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Dispersion of Evaporating Droplets in a Swirling
Axisymmetric Jet

S. K. Aggarwal¤ and T. W. Park†

University of Illinois at Chicago, Chicago, Illinois 60607-7022

The effects of swirl and vaporization on droplet dispersion are investigated in the near region of a two-phase,
swirling, heated jet. Simulations are based on the numerical solution of time-dependent, axisymmetric gas-phase
equations.Droplets’ trajectories are tracked by using a Lagrangianapproach.For all of the swirl cases investigated,
the droplet dispersion exhibits a nonmonotonic behavior, with the maximum dispersion occurring near Stokes
number (St) unity.As the swirl intensity is increased, the radial dispersion of both nonevaporatingand evaporating
droplets is signi� cantly enhanced. We attribute this dispersion enhancement to two factors: 1) increased vortex
pairing interactions caused by swirl and 2) transfer of gas-phase swirl momentum to droplets. The effect of
vaporization on dispersion is characterized in terms of droplet lifetime compared to its response time and the
characteristic � ow time. Forthe investigatedconditions, the dispersionof evaporatingdroplets is noticeablyreduced
compared to that in the nonevaporating case. The dispersion function vs St behavior is also modi� ed due to
vaporization. Droplets with diameters smaller than the optimum value are suf� ciently vaporized during their
interaction with the vortex rings, and their dispersion approaches the low-St limit. On the other hand, droplets
with diameters larger than the optimum are not vaporized signi� cantly. Consequently, their dispersion follows the
large-St behavior.

Nomenclature
CD = droplet drag coef� cient
D = binary diffusion coef� cient
g = gravitational acceleration
H = enthalpy
h = heat transfer coef� cient, J/.m2 ¢ s¡1)
Pmk = droplet vaporization rate, ¼d2

k Pm 00
k [Eq. (8)], kg/s

p = pressure
Rek = droplet Reynolds number
r = radial distance
S = swirl number
S8

g = gas-phase source term for dependent variable 8
T = temperature
t = time
tk = droplet response time
tv = droplet vaporizationor lifetime
u; v; w = axial, radial, and swirl velocity components
Y = mass fraction
z = axial distance
08 = transport coef� cient in Eq. (1)
½ = density
8 = dependent variable in Eq. (1)

Subscripts

f = fuel vapor
g = gas phase
k = droplet
s = droplet surface

Introduction

I N recent years, numerous studies1– 6 have examined the effects
of large-scalevortical structures on the dispersionof particlesor
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droplets in shear � ows. According to these studies, a key parameter
characterizing droplet dispersion in shear � ows is the Stokes num-
ber, de� ned as the ratio of a droplet response time to a characteristic
� ow time. The droplet response time tk is based on the Stokes drag
law,5 yielding tk D ½k d2

k =18¹. The characteristic� ow time t f is gen-
erallybasedona timescaleassociatedwith thevorticalstructures;for
example, it may be taken as the inverse of the fundamental (rollup)
frequency or its subharmonic.5 Both experimental and numerical
investigations have shown that the presence of large vortex struc-
tures and their pairing interactions lead to a size-selective disper-
sion behavior such that the droplets with Stokes number near unity
(St » 1.0) exhibit the maximum dispersion.Some recent studies7 – 10

have also investigated the effects of acoustic forcing on droplet dis-
persion. These studies � nd that both the droplet dispersion and its
concentration� eld can be modi� ed signi� cantlythroughan acoustic
forcing of the shear layer. In general, periodic forcing at a subhar-
monic frequency can organize the spatio– temporal characteristics
of large-scale structures in such a way that it leads to signi� cantly
higherdropletdispersionwhencomparedto theunforcedcase.In ad-
dition, the dispersiongain is observedto have a size-selectivebehav-
ior, with the maximum gain occurring near Stokes number of unity.

Previous studies dealing with droplet–vortex interactions have
mostly focused on the dispersion of solid particles or nonevapo-
rating droplets in shear � ows.1– 10 Many practical spray systems,
however, involve evaporating droplets, where the droplet diameter
dk may decrease signi� cantly during its interaction with a vortex.
Consequently, the response time tk of an evaporating droplet may
change signi� cantly during its interaction with the vortex, because
tk » d2

k , and modify its dispersion behavior. Then, in addition to
the droplet response time and the vortex time (or eddy turnover
time), the droplet lifetime becomes another relevant timescale for
characterizing its dispersion behavior. For example, if the lifetime
of a droplet in an evaporating spray is small compared to its re-
sponse time, its dispersion behavior will be altered dramatically.
This aspect has not been considered in previous studies, especially
in the context of droplets interacting with large-scale structures.

