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Droplet dispersion for steady and transient sprays produced by an air-assist internally mixing cone atomizer
is studied using high-speed laser imaging, shadowgraphy, and particle tracking velocimetry (PTV). For this
spray, large droplets form close to the periphery while small droplets form close to the centerline. Radial
dispersion of droplets is a function of droplet relaxation time and fluctuating flow characteristic times so
that small droplets disperse more effectively in the radial direction than large droplets due to turbulent
diffusion. For the transient spray, the overall axial and radial penetration of the spray is self-preserving
and similar to penetration of starting continuous phase jets. Axial dispersion of droplets is a function of
droplet relaxation time and the mean flow characteristic time. The leading edge of the spray exhibits higher
turbulence than the trailing edge, which is characterized by very large eddies and smaller Reynolds numbers.
The dispersion behavior at far-field away from the breakup region is expected to be similar for many dilute
air-assist, internally mixing round sprays.
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1. INTRODUCTION

1.1 Droplet Dispersion in Steady Air-Assist
Atomizers

Droplet dispersion from air-assist atomizers in axial
x and radialr directions may be a function of many
parameters. These include the type (e.g., internal ver-
sus external mixing) and geometry (exit diameters
for liquid and gas streams) of the air-assist atomizer,
droplet diameterd, the gas to liquid mass loading ra-
tio ṁg/ṁl, the gas to liquid momentum loading ratio
pg/pl, the gas Weber number Weg, the gas and liq-

uid Reynolds numbers Reg and Rel, droplet evapora-
tion rate, gravitational effects, and the spray breakup
structure. This study considers the effects of droplet
diameter, gas and liquid Reynolds numbers, Weber
number, and mass loading ratio.

The overall shape of a round air-assist spray can
be characterized using the penetration, cone angle,
and equivalent spray angle (Rizkalla and Lefebvre,
1975); however, none of these measurements provide
any information regarding the droplet size within the
spray. Instead, some studies report droplet size in a
spray using Sauter mean diameter (SMD) ord32, the
overall volume-to-surface ratio. Eroglu and Chigier
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NOMENCLATURE

Ag nozzle gas exit area
Al nozzle liquid exit area
ALR air-to-liquid mass ratio
B spray self-similarity constant
C semi empirical coefficient fork − ε

turbulence models
Cr jet radial dispersion self-preserving constant
Cx jet axial dispersion self-preserving constant
d droplet diameter
d10 number mean diameter
d32 volume to surface area ratio or Sauter

mean diameter (SMD)
dg nozzle gas exit diameter
dl nozzle liquid exit diameter
k turbulent kinetic energy
L characteristic flow length
ṁg gas mass flow rate
ṁl liquid mass flow rate
N number of measurements
n continuous phase jet or spray axial

dispersion self-preserving constant
Nf number fraction
P pressure,P value for statistical analysis
pg nozzle gas exit momentum
pl nozzle liquid exit momentum
PeL Lagrangian Péclet number
PTV particle tracking velocimetry
r radial distance from nozzle
R2 coefficient of determination
Reg gas Reynolds number
Rel liquid Reynolds number
Stk Kolmogorov-Stokes number
Stm mean Stokes number
Stt turbulent Stokes number

SMD Sauter mean diameter
t time, t statistic
td imaging time delay
tf time delay to reach maximum liquid/gas

flow
t0 time delay
t∗ nondimensional time
U axial droplet velocity
Uc axial droplet velocity in the center of spray
Ug nozzle gas exit velocity
Ul nozzle liquid exit velocity
Ur relative velocity between liquid and gas
Vf volume fraction
vt terminal droplet velocity
Weg aerodynamic Weber number
x axial distance from nozzle, random variable
x0 axial distance of virtual origin from nozzle
x mean value statistic

Greek Symbols
ε turbulent dissipation rate, droplet

diffusivity
µg gas dynamic viscosity
µl liquid dynamic viscosity
ν degrees of freedom
νg gas kinematic viscosity
νl liquid kinematic viscosity
ρg gas density
ρl liquid density
σ liquid surface tension, standard deviation
τd droplet relaxation time
τg characteristic mean flow time scale
τe characteristic eddy time scale
τk characteristic Kolmogorov time scale

(1991), Hardalupas and Whitelaw (1994), and Karl
et al. (1996) performed measurements ofd32 as a
function of axial and radial distances for externally
mixing air-assist atomizers. Karl et al. (1996) found
that d32 increases at the spray periphery due to the
greater momentum of larger droplets and their abil-

ity to migrate to the side given the initial velocity in
the radial direction. Hardalupas and Whitelaw (1994)
found a decreasingd32 versus radial distance. To
the contrary, given different operating liquid and gas
pressures, Eroglu and Chigier (1991) found thatd32

could rise, fall, or stay the same with increasing radial

Atomization and Sprays



Steady and Transient Droplet Dispersion 1011

distance. These studies did not report a major shift in
the value ofd32 as a function of axial distance for
steady sprays.

Empirical correlations ofd32 have been developed
for air-assist atomizers (Rizk and Lefebvre, 1984;
Rizkalla and Lefebvre, 1975; Sakai et al., 1978).
Rizkalla and Lefebvre (1975) developed the follow-
ing correlation ford32 for an internally mixing atom-
izer:

d32 = 0.95
(σṁl)

0.33

Urρ
0.37
l ρ0.30

g

(

1 +
1

ALR

)1.70

+ 0.13

(

µ
2

l dg

σρl

)0.5 (

1 +
1

ALR

)1.70

(1)

where ALR is the air-to-liquid mass ratiȯmg/ṁl

andUr is the relative velocity between air and liq-
uid. Water, kerosene, and other fluids were employed
in these tests. The air velocity was held in the range
70–125 m/s. ALR was in the range 3–9. Experiments
were run at room and elevated temperatures. This
correlation is accurate within8% over a broad range
of air and liquid properties that include our operating
conditions for nitrogen and water.

