a more
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realistic condition, e.g., higher chamber pressures and/or ini-
tial temperature in gas-turbine research. The objective of this
article is to report our findings and results on a droplet flow-
field from a spray flame in a single-model swirl-stabilized
combustor.

Experimental Setup and Instrumentation
Swirl-Stabilized Combustor

Schematic diagrams of the experimental rig and the com-
bustor used in this study can be found in Fig. 1. A circular
cross-sectional stainless-steel outer pipe 265 mm in diameter
and 813 mm in length is vertically positioned under a labo-

©

Fig. 1 Components of the experimental setup. 1. Compressor, 2. air
filter/regulator, 3. rotameter, 4. rotameter, 5. valve, 6. valve, 7. di-
lution air tank, 8. swirl air tank, 9. combustor, 10. stack, 11. fuel
tank, 12. fuel filter, 13. valve, 14. fuel pump, 15. valve, 16. rotameter,
17. digital readout, 18. three-dimensional traverse table, 19. PDPA
transmitter, 20. PDPA receiver, 21. high-low bandpass filter, 22. os-
cilloscope, 23. A/D converter, and 24. computer.
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ratory exhaust suction system. An inner pipe, concentric with
the outer pipe, 102 mm in diameter and 254 mm in length, is
installed on a 38-mm-thick lower end plate. The main air from
the compressor goes through a regulator/filter assembly and
then is divided into two branches, one for dilution air and the
other for swirl air. Air in each branch passes through a ro-
tameter (Dwyer, model VFC-122-BV with ±2.5% of the
reading accuracy) and a valve (NIBCQ, T-275-B) before going
into a large tank. For uniform air distribution, air from each
tank is directed to the combustor by four pipes. Each pipe
ends in a specially designed distributor for even spreading of
the air in all directions within the combustor. A set of hon-
eycomb is installed at an axial position of 101 mm from the
end plate to allow uniform air distribution inside the com-
bustor. Fuel is supplied through filters from a tank and is
pumped by a fuel pump (Suntec. model A2VA-7016) into an
on-axis vertically adjustable tube after passing through a fuel
rotameter (Brooks, model 1110-R-2-15-B). Sunnyside K-l
kerosene was used for all results reported here. Ignition is
achieved via a small side-wall opening with a propane torch".

A Delavan (model 0.75-30A) industrial-type pressure-swirl
nozzle is used to generate an axisymmetric spray. The nozzle
produces a typical hollow-cone spray with a nominal total
spray angle of 30 deg at a rated flow rate of 48.1 ± 0.99 cc/
min (fuel density of 0.8 g/cc) and a constant injection pressure
of 100 psi. Liquid fuel within the nozzle flows tangentially
into a swirl chamber at high pressure and passes through a
diffuser to a circular exit-orifice. The spray droplets swirl in
a clockwise direction.

An air swirl plate 102 mm in diameter and 19 mm in thick-
ness is installed at the top end and the same level as the upper
edge of the swirl (i.e., inner) pipe. The nozzle tip protrudes
axially by 6 mm from the upper face of the swirl plate. This
arrangement was found to produce the most stable flame
condition in our setup. Ten tangentially arranged and equally
spaced radial slots 33 mm in length and 6 mm in width on the
face of the swirl plate produced clockwise swirling airflow in
the combustor. The swirl exit velocity vector from each slot
is designed to be at a 30-deg angle with respect to the com-
bustor axis. This design simulates a class of simple swirlers
used in some swirl-stabilized combustors such as oil burners
and furnaces. A swirl number of 0.36 was obtained by cal-
culation.13

