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Chapter 2 

Behavior of Droplets in Pressure-Atomized Fuel 
Sprays with Coflowing Air Swirl 

C. Presser• 
National Institute of Standards and Technology, Gaithersburg, Maryland 20899 

C. T. Avedisiant 
Cornell University, Ithaca, New York 14853 

J. T. Hodges1 

National Institute of Standards and Technology, Gaithersburg, Maryland 20899 
and 

A. K. Gupta§ 
University of Maryland, College Park, Maryland 20742 

I. Introduction 

S PRAY flames are commonly stabilized by using swirl burners or a variety of 
other mechanisms to establish a stable flame by recirculation of combustion 

gases and fuel vapors. Swirl burners have attracted considerable interest in recent 
years because of their ability to improve combustion efficiency and reduce the 
emission of pollutants in the waste disposal and power generation industries. The 
aerothermochemistry of swirl-stabilized flames is partly dependent on the degree 
of mixing between the fuel droplets and coflowing air stream that, in turn, is 
determined by the droplet transport and gas stream turbulence. The importance 
of matching the fuel spray pattern with the associated aerodynamic flowfield 
has been recognized through the direct application of laser sheet photography. 
Studies have shown that droplets pass through the flame sheet relatively unburnt 
when commercially available atomizers are used. 1 The effect of liquid penetration 
through the recirculation zone of swirl-stabilized spray flames leads to changes 
in flame structure and stability? Information dealing with the effect of the gas 
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flowfield (both mean and fluctuating quantities) on the drag and trajectory of 
individual droplets of various sizes is critical for determining the dispersion of 
droplets within the surrounding airstream. 

Several studies have focused on the effect of fuel spray pattern3 and combustion 
air swirl4-9 on the structure of spray flames. Owen10 has carried out spray flame 
measurements using laser velocimetry (LV). Larger fuel droplets were found to be 
transported along the spray cone with velocities determined initially by the fuel 
nozzle characteristics. For droplets with large inertia relative to the turbulence, 
it was found that the initial conditions and early droplet displacement history 
dictate the dispersion of droplets farther downstream. 11 Unlike larger droplets, the 
smaller droplets lose their inertia and respond relatively quickly to the ambient 
gas velocity. The inertia of the larger droplets enables them to penetrate through 
the airstream with little interaction. For the smaller droplets, significant droplet 
velocity fluctuations about the mean occur as a result of their interaction with the 
airflow. 

Large-scale motion of the flowfield plays a key role in the turbulent mixing pro
cesses, energy release, and pollutants emission. 12 The size, strength, and turbulence 
levels of the recirculation zone are important for affecting droplet transport. 13-15 It 
is apparent that increased levels of turbulence enhance droplet/air mixing, and thus 
promote near-stoichiometric combustion and flame stability, and reduce pollutant 
formation processes. 

The effect of turbulence on droplet dispersion can be investigated using phase 
Doppler interferometry (PDI)16 in different droplet-laden environments. The effect 
of operating parameters of the phase Doppler system on the mean and fluctuating 
velocities has been investigated. 17

•
18 In a previous paper by Presser and Gupta, 19 

droplet size and velocity distributions were obtained using PDI in a nonswirling 
non burning spray to examine shear layer effects near the spray boundary on droplet 
transport. 

This paper examines droplet transport in a swirling kerosene spray using PDI. 
Droplet mean properties (namely, diameter, number density, and velocity) were 
measured to characterize the global features of the spray, whereas size and ve
locity distributions provided a more detailed picture of the behavior of individual 
droplets. Also, measured droplet velocity components were used to determine 
the direction of droplet motion throughout the spray from which conclusions are 
drawn concerning droplet transport. The results are compared with data for a 
nonswirling kerosene spray 19 for the same conditions of fuel and airflow rates to 
assess the influence of swirl on droplet transport. 

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

II. Experimental Apparatus 

Experiments were carried out in a spray combustion facility that has been de
scribed elsewhere.4

•
20 The facility includes a swirl burner with a movable 12-vane 

swirl cascade (see Fig. 1). The vanes rotate simultaneously to impart the desired 
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Fig. 1 Schematic of the movable-vane swirl burner. 

degree of swirl intensity to the airstream that surrounds the fuel nozzle. The swirl 
number S refers to the ratio of the axial fluxes of angular momentum to linear 
momentum; the nominal value of S at the burner exit is calculated from theory 
developed for guide-vane cascades.21 Experiments were carried out for swirling 
(S = 0.53) and nonswirling (S = 0) airstreams under nonburning conditions. 19 

The value of S = 0.53 was chosen because of the good flame stability that is pro
vided under burning conditions. A propane-fueled ring, located at approximately 
300 mm downstream of the nozzle exit, was used as an afterburner to burn the 
droplets before they were exhausted to the atmosphere. 

