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The statistical behavior of droplets in a kerosene pressure-atomized spray was investigated under swirling 
and burning conditions. This case was studied in order to better understand individual droplet transport 
processes downstream of the fuel spray flame. A two-component phase-Doppler particle sizing system was 
employed to provide information on the droplet size and velocity distributions as well as interarrival-time 
statistics. Time-resolved information is presented on the instantaneous values of diameter, and the respec- 
tive axial and radial velocity components. The results provide some evidence of nonsteady interarrival-time 
statistics (associated with droplet clustering) immediately downstream of the fuel nozzle and at radial co- 
ordinates near the center of the spray. This unsteady statistical behavior was most prominent within the 
shear layer formed near the inner spray boundary. Decomposition of the results into size classes indicated 
that clustering (attributed to entrainment by recirculating gases) occurred only for the smallest droplets, 0- 
20/tm in diameter. For larger droplets, analysis on the random nature of the spray process revealed that 
droplet transport generally follows steady Poisson statistics. Furthermore, the information provided here 
shows that size-class decomposition is important in the analysis of spray behavior. 

Introduction 

hnproved understanding of spray combustion 
phenomena requires a detailed knowledge of the in- 
teraction between the droplets and the surrounding 
chemically reacting flow field. Therefore, novel strat- 
egies that address optimization of fuel/air mixing 
processes can lead to increased combustion effi- 
ciency and reduced emission of unburnt fuel into the 
surrounding environment. The importance of match- 
ing the fuel spray pattern with the associated aero- 
dynamic flow field has been recognized through the 
direct application of laser sheet photography. Studies 
have shown that droplets pass through the flame 
sheet relatively unburnt when using commercially 
available atomizers [1]. Information dealing with the 
effect of the gas flow field (both mean and fluctuating 
quantities) on the trajectory of individual droplets of 
various sizes is critical to determine the dispersion of 
droplets within the surrounding air stream. 

Recent developments with phase-Doppler inter- 
ferometry (PDI) have allowed simultaneous mea- 
surement of both size and velocity distributions, and 
time-resolved information [2]. The effect of aerody- 
namic turbulence on droplet dispersion can be ob- 
tained with PDI in different environments, including 
swirling and burning droplet-laden streams. Reitz [3] 
found that droplet mean and fluctuating velocities 
were close to that of the gas stream for situations 
where the droplet-size-velocity correlation coeffi- 
cient was low. This occurred in regions of the spray 
where the relative velocity between the droplets and 
gas stream was small, for example, in downstream 
regions and in the center of the spray. Edwards and 
Rudoff [4] found that groups of droplets of specified 
size range have different velocities, and that mean 
velocity decreases with smaller droplet size class. The 
droplet velocities associated with the smaller-sized 
droplets were found to merge smoothly into the gas- 
phase velocity. The velocity of the gas remained be- 
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FIG. 1. Schematic of the experi- 
mental droplet velocity/sizing appa- 
ratus. 

low that of the smallest droplet size class throughout 
each radial profile except near the dense spray 
boundary (in the near-injector region) where sensi- 
tivity to the smallest droplet sizes was lost. Bulzan et 
al. [5] have found both experimentally and numeri- 
cally that the fluctuating radial gas-phase velocity is 
significantly lower than the axial component in a 
downward-facing air-assisted water spray. The mag- 
nitude of the radial fluctuations remains smaller than 
the axial component with increasing axial position, 
although the flow becomes more isotropic. 

The focus of this investigation was to provide time- 
resolved information on the instantaneous droplet 
velocities and interarrival-time statistics as correlated 
with droplet size and spray position. Data are pre- 
sented for a swirling kerosene spray flame, as op- 
posed to earlier studies under nonburning conditions 
[6,7]. This study provides further insights pertinent 
to a better understanding of droplet interaction with 
the surrounding air stream. 