Phase Doppler Particle Analyzer (PDPA)
A single-component PDPA is used to obtain simultaneous

droplet size and velocity measurements.14 The optical system
consists of a transmitter and a receiver, model nos. XMT-
1100-4S and RCV-2100, respectively. The transmitter con-
tains a spectraphysics model SP-106, 10-mW, polarized He-
Ne laser. Both components are mounted on a three-dimen-
sional traversing table with a one-digital readout for each
direction. An output lens of 495 mm focal length (f.l.) with
//no. 4.7 and a collimating lens of 300 mm f.l. are used for
the transmitting optics, and an output lens of 495 mm f.l. with
//no. 7 and a collimating lens are installed behind a slit for
receiving optics. Spatial filter in the receiver has a slit 100 m
wide by 1 mm long. At most of the measurement points,
12,000 data points were set by the PDPA software. In the
dilute spray region, data points were collected with two lim-
itations of a maximum data-collection time of 10 min and total
data points of 3200. Statistical uncertainties were estimated
to be about ±3% and ± 6% for the mean and rms of velocity
fluctuations, respectively. Drop sizes were measured simul-
taneously with only an axial drop velocity component, and
the drop size measurement option of the PDPA was turned
off for radial and tangential component measurements.

Results and Discussion
As fuel atomizer parameters and swirl plate geometry are

fixed, dilution and swirl airflow rates become important var-

iables for flame stability in our facility. Previous works in our
engine laboratory defined, in our combustor, a region within
which a stable flame could exist as a function of swirl and
dilution airflow rates. 15~17 They performed all their experi-
ments at swirl and dilution airflow rates of 3.69 and 1.55 kg/
min, respectively, being within the stable region. Flame sta-
bility was judged by observation and measurements of the
average flame tip height as a function of the swirl airflow rate
at a dilution airflow rate of 1.55 kg/min. In this work, the
stable flame region was also investigated by observation of
the flame configuration and found to be in agreement with
previous results referenced previously. Thus, the combination
of 3.69/1.55 kg/min was used for all results presented here.

Schematic Diagram of the Flame Mean Structure
Figure 2 exhibits a schematic diagram defining the mean

structure of the swirl-stabilized spray flame used in this study.
This structure was constructed based on the flame photog-
raphy and PDPA measurements conducted by Lee18 and pre-
vious works in our engine laboratory. Figure 2 introduces a
consistent terminology used hereafter. The spray sheath (SSH)
is the region within which droplet measurements are possible
by PDPA. This is determined from the data presented in Fig.
3. The turbulent flame-brush (TFB) zone outer boundary is
defined from tracing the contours of the outer boundary of
this "visible" zone in photographs taken at different exposure
times and aperture //nos. (see Refs. 17 and 18). Since the
maximum radially reachable position of the imaged turbulent
flame varies depending on the camera exposure time, a con-
tour obtained at an optimum exposure time of 1/15 s at //8
was chosen after extensive study. In Fig. 2, the flame-brush
zone inner boundary at each fixed distance from the nozzle
is defined as the radial position where the measured mean
temperature radial profile reaches its maximum value. This,
as shown later in Fig. 3, happens to occur very near the first
radial position where measurement of the mean axial drop
velocity is possible and practical by the PDPA at each axial
position. The preheat/reaction (P/R) zone is a region between
the outer boundaries of the TFB and SSH zones as shown in
Fig. 2. Also, the burned-gases (BG) zone is shown in this
figure. The internal recirculation zone is a typical feature of
a swirl-stabilized hollow-cone spray flame.19 The flame is sta-
bilized by recirculation of hot burned gases near the atomizer
providing a continuous ignition source. Existence of this re-
circulation zone in our spray was confirmed in previous works
performed in our engine laboratory.16'18'20-21 They obtained
both negative drop and gas velocity distributions in the central
region of spray under a nonburning condition. The afore-
mentioned terminology is used for the following discussion of
our results.

Burned Qas(BG) Zone
Centeriine

Nominal Initial Spray Angle
Inner Boundary of SSH

Spray Sheath (SSH)

Preheat/Reaction(P/R) Zone

Outer Boundary of SSH

Internal Recirculation Zone
Turbulent Rame Brush(TFB) Zone

Fig. 2 Schematic diagram for the mean structure of the swirl-sta-
bilized spray flame investigated in this study. This diagram also defines
the proposed terminology used in this article.
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Fig. 3 Offset plot of the average temperature, mean and rms of the
drop axial velocity fluctuations at five different axial positions.