Size-resolved droplet concentration and velocity
within a spray also describe the dispersion behavior.
Eroglu and Chigier (1991), Hardalupas and Whitelaw
(1994), Karl et al. (1996), and de Vega et al. (2000)
performed measurements of droplet concentration
and mean velocity as a function of axial and ra-
dial distances for steady, externally mixing air-assist
atomizers. Nijdam et al. (2008) provided compara-
ble measurements for an internally mixing air-assist
atomizer. Also, Kennedy and Moody (1998) per-
formed velocity and radial dispersion measurements
of monodisperse droplets in a steady gas jet as a func-
tion of gas Reynolds number and position. It was
found that total concentration at large axial distances
follows a self-similar Gaussian distribution versus
non-dimensional radial distance (de Vega et al., 2000;
Karl et al., 1996). Also, it was found that nondi-
mensional axial velocity profiles are self-similar and
appear as Gaussian when plotted against nondimen-
sional radial distance (Arcoumanis and Gavaises,
1998; de Vega et al., 2000; Hussein et al., 1994;

Karl et al., 1996; Kennedy and Moody, 1998; Li
et al., 2009). de Vega et al. (2000) and Nijdam et al.
(2008) verified that smaller droplets have higher tur-
bulent intensities in sprays, both axially and radially.
Kennedy and Moody (1998) verified, experimentally,
that smaller droplets disperse more effectively in the
radial direction. These studies hint that, in a full-size
distribution, smaller droplets diffuse more quickly in
the radial direction, but the validity of this statement
in the context of air-assist atomization using liquid
breakup is yet to be confirmed.

Axial deceleration of continuous phase jets and
sprays is an important measure for droplet dispersion
in sprays. Gases and particle-laden jets are character-
ized by a decreasing centerline axial mean velocity
(deceleration)Uc as a function of axial distancex,
upstream gas velocityUg, virtual origin x0, nozzle
gas exit diameterdg, and a constantB, in such a way
that

Ug

Uc

=
1

B

(

x

dg

−
x0

dg

)

(2)

The values ofB andx0 vary among continuous
phase jets, particle-laden jets, and sprays. For con-
tinuous phase jets, Hussein et al. (1994) gaveB ' 6
andx0 ' 3dg; for particle-laden flows with low mass
loadings, Hardalupas et al. (1989) gaveB ' 7.2
and x0 ' 3.5dg; and for sprays, de Vega et al.
(2000) gaveB ' 10 and x0 ' −15dg. de Vega
et al. (2000) found a faster deceleration for smaller
droplets. Droplet mean axial velocity is dependent
on droplet size and gas axial velocity, both of which
must be measured accurately to describe the axial
dispersion behavior.

Proper understanding of droplet dispersion in air-
assist atomization requires knowledge of continuous
phase (gas) jets. First, dispersion of fine droplets in
dilute sprays can be approximated by that of gas jets,
since fine droplets behave like fluid elements. Sec-
ond, spray dispersion results from the interaction of
droplets with the gas mean and turbulent flow com-
ponents. The work of Sangras et al. (2002) and others
(Kouros et al., 1993; Lahbabi et al., 1993; Rizk, 1958;
Witze, 1983) allows comparison between dilute air-
assist spray penetration and the penetration of contin-
uous phase puffs, starting jets, and jets. The work of
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Hussein et al. (1994) can be used to provide estimates
for velocity distribution, kinetic energy, and dissipa-
tion rate in high-Reynolds-number axisymmetric tur-
bulent jets, and subsequently, dilute sprays.

Droplet dispersion follows from the breakup pro-
cesses that occur during the early stages of atomiza-
tion (Engelbert et al., 1995; Lasheras et al., 1998;
Varga et al., 2003). Shi and Kleinstreuer (2007) clas-
sify different breakup regimes for coaxial air-assist
atomizers. The first step, called primary breakup, is
due to the formation of ligaments and other irreg-
ular liquid elements along the surface of the liq-
uid column. These irregular shapes break into large
droplets. The droplets then undergo different forms
of breakup, called secondary breakup, that includes
“bag,” “stripping,” and “catastrophic” mechanisms.

The physics that govern primary and secondary
breakup mechanisms are different (Lasheras et al.,
1998). For small Weber numbers (Weg < 110) sur-
face tension dominates the droplet formation. For
larger Weber numbers (Weg > 100) fiber-type lig-
aments begin to form and they break into droplets
by the Rayleigh-type capillary breakup mechanism.
The intact liquid core in air-assist atomizers further
persists downstream to a distance correlated to the
gas-to-liquid momentum ratio. The smaller this ratio,
the further the liquid stream travels before breakup.
The secondary breakup of droplets results from the
relative velocity between the droplet and the mean
motion of the gas (slip velocity) or from the turbu-
lence of the carrier gas. The former breakup process
is termed “shear breakup” and the latter process is
termed “turbulent breakup.”

Lasheras et al. (1998) attribute the accumulation
of larger droplets on the periphery of the spray due
to different breakup regimes. The primary breakup
is more dominant near the edge of the spray where
shear forces are maximum at the gas-liquid interface.
This mechanism is responsible for large droplet for-
mation. On the other hand, the secondary breakup
mechanisms (pressure and viscous forces by turbu-
lent motion) are dominant at the center of the spray.
These forces are responsible for smaller droplet for-
mation. The radial profiles ofd32 reduce in slope at
larger axial distances, since fine droplets migrate to

the periphery faster than large droplets. Explanation
of droplet dispersion in an air-assist atomizer requires
an understanding of primary and secondary breakup
regimes in the spray.