Experimental Arrangement 

Spray Combustor Facility: 

Experiments carried out in the spray combustion 
facility (SCF) simulate operating conditions found in 
practical combustion systems (see Fig. 1). The swirl 
burner includes a moveable-vane swirl generator 
with a 12-vane cascade; the vanes rotate simultane- 
ously in order to impart the desired degree of swirl 
intensity (both positive and negative) to the combus- 
tion air flow [8]. The pressure-jet nozzle used in the 
present study was nominally operated at a fuel flow 
rate of 3.2 kg/h (line pressure at about 6.89 kPa). The 

combustion air, supplied to the burner via a 101-mm- 
diameter pipe surrounding the fuel nozzle, was nom- 
inally set at 64.3 kg/h. This provided good flame sta- 
bility at an overall input fuel/air equivalence ratio of 
0.75. Further details of the experimental facility are 
presented in Ref. 8. 

The unconfined spray is injected vertically upward 
from the nozzle exit, located at the burner exit. A 
stepper-motor-controlled spray assembly traversing 
system allows movement in both the vertical and hor- 
izontal planes so that highly resolved spatial profiles 
can be obtained within the spray flame. The optical 
setup is fixed while the burner spray assembly is 
moved. In this fashion, radial profiles of the spray 
properties are obtained at different axial positions. 

Measurement of Droplet Size, Velocity, 
and Time of Arrival 

A two-channel phase-Doppler interferometer 
(PDI) is used to obtain droplet time of arrival, drop- 
let size, and velocity data. By "time of arrival" is 
meant the time relative to the start of data acquisition 
at which a given droplet is detected. Measurements 
were repeated at several selected positions to ensure 
a repeatability that was generally better than 5% near 
the spray boundary. 

Results and Discussion 

Size~Velocity Distributions and Time of Arrival: 

Two positions were selected to illustrate the be- 
havior of the individual droplets, one at the center- 
line and the second near the spray boundary (i.e., the 
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FIG. 2. Time history of droplet (a) 
axial and (b) radial velocity at r = 0 
and z = 10 mm. Velocity time his- 
tories are coded to represent change 
in droplet diameter. 

position radially outward near the outer edge of the 
spray where droplet size is maximized). Results are 
presented in Figs. 2 and 3 at an axial position, z, of 
10.0 mm and for radial positions, r, of 0 and 10.2 
mm, respectively. Each figure includes the droplet 
axial and radial velocity time of arrival (note the dif- 
ference in scales for time in Figs. 2 and 3). The data 
points in each figure are also coded to represent the 
droplet diameter (for 1 <- D -< 100/zm, see scale in 
frame B of each figure). At r = 0 (see Fig. 2a), the 
presence of both negative and positive droplet axial 
velocities is attributed to recirculated droplets and to 
droplets injected directly from the nozzle, respec- 
tively. Near the spray boundary (at r = 10.2 mm), 
the results indicate the presence of droplets origi- 
nating solely from the nozzle exit (i.e., only positive 
axial velocities are revealed in Fig. 3a). In a previous 
study [9], it was shown that a bimodal size distribu- 
tion is detected near the spray centerline and is at- 
tributed to the formation of a recirculation zone 
(consisting of mostly smaller-sized droplets) down- 
stream of the nozzle. These results are of interest to 
burning studies since smaller droplets found under 
these conditions are captured by the gaseous recir- 
culation pattern and transported upstream toward 
the nozzle. Under nonburning conditions [7], the 
strength of the central toroidal recirculation zone is 
much larger and stronger than that which develops 
for burning conditions. Although the recirculation 
zone in the burning spray is relatively weak, smaller 

droplets are transported upstream along the spray 
centerline and subsequently swept into the droplet 
mainstream along the spray boundary. At down- 
stream positions, data were not obtained near the 
spray centerline because of the low data rates that 
were associated with the dramatically reduced drop- 
let concentrations. Near the spray boundary, the size 
and velocity distributions were essentially the same 
as those at z = 10 mm because of the lack of axial 
droplet deceleration [10]. This lack of deceleration 
is attributed to the increased gas-phase volumetric 
flow rate that is induced by the combustion process. 