Parametric Study
A parametric study on instrument variables was performed

to determine "optimum" choices of instrument variables, i.e.,
shift velocity in this case.17-22"25 The optimum velocity shift
of the PDPA for experiments conducted here was set to achieve
the least sensitivity of the measured quantities to changes in
this variable. Our purpose was to choose optimum instrument-
variable operating conditions based on some repeatable logic.
The proposed choice of these variables based on maximizing
the drop volume flux at each measurement location by
McDonell and Samuelsen23 may not work, as it does not reach
a maximum value at each position.24 For further discussion
and justification refer to Ref. 17. Five test points for the radial
and four for the tangential velocity components were selected,
considering the dense and dilute regions of the spray. As a
result, a velocity shift of 35 m/s was chosen as an optimum
value for drop radial and tangential velocity component mea-
surements. Also, everything else being ideal, a successful
measurement of drop velocity through counter-type pro-
cessing (which requires the existence of a preset number of
zero-crossed signal cycles), of the burst signal depends on the
direction at which a particle travels through the measurement
volume relative to the fringes. This dependence of velocity
measurability on the particle travel direction is known as the
"fringe bias" (see Ref. 26). The angle between the trajectory
of a particle producing a sufficient number of fringes and a
line perpendicular to the plane of the fringes (i.e., the ac-
ceptance cone angle) was calculated to ensure maximum par-
ticle acceptance probability. The previously mentioned choice
of velocity shift value was confirmed by this calculation to
provide a fairly wide and adequate acceptance cone-angle for
droplets in this study.

In the meantime, parametric study for the effects of shift
velocity and photomultiplier (PM) tube voltage on drop axial
velocity component was investigated in previous works.15 The
velocity shift of 20 m/s and the PM-tube voltage of 350 V dc
were chosen as a set of optimum instrument variable values
for the measurement of the axial velocity component. The
PM-tube voltage of 350 V dc was also found to be appropriate
in this study and produced low data rejection rate values.
Thus, this work employs a velocity shift of 20 m/s for only
the axial drop velocity component and a PM-tube voltage of
350 V dc for measurements of all drop velocity components.

Droplet Flowfield
Figure 3 shows radial offset profiles for the mean and rms

of drop axial velocity fluctuations measured at five axial po-
sitions of Z = 15, 25, 40, 55, and 70 mm. The dash-dot-dot'
horizontal lines in this figure exhibit mean and rms base levels
of 0 m/s, one for each axial position and its profile. Two inner
upward-diverging lines exhibit the extent of the isothermal
spray if traveled at a nominal initial spray angle of 30 deg.
The two outer diverging curves exhibit the outer boundary of
the visible TFB zone taken from long-exposure photographs
explained earlier. The lower part of this outer boundary below
Z = 15 mm is presented as dotted curves (deduced from
photographs in Ref. 18) since no velocity measurements were
performed there. Up to an axial position of about Z = 10
mm, liquid fuel was clearly visible with no sign of shining
flame.

At Z = 15 mm, a double-humped profile is clearly exhibited
in Fig. 3. This shape spreads out with axial distance from the
nozzle and finally resembles a section of a parabolic curve in
each side of the centerline. It is noted that minimum values
of the mean drop axial velocity profiles at Z = 15 and 25 mm
are located near the central region. The "average" temper-
ature was measured by thermocouple and discussed in detail
by Ghaffarpour and Chehroudi.17 Here, temperature profiles
are shown in the right half of Fig. 3. The left half is fairly
similar to the right one. For the purpose of this article the
location of the maximum temperature and its general shape
at each axial position are of prime interest. At each axial
position, the average temperature gradually increased from
the outer boundary of the P/R zone to a maximum at the
inner boundary of the TFB zone. It then decreased to a local
minimum at the centerline. This latter decline of the tem-
perature is nonexistent at Z = 15 mm. Note that the TFB
inner boundary was defined by the radial location of the max-
imum temperature. Hence, at each side of the centerline, the
absolute minimum point for the mean drop axial velocity
profile occurred where the maximum mean temperature ex-
isted at any axial position. The peak points in the mean axial
velocity profile seem to fall near the TFB outer boundary at
almost all axial positions. The second rise-up at the extreme
ends of the profiles near the nozzle (at Z = 15 and 25 mm)
is believed to be due to the introduction of the air jets from
the swirl plate. The profiles for the rms of drop axial velocity
fluctuations in Fig. 3 show their peak values near the common
boundary between the BG and TFB zones. Also, this peak
point almost coincides with the maximum point of the mean
temperature radial profile. This trend is attributed to strong
interactions between the droplets and flame and the BG re-
verse-flow in the internal recirculation zone. Meanwhile, this
maximum value of the rms drop axial velocity fluctuations is
highest at the nozzle exit and decreases with an increase in
axial position.