Another aspect of droplet dynamics in shear � ows deals with the
effect of swirl on droplet dispersion. Swirling two-phase � ows oc-
cur in numerous applications including spray combustion, where a
swirl velocitycomponentis impartedto either the carrier� uid, to the
dispersed phase, or to both, primarily to enhance mixing and � ame
stability. Because droplet transport in these � ows is strongly in� u-
enced by large-scalemotions, it is clearly of interest to examine the
effects of swirl on vortex ring dynamics and droplet transport. The
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presence of swirl in a two-phase jet can affect droplet dynamics in
two ways. First, it modi� es the spatial and temporal characteristics
of large-scale structures because a swirling jet is subjected to both
shear and centrifugal instabilities.Any modi� cations in the dynam-
ics of large-scalestructures,such as their rollup location, frequency,
and pairing interactions,will have a noticeable effect on the droplet
dynamics and vaporization. Second, the presence of swirl imparts
radial acceleration to droplets, modifying their motion and disper-
sion behavior. To the best of our knowledge, these effects have not
been addressed in previous investigations, which have focused on
the time-averagedbehaviorof single-phase11– 13 and two-phase14 – 16

swirling jets. In particular, the dynamics of vortex rings and its in-
� uenceon droplet dispersionin the near region of a swirling jet have
not been investigated in previous studies.

The present numerical study is motivated by the preceding con-
siderations. A time-dependent,axisymmetric, two-phase algorithm
is employed to examine the dispersionof nonevaporatingand evap-
orating droplets in a swirling heated jet. Using detailed � ow visual-
izations and quantitative results, the effects of swirl and vaporiza-
tion on droplet dispersionare characterized.Note that in a previous
study,17 we simulated the dynamics of large-scale vortex structures
in a swirling jet and examined the momentum coupling effects of
the dispersed phase (nonevaporating droplets) on the jet spatio–

temporal characteristics.The present study, on the other hand, ex-
amines the effects of large-scale structures on the dynamics and
dispersion of evaporating droplets in a swirling jet.

Physical–Numerical Model
The physicalmodelconsidersa droplet-ladenswirlingjet in an an-

nular air� ow. The jet diameter is 25.0 mm, axial velocity is 5.0 m/s,
and temperature is 1200 K, whereas the co� ow is at a velocity of
0.2 m/s and a temperatureof 294 K. The use of high jet temperature
stems from the consideration that the dispersion of both nonevapo-
rating and evaporating droplets is studied. The choice of 1200 K as
the jet temperature yields a droplet lifetime (based on a droplet di-
ameter of 100 ¹m) comparable to the � ow and droplet timescales;
see Table 1. Compared to this case, two other cases, for which
the droplet lifetime is either much smaller or much larger than the
� ow and droplet timescales, are not as interesting. In the former,
the evaporating droplets would behave like gas particles, whereas
in the latter, they would behave like nonevaporating droplets. The
jet Reynolds number, based on air properties at a temperature of
1200 K, is 800.

The swirl is imparted to the central jet by specifyinga linear swirl
velocity pro� le at the in� ow boundary, that is, by considering swirl
velocity as a linear function of radial location. The swirl intensity
is characterized in terms of a nondimensionalswirl number, which
representsthe ratio of swirl momentum � ux to axialmomentum� ux
in the jet and is given by

S D
1
r0

r0

0

uwr 2 dr
r0

0

u2r dr .1/

where r0 is the radial extent of the computational domain. This
de� nition treats S as a functionof axial distance.Thus, at the in� ow
boundary r0 becomes equal to the jet radius.

The shear-layer dynamics in the near region of a swirling jet is
dominatedby theKelvin–Helmholtzvortexringsand is simulatedby
solvingthe time-dependent,gas-phaseequationsin an axisymmetric

Table 1 Response time tk , vaporization time tv , and Stokes numbers for various droplet diameters
for both nonswirling and swirling jets

St .S D 0:0/; St .S D 0:375/; St .S D 0:5/;
dk ; ¹m tk ; ms tv ; ms (%) t f D 15:6 ms t f D 13:9 ms t f D 12:5 ms

25 0.67 1.45 (90) 0.043 0.048 0.053
50 2.67 5.72 (90) 0.17 0.19 0.21
100 10.67 25.72 (70) 0.68 0.77 0.85
125 16.68 36.50 (55) 1.07 1.20 1.33
150 24.02 41.20 (30) 1.54 1.73 1.92
175 32.69 47.20 (25) 2.09 2.35 2.62
200 42.69 53.34 (20) 2.73 3.07 3.42

geometrywithout any turbulenceor subgridmodel.These equations
in cylindrical .z; r/ coordinates can be written as