The evaporation rate can significantly affect drop-
let dispersion if droplets are small and their evapora-
tion time is comparable to their lifetime. For exam-
ple, at 20% relative humidity, 1µm droplets evap-
orate in 1 ms, 5µm droplets evaporate in 35 ms,
and 100µm droplets evaporate in 10 s (Morawska,
2006). To reduce the effect of evaporation on size and
dispersion measurements, it is desirable to analyze
droplets for which the evaporation time is at least
an order of magnitude larger than maximum time of
flight. This will be the case for this study and will be
explained in detail in Section 2.6.

Wells and Stock (1983) investigated the effect of
body forces such as gravity on the dispersion of
droplets in turbulent flows. They claimed that the im-
pact of gravity will be negligible if the droplet termi-
nal velocityvt is less than the root mean square of
fluid fluctuating velocity, which is the case for this
study. Otherwise, gravitational and other body forces
must be considered.

A droplet of diameterd, densityρl, suspended
in a gas with dynamic viscosityµg, interacts with
the mean and turbulent components of the gas flow.
The droplet response in the flow can be understood
by comparing the droplet relaxation timeτd =
ρld

2/(18µg) with other time scales in the flow. These
time scales are the mean flow time scaleτg = x/Ug,
the Kolmogorov time scaleτk =

√

νg/ε, and the
characteristic eddy time scaleτe = Ck/(

√

2/3ε).
The turbulent dissipation rateε, kinetic energyk, and
constantC can be estimated by those of gas jets in the
case of dilute sprays (Kennedy and Moody, 1998).
The Stokes number nondimensionalizes the droplet
relaxation time using these flow time scales. Table 1
demonstrates possible Stokes numbers for spray dis-
persion.

Radial dispersion of droplets in air-assist atom-
izers can be quantified using droplet diffusivity and
nondimensionalized using the convective time scale
of the gas flow to yield a Lagrangian Péclet num-
ber (Kennedy and Moody, 1998). Droplet diffusivity
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TABLE 1: Stokes numbers in spray droplet dispersion

Stokes number Symbol Definition
Mean Stokes number Stm τd/τg

Kolmogorov-Stokes number Stk τd/τk

Turbulent Stokes number Stt τd/τe

ε(d) and Lagrangian Péclet number PeL(d) are de-
fined as

ε(d) =
1

2

d

dt
< r(d, t)r(d, t) > (3)

PeL(d) =
Ugdg

ε(d)
(4)

This Péclet number can be calculated either locally
or as an average over a distance.

1.2 Droplet Dispersion in Transient
Air-Assist Atomizers

Droplet dispersion is less studied for transient air-
assist atomizers. Most studies in the literature con-
cerning transient sprays relate to liquid jets in en-
gine fuel injectors (e.g., diesel engines). Arcoumanis
and Gavaises (1998) have studied atomization from
diesel injectors. They report decreasingd32 as a func-
tion of time at larger axial distances. They also per-
formed velocimetry measurements as a function of
time and position. Their study, however, did not pro-
vide detailed dispersion and velocimetry results for a
complete droplet size distribution.

The overall transient dispersion of droplets in a
round air-assist spray can be characterized in a sim-
ilar way to those of continuous phase starting jets.
Sangras et al. (2002) have shown that downstream
of a continuous puff or starting jet, the flow evolves
into a self-preserving structure such that dimension-
less axial penetration(x − x0)/dg is correlated with
dimensionless time(t − tf )Ug/dg, and the dimen-
sionless radial penetrationr/(x − x0) is correlated
with dimensionless axial penetration. These correla-
tions are provided by

x − x0

dg

= Cx

(

(t − tf )Ug

dg

)n

(5)

r

x − x0

= Cr (6)

whereCx, Cr, andn are constants.n is usually 0.5
for starting jets and 0.25 for puffs.tf is the time de-
lay for the injected phase to reach its maximum flow
rate (Sangras et al., 2002). It is speculated that the
same correlation will explain the overall dispersion
for dilute air-assist sprays with very fine droplets.

1.3 Objectives

Many studies only report dispersion properties for
steady operation of air-assist atomizers. Even still,
most studies primarily focus on single or mean
droplet size dispersion characteristics while neglect-
ing the effect of droplet breakup mechanisms in dis-
persion further downstream of sprays. In our study,
the droplet dispersion characteristics for a cone air-
assist, internally mixing nozzle is sought under both
steady and transient operation modes, including spa-
tially resolved size distributions for droplets.

The first part of this study focuses on steady spray
dispersion behavior for an air-assist, internally mix-
ing cone atomizer. The specific research objectives
for this part are: (1) determine the effect of droplet
breakup in the dispersion of droplets downstream
of the spray; (2) determine the relationship between
droplet size and radial dispersion with a focus on
the size distribution of droplets. The second part ex-
tends the measurements to transient sprays. Specific
objectives of this part are: (1) determine the self-
preserving dispersion of the overall transient spray
and compare it to that of transient continuous phase
starting jets; (2) determine the droplet size distribu-
tion, Sauter mean diameter, and concentration for the
leading and trailing edges of the transient spray as a
function of time and the axial distance from the at-
omizer, and compare these with steady sprays; (3)
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determine the velocity distribution as a function of
axial distance and droplet size in the leading and trail-
ing edges of the transient spray, and compare it with
steady sprays; (4) explain the behavior of droplet dis-
persion and velocity using mean, Kolmogorov and
turbulent Stokes numbers.