Figure 4 presents radial profiles of the mean and rms of
drop radial velocity fluctuations. The positive value for radial
velocity means outward motion of drops from the centerline.
Note that the magnitude of mean drop radial velocity is pos-
itive at all axial positions. This, however, doesn't mean that
radial velocities of all droplets passing through the measure-
ment volume are positive, i.e., outward. A double-humped
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Fig. 4 Offset plot of the mean and rms of the drop radial velocity
fluctuations at five different axial positions.

feature appears near the nozzle that gradually spreads out
with an increase in axial position. Further observations show
that the absolute minimum points of the mean drop radial
velocity profiles are located close to the inner boundary of
the TFB zone, having near-zero values close to the nozzle
(Z = 15 and 25 mm). On the other hand, inside the TFB zone,
profiles sharply increase toward the outer boundary of this
zone. This increase continues into the droplet-air mixing layer
region, i.e., P/R zone, but with a milder slope. An exception
to this exists at Z = 15 mm where it is influenced by the
swirling flow. The rms profile of drop radial velocity in Fig.
4 exhibits high turbulent intensity near the outer boundary of
the TFB zone. The rms value near this boundary decays as
one moves away from the nozzle. Meanwhile, the minimum
rmss are located near the inner boundary of the TFB zone
where the maximum mean temperature exists. These trends
exhibit a clear contrast to the results for rms of axial velocity
fluctuations presented in Fig. 3.

Figure 5 indicates radial profiles of the mean and the rms
of drop tangential velocity fluctuations. Up to Z = 25 mm
from the nozzle, tangential velocities are almost zero inside
the TFB zone, and then gradually increase with an increase
in radial distance. Particularly at Z = 15 mm, tangential drop
velocities start to increase at about the inner edge of the swirl
slot and have their maximum values at the outer boundary of
the P/R (or SSH) zone. These maximum values decrease mov-
ing away from the nozzle. Therefore, it is obvious that the
swirling air governs the mean drop tangential velocity com-
ponent and its effects decrease with an increase in axial po-
sition. Finally, it can be interpreted that in this spray flame
droplet flowfield in the TFB zone is mainly governed by the
axial and radial velocity components. The rms profiles of drop
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Fig. 5 Offset plot of the mean and rms of the drop tangential velocity
fluctuations at five different axial positions. Scales same as Fig. 4.
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Fig. 6 Offset plot of the mean drop velocity vector in the vertical
plane passing through the chamber centerline at five different axial
positions.

tangential velocity fluctuations in Fig. 5 show that in the TFB
zone, the rms values are nearly uniform, with the exception
of a slight increase observed on the left side of the centerline,
due to some asymmetry. Within the P/R zone, however, the
rms values increase with radial distance. In the meantime, the
overall mean and rms values at each axial position decay with
distance from the nozzle.