A simplex pressure-jet fuel nozzle was located along the centerline of the burner 
(at the burner exit). The fuel nozzle was operated at total air and fuel flow rates of 
64.3 kg/hand 3.2 kg/h, respectively; these flow rates provided an input equivalence 
ratio of approximately 0.7. The nozzle generates a nominal 60-deg (full-angle) 
hollow-cone kerosene spray under unconfined conditions that is injected vertically 
upwards from the nozzle. A schematic of the hollow-cone spray, which includes 
the measurement grid, is illustrated in Fig. 2. In this study, measurements were 
obtained at axial positions of 10, 25.4, 50.8, and 76.2 mm. For each axial station, 
data were recorded in increments of 2.54 mm across the profile (at z = 10 mm the 
increment was 1.27 mm). Also shown are coordinates for several specific locations 
(designated Ll-L5) where results are discussed in more detail. Locations Ll, L2, 
and L4 are representative of the central region of the spray where recirculation 
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units: mm 

Fig. 2 Schematic of the spray boundary position; the numbers identify particular 
locations where the flow parameters are discussed in detail. 

of the surrounding gases and droplet entrainment is expected to be significant. 
Locations L3 and L5 correspond to the spray boundary. 

A stepper-motor-driven, three-dimensional traversing arrangement translates 
the burner assembly in the vertical and horizontal directions (see Fig. 3). All 
optical diagnostics are fixed in position about the burner assembly, and the burner 
translates independently of the optical equipment. Enough symmetry is assumed 
to exist about the spray axis so that measurements of spray properties in any 
particular plane containing that axis are considered representative of the entire 
spray. Measurements are reported in the plane in which the burner is traversed (X 
in Fig. 3). Additional details can be found elsewhere.4•20 

The air flowfield was determined in a previous study,4 using a single-component 
laser velocimetry system. Under swirling conditions, the mean axial air velocity 
is of the Rankine vortex type across the coflowing air passage at the burner exit 
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Fig. 3 Schematic of the experimental droplet size/velocity facility. 
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(see Fig. 4 of Ref. 4 ), and has a maximum value of approximately 2.3 m/s. The 
air velocities decay with increasing axial position. The tangential component of 
air velocity was also of the Rankine vortex type for these experimental conditions 
(the radial velocity component was negligible). 

A two-channel phase Doppler interferometer 16 was used to obtain droplet size 
and velocity information on individual droplets passing through the measurement 
volume (see Fig. 3). The measurement technique employed is similar to a con
ventional dual-beam laser velocimeter, except that four detectors are located in 
the receiver assembly. 22 Measurement of the temporal frequency of scattered light 
from the probe volume interference fringe pattern is used to determine droplet 
velocity. Measurement of the spatial frequency of scattered light, obtained from 
two separated detectors, is used to infer the phase difference and to provide in
formation on particle size. Mean properties were based on the statistical analysis 
of the ensemble sizes and velocities. The influence of droplet trajectory through 
the probe volume on inferred droplet size can lead to the measured droplet size 
distribution being broader than the actual size distribution within the spray.23 The 
sensitivity of measured diameter to droplet trajectory is minimized by ensuring 
that the characteristic width of the probe volume is much greater than the parti
cle diameter, and by measuring the scattered light intensity in the near-forward 
direction.24 In the present setup, the scattering measurements were made in the 
near-forward direction (30-deg scattering angle) and the minimum probe volume 
width was on the order of 100 f.J-m. 

The phase Doppler system provides information on particle size between I 11-m 
and 300 11-m with the optical arrangement employed in this investigation. The 
measurement volume is defined by the 119- and 113-f.l-m laser beam waists at 
514.5 and 488.0 nm, respectively (with a fringe spacing of approximately 6.6 11-m 
for both laser beams). The focal lengths of the transmitting and receiving optics 
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were 495 and 500 mm, respectively. The focal length of the collimating lens was 
300 mm. The receiving optics has a 100-ttm slit. For the experiments carried 
out in this investigation, the photomultiplier detector voltages were optimized to 
provide the greatest sensitivity to the wide range of droplet sizes typically found 
in these sprays. 18 Near the spray boundary, which is defined as the location where 
the volume flux is largest in the swirling case, data acquisition rates were high 
(10,000 data points were collected within 120 s). In other regions of the spray, 
however, considerably more time was required to collect the same number of data 
points. 

Near the spray boundary, the required system gain was significantly lower than 
near the spray centerline for the swirling case. The percent validation (i.e., percent 
difference between detected and validated signals) for the swirling case were at best 
as high as 75% and as low as 50%. For the nonswirling case, the percent validation 
reached a maximum of 80% and a minimum of 50%. The percent validation was 
not correlated to the spatial position. The effect of percent validation on number 
density and mass flux is discussed in more detail elsewhere.4

•5 Measurements were 
repeated at several selected positions to ensure measurement repeatability that was 
generally better than 5% near the spray boundary. 