The diameter of individual droplets corresponding 
to each droplet arrival time is shown in Figs. 2 and 
3. The figures indicate that the droplets (i.e., both 
large and small) randomly enter the measurement 
volume. Spectral density analysis carried out with 
time-of-arrival data obtained during a previous in- 
vestigation [11] did not indicate the presence of any 
dominant frequencies in the spray at z -> 10 mm. 
High-speed cinematography has shown the presence 
of a high-frequency pulsation (at approximately 1 
kHz) in the spray jet and apparent clustering of drop- 
lets immediately downstream of the nozzle (z < 10 
mm), which is attributed to liquid sheet breakup [8]. 
This pulsation appears to decay rapidly within a few 
millimeters of the nozzle exit. 

At the spray centerline, the data rate is much lower 
than detected near the spray boundary (see Figs. 2 
and 3). Both swirl and combustion act to reduce the 
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FIG. 3. Time history of droplet (a) 
axial and (b) radial velocity at r = 
10.2 mm and z = 10 ram. Velocity 
time histories are coded to represent 
change in droplet diameter. 

droplet concentration and therefore the data rate. 
The larger droplets that are fewer in number often 
pass with less frequency through the measurement 
volume at high velocity. At both radial positions, 
there is an obvious trend for the axial velocity se- 
quence; viz., transport of the smaller droplets is at 
lower axial velocities while the larger droplets move 
at higher velocities. The radial velocity sequences 
presented in Figs. 2b and 3b indicate less correlation 
between size and velocity as compared with the axial 
velocity results. 

Droplet Interarrival Statistics: 

The time-of-arrival PDI data shown in Figs. 2 and 
3 indicate that droplets pass through the probe vol- 
ume in a random fashion (the term random is used 
in the sense that, at any instant, the detection of a 
droplet cannot be predicted a priori). A quantitative 
interpretation of single-point, time-resolved spray 
data can be carried out based on the recently devel- 
oped ideal spray theory of Edwards and Marx 
[12,13]. In this theory, the ideal spray, which is de- 
fined as a discrete stochastic process, is comprised of 
droplets (treated as noninteracting point particles) 
randomly passing through a given point in space. The 
droplet flux within an ideal spray, in general, follows 
either homogeneous (steady in time) or inhomoge- 
he.us Poisson statistics. In a statistical sense, the 

ideal spray is defined completely by knowledge of the 
time-dependent process intensity function, 2(t), 
where t represents time and for which the intensity 
function is equivalent to the particl e arrival rate. 
Consequently, the probability of realizing a given set 
of droplet interarrival times depends solely on the 
intensity function. Note that a time-of-arrival se- 
quence of M + 1 droplets constitutes a realization 
of M interarrival times, where the interarrival time is 
the difference in arrival time between successive 
droplets. 

The functional form of 2(t) can be used to classify 
the spray into three basic types [13]: (1) steady, (2) 
unsteady-deterministic, or (3) unsteady-random, cor- 
responding to situations for which the intensity func- 
tion is (1) independent of time, (2) time-dependent 
and deterministic, or (3) time-dependent and ran- 
dom, respectively. If  the intensity function is time 
invariant, i.e., steady, then the spray follows homo- 
geneous Poisson statistics. 

Any ordering of the spray will influence the inten- 
sity function and therefore affect the droplet inter- 
arrival (or occurrence) statistics. In an actual spray, 
unsteady statistics can exist because of ordering and 
clustering of droplets as, for example, a result of 
aerodynamic effects or by periodicity generated by 
system pulsations. Statistical analysis of the occur- 
rence events can therefore provide information re- 
garding the nature of randomness of the spray field. 
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FIG. 4. Variation of phase-Doppler data rate with radial 
position at z = 10 mm and z = 25.4 mm. 