2. EXPERIMENTAL METHODS

The atomizer used in this study consists of an air
nozzle assembly, two separate valves driven by a
solenoid, a relay, a liquid tank, a pressure regula-
tor, and two supply pressure lines. The nozzle assem-
bly traverses in the horizontalx and verticalr direc-
tions. The gas and liquid lines are pressurized and the
solenoid valves are operated by the relay. Two simul-
taneous pulses are supplied to the relay that powers
the solenoids. This actuates the valves and allows liq-
uid and pressurized gas to flow and create the spray.

The nozzle (SUQR-220B) was manufactured by
Spraying Systems Co. with an orifice output diam-
eter ofdg = 2.4 mm and an internal liquid jet di-
ameter ofdl = 1 mm. The fluid mixing is shown in
Fig. 1. The Liquid cap has the center orifice that car-

ries the liquid into the air cap. Around the fluid cap,
near the front gasket, there are four orifices that intro-
duce the atomizing air into the liquid stream. The full
nozzle assembly is shown in Fig. 2. Deionized water
was used as liquid and pressurized nitrogen was used
as gas for the spray tests. The temperature and rel-
ative humidity in the laboratory were 22–24◦C and
45–55%, respectively.

2.1 Spray Penetration Test Setup

A “forward lighting” arrangement was used to take
images of the spray using a LaVision Imager In-
tense Camera. A continuous light source was used so
that a powerful backscattered signal from the droplets
could be recorded. The physical distance between the
camera and the atomizer was 2.7 m. A 50 mm 1:1.2
Nikon lens (386671) was used to provide a wide field
of view of 475 mm. The area behind the atomizer
was covered by a black mat. The camera exposure
time was set to 500µs. A complete schematic for the
spray penetration test is shown in Fig. 3.

The atomizer and imaging were timed using a
LabView system (consisting of a computer and a Na-
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FIG. 1: Fluid mixing schematic.
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FIG. 2: Nozzle assembly (courtesy of Spraying Systems Co.).

tional Instruments BNC-2121 pulse generator) and a
LaVision system (consisting of a computer and a pro-

grammable timing unit (PTU) board to trigger the
camera). First, a pulse was generated by the Lab-
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Pulse to trigger imaging

FIG. 3: Schematic for spray penetration (left) and shadowgraphy/PVT (right) test systems.

View system to trigger the solenoids and therefore
initiated the injection. The same pulse was supplied
to the LaVision system. Then the LaVision Sizemas-
ter/Davis 7.2 program signaled the camera for imag-
ing by a pulse that was delayed by various values
so that penetration of the spray could be observed at
different times after valve opening. This delay time
ranged logarithmically from 10 ms to 40 ms in 20
steps. Two flow conditions were considered in this

study (Table 2). The time resolution for the PTU se-
quencer I/O was 10 ns. The typical jitter between all
outputs was less than 1 ns.

2.2 Spray Shadowgraphy Test Setup

A shadowgraphy technique was used to take close-
up images of individual droplets. A “backlighting”
arrangement was used to take images of the spray us-

TABLE 2: Flow conditions for the spray tests

Test 1 2
Nitrogen Pressure [psi] 30 50
Water Pressure [psi] 15 25
Ug [m/s] [237]1 [351]
Ul [m/s] [0.37] [0.25]
Reg = Ugdg/νg 34,600 51,200
Rel = Uldl/νl 370 260
Weg = ρg(Ug − Ul)

2dl/σ 940 2070
ṁg/ṁl = (ρgAgUg)/(ρlAlUl) 1.23 0.60
pg/pl = (ρgAgU

2
g )/(ρlAlU

2

l ) 830 830
1 [] Velocities are estimated using gas and liquid flow rates,

exit diameters, and densities at room temperature provided
by the manufacturer

Atomization and Sprays
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ing the LaVision Imager Intense camera. A pulsed
laser (Big Sky Ultra) was used as a light source to
shine a diverged beam of green light (532 nm) on a
diffuse and fluorescent medium (liquid rhodamine).
The collimated laser beam was passed through a lens
so that the beam was traced as a round circle of about
2 cm in diameter on a flat container of liquid rho-
damine. The physical distance between the camera
and the atomized spray was about 10 cm. A14X
magnification Navitar lens was used to provide a nar-
row field of view of about 0.5× 0.3 mm. The camera
exposure time was set to 500µs and the laser light
source was fired at the end of the exposure time by
the PTU unit. The actual exposure was just under 10
ns (the pulse width of the laser). Only test 1 flow con-
ditions in Section 2.1 were used. It was desired to
measure the droplet size distribution at a location at a
known elapsed time after the spray injection. To ob-
tain precise elapsed times, the valve actuation time
variability must be eliminated. A pair of photoelec-
tric sensors and an infrared emitter were arranged in
a “through-beam” setup at the exit of the spray near
the nozzle tip. The receiver (C5R-AN-1A) and the
emitter (C5E-ON-1A) were supplied by Automation
Direct. If the spray blocked the infrared beam path,
the receiver would produce a triggering signal for the
PTU board. A complete schematic for this system is
shown in Fig. 3.

The same LabView and LaVision systems were
used for timing the injection and imaging. Again, a
valve actuation signal was sent by the LabView sys-
tem. Upon sensing the spray at the nozzle tip by the
infrared sensor, a trigger signal (corresponding to ei-
ther the leading or trailing edges of spray) was sent to
the LaVision system. The LaVision system then sent
two delayed pulses to both the laser and camera for
imaging. The delay helped determine droplet sizing
at various times during the spray development.