01. Results and Discussion 

A. Droplet Mean Properties 

Droplet mean properties (i.e., size, number density, and velocity) are presented 
to describe the global features of the kerosene spray. The effects of swirl on 
droplet transport are emphasized by comparing the spray under swirling conditions 
(S = 0.53) to the nonswirling case (S = 0). The effect of combustion on droplet 
transport is presented elsewhere. 25 The results for the nonswirling case were taken 
from an earlier investigation.19 For a hollow-cone spray, it is reasonable to define 
the location of the spray boundary at the radial position where most of the fuel 
mass resides. This is accomplished by presenting the droplet volume flux, which 
is defined as the volume of the droplets passing a unit cross-sectional area per 
unit of time.26 Thus, radial profiles of the volume flux are presented in Fig. 4 at 
axial locations z of 10, 25.4, 50.8, and 76.2 mm downstream of the nozzle exit. 
The solid boxes along the abscissa indicate the position of the burner passage 
walls, with the fuel nozzle located at the axis of the burner (r = 0). Coflowing 
air is introduced through the outer coaxial passage. The profiles in Fig. 4 (for 
both the nonswirling and swirling cases) indicate that radial positions exist at each 
axial position where the volume flux exhibits a maximum or peak and thus are 
used to define the spray boundary. The results show that the presence of swirl 
redistributes the droplets to much larger radial positions (by a factor of 2-3 at 
z = 10 mm) and the peaks are farther apart than in the nonswirling spray. The 
nonswirling case is indicative of the fuel mass distribution that results from the 
nozzle design. At z = 10 mm, the peak values for the nonswirling case are an order 
ofmagnitudehigherthantheswirlingcase(about2 X w-t cm3s-1cm-2 forS = 0 
and 2 x 10-2 cm3s-1cm-2 for S = 0.53). At z = 76.2 mm, the magnitude of both 
the nonswirling and swirling cases are of similar order (5 x w-3·cm3s-1cm-2 for 
S = 0 and 8 x w-3 cm3s-1cm-2 for S = 0.53). This result indicates that swirl 
promotes spray uniformity closer to the nozzle than in the nonswirling case where 
shear-induced drag disperses the droplets farther downstream. 
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Fig. 4 Variation of volume flux with radial position r measured at different axial 
positions z for the nonswirling and swirling sprays. 
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Fig. 5 Variation of Sauter mean diameter D32 with radial position r measured at 
different axial positions z for the nonswirling and swirling sprays. 

Radial profiles of the droplet Sauter mean diameter D32 at the same four axial 
locations are presented in Fig. 5. The vertical bars identify the nominal spray 
boundary, which is defined as the radial location (at a given axi11.l position) where 
the volume flux exhibits a peak (see Fig. 4). At each axial position, the spray 
boundary for the swirling case is located at a larger radial position than for the 
nonswirling case. The spray boundary also becomes ambiguous with increasing 
axial distance because of droplet dispersion. These peaks in Sauter mean diameter 
appear to match the peaks in volume flux for the swirling case at each axial 
position. For the nonswirling case, the peaks for D32 and volume flux are not 
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coincident at z = 50.8 mm and 76.2 mm because the droplet mean size increases 
monotonically with increasing radial position. Note again that the radial position 
of the peaks in volume flux are different for both cases, with the peaks for S = 0 
being closer to the spray centerline than for S = 0.53. This difference is attributed 
to the centrifugal forces (present in the swirling case) displacing the bulk of the 
droplets radially outward from the spray centerline. 

The profiles of Sauter mean diameter and volume flux for both cases indicate 
the expected broadening of the spray with increasing axial distance. The presence 
of relatively small droplets near the centerline and large ones near the spray 
boundary is attributed to the characteristic design of hollow-cone spray nozzles. 
Swirl, resulting in the formation of a toroidal recirculation region, increases the 
droplet radial dispersion (i.e., droplets were detected at larger radial positions) 
well beyond the radial position of the spray boundary. Without swirl, the values of 
D32 tend to increase monotonically with increasing radial position toward the edge 
of the spray at downstream axial positions. This result is attributed to the nozzle 
design in which the droplets are preferentially dispersed with the smaller droplets 
generally detected toward the spray centerline and larger droplets found at the 
largest radial positions. For the nonswirling case, there is also a gradual increase 
in the value of D32 along the spray boundary (from about 45 J-Lm at z = 10 mm 
to 71 J-Lm at z = 76.2 mm); see Fig. 5. This variation is attibuted to the shear 
layer mixing that occurs between the spray and the surrounding airstream, which 
results in radial dispersion of the smaller droplets. Another possible parameter to 
consider is some shear-enhanced vaporization of the smaller droplets. 

Note also that the profile for the nonswirling spray at z = 10 mm exhibits a 
minimum in the value of D32 within the spray boundary. This is attributed to 
the fact that droplets at the periphery of the spray boundary (i.e., inner and outer 
surface of the hollow-cone spray structure) are in more direct contact with the 
surrounding airstream than those droplets within the spray boundary. The shear 
experienced at the spray periphery (both inner and outer surfaces) has a larger 
influence on the smaller droplets and disperses these droplets away from the 
boundary. Consequently, smaller droplets are less abundant at the spray periphery, 
which results in the formation of slight peaks for the droplet mean size. 