The intensity, which represents the droplet arrival 
rate at a given point within the spray, is equivalent 
to the droplet flux (units, s -1) passing through the 
measurement volume. Its magnitude is proportional 
to the local droplet concentration and velocity dis- 
tribution integrated over the projected area of the 
probe volume. The actual measured intensity, 2m(t), 
also known as the data rate, is proportional to the 
fraction of droplet arrival events, r, which yield a 
validated response by the measurement apparatus, 
i.e., 2re(t) = fl2(t). At very high system gain, the val- 
idation fraction will tend to decrease as a conse- 
quence of increased detector signal noise. In this 
study, the gain was varied with radial position in or- 
der to accommodate changes in droplet mean di- 
ameter. At coordinates corresponding to relatively 
high gain and small mean droplet diameter, the val- 
idation fraction, as indicated by the PDI, was low, 
with fl - (0.2-0.4). Conversely, within the spray 
boundary, where the droplet mean diameter was 
large, system gain was reduced, and validation frac- 
tion was of the order fl - (0.6-0.8). It is important 
to note that, although the validation fraction alters 
the magnitude of the data rate, the shape of the in- 
terarrival-time distribution function is unaffected. 

The expected value of the intensity, (2), is equiv- 
alent to the average particle arrival rate and can be 
determined by dividing the number  of interparticle 
events, M, by a sufficiently long time interval over 
which the particle events are observed to occur. 
Two radial profiles of the data rate, 2,, = fl(2), cor- 
responding to z = 10 and 25.4 mm, are presented 
in Fig. 4. The profiles are nearly symmetric about 
the spray centerline, with somewhat increased asym- 
metry for z = 10 ram. Near the spray centerline, 
both profiles exhibit pronounced minima resulting 
from the relatively low droplet concentration. Con- 
versely, the measured peak intensity of both profiles 
occurs near the spray boundary, with a maximum ar- 
rival rate at z = 10 mm of approximately 8 • 10 a 

s-  1. At z = 25.4 ram, the radial spread of the spray 
is more than twice that of the z = 10 mm profile. 
Mong the spray axis, the depleted droplet concen- 
tration yields a centerline data rate that is over three 
orders of magnitude less than the peak value of 10 a 
s 1 near the spray boundary. One notes that the ra- 
dial profile of the intensity, (2(r)), differs in magni- 
tude, and slightly in form, from the data rate, ),m(r), 
because of the spatial variation of the validation 
fraction, fl(r). With regard to (2(r)), the reduction in 
the validation fraction at the spray centerline (rela- 
tive to the peak value near the spray boundary) in- 
creases the magnitudes of the central minima of Fig. 
4 by a factor of approximately 3. 

In order to justify the dilute spray assumption (ex- 
plicitly assumed in the model of an ideal spray), the 
ratio of droplet diameter, D, to interparticle separa- 
tion, A, is estimated using values based on measured 
spray properties. For characteristic ratios, D/A < <  
1, it is expected that the average interparticle sepa- 
ration may be considered large enough so that the 
dilute spray approximation can be justified. The in- 
terparticle separation can be approximated by the 
cube root of the reciprocal of droplet number den- 
sity, i.e., A ~ N -1/3. The smallest interparticle sep- 
aration was found to occur near the nozzle exit and 
spray boundary, where the maximum droplet num- 
ber density and diameter were approximately 3500 
particles cm -3 and 80/xm, respectively. Based on 
these values, it was estimated that this characteristic 
ratio was small, D/A ~ 0.12. This result shows that, 
on the average, the most dense region of the spray 
was relatively dilute although it is recognized that, at 
any given time, the ratio D/A can be much higher as 
a result of the occurrence of random fluctuations in 
interparticle spacing. 