In our experiment, LaVision’s DaVis 7.2 Sizemas-
ter program determined the droplet size using the fol-
lowing algorithm. The source images were acquired
without smoothing, recommended when high-quality
images contain low noise or only a few hot/cold pix-
els. Then a smooth reference image was created for
each source image with equal or more photon counts

for all pixels. Subsequently the source image was
normalized and inverted by the reference image. The
resultant image contained droplets with high-photon-
count pixels. Then global segmentation of the im-
age was performed, where areas of the image with
a higher than setpoint photon count were chosen for
analysis. Then the particle segmentation was per-
formed, finding the average particle diameter for two
areas associated with each global segmentation. One
area covered a section with a high-photon-count and
another area covered a section with the low-photon-
count thresholds. Usually a minimum and maximum
pixel area are set for the software to avoid detecting
noise or very large particles. All parameters set for
shadowgraphy are given in Table 3. Droplets that are
not in the depth of field may appear faintly with irreg-
ular shapes, but their intensity contrast with the back-
ground is not high enough so that the global segmen-
tation does not consider them for counting. Figure 4
shows the number distributionNf for 6 µm diameter
calibration microspheres suspended in liquid water.
A total of 4135 droplets in 30 images were detected.
For this measurement,d10 = 6.4 µm. As seen, the
shadowgraphy technique, like other droplet measure-
ment techniques, tends to “broaden” the distribution
with standard deviationσ = 2.2 µm. As the result of
this broadening, the measuredd32 increases slightly
to 8.2µm.

2.3 Spray Particle Tracking Velocimetry
(PTV) Test Setup

The same optical system as in Section 2.2 was
used for size dependent particle tracking velocimetry
(PVT). A dual-head laser generated two light pulses
separated by 10µs. The LaVision Imager Intense
camera was used to grab a double-frame image timed
with laser firing. Again, only test 1 flow conditions in
Section 2.1 were used.

In our experiment, LaVision’s DaVis 7.2 Sizemas-
ter program determined the droplet velocity using the
following algorithm. First the sizing algorithm de-
scribed in Section 2.2 determined the particle size
for each frame of the image. The position and size
for each particle were stored. The velocity algorithm

Volume 21, Number 12, 2011
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TABLE 3: Summary of shadowgraphy and particle tracking velocimetryparameters

Category Subcategory Value/Technique
Preprocessing Image processing No smoothing
Preprocessing Reference image Calculate for each image
Preprocessing Reference calculation Strict sliding max. filter
Preprocessing Filter length 200 pixels
Particle recognition Reference Normalize by ref. image
Particle recognition Global segmentation 40% global threshold
Particle recognition Particle segmentation 40% low, 60% high
Particle recognition Particle segmentation 5% AOI expansion
Particle recognition Particle segmentation Fill particles
Recognition filter Maximum low-level area 200% of high-level area
Recognition filter Minimal area 25 pixels
Velocity parameters Initial/final window size x = 0.5 mm× r = 0.2 mm
Velocity parameters Number of passes 1
Velocity parameters Diameter deviation 15%
Velocity parameters Initial shift x = 0.5 mm× r = 0.0 mm
Statistical results Correct depth of field 100µm reference

2 4 6 8 10 12 14 16 18 20
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

d [µm ]

N
f
(d
)

FIG. 4: Number size distribution for 6µm diameter calibration microspheres measured by the shadowgraphy
technique.

identified two pairs of particles with two conditions:
the allowed shift and the size. The initial and final
window sizes determined the two windows where
particles were analyzed in. The initial shift defined
the center position of the final window in which par-
ticles are accepted relative to each particle location
in the initial window. This shift was chosen in the di-
rection of the axial flow of spray so that no reverse
motion could be detected. The other parameter de-

termined how much a particle size was allowed to
vary between the two windows. All parameters set
for PTV are given in Table 3.

2.4 Valve Actuation and Rise Time

To test the valve “actuation” time and flow “rise”
time, a pressure transducer was placed in front of
the atomizer at a distance of 1 cm along the central
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axis. A PCB pressure transducer (model 112A05), a
Kistler dual-mode amplifier (model 5004), an iotech
wave data logger (model WaveBook/512), and iotech
wave recording software (model WaveView7) were
used to read and log pressure data. The system sam-
pled 500,000 data points during 50 s with a sampling
frequency of 10 kHz. Twenty-five injections were
made and the pressure trace was monitored.

The maximum cycle-to-cycle actuation time vari-
ability for all twenty-five injections was 8 ms, which
justified using the photoelectric sensor. The twenty-
five injections resulted in a pressure trace with a stan-
dard error (P = 68%) that is plotted in Fig. 5. The
rise timetf for the pressure is a good indicator of
time required for liquid/gas flows to reach a max-
imum value. The rise time is taken as the time re-
quired to reach 90% of maximum for a smooth fit to
the pressure and is estimated to be 9 ms. The actua-
tion and rise time are shown in Fig. 5.

2.5 Statistical Analalysis

Concentration,d32, volume fraction, number frac-
tion, velocity, and Péclet number are reported using
three measurements, each calculated from 100 im-
ages. At distribution is assumed for the data so that
xbest = x ± tP,ν(σx/

√
N) with P = 68%,N = 3,

ν = 2, andσx the standard deviation for the three
measurements. The mean valuesx, the standard er-
rors tP,ν(σx/

√
N), and the curve fitting coefficient

of determinationR2 are reported.

2.6 Droplet Size Range for Analysis

To determine the atomization quality, the droplets are
analyzed in the range 2–100µm. For dispersion mea-
surements, however, a smaller range (5–60µm) is
considered. Increasing the minimum droplet size re-
duces the effect of evaporation as described in Sec-
tion 1.1. Also, decreasing the maximum droplet size
improves the statistics of large droplets, as they occur
less frequently in the flow.