The results presented in Fig. 5 indicate that the swirling spray has greater spatial 
uniformity and enhanced droplet mixing than for S = 0. As mentioned earlier, the 
nozzle is designed to disperse the larger droplets along the spray boundary and the 
smaller droplets near the spray centerline, which is apparent from the nonswirling 
spray results. Thus, in the swirling case, enhanced mixing would result in larger 
mean sizes near the center of the spray and smaller sizes toward the periphery. 
The weak radial variation of D32 for S = 0.53 (see Fig. 5) occurred at all of the 
measured axial positions, emphasizing the penetrating influence of swirl that is 
experienced by the surrounding airstream. 

The variation of droplet mean size with axial position along the centerline 
and sprl:ly boundary is shown in Figs. 6a and 6b, respectively. Compared to the 
swirling case, the droplet mean diameter is smaller near the spray centerline (see 
Fig. 6a) and larger near the spray boundary (see Fig. 6b) in the nonswirling 
case. This feature results from the large variation in the droplet mean diameter 
for the nonswirling spray and the relatively small variation in mean diameter 
(greater spatial uniformity) for the swirling spray. The gradual increase in the 
values of D32 along the spray boundary (from approximately 31 J-Lm at z = 10 
mm to 48 J-Lm at z = 76.2 mm for S = 0.53, see Fig. 6b) is again attributed to the 
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Fig. 6 Variation of Sauter mean diameter D32 with axial position along a) the 
centerline and b) the nominal spray boundary for the nonswirling and swirling 
sprays. 

entrainment and transport of smaller droplets by the swirling flowfield; and the 
associated shear layer mixing that occurs between the spray and the surrounding 
airstream. This mixing promotes the depletion of smaller droplets in the spray 
boundary by means of such possible mechanisms as coalescence between droplets, 
droplet vaporization (both of which are expected to be insignificant due to the low 
probability of collisions between small droplets and the absence of combustion in 
this study), and radial dispersion away from the spray boundary. It is recognized, 
however, that the data obtained in this study cannot identify with certainty the 
precise mechanisms. The variation of droplet size with increasing axial and radial 
position is even more pronounced for S = 0 in which the values of D32 increase 
from about 45 ~J-m at z = 10 mm to 7l~J-m at z = 76.2 mm (see Fig. 6b). 
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Near the spray centerline, there is little change in the value of D32 with increasing 
axial position for both cases (see Fig. 6a). For example, for S = 0 the change in the 
value of D32 is from 12 ,urn to 17 ,urn, and for S = 0.53 the change is from 24 ,urn 
to 29 ,urn. An increase in droplet mean size may be expected for the same reasons 
that there is an increase near the spray boundary. Elucidation of this transport 
phenomenon is made by examining the arithmetic mean diameter (D10), which 
has a greater sensitivity to the smaller size droplets. The value of D10 increases 
slightly near the centerline for S = 0.53 from approximately 8 ,urn at z = 10 mm 
to 12 ,urn at z = 76.2 mm. This small variation in the values of D10 with axial 
position along the centerline is also small when S = 0. This small change may be 
explained by the lack of radial droplet dispersion in the nonswirling case, but would 
not describe the centrifugal effects on droplet transport along the spray centerline in 
the swirling spray. The small change in D 10 for the swirling case may be attributed 
to the inward transport of smaller droplets by the toroidal recirculation zone, which 
replenishes the central region of the spray with smaller droplets from the spray 
periphery. 

Results for droplet number density N for both the nonswirling and swirling 
sprays are presented in Fig. 7 for z = 10, 25.4, 50.8, and 76.2 mm downstream 
of the nozzle exit. The data indicate an increase in radial spread of the spray with 
axial position for both the swirling and nonswirling cases, with the swirling spray 
extending to much larger radial positions as compared to the nonswirling case. In 
the swirling spray, the maximum value of N occurred near the spray boundary 
where the larger droplets exist. In contrast, the maximum value of N for the 
nonswirling case is in the center of the spray despite the hollow-cone nature of the 
fuel nozzle. These profiles are indicative of the larger concentrations of relatively 
small droplets that remain confined to the center of the spray. The results for 
volume flux (see Fig. 4), however, indicate that the bulk of the mass does not 
reside near the spray centerline for S = 0. Based on the number density at z = 10 
mm, there is no indication of the hollow-cone nature of the spray for which one 
would expect to find peaks in the values of N toward the spray boundary (see 
;: = 10 mm in Fig. 8 of Ref. 4). This result may be attributed to the difficulty 
in detecting relatively small droplets (in the presence of larger ones) with the 
phase Doppler system because of the limited instrument dynamic range of 35:1; 
the spatial resolution was estimated to be sufficient because of the small probe 
volume size employed in this study. 