The occurrence statistics of the spray were quan- 
tified via the normalized interarrival-time-distribu- 
tion histogram, H(r/,Avj), which was obtained from 
the phase-Doppler data. This histogram can be gen- 
erated by counting the number of interparticle arri- 
val times occurring within thej th  time bin zj of width 
A~,  as: 

1 
H (rj,Arj) - MAzj 

�9 count[zj - Arj/2 <- r < rj + Arj/2] 

(1) 

where r represents a measured arrival time and M 
is the total number of interarrival events. The inter- 
arrival probability density function, h(r), which 
is a continuous function describing a process of in- 
finite duration is defined in terms of H(r~ Ar~). In 

, j ,  J 

the limit of infinite sample population, M, and infin- 
itesimal bin width At. namely (lira AT. --* 0 M --* , , ~] , 

oo), then n(r j ,Az j )  --* "~(r). Therefore, given a finite 
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FIG. 5. Probability distribution of 
interarrival times for different di- 
ameter-based size classes at z = 10 
mm and r = 6.4 ram. 

sample population, H (rj,drj) is an approximation to 
h(r). 

For  a steady Poisson process, the interarrival prob- 
ability density function, h(r), is well known and is 
given in terms of the interarrival time, r, and inten- 
sity, 2, as [14] 

h(r) = 2e-~" (2) 

so that, for a steady spray, a plot of ln[h(r)] vs r will 
have a constant slope equal to 2 and intercept equal 
to ln(2). 

Given a sufficiently large sample size and expo- 
nential distribution characteristic of a steady spray, 
the relationship between In[H] and z will approach 
linearity. With this idea in mind, several represen- 
tative normalized interarrival-time histograms, 
H (z#, Arj), were calculated from the time-series data 
(ob{ained at selected positions in the spray flame) 
and compared with the theoretical behavior of a sta- 
tistically steady spray. For  example, this statistical 
analysis was carried out for data obtained at z = 10 
mm and r = 6.4 mm (see Fig. 5). At this position, 
recirculated droplets begin to interact with the drop- 
lets that are transported downstream directly from 
the nozzle, Three interarrival-time histograms were 
constructed from the following three diameter clas- 
ses: (a) all sizes, (b) 0-20 #m , and (c) 20-40/xm. 
Nearly 104 particles were sampled over class (a), with 
about 6000 in class (b) and 3000 in class (e). At this 
position, the average measured intensity (over all size 
classes) was 243 s - l ,  and the droplet nmnber density 
was 250 particles em -a. 

For  the pair of curves corresponding to classes (a) 
and (b) in Fig. 5, there is a statistically significant 
departure from linearity at short interarrival times. 
Note that, since class (b) comprises nearly 60% of 
the entire population, the histogram for class (a) is 

heavily weighted by that class. This accounts for the 
similarity of the histograms for classes (a) and (b). 
For  class (b), there is a relatively abrupt change in 
the magnitude of the histogram slope (intensity) that 
occurs at an interarrival time of approximately 3.5 
ms. This result indicates an unsteadiness in the ar- 
rival-time statistics for the 0-20-Otto-diameter size 
class at the coordinates z = 10 mm and r = 6.4 ram. 
This behavior persists as one moves toward the spray 
centerline where there is an abundance of smaller 
droplets. In contrast, the histogram for class (c) 
shown in Fig. 5 conforms more closely to the expo- 
nential distribution given by Eq. (2), thus revealing 
that the largest droplets exhibit nearly steady inter- 
arrival-time statistics. Near the spray boundary at z 
= 10 mm and r = 10.2 ram, the histogram (over all 
size classes) is consistent with steady Poisson statis- 
tics. At this location, the spray is relatively dense and 
is comprised mainly of larger droplets (N - 2700 
particles cm -3 and "~m = 6198 s-i) .  

In a droplet cluster, there exists a locally high 
droplet number density (above the mean value), 
which results in relatively short interarrival times. M- 
though droplet clustering occurs even in steady 
sprays as a consequence of the random character of 
the droplet flux, in this discussion, the term "cluster- 
ing" applies to those situations for which the inter- 
arrival times differ in a statistically significant fashion 
from steady Poisson statistics. Furthermore, since 
these statistics are derived from temporally resolved 
single point observations, clustering is used in the 
temporal sense. As an example of such clustering, it 
is apparent in the histogram of Fig. 5 class (b) that 
the probability density of the short interarrival times 
is increased (relative to that which would exist given 
steady Poisson statistics at the same mean intensity) 
with a concomitant reduction in the occurrence rate 
of the longer time scales. Without further analysis, a 
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distinction cannot be made between clustering that 
is associated with (1) closely spaced droplets traveling 
nominally at the same velocity and (2) droplets trav- 
eling at different velocities yet passing through the 
measurement volume at short time intervals (in this 
case, the droplets do not remain in close proximity 
over a significant time interval). 