@.½8/
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The general form of Eq. (2) represents the continuity, the three
momentum, and the energy conservation equations, depending on
the variable used for 8. The transport coef� cients 08 and the
source term S8

g that appear in the governing equations are listed
in Table 2. Note that there is an extensive body of research, both
experimental11 ;12 and computational,13;14 to justify the axisymmet-
ric � ow assumption for a swirling jet. The transport coef� cients
08 and source terms contain the � uid properties such as viscosity,
thermal conductivity, and speci� c heat. They are considered func-
tions of temperatureand species concentration.Note that a one-way
coupled system is considered. Consequently, the dispersed-phase
source terms in the gas-phase equations that represent the effect of
dispersed phase on the gas � ow are not included in Table 2. This
is justi� ed because the mass loading, de� ned as the ratio of liquid
mass � ow rate to gas mass � ow rate, is less than 0.001.

The numericalsolutionof the precedingequationsis based on the
methodology developed by Katta et al.18 for solving the variable-
density � ow equations. The � nite difference forms of the momen-
tum equationsare obtainedusingan implicitQUICKEST scheme,19

whereas those of energy equations are obtained using a hybrid
scheme of upwind and central differencing.20 A � nite control vol-
ume approach with a nonuniformstaggered-gridsystem is utilized.
An orthogonalgrid having expandingcell sizes in both the axial and
the radial direction is employed. An iterative alternating direction
implicit technique is used for solving the resulting sets of algebraic
equations. At every time step, the pressure � eld is calculated by
solving all of the pressure Poisson equations simultaneously and
utilizing the lower and upper diagonal matrix decomposition tech-
nique.

Axisymmetric calculations are made on a physical domain of
400£ 150 mm utilizing a 151 £ 61 nonuniform grid system. The
computational domain is bounded by the axis of symmetry (left
boundary) and an out� ow (right) boundary in the radial direction
and by the in� ow (bottom) and another out� ow (top) boundary in
the axial direction. The outer boundaries in the z and r directions
are located suf� ciently far from the nozzle exit (16 nozzle diame-
ters) and the axis of symmetry (6 nozzle diameters), respectively,
to minimize the propagationof boundary-induceddisturbances into
the region of interest (7 and 2 nozzle diameters in the axial and
radial directions, respectively). A � at pro� le for axial velocity and
a linear pro� le for swirl velocity are used at the in� ow boundary.A
zero-gradient boundary condition with an extrapolation procedure
with weighted zero- and � rst-orderterms is used to estimate the � ow
variablesat the out� ow boundary.18 The weighting functionsare se-
lectedusingthe trial-and-errorapproach,and the main criterionused
is that the vortices crossing the out� ow boundary leave smoothly
without beingdistorted.The � ow entrainmentfrom the right bound-
ary into the computational region is also properly accounted for in
the boundarycondition.For the given � ow conditions,a steady-state
solution was � rst obtained by neglecting the unsteady terms in the
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Table 2 Transport coef� cients and source terms appearing in gas-phase governing equations
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governing equations. Then, the unsteady swirling jet simulations
were performed using the previouslyobtained steady-state solution
as the initial � ow condition.

To examine the effects of swirl and vaporization on droplet dis-
persion, n-heptane fuel droplets of speci� ed diameter and velocity
are injected into the swirling jet shear layer, and their trajectoriesare
trackedby followinga Lagrangianapproach.The equationsgovern-
ing the variationof positionand velocityof each dropletin a swirling
� ow are as follows:
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Note that at a pressure equal to 1 atm, the ratio of liquid to air
density is about580. This suf� ciently largedensityratio allows us to
neglect the Basset force, pressuregradients,and other contributions
from � ow nonuniformities and to consider only the drag force in
Eq. (4). Moreover, using a scale analysis, Lazaro and Lasheras21

have identi� ed the conditions when these additional forces can be
neglected. These conditions are also applicable to our study. The
droplet–droplet interactionis also neglected in this analysisbecause
an ultradilute two-phase � ow is being simulated.For all of the cases
simulated, the droplet mass loading ratio is less than 0.001, which
yields a void fraction of about 10¡6. However, the effect of Stefan
� ow (blowing)on the dropletdrag is included[see Eq. (5)] following
recommendationsof Renksizbulutand Yuen22 and Sirignano.23 The
following expressions23 are used for heat and mass transfer rates to
the droplet:

hdk

¸
D 2.Np=Le/ .1 C B/

.1 C B/1=Le ¡ 1
.7/

Pm 00
k dk

½ D
D 2Ns .1 C B/ (8)

where B is the Spalding transfer number given by

B D
YFs ¡ YF1

1 ¡ YFs
.9/

and N p and Ns , corrective factors accounting for the convective
effect on heat and mass transfer,are calculatedusing semi-empirical
relations24:
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0:278Re
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4
3
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2