The variation in number density with axial position is presented in Fig. 8 at both 
the centerline and spray boundary. The number density decreases as axial position 
increases for both cases. The values of N are larger for the nonswirling spray near 
the centerline but are significantly smaller toward the spray boundary. Near the 
centerline, the number density decreased slightly for S = 0 from N ::=:::: 9 x 103 

particles/cm3 at z = 10 mm to N ::=:::: 2 x 103 particles/cm3 at z = 76.2 mm. For 
S = 0.53, number density changes from N ::=:::: 4 x 103 particles/cm3 at z = 10 mm 
toN ::::::: 1 X 103 particles/cm3 at z = 76.2 mm. Near the spray boundary (as defined 
by the peaks in volume flux from Fig. 4, note vertical bars), the number density 
is similar to that near the centerline for S = 0.53 (N ::=:::: 5 x 103 particles/cm3 at 
z = l 0 mm to N :::::: 1 x 103 particles/cm3 at z = 76.2 mm), but significantly lower 
for S = 0 at downstream positions (N :::::: 5 x 103 particles/cm3 at z ::;:: 10 mm 
to N ::=:::: 6 x 101 particles/cm3 at z = 76.2 mm). These differences between the 
nonswirling and swirling cases are attributed to the presence of significant air 
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Fig. 7 Variation of number density N with radial position r measured at different 
axial positions z for the nonswirling and swirling sprays. 

swirl in the latter case that promotes the radial dispersion and spatial uniformity 
of the fuel droplets. 

The maximum values of N are significantly smaller than those measured with 
the polarization ratio technique4 that is more sensitive to smaller size droplets. For 
these measurements, number densities were as high as N ~ 1 x 106 particles/cm3 

in the upstream portion of the spray. This difference may be attributed to the lack 
of sensitivity of the phase Doppler system to detect submicron droplets, as well 
as other factors that lead to rejection of data (e.g., presence of multiple droplets 
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Fig. 8 Variation of number density N with axial position along a) the centerline and 
hJ the nominal spray boundary for the nonswirling and swirling sprays. 

in the measurement volume). Also note that for S = 0, the bulk of the mass does 
not reside in the center of the spray where transport of the smaller droplets occurs 
(see the volume flux in Fig. 4). The volume flux is larger near the spray houndary 
'ince it is proportional to (D32) 3 despite the smaller values of N. For S = 0.53 
che mass resides near the spray boundary where both the size and number density 
Jre higher. 

The spatial profiles of droplet mean axial u and radial v velocity components at 
;: = 10, 25.4, 50.8, and 76.2 mm are shown in Figs. 9 and 10, respectively. Results 
!or the swirling spray are again compared with those for the nonswirling spray. 19 

Positive values of u correspond to droplets moving in the downstream direction 
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(away from the atomizer) and positive values of v signify radially outward motion 
(that is, droplet motion away from the spray centerline). The results in Fig. 9 show 
that the magnitude of the droplet mean axial velocity decays with increasing axial 
position for both the nonswirling and swirling sprays. In contrast to the nonswirling 
spray, droplets in the swirling spray have negative axial velocities (and negligible 
radial velocities) at positions near the axis of the burner (see Fig. 9). These data 
indicate that droplet transport is upstream toward the fuel nozzle for the swirling 
spray. 
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Fig. 10 Variation of radial velocity v with radial position r measured at different 
axial positions z for the nonswirling and swirling sprays. 

The axial and radial velocity components of the droplets for the swirling and 
nonswirling sprays exhibit maxima near the spray boundary (see Figs. 9 and 
I 0), with the mean flow corresponding to a direction that is consistent with 
the nominal spray cone half-angle (a in Fig. 11). When compared to the non
swirling case, the values of u and v are smaller for the swirling case since the 
centrifugal effects and droplet recirculation tend to diminish mean axial momen
tum and enhance spatial uniformity. For example, in the nonswirling case, given 
the peak values of u ~ 13 m/s and v ~ 6 m/s at z = 10 mm (as shown in Figs. 



46 

nominal sp 
boundary 

C. PRESSER ET AL. 

Fig. 11 Coordinate system used in the definition of droplet trajectory angle 8: 
coordinate a is replaced by b at the radial location where the magnitude of radial 
velocity component is a minimum (a::: 0 for a perfectly symmetric spray). 

9 and 10), the mean flow direction e of the droplets (see Fig. 11) is approxi
mately 33 deg whereas the nominal spray angle a (as specified by the nozzle 
manufacturer) is about 30 deg. Near the spray boundary, the values of u for the 
nonswirling spray are at least a factor of two higher than those of the swirling 
spray (see Figs. 9 and 10); the values of v are similar near the spray center
line. Assuming that the droplet velocities at the nozzle are the same for both 
cases, this result suggests that the presence of swirl increases significantly the 
mean rate of droplet deceleration in the axial direction and increases the radial 
spread. 