3. RESULTS AND DISCUSSION

3.1 Spray Penetration

A total of 200 images were taken for each test de-
scribed in Section 2.1. The injection (and therefore
imaging) was repeated every 2.5 s. The raw images
were later processed by a MATLAB code so that
the spray axial and radial penetration distances could
be determined with ease. First, each image was con-
verted into a binary image, with its pixel value as-
signed to 1 if the intensity was above a given thresh-
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FIG. 5: Pressure rise time at a distance of 1 cm in front of the nozzle due to valve actuation (test 1 flow conditions).
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old and 0 if the intensity was below it. Second, the
image was filtered for noise (random pixels with
high intensity). The spray axial and radial penetra-
tion distances were measured by constructing a box
around the spray whose length and width represented
x and r, respectively. The algorithm for the MAT-
LAB code is provided in Appendix A. The final im-

age was used in the penetration study. Figure 6 shows
the raw and filtered binary images obtained by the
camera.

Dimensionless axial penetration is plotted versus
dimensionless time in Fig. 7. Dimensionless radial
penetration is plotted versus dimensionless axial pen-
etration in the same figure.tf is estimated in Sec-

�

�

FIG. 6: Spray att = 24 ms for test 1 raw image (top) and filtered binary image (bottom).
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Figure 6: Dimensionless axial penetration versus dimensionless time (left) and dimension-FIG. 7: Dimensionless axial penetration versus dimensionless time (left) and dimensionless radial penetration
versus axial penetration (right) (test 1 and 2 flow conditions).

tion 2.4. Two lines on each plot have been fitted to
the last 11 data points to describe the self-preserving
scaling of the starting jet (R2 = 0.99) according to
Eqs. (5) and (6). The virtual originx0 is calculated
to be –0.005 m. These lines are expected to overlay
closely on top of each other. The fitted constants to
the self-preserving scaling of the starting jet are pro-
vided in Table 4. The constants found are close to
those of starting continuous phase jets in the litera-
ture.

3.2 Sauter Mean Diameter, Droplet Size, and
Concentration Distributions for Steady
Spray

The spray was imaged at three axial locations: 50
mm (x/dg = 20.7), 100 mm (x/dg = 41.4), and

200 mm (x/dg = 82.9) away from the nozzle. A ra-
dial traverse was performed at each axial location.
The radial total concentration is plotted in Fig. 8.
As expected, the data collapse on a Gaussian curve
(R2 = 0.96). Figure 8 also shows the radial pro-
files ofd32 at three different axial locations.d32 rises
as the spray periphery is approached. These results
are in agreement with those found in previous stud-
ies (de Vega et al., 2000; Karl et al., 1996; Lasheras
et al., 1998) that found that close to the nozzle, larger
droplets were more prevalent on the spray periph-
ery.

The correlation of Rizkalla and Lefebvre (1975)
predictsd32 = 20.8 µm for the same atomizer flow
conditions, exit diameters, and liquid and gas prop-
erties. This value is remarkably close to our experi-
mentally measured value (d32 = 20.8 ± 0.3 µm) at

TABLE 4: Summary of self-preserving properties for round turbulentstarting jets and
transient sprays

Medium Reg n Cx Cr

Liquid (Sangras et al., 2002) 3000–12,000 0.5 2.6 0.16
Liquid (Kouros et al., 1993) 53,000 — —- 0.09–0.10
Liquid (Lahbabi et al., 1993) 2600 0.5 2.9 —
Liquid (Rizk, 1958) — — — 0.13
Gas (Witze, 1983) 2400–9200 0.5 2.5–3.2 —
This study 34,600–51,200 0.5 2.19–2.48 0.10–0.11
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FIG. 8: Total radial concentration of droplets (left) andd32 (right) at three different axial distances (test 1 flow
conditions).

x/dg = 20.7 for droplet sizes in the range 2–100µm
as described in Section 2.6. This leads to confidence
in our measurements.

3.3 Sauter Mean Diameter and
Concentration Distribution for Transient
Spray

The leading and trailing edges of the spray are shown
schematically in Fig. 9. The arrival of the leading
edge at a particular location is considered when at

least 100 droplets are detected, on average, for the
three sets of 100 images taken. Likewise, for the trail-
ing edge there should be at least 100 droplets de-
tected, on average, for the three sets of 100 images
taken. The transient behavior of the spray is studied
by delaying imaging with respect to the infrared sen-
sor trigger signal. The leading edge of the spray is
measured when the infrared beam is blocked (high to
low edge trigger), and the trailing edge of the spray is
measured when the infrared beam is unblocked (low
to high edge trigger).

FIG. 9: Schematic for leading and trailing edges of the transient spray.
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Figure 10 plotsd32 and normalized concentration
profiles against non-dimensional time delay for the
leading and trailing edges at the centerline of spray.
At the trailing edge the value ofd32 is higher at larger
axial distances. This can be attributed to two effects.
First, small droplets may shrink slightly and leave the
measurement droplet size limits due to evaporation at
long time delays. Second, the small droplets depart
from the centerline more quickly by turbulent disper-
sion. These two mechanisms can result in higherd32

values at the centerline of the spray.

3.4 Droplet Size Distribution for Transient
Spray

Figure 11 shows the volume size distributions for
the leading and trailing edges at the centerline of
the spray with respect to time delay forx/dg =

20.7, 41.4, and 82.9. The time delay is non-
dimensionalized byt∗ = tdUg/dg.