At the axial location z = 10 mm [corresponding 
to the class (b) data of Fig. 5], the maximum degree 
of unsteadiness, as measured by the departure from 
linearity of the In H (r) data, occurred at a radial po- 
sition located roughly midway between the spray 
centerline and spray boundary, whereas, for the class 
(c) results, all the interarrival-time histograms exhib- 
ited steady behavior throughout the entire range of 
radial positions. Thus, droplet clustering was most 
intense near the shear layer (in the region that lies 
between the spray boundary and recirculating gases 
toward the center of the spray) and was limited to 
the smaller droplets. It is expected that only the 
smallest droplets, having relatively small Stokes (St) 
numbers, follow the gas-phase turbulence, and the 
larger droplets with high momentum and large St 
tend to be unaffected by the gas-phase flow. This 
correlation with St is consistent therefore with a clus- 
tering mechanism for which only the smallest of 
droplets are swept by recirculating eddies formed in 
the shear layer. Such droplet-laden eddies interact 
with the main part of the spray to produce a fluctu- 
ating and hence unsteady occurrence of smaller 
droplets, which interact with the droplets coming di- 
rectly from the nozzle. The existence of a bimodal 
size distribution (attributed to the recirculation of 
smaller droplets into the main droplet stream coming 
directly from the nozzle) further supports the asser- 
tion that unsteady interarrival-time statistics occur in 
the shearing region as a result of eddy transport of 
smaller droplets. 

The interarrival-time histograms for the three size 
classes [(a), (b), and (c)] are presented in Fig. 6 for 
data obtained downstream near the spray boundary 
at the coordinates z = 25.4 mm, r = 20.3 ram. At 
this position, the droplet number density was 430 
particles cm -a, with droplets ranging in size from 10 
to 90 izm in diameter. Also presented is the expo- 
nential distribution based on the measured average 
intensity of 852 s -1 (straight dashed line). The his- 
togram corresponding to case (b) of Fig. 6 indicates 
some unsteadiness for the 0-20-/xm-diameter drop- 
lets, although the departure from linearity of this his- 
togram is less than the case (b) result of Fig. 5 taken 
at z = 10 mm and r = 6.4 mm. This result provides 
additional evidence of spatial inhomogeneity in the 
droplet arrival-time statistics. Inspection of Fig. 6 re- 
veals also that the histograms corresponding to cases 
(a) and (c) are nearly linear and conform with steady 
Poisson statistics. Furthermore, the measured distri- 
bution of case (a) is accurately reproduced [with Eq. 
(2)] using the measured average intensity. The li- 
nearity of the case (a) data indicates that the non- 
steady behavior associated with the smaller droplets 
was masked by the relatively abundant larger drop- 
lets. 

Summary 

The transport of fuel droplets in a kerosene pres- 
sure-atomized spray flame was investigated using 
phase-Doppler interferometry to measure droplet 
size, velocity, and arrival time at selected axial and 
radial positions within the spray. Along the spray cen- 
terline and near the spray boundary, the droplet axial 
velocities were found to correlate with droplet di- 
ameter; i.e., higher velocities were associated with 
the largest droplets. Negative axial velocities (con- 
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sisting mostly of smaller reeirculated droplets) were 
observed near the centerline and attributed to recir- 
culation patterns induced by the swirling air. 