At z = 10 mm the respective rms values of the velocity components for both 
the nonswirling and swirling sprays indicate that the velocity distributions are 
narrower toward the spray centerline (i.e., smaller values of rms velocity) and 
wider toward the spray boundary (i.e., larger rms velocities) where the mean 
values reach a maximum. The spatial profiles of mean and rms velocity are similar 
at downstream positions of the spray, i.e., for z :::: 50.8 mm. To summarize, near 
the center of the spray, the droplet sizes are smaller and have a narrower velocity 
distribution (for both the axial and radial components). Toward the spray boundary, 
both the size and velocity distributions are wider. 
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B. Direction of Droplet Motion 

The entrainment of droplets by the surrounding gaseous medium and secondary 
breakup of droplets in a spray are complicated phenomena involving aerodynamic 
,Jra 2 forces and the creation of waves at the surface of droplets. Somewhat simplis-
1:.: ~easures of these phenomena are provided by the Weber number(= vr;1pD ja) 

fpr droplet breakup, the Stokes number (=p1 D
2 V,eJ/ l8f.Lo) for dispersion and en

rrainment, and the Reynolds number(= VretDP/ f.L) for drag and internal circulation 
within droplets. In the definition of these parameters, Vrel is the relative velocity 
ht:tween the droplet and surrounding gas, p the gas density, p1 the liquid density, 
o the droplet diameter, a the droplet surface tension, f.L the gas phase viscosity, 
and 8 a length scale characteristic of a vortex or eddy in the coftowing swirling 
~as stream. Two practical difficulties arise when evaluating these parameters for 
~prays. First, the droplet velocity relative to the surrounding gas phase is not easily 
tlbtained, and, second, the characteristic length scale for the recirculating vortex in 
tht: definition of the Stokes number is essentially unknown. Therefore, it would be 
inappropriate in this study to evaluate the Weber, Reynolds, and Stokes numbers. 
Information related to droplet transport, however, can still be obtained indirectly 
from the droplet velocity components. 

The droplet velocity components were used to obtain a droplet mean trajectory 
angle 8, which is defined in Fig. 11. The symbol ~ is a measure of the asymmetry 
of the spray. The spray centerline is therefore defined to correspond to the radial 
position (at any axial location) where the radial velocity component is a minimum 
(see convention, defined earlier, for the velocity components). When ~ = 0, the 
-;pray is symmetric about the axis of the atomizer. The value of~ is determined 
at any axial location by first identifying the radial location at which the radial ve
locity component reaches a minimum. The symbol~ is referenced to that location 
and ~ = 0 is the centerline. For ~ > 0, coordinate system b is used, and for~ < 0 
-:oordinate system a is used. With this choice of an axisymmetric coordinate sys
t<?m and sign convention for the velocity components mentioned earlier, negative 
values of 8 will correspond to velocity vectors that are directed inward toward 
the centerline. For the conditions of the spray with swirl, the droplet tangential 
velocity component decays rapidly and becomes negligible within a few millime
ters downstream of the nozzle.4 Therefore, the u and v velocity components alone 
Jt:termine the direction of droplet motion in the two-dimensional (z-r) plane, 
where the droplet mean trajectory angle is 8 = tan -I ( v 1 u). 

Variation of the droplet mean angle is presented in Fig. 12 at the various 
aforementioned locations within both the nonswirling and swirling sprays. In 
the outer radial regions of the spray, there is little difference in the direction of 
droplet motion between the two sprays at downstream positions (i.e., z ~ 25.4 
mm), with the mean direction of droplet motion being in the nominal direction of 
the spray cone half-angle, which is about 30 deg. At z = 10 mm, however, there 
~~ a departure between the two cases. For S = 0, the spray cone angle (i.e., the 
trajectory angle near the edge of the spray) is preserved, namely, the mean droplet 
angle remains at approximately 30 deg. For S = 0.53, recirculated droplets are 
:ransported radially outward into the surrounding airstream and thus results in an 
tncrease in the mean angle (namely, the mean direction of motion is altered when 
~cnsidering the presence of the recirculated droplets in addition to the droplets 
that emanate from the nozzle). Near the spray centerline, droplets in the swirling 
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Fig. 12 Variation of droplet mean trajectory angle (J (see Fig.lO) with radial position 
r at different axial positions z for the nonswirling and swirling sprays. 

spray move upstream in a direction opposite to those in the nonswirling spray (as 
a result of significant gas phase recirculation). For example, iq the nonswirling 
spray () ~ 0 at the axis of the burner, whereas for the swirling spray () ~ 180 deg. 
Reasons for these differences in mean direction near the center of the spray are 
explored further by examining the size-classified distributions of droplet angle. 

Distributions of droplet angle are presented in Figs. 13-15 at positions L1 
(r = 0 mm), L2 (r = 6.4 mm), and L3 (r = 10.2 mm) from the centerline of the 
spray(~ = 0) to the spray boundary at z = 10 mm for both the nonswirling and 
swirling sprays. Since there is a slight asymmetry to the spray (e.g., seez = 10 mm 
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Fig. 13 Probability distributions (Ll-L3) for droplet trajectory angles at three dif
ferent locations in a nonswirling and swirling spray for all droplet sizes. (Continued) 

In Figs. 9 and 1 0), location L1 is positioned at r = 0 mm, D. = 2.54 mm, and~ < 0 
!1.e., ~ = -2.54 mm). The results presented in Fig. 13 show the distributions for 
:~11 size classes, whl!reas the data in Figs. 14 and 15 are for specified size ranges: 
I p.m < D < 5 p,m (hereafter referred to as 3-p,m-size droplets) for Fig. 14, and 
~8 fJ. m < D < 52 p,m (referred to as 50-p,m-size droplets) for Fig. 15 . 