.10/

To complete the solution, the temperature and fuel mass fraction
at the droplet surface must be known. The two equations used to
solve for these quantities are provided by the fuel vapor pressure
relationship and the liquid-phase energy equation in the droplet in-
terior. The vapor pressure relationship has the form

YFs D f .Ts ; P; Yi s/ .11/

In the dropletvaporizationmodel used here, the effect of transient
heating is incorporated through the conduction-limit model, such
that the transient heat transport within the droplet is represented
by the unsteady heat diffusion equation in a spherically symmetric
geometry. The details of this equation are provided in an earlier
study.25 The vapor pressure relationship and other properties used
for the liquidand gasphasesare alsoprovidedin Ref. 25.The droplet
model includes the effects of variable thermophysical properties
and nonunity Lewis number in the gas � lm outside the droplet. The
thermophysical properties are calculated at an average reference
state de� ned as

8av D ®8gs C .1 ¡ ®/8g .12/

where 8 represents either mass fraction or temperature and ® is
selected to be 0.7. The subscripts gs and g represent the gas-phase
propertyat the droplet surface and outside the gas � lm, respectively.

The preceding equations governing the position and velocity
of each droplet are advanced in time by an explicit second-order
Runge–Kutta method. Because the gas-phase solution employs an
implicit procedure, the temporal step size used for integrating the
droplet equations is usually smaller than that for gas-phase equa-
tions. An automatic procedure is implemented to select an optimum
time step for the droplet equations.

Numerical validation studies for nonswirling jets employing dif-
ferentgrids and temporal step sizes havebeen reportedpreviously.25

These studies also established that the numerical model reproduces
the spatio–temporal characteristicsof large-scale structures in non-
swirling jets. For swirling jets, additional results17 showing grid
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a)

b)

Fig. 1 Nonswirling and swirling jets (S = 0:375 and 0.5) results ob-
tained using two different grids: a) time history of axial gas velocity
at a location z = 2:0 cm, r = 1:27 cm in a swirling jet and b) variation of
time-averagedaxialgas velocity alongthe jet centerline: – – – , 151 £ £ 61
(S = 0); , 226 £ £ 91 (S = 0); — —, 151 £ £ 61 (S = 0:375); , 226 £ £ 91
(S = 0:375); ¢ ¢ ¢ ¢ ¢ ¢ , 151 £ £ 61 (S = 0:5); and , 226 £ £ 91 (S = 0:5).

independence are shown in Fig. 1. The time history of axial gas
velocity for two different grids, 151 £ 61 and 226 £ 91, is shown
in Fig. 1a, whereas the time-averaged axial velocity along the jet
axis for different swirl numbers is plotted in Fig. 1b. Because a
nonuniformgrid is employedwith grid lines clusterednear the shear
layer to resolve the steep gradients of the dependent variables, ad-
ditional grid points in the 226£ 91 grid are placed near the shear
layer, thus effectively reducing the grid density for this grid by
about 100% compared to the 151 £ 61 grid. The time-history plots
of gas velocity clearly show the highly periodic nature of jet vor-
tex rings associated with the Kelvin–Helmholtz instability. For the
nonswirling jet, the computedStrouhal number associatedwith this
instability obtained from the fast Fourier transform of the axial ve-
locity was 0.32, which agreed with the reported experimental range
of 0.25–0.5. The computed Strouhal number for the swirling jets
was observed to be higher, increasing to 0.36 for S D 0:375 and to
0.4 for S D 0:5. An important observation regarding the grid inde-
pendence is that the 151 £ 61 grid is able to capture the periodic
behavior, including frequencyand phase of the vortex structures, as
well as the time-averagedstructureof both nonswirlingand swirling
jets.