Analysis of  the time-series data indicated that 
droplet arrival is random and consistent with Poisson 
statistics. Steady interarrival-time statistics were ob- 
tained for the larger droplets within and external to 
the spray boundary. Toward the internal shear layer 
separating the spray and recirculated air, significant 
nonsteady statistical behavior was observed for the 
smaller droplets. The results suggest the occurrence 
of a clustering mechanism resulting from droplet en- 
trainment by eddy structures formed in the shear 
layer. In general, these findings illustrate that it is 
very important to segregate the spray into size classes 
because of the strong dependence of such transport 
mechanisms on droplet diameter. 
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C O M M E N T S  

j. A. Bossard, Arizona State University, USA. What are 
some of the implications of your work in addressing the 
discrepancies that exist between temporal measurements 
(i.e., the PDPA) and spatial measurements (i.e., PIV), par- 
ticularly with regard to differences in measured number 
density and volume flux? 

Author's Reply. For temporal-based measurements of 
droplet number density and volume flux, the functional 
form of the interarrival time distribution function must be 
known in order to account properly for statistical biases in 
the raw data. Specifically, with knowledge of the interar- 
rival statistics and effective probe volume dimensions, 
droplet number density and volume flux can be determined 

from droplet velocity and diameter measurements. Yet the 
results of this work demonstrate that in real sprays, droplet 
interarrival times (especially for the smallest droplets) do 
not always follow steady Poisson statistics. Consequently, 
given a situation for which the arrival time statistics are 
unsteady, a priori assumption of statistically steady behav- 
ior is not justified and will lead to erroneous estimates of 
measured number density and volume flux. It is thus pos- 
sible that some discrepancies between temporal and spatial 
measurements may be attributed to the failure to account 
properly for unsteadiness in the interarrival time statistics 
of droplets or tracer particles. In an analogous fashion, one 
must know the interparticle distance distribution function 
when determining number density and volume flux from 
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spatial measurements. The occurrence of statistically sig- 
nificant spatial clustering would need to be accounted for 
in the determination of droplet number density and volume 
flux from such data. 

Joseph J. Sangiovanni, United Technologies Research 
Center, USA. Does your data analysis properly account for 
droplet coalescence? For example, when small, faster mov- 
ing droplets collide with larger, slower moving droplets. If  
droplet coalescence is accounted for, can you then quantify 
coalescences by analysis of droplet arrival time statistics as 
functions of droplet size, number density, and position? 

Author's Reply. Droplet coalescence does not explain 
the unsteadiness in the measured interarrival time statis- 
tics. As discussed in the text, the minimum mean interdrop- 
let spacing is relatively large so that droplet collision is a 
rare event. Furthermore, even in the densest region of the 
spray (where the likelihood of droplet collision is highest), 
the arrival time statistics remained steady. Unsteadiness in 
the statistics was observed only in the relatively dilute spray 
interior. Finally, the unsteady behavior was associated with 
only the smaller-sized droplets. However, as suggested in 

your question, collisions would tend to occur between 
smaller- and larger-sized droplets. Consequently, a colli- 
sion-induced departure from steady statistics would be ex- 
pected for small and large droplets. Since only the smallest 
droplets exhibited unsteady behavior, droplet coalescence 
does not then explain satisfactorily the occurrence of sta- 
tistical unsteadiness. 

Coalescence would influence the occurrence rate within 
any size class of droplets that are undergoing collisions. 
One could model the probability of droplet coalescence to 
quantify its effect on the form of the interarrival time dis- 
tribution. For example, with no correlation between drop- 
let arrival time and the collision probability (for droplets 
within a sufficiently narrow size class), coalescence events 
would be randomly distributed among these droplets. As a 
result, the form of the interarrival time distribution for such 
a size class would remain unaffected by collisions. Conse- 
quently, droplet coalescence may not necessarily result in 
unsteady interarrival time statistics. Nevertheless, droplet 
coalescence would tend to increase the number of larger 
droplets and concurrently deplete the relative abundance 
of smaller-sized droplets. An increase in tlle occurrence 
rate of larger droplets proceeding in the downstream di- 
rection might provide some evidence of droplet coales- 
cence since droplet evaporation and deceleration tend to 
reduce the droplet occurrence rate. 