. Differences between nonswirling and swirling conditions are evident from 
Fig_. 13. In the swirling case, there is a wide distribution of angles (i.e., larger 
Ya.nance) at locations Ll and L2. This distribution becomes narrower (i.e., smaller 
variance) toward the spray boundary at L3. The wide distributions at locations L1 
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and L2 for the swirling spray indicate the presence of two counter flowing streams, 
namely, droplets emanating directly from the nozzle (angle = ±90 deg) and re
circulated droplets (±90 deg < angle < ± 180 deg). In the nonswirling spray, all 
droplets are moving downstream away from the nozzle at each location, whereas 
in the swirling spray at Ll, and to a lesser extent at L2, most droplets are moving 
upstream toward the nozzle. The fact that droplets tend to move in a ballistic fash
ion for the nonswirling spray has also been confirmed by laser sheet visualization 
of droplet trajectories in similar sprays.4

•
27 

The size-classified angle distributionsshown in Figs. 14 and 15 provide a 
more detailed depiction of individual droplet transport. Figure 14 shows that 
whereas the 3-J.Lm-class droplets are generally moving in the downstream direction 
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Fig. 14 Probability distributions (Ll-L3) for droplet trajectory angles at three dif-
ferent locations in a nonswirling and swirling spray for droplets in the size range of 
1-5 I-£ID. (Continued) 

along the centerline (see frame Ll) for the nonswirling spray (8 = -5.0 deg), the 
range of directions is comparatively narrow. By contrast, in the swirling spray 
a s1gnificant number of 3-JLm-size droplets are moving upstream at locations 
L 1 and L2. This trend reflects the effect of recirculating gas phase motion on 
droplet relative velocity and drag. At location L3 (close to the spray boundary) 
for the swirling case, the few 3-JLm-size droplets that were detected moved in 
the downstream direction. For the nonswirling case, 3-JLm-size droplets were not 
detected at location L3 since the smaller droplets tend to be concentrated at the 
spray centerline for hollow-cone spray nozzles. 
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Fig.14 (Continued). 

It is expected that smaller droplets will have a higher propensity to be car
ried along with the surrounding flowfield than the larger droplets that are rela
tively unaffected by the gas phase flow pattern. As shown in Fig. 15, 50-~J,m-size 
droplets in the nonswirling spray have a relatively narrow distribution of angles 
with only a few droplets deviating from the mean direction of droplet motion. 
Closer to the spray boundary (at locations L2 and L3) the droplet mean trajec
tory angle increases, from 20.5 deg at r = 6.4 mm to 36.8 deg at r = 10.2 mm 
at z = 10 mm. At location L1 (spray centerline), 50-~J,m-size droplets were not 
detected. The fact that larger droplets are not present at the center of the spray 
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Fig. 15 Probability distributions (Ll-L3) for droplet trajectory angles at three dif-
ferent locations in a nonswirling and swirling spray for droplets in the size range of 
~8-52 J.Lffi. (Continued) 

and smaller droplets are not found near the spray boundary is consistent with the 
hollow-cone nozzle design. 

For the swirling spray, several 50-J-Lm-size droplets are detected moving up
'itream as illustrated in Fig. 15 at locations L 1 and L2. Such upstream motion 
of large droplets is surprising as it shows the comparatively strong entrainment 
of droplets by the surrounding air. Close to the spray boundary (at location L3), 
vmually all of the 50- J-Lm-size droplets are moving in the direction of the nominal 
~pray cone angle with no upstream droplet motion. 
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C. Velocity and Droplet Size Correlation 

The correlation among the droplet diameter and velocity components provides 
additional information relevant to understanding mechanisms of droplet transport 
in sprays. Figures 16 and 17 present such correlations at locations L 1 and L3 under 
nonswirling and swirling conditions, respectively. The symbols in Figs. 16c, 16f, 
17c, and 17f are coded to the droplet size as shown in the inset of Figs. 16f 
and 17f. At location L1 (burner centerline), the axial droplet velocity component 
is weakly correlated with diameter in both cases (i.e., weak linear dependence 
between diameter and axial velocity with a correlation coefficient r 2 of -0.2 for 
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Fig. 16 Axial velocity/diameter, radial velocity/diameter, and axial/radial velocity 
correlations, respectively, at the centerline (location Ll, frames a-c) and spray bound
ary (location L3 frames d-f) for the nonswirling spray; axial/radial velocity correla
tions are coded to represent the change in droplet diameter. (Continued) 