Figures 10 and 11 show that forx/dg = 20.7 the
leading edge of the transient spray contains more fine
droplets than the steady spray. In contrast, the lead-
ing edges forx/dg = 41.4 and 82.9 contain larger
droplets so that the volume size distribution is grad-
ually shifted to the right. It is speculated that fine
droplets respond to the high flow speed near the noz-
zle more quickly. In addition, larger droplets origi-
nally form closer to the periphery of the spray and
do not interact with high flow velocities at the center.
As a result, smaller droplets penetrate faster in the
axial direction near the nozzle. On the contrary, at
larger axial distances (x/dg = 41.4 and 82.9), larger
droplets have gained momentum and penetrate with
higher speed in the axial direction. No obvious trend
is observed for the trailing edge. It is noted that at
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FIG. 10: d32 (top) and normalized concentration (bottom) in the leading(left) and trailing (right) edges of the spray
(test 1 flow conditions).
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FIG. 11: Volume size distribution on central axis in the leading (left) and trailing (right) edges of the spray at
x/dg = 20.7 (top),x/dg = 41.4 (middle) andx/dg = 82.9 (bottom) (t∗ = tdUg/dg) (test 1 flow conditions).

larger nondimensional time delays the transient spray
approaches the steady-state conditions so that the
plots reflect any differences.

These results can be better understood considering
the mean Stokes number (defined in Table 1). The
mean Stokes number for the peak droplet size in the
leading edge is calculated as Stm = 5.3, 7.2, and 6.4

for x/dg = 20.7, 41.4, and 82.9, respectively. For the
trailing edge it is calculated as Stm = 7.6, 8.6, and 5.4
accordingly. The mean Stokes number suggests that
the relaxation timeτd for the dominant droplet size in
the leading or trailing edges of the spray scales with
the mean characteristic time of the flowτg at each
axial distance of interest. Further research should find
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a correlation betweenτd andτg with examination of
a broader range of axial distances.

3.5 Steady Spray Deceleration

The steady spray deceleration is shown in Fig. 12.
The values ofB and x0 in Eq. (2) are found ex-
perimentally.B is 6.5, 11.8, 7.4, 5.5, and 5.8 for
each droplet size bin from the smallest to the largest
bin. Likewise,x0 is –131dg, –232dg, –114dg, –63dg,
and –57dg for each droplet size bin from smallest to
largest bin (R2 = 0.84, 0.75, 0.68, 0.71, and 0.59).
TheB values, negative virtual origins, and faster de-
celeration of smaller droplets in the spray are consis-
tent with results found in the literature (de Vega et al.,
2000). The virtual origin decreases as the droplet di-
ameter increases.

3.6 Velocity Distribution for Steady Spray

Figure 13 shows the velocity distribution as a func-
tion of radial distance at the axial location ofx/dg =
41.4. In particular, profiles of axial velocityU , nor-
malized axial velocityU/Uc, axial fluctuating veloc-
ity u2, and radial fluctuating velocityv2 have been
chosen for demonstration. The velocity profiles for
other axial locations show a similar trend, and there-
fore they are not shown for conciseness.

The first trend observed is that larger size bin
droplets have higher mean velocities in the axial di-

rection. This is expected since larger droplets have
more momentum and are disturbed less by turbu-
lent eddies in the gas phase. Moreover, these veloc-
ity profiles are self-similar and appear as Gaussian in
the radial direction (Arcoumanis and Gavaises, 1998;
de Vega et al., 2000; Hussein et al., 1994; Karl et al.,
1996; Kennedy and Moody, 1998; Li et al., 2009).

The fluctuating profiles indicate to what extent
particles of a certain size bin follow the turbulent
fluctuations in the fluid. Smaller droplets assume
higher fluctuating velocities than larger droplets
(de Vega et al., 2000; Nijdam et al., 2008). This can
be understood in light of turbulent and Kolmogorov
Stokes numbers (defined in Table 1). The values of
k andε for turbulent and Kolmogorov-Stokes num-
bers calculations have been approximated by con-
sidering the turbulent kinetic energy and dissipation
rate on the central axis of gas jets. Figure 14 shows
that at all axial distances the values of turbulent and
Kolmogorov-Stokes numbers are higher for larger
droplets. This means that as droplets become larger,
they disperse in a more dissimilar way than the fluid
elements since the ratios of droplet relaxation time
to turbulent eddy or Kolmogorov characteristic times
become higher.

3.7 Péclet Number for Steady Spray

The turbulent dispersion of droplets in the radial di-
rection can be nondimensionalized using droplet dif-
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fusivity and the Lagrangian Péclet number in Eqs. (3)
and (4). Since the droplet response to turbulence is

more predictable at larger distances from the noz-
zle, the average Péclet number is calculated from
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x/dg = 41.4 to x/dg = 82.9. Figure 15 shows
the Péclet number as a function of droplet size.
Larger droplets show a higher Péclet number than
smaller droplets. This confirms the hypothesis in Sec-
tion 3.6 that smaller droplets disperse more effec-
tively in the radial direction due to turbulent fluctua-
tions (Kennedy and Moody, 1998).

3.8 Velocity Distribution for Transient Spray

Figure 16 shows the velocity distribution as a func-
tion of time delay at the axial location ofx/dg =
41.4 on the centerline of the spray. In particular, pro-
files of axial velocityU , axial fluctuating velocityu2,
and radial fluctuating velocityv2 have been chosen
for demonstration. Again, the data have been plotted
on the same scale as for the steady spray (Fig. 13) so
that the relative magnitude of the quantities of inter-
est could be compared. For conciseness, the results
for other axial locations are not shown but are simi-
lar.

For the leading edge the mean axial velocity for
larger droplets is higher than that of smaller droplets.
The magnitude of this velocity does not change no-
tably as a function of time delay. The velocity mag-
nitude is also similar to those observed for steady
sprays. The unchanging value of this velocity as a
function of time delay in the leading edge shows

similarity between continuous phase starting jets and
transient sprays. As one would anticipate, the mag-
nitude of the axial velocity at the trailing edge is
smaller compared to the leading edge. This magni-
tude is similar for all droplet sizes, and it declines
slowly for larger time delays.