Figure 6 exhibits vector plots of the mean droplet velocities
at five axial positions in a vertical plane. It is interesting to
note the change in magnitude of mean drop velocity vectors
along mean drop-trajectories near the inner and outer bound-
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aries of the TFB zone. Along a drop-trajectory near the inner
boundary, the magnitude of the velocity vector suddenly de-
creases from Z = 15 to 25 mm (deceleration) due to effects
of the reversed gas-flow established by the internal recircu-
lation zone. It then gradually increases with axial position and
almost recovers its initial magnitude at Z = 55 mm. Along
a mean drop-trajectory near the outer boundary of the TFB
zone, however, the velocity vector nearly preserves its initial
magnitude up to the axial position of Z = 55 mm. Meanwhile,
along a mean drop-trajectory within the TFB zone, it can be
observed that the radial component is relatively increased
moving away from the nozzle. This can be interpreted as radial
diffusion of the flame zone. Note that, at each axial position,
the radial position of the maximum velocity vector occurs
inside and very near the outer boundary of the TFB zone. At
Z = 15 the velocity-vector radial profile within the P/R zone
exhibits a sharp decrease followed by a rise towards its outer
boundary. The final rise is due to interaction of the slot jet
from the swirl plate and fuel droplets. Similar, but weaker
behavior is also observed at Z = 25 mm. The angles between
the vectors and a vertical line in Fig. 6 are measured within
30-35 deg at all distances from the nozzle and at radial po-
sitions larger than about 8 mm (see Lee18). Close to the geo-
metric axis and at Z = 15 and 25 mm, however, it increases
from a near-zero value to 30-35 deg with radial position. It
appears that sufficiently away from the nozzle this mean angle
is established by the swirl plate slot-jet exit velocity vector of
30 deg.

Drop Size
Spatially resolved profiles of drop sizes are highly influ-

enced by the gas flow pattern within the combustor. These
profiles along with others establish significant characteristics
of spray combustion. The Sauter mean diameter (SMD) phys-
ically represents the centroid drop-diameter for the surface
area of the polydispersed spray, i.e., the diameter around
which the spray surface area is centered. For this reason, SMD
is also called surface area-weighted diameter. Thus, large drops
have a stronger influence on SMD values.

Figure 7 represents the radial profile of the SMD measured
at five axial positions of Z = 15, 25, 40, 55, and 70 mm. The
dash-dot-dot horizontal line at each axial position down-
stream of the nozzle exit-plane exhibits a base SMD level of
20 jam. The SMD profiles show a broadening of spray with
axial position as expected. At Z = 15 and 25 mm, the double-
humped profile explicitly appears, being a typical pattern for
hollow-cone spray flames. It is of interest that at Z = 15 and
25 mm, the radial positions of the local maximum points of
SMD profile nearly coincide with the outer boundary of TFB
zone. Downstream of Z• = 25 mm, however, no local maxi-
mum exists and the absolute maximum point of the SMD

-60 -40 -20 0 20 40
RADIAL POSITION (mm)

Fig. 7 Offset plot of the SMD at five different axial positions.

profile is positioned near the inner boundary of the TFB zone
(or SSH zone). As mentioned before, the innermost radial
position at which mean drop size and velocity measurements
were possible located itself at or near the maximum of the
mean radial temperature profiles. Also note that the hottest
axial position is somewhere between 25-40 mm (see the tem-
perature profiles in Fig. 3). Therefore, it seems that at axial
positions higher than Z = 25 mm, entrainment of hot gases
from an internal recirculation pattern into the TFB zone evap-
orates small droplets more rapidly than larger ones due to
the d2 evaporation law. Hence, for axial positions greater
than 25 mm, SMD has its highest value near the inner bound-
ary of the TFB zone due to the relative increase of large
droplets in number. This trend of SMD profiles has been
recognized as a characteristic of spray combustion having a
hot central recirculation zone.6 At Z = 15 and 25 mm, how-
ever, the maximum SMD points do not coincide with the
maximum temperature ones. This feature of the SMD profiles
at Z = 15 and 25 mm seems to occur since the temperature
is not high enough to evaporate most small droplets, despite
the maximum mean temperature being at the inner boundary
of the TFB zone. Meanwhile, the maximum SMD value in-
creases with an axial location up to Z = 55 mm. This trend
is attributed to the continuous increase of the maximum mean
temperature with axial position (see Fig. 3).