S = 0, and 0.5 for S = 0.53) as shown in Figs. 16a and 17a, though there is a 
-;light increase in the values of u as diameter increases. Furthermore, for any given 
Jiameter, the axial velocity varies over a relatively large range. For example, the 
~xial velocity of 10-J.Lm-diameter droplets varies between about 3 rn/s and 11 rn/s 
tor S = 0, and -5 rn/s and 7 rn/s for S = 0.53, as shown in Figs. 16a and 17a, 
respectively. By contrast, the radial velocity component is much smaller and shows 
much less scatter for a given droplet diameter than the axial component, as shown 
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in Figs. 16b and 17b (with the scatter decreasing as diameter increases). Figures 
16c and 17 c show the correlation between the two velocity components at location 
Ll. The axial component is weakly dependent on the radial component, which 
is close to zero as shown in both Figs. 16c and 17c. The size-coded symbols 
in Figs. 16c and 17c show the tendency of larger droplets to have larger axial 
velocity components than smaller droplets. It is interesting to note that the effect 
of swirl near the centerline is to affect the velocity range (i.e., generate recirculated 
droplets), and that somewhat larger size droplets are present at the spray centerline 
than detected in the nonswirling case. 
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Fig. 17 Axial velocity/diameter, radial velocity/diameter, and axial/radial velocity 
correlations, respectively, at the centerline (location Ll, frames a-c) and spray bound· 
ary (location L3 frames d-f) for the swirling spray; axial/radial velocity correlations 
are coded to represent the change in droplet diameter. (Continued) 

At location L3 (near the spray boundary, see Figs. 16d and 16e for S = 0 and 
Figs. l7d and 17e for S = 0.53) the results show a different trend than along the 
'pray centerline. Whereas the axial velocity component does not vary strongly 
with droplet diameter at location Ll (see Figs. 16a and 17a), the correlation be
tween axial velocity and diameter is more pronounced at location L3 (r 2 ~ 0.7 
for S = 0 and r1 ~ 0.75 for S = 0.53). For the nonswirling case, the value of u 
IS well correlated with diameter over the range 5 J.Lm < D < 60 J.Lm, whereas for 
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D > 60 f.Lm, the dependence of diameter on axial velocity appears to weaken 
sharply. For D > 60 f.Lm, the radial velocity component also increases at a slower 
rate (with increased variance) and appears to approach an asymptotic value. Near 
the spray boundary, where the droplets are moving at comparatively higher veloc
ity, a simple force balance on droplets shows that droplet deceleration is inversely 
proportional to diameter squared.28 Since larger droplets will decelerate at a rate 
lower than that of the smaller droplets, the velocity of larger droplets is expected 
to be influenced less by droplet diameter than is the velocity of smaller droplets. 
For larger droplets, which would experience minimal deceleration, the droplet 
velocity should be independent of diameter in the spray (assuming that their initial 
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\ docities at the nozzle exit are independent of diameter). This is consistent with 
the trends shown in Figs. 16d, 16e, 17d, and 17e. 

The correlation between velocity components near the spray boundary shown 

10 Fi!zs. l6f and l7f is consistent with the mean trajectory angle shown in Fig. 12. 
Alth~ugh these correlations are similar for both the swirling and nonswirling 
cases, there are some notable differences. The size-coded symbols in Figs. l6f 
Jnd l7f again show the tendency of larger droplets to have larger axial velocity 
components than smaller droplets. The effect of swirl near the spray boundary 
IS to affect the velocity range by widening the range of both the axial and radial 
velocity components as compared to the nonswirling case. This is again evident in 
Fig, 13 from the wider range of angles that is associated with the droplet motion 
in ~he swirling case. 

IV. Summary 

Droplet transport was examined in a kerosene spray using a phase Doppler 
interferometry system. The effect of swirl was studied by comparing a swirling 
spray to a nonswirling spray for the same operating conditions. For both the 
nonswirling and swirling cases, the larger droplets were found near the spray 
boundary and the smaller ones near the spray centerline, a characteristic of hollow
cone spray nozzles. Near the center of the spray, the size and velocity distributions 
are narrow, and there is little correlation between droplet size and velocity. Near 
the spray boundary, the width of the distributions are wider, and droplet size and 
velocity are better correlated near the nozzle exit. Near the nozzle exit, droplet 
momentum is far too large near the spray boundary for the surrounding turbulent 
airstream to have an influence on the droplets (including the smaller size droplets). 

The presence of air swirl has several effects on droplet transport. Near the 
centerline, droplet transport is primarily upstream in the axial direction (i.e., 
reverse flow) as a result of the swirling air pattern. Under swirling conditions, 
the distribution of droplet trajectory angles is wider at each radial position across 
the spray than in the nonswirling case. This feature is most prominent near the 
spray centerline where a significant number of droplets (representing a wide ran.ge 
of droplet sizes) counterflow in the direction opposite to the droplets emanating 
directly from the nozzle. These results indicate that a moderate degree of swirl 
Imparted to the airstream has a significant influence on individual droplet transport 
.1nd on the overall spray structure. 
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