At the leading edge the magnitude of axial and ra-
dial fluctuating velocities are about the same as the
equivalent steady case. Again, small droplets move
with higher fluctuating velocities than large droplets.
For the trailing edge, these velocities drop an order
of magnitude and no correlation can be observed be-
tween velocity and droplet size. The velocity data is
rather very scattered. It is speculated that the mag-
nitude of turbulent and Kolmogorov-Stokes num-
bers drops quickly when the injection momentum
is cut. As a result, all droplets track fluid turbulent
motion more easily. In this region the flow reaches
very low Reynolds numbers, where all droplets fol-
low the random fluid motion with the same likeli-
hood.

4. CONCLUSIONS

Steady and transient droplet dispersion character-
istics of an air-assist internally mixing cone spray
have been studied using imaging, shadowgraphy,
and particle tracking velocimetry (PTV). While
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FIG. 15: Average Péclet number fromx/dg = 41.4 to x/dg = 82.9 (test 1 flow conditions).
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FIG. 16: Axial velocity (top), axial fluctuating velocity (middle),and radial fluctuating velocity (bottom) for leading
(left) and trailing (right) edges of the transient spray atx/dg = 41.4 (test 1 flow conditions).

some results confirm previous studies, others are
novel. The following conclusions may apply to
many dilute sprays at far enough distances from the
breakup regime, where flow patterns are self-simi-
lar.

4.1 Summary of Confirmed Results in the
Literature

For steady operation, the spray quality (d32 = 20.8±
0.3 µm) satisfies accepted Sauter mean diameter
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correlations that related32 to fluid properties and
flow conditions. Total concentration profiles are dis-
tributed in a Gaussian shape when plotted versus ra-
dial distance from the central axis. Furthermore, con-
centration profiles are self-similar so that they all col-
lapse on the same curve when plotted versus nondi-
mensional radial distance. The mean axial velocity
profiles also appear to be Gaussian as a function of
radial distance.

For the steady operation, spatial variation of at-
omization quality reveals that larger droplets form
closer to the periphery of the spray while smaller
droplets form close to the central axis. The velocime-
try and Péclet number analyses confirm that smaller
droplets migrate to the periphery of the spray faster
(PeL(d = 7.5 µm) = 93.3) than larger droplets
(PeL(d = 52.5 µm) = 147.7) due to turbulent dis-
persion. The deceleration plot and the mean axial
velocity profiles indicate that larger droplets move
faster than smaller ones in the axial direction.

4.2 Summary of Novel Results

Transient spray penetration test results reveal that
the overall spray axial and radial dispersion is self-
similar (Cx = 2.19 − 2.48, Cr = 0.10 − 0.11, and
n = 0.5) after a certain nondimensional time and
axial distance. In the self-similar region, the spray
behaves like a gas jet since the smallest droplets in
the spray disperse like fluid elements in the gas back-
ground.

The droplet volume fraction for the leading edge
peaks at 20µm, 33 µm, and 44µm for x/dg of
20.7, 41.4, and 82.9, respectively. In the trailing edge,
droplet volume fraction peaks at 24µm, 36µm, and
42 µm for the same nondimensional axial distances.
Likewise, d32 varies in the leading edge as a func-
tion of time delay and axial distance. This varia-
tion for the trailing edges is less pronounced. The
mean Stokes number analysis suggests that the relax-
ation timeτd for dominant droplet size in the leading
and trailing edges of the spray is correlated with the
mean characteristic time of the flowτg at the axial
distances examined. For the leading edge the mean
Stokes number is calculated as Stm = 5.3, 7.2, and

6.4 and for the trailing edge it is calculated as Stm =
7.6, 8.6, and 5.4 for the same axial distances, respec-
tively. Future research must find this correlation in a
broader range for all axial distances within the spray.

PTV of the transient spray in the leading edge re-
veals similar mean and fluctuating velocities to the
steady spray. Large droplets have high mean axial
velocities while small droplets have higher fluctuat-
ing radial velocities. These velocities do not change
appreciably as a function of time delay. The mean
and fluctuating velocities for the trailing edge, how-
ever, are an order of magnitude (factor of 10) less
than those for steady spray. These velocities decrease
as a function of time delay. The mean axial and
fluctuating radial velocities have equal magnitudes
for all droplet sizes. The trailing edge of the spray
exhibits low-Reynolds-number and large-eddy flow
conditions with lower turbulent and Kolmogorov-
Stokes numbers. Such flows tend to move droplets,
whether large or small, with the same likelihood as
fluid elements.
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APPENDIX A. MATLAB ALGORITHM FOR
IMAGE PROCESSING

• Set the image intensity threshold to 0.2.

• Set the noise removal constant to 5.

• Define the number of pixels in the image per unit
length.

• Read 10 images for each time delay in MAT-
LAB using theimread() command.

• Convert the images to the binary format using
the image intensity threshold and theim2bw()
command. Any pixel with an intensity greater
than threshold will be assigned an intensity of 1
or otherwise an intensity of 0.

• Filter the binary images for noise using the noise
removal constant and themedfilt2() command.
This command performs median filtering of an
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image matrix in two dimensions. Each output
pixel contains the median value in a neighbor-
hood around the corresponding pixel which is as
large as the noise removal constant in length.

• Visually inspect the 10 pictures and crop the
spray, which appears as a white region, using
theimcrop command in each image. This com-
mand allows the user to draw a box around the

edges of the spray and to store the box width and
length in memory in pixels.

• Convert the box dimensions from pixels to me-
ters.

• Calculate the mean and standard deviation for
the box dimensions using the data for the 10 im-
ages for the same time delay.
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