Drop Axial Velocity and Size PDFs
Figures 8a-8c exhibit the PDFs of drop axial velocities

measured along three different drop-trajectories. These drop-
trajectories are chosen at the radial position close to the inner
(Fig. 8a) and outer (Fig. 8b) boundaries of the TFB zone and
within the P/R zone (Fig. 8c). The notation 7.5/15-4 in Fig.
8 means radial and axial positions of 7.5 and 15 mm, respec-
tively, marked by test point 4 in Figs. 3 and 7. The farthest
radial position at which the effects of the internal recirculation
zone is felt at each axial position was obtained by examination
of the PDF of the drop axial velocities measured at different
radial positions by Lee.18 It is assumed that nonexistence of
any section of the PDF curve in the negative velocity region
and its symmetric shape can be interpreted as no or a minimal
effect of the reversed-flow part of the gas recirculation zone
on droplet flowfield.

Along a mean drop-trajectory near the inner boundary of
the TFB zone in Fig. 8a, where maximum mean temperature
occurs, one can clearly observe strong bimodal PDF up to an
axial position of 25 mm. The left mode is in the negative axial
velocity region indicating strong effects of central recircula-
tion zone. It appears that this zone pulsates in time with its
radial size changing in such a way to generate the bimodal
drop velocity PDF shapes shown for Z = 15 and 25 mm in
Fig. 8a, see also Edwards and Rudoff8 and Edwards et al.7
The size-velocity correlation indicates that most of the neg-
ative axial velocity drops are the small ones, easily affected
by the pulsation. It is also interesting to note that along this
drop-trajectory droplets on the average decelerate strongly
and then accelerate moving away from the nozzle, see the
mean velocity values in Fig. 8a.

Along a drop-trajectory within the TFB zone near its outer
boundary in Fig. 8b the velocity PDF exhibits two different
and distinct characteristics. Also, note that the strong left
negative-drop-axial-velocity mode observed in Fig. 8a dis-
appears. The mean axial drop velocity stays at about 10.5 m/
s along the drop-trajectory. The shape of the PDF for posi-
tions at Z = 15 and 25 mm appears affected by the central
recirculation zone. This is evidenced by extension of the left
side of the PDF toward the negative values (skewed shape).
However, the effect is not as strong as observed for the drop-
trajectory near the inner boundary of the TFB zone. For
Z = 40 and 55 mm the negative drop velocity portion of the
PDF vanishes and shows a symmetric shape with low rms
values.
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Fig. 8 PDF of the axial drop velocity along three mean drop trajec-
tories close to a) inner and b) outer boundaries of the TFB zone and
c) within the P/R zone.
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Fig. 9 PDF of the drop sizes along the same three mean drop tra-
jectories as in Fig. 8.

Figure 8c is the PDF of axial drop velocity along a drop-
trajectory within the P/R zone. Recirculation effects are only
felt weakly at Z = 15 mm by extending the low drop axial
velocity part of the PDF towards negative values. There is a
mild acceleration along this drop-trajectory.

Figure 9a shows drop size PDF along the same drop-tra-
jectory near the inner boundary of the TFB zone investigated
in Fig. 8a. Note that the SMD consistently increases along
this drop-trajectory. Being near the maximum mean temper-
ature, the PDF plots suggest strong vaporization/burning of

small droplets moving along this drop-trajectory. This is evi-
denced by a decrease in the number of small size droplets
that proportionately cause an increase of the same for large
drops. Rapid disappearance of small drops increases the sig-
nificance of the large-diameter portion of the PDF so that
they behave as shown in Fig. 9a. Note that the initial decel-
eration observed in axial drop velocity PDF also tends to
increase the SMD of an ensemble of drops along the drop-
trajectory. Examination of the size-velocity correlation by
Lee18 showed strong positive correlation, particularly for the



1116 LEE AND CHEHROUDI

first two lower axial positions, hence, low velocity tail of the
PDF is primarily caused by droplets of about less than 35-
40 ^m in size.

Along the same drop-trajectory within the TFB zone dis-
cussed in Fig. 8b, one can inspect the size PDF shown in Fig.
9b. Two important features are clear. First, PDFs are very
near each other and the "PDF-shift" that was observed along
the drop-trajectory near the inner boundary of the TFB zone
in Fig. 9a is missing. SMD only increases from Z = 15 to 25
mm and stays nearly constant thereafter. This behavior is
expected as the mean drop-trajectory is in the low mean tem-
perature portion of the TFB zone (see Fig. 3). Second, the
PDF has a valley in the neighborhood of the 30-/xm drop size.
In some cases (curves 2, 3, and 4) they suggest bimodal and
in another (curve 1) just a minor dip. This effect is also weakly
present along the drop-trajectory near the inner boundary of
the TFB zone in Fig. 9a. Size-velocity correlation showed
similar trends as for the earlier drop-trajectory with much
weaker correlation for the 40- and 50-mm axial positions.

In Fig. 9c, along the same mean drop-trajectory within the
P/R zone discussed before, SMD is nearly constant and PDFs
have similar features mentioned for the drop-trajectory near
the outer boundary of the TFB zone. Pulsation of the internal
recirculation zone affects both the PDF of velocity and size.
From Figs. 8 and 9 and the detailed high-radial-resolution
measurements by Lee,18 it appears that this pulsation strongly
affects the velocity PDF only within the TFB zone and near
its inner boundary. This is evidenced by the existence of a
bimodal axial velocity PDF with one mode within the negative
velocity region (strong effect) or by a negative velocity portion
in the single-mode skewed PDF shape (weak effect). Detailed
measurements by Lee and Fig. 9 show the peculiar valley
shape close to the 30-jiun drop size at nearly all axial positions
(strongly) except at Z = 15 mm (weakly). The origin of this
is unclear.

Conclusions
1) A mean spray flame structure and terminology are pro-

posed from droplet flowfield measurements, flame photo-
graphs, and previous works in our engine laboratory that
suggest P/R, TFB, and BG zones. Strong vaporization/burn-
ing of droplets are observed near the inner boundary of the
TFB zone where (by definition) maximum mean temperature
exists. In addition, an internal central recirculation also exists
that pulsates in time.

2) The mean drop axial and radial velocities exhibit near-
similar trends. They both increase monotonously from a min-
imum value at the inner boundary to a high and/or maximum
value at the outer boundary of the TFB zone. The difference
exists within the P/R zone where the axial component mildly
decreases while the radial one increases with radial position.
The mean tangential component is measured to be near-zero
within the TFB zone, sharply increasing inside the P/R zone.
In the TFB zone, therefore, the mean drop axial and radial
velocity components mainly dominate the droplet flowfield
in our spray.

3) Highest rms drop axial velocity is measured within the
TFB zone with a decreasing trend towards the P/R zone.
Lowest rms drop radial velocity occurs at the inner boundary
of the TFB zone rising to a maximum near its outer boundary.
The tangential rms drop velocities are the lowest of the three
components and measure flat in shape within the TFB zone
with a mild increase inside the P/R zone. Finally, it is clear
that the droplet turbulence is not isotropic.

4) In a vertical plane passing through the combustor cen-
terline, the mean drop velocity vector near the inner boundary
of the TFB zone decreases in its magnitude from Z = 15 to
25 mm and then recovers its initial magnitude at Z = 55 mm,
moving downstream along each drop-trajectory (deceleration/
acceleration). This is due to the interaction of the droplet
field with the core of the internal recirculation zone. However,

the velocity vector near the outer boundary of the TFB zone
maintains its initial magnitude downstream along any mean
drop-trajectory. It appears that the mean drop-trajectory an-
gle in spray combustion is established by and very near the
angle at which the swirl flow enters the chamber with respect
to the chamber centerline.

5) If the existence of an observable skewed or bimodal
portion with negative drop axial velocity on the velocity PDF
shape is viewed as indicative of the effect of the recirculation
zone pulsation on droplets, then it appears that this effect
is felt strongly within the entire TFB zone near the nozzle
(Z = 15 and 25 mm). This effect diminishes in strength and
primarily limits itself near the inner boundary of the TFB
zone (Z = 40 and 55 mm). As one moves away from the
nozzle, the size PDF along a trajectory near the inner bound-
ary of the TFB zone (where maximum temperature occurs)
shows a progressive decrease in the number of small drops
due to vaporization and/or burning and, consequently, a pro-
portionate relative magnification of the number of the large
ones is detected. Away from this high-temperature trajectory,
size PDFs are similar in shape and exhibit an unexplained
feature near 30-ju,m size.
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