Results
Results focus on the effects of swirl and vaporization on the

dynamics of droplets as they interact with large vortex rings in
a swirling jet. As discussed earlier, a swirling jet is subjected to
both shear and centrifugal instabilities. Consequently, the spatio–

temporal characteristics of large-scale structures may be modi� ed
signi� cantly, which can alter the droplet dispersionand distribution
behavior. The presence of swirl also imparts an azimuthal velocity
to droplets, due to the swirl momentum transfer from the gas phase.
This in turn provides radial acceleration [see Eq. (4)] to their mo-
tion, causing them to disperse radially. In addition, the dispersion
behavior of evaporating droplets is modi� ed due to a reduction in
their size. To examine these effectsqualitatively,we inject different-
sized droplets into the jet shear layer and follow their trajectories

and distributionby using � ow visualizationbased on snapshots (in-
stantaneous images) of the two-phase � ow. Figure 2 shows several
such snapshotsfor differentdroplet sizes and swirl numbers. In each
snapshot, the instantaneousisotemperaturecontoursand droplet lo-
cationsare plottedfor both nonevaporatingand evaporatingdroplets
for three different droplet sizes. To examine the effect of vaporiza-
tion on droplet dispersion, instantaneous locations of evaporating
and nonevaporatingdroplets are plotted on the left-hand and right-
hand sides of the symmetric jet, respectively. Color representing
the size of the droplet changes from red to blue as it evaporates
from the initial size (at the instant of injection) to the size of a gas
(tracer) particle, which is taken as 10 ¹m or 1

10 th of the initial size,
whichever is smaller. Because the droplets on the left-hand side
of the jet represent nonevaporating ones, the color of the droplets
remains red.

Snapshots for the nonswirlingcase (Fig. 2a) indicate a nonmono-
tonic dispersion behavior for both nonevaporatingand evaporating
droplets, though it is more easily discernible for the former. As
discussed in previous experimental1;2 and numerical studies,3;4 the
nonmonotonic behavior, whereby the intermediate size nonevapo-
rating droplets (Stokes number near unity) are dispersed the most,
is a result of the interaction of droplets with vortex rings and is
characterized by a Stokes number. Whereas small droplets (small
Stokes number) are caught in the vortex rings and large droplets
(large Stokes number) pass through them, the intermediate size
droplets (Stokes number near unity) are trapped into and then � ung
out of them. From snapshots in Fig. 2a, one infers that 50- and
100-¹m nonevaporatingdroplets exhibit intermediateStokes num-
ber behavior as they are distributed around the vortex rings and
in the braid region between them, whereas 150-¹m nonevaporat-
ing droplets exhibit large Stokes number behavior. In contrast, 50-,
100-, and 125-¹m (not shown) evaporatingdroplets are mostly dis-
tributed inside the vortex rings, implying small Stokes number be-
havior, because they vaporize signi� cantly during their interaction
with the � rst three vortex rings. Some representative values of the
droplet response time and vaporization time as well as of Stokes
numbers are provided in Table 1. For the droplet response time
(tk D ½kd2

k =18¹g/ (Table 1), the droplet density ½k D 649:38 kg/m3,
and the gas viscosity ¹g D 3:38 £ 10¡5 kg/m calculated at a mean
gas temperature of 747 K. For evaporating droplets, the droplet
response time is based on the initial diameter. The characteristic
� ow time or the vortex time t f is based on the fundamental fre-
quency for each case, obtained from the fast Fourier transform of
the gas-phase axial velocity history. These frequencies are 64, 72,
and 80 Hz for S D 0, 0.375, and 0.5, respectively. The vaporiza-
tion times tv (Table 1) correspond to at least a 50% reduction in
droplet diameter for 25-, 50-, 100-, and 125-¹m droplets. How-
ever, the reduction is only 30, 25, and 20%, respectively, for 150-,
175-, and 150-¹m droplets. The inference is that, for the conditions
considered, droplets with initial diameter smaller than 125 ¹m va-
porize signi� cantly, whereas droplets with initial diameter larger
than 150 ¹m do not vaporize appreciably during their interac-
tion with the vortex rings. As indicated in Table 1, the vaporiza-
tion times for 50-, 100-, and 125-¹m droplets are of the order of
the vortex time. Consequently, their dispersion is modi� ed signi� -
cantly by vaporization and becomes similar to that of gas particle,
that is, it follows small Stokes number behavior. The snapshots for
150- and 200-¹m (latter not shown) evaporatingdroplets indicate a
largeStokes numberbehavior,which is not signi� cantly affectedby
vaporization.

The described dispersion behavior becomes more perceptible in
Fig. 3a, where we present quanti� ed results, corresponding to the
snapshotsof Fig. 2a, by plottingdispersionfunctionas a functionof
time for nonevaporating and evaporating droplets. The dispersion
function that measures the average radial displacement of droplets
is de� ned1 – 4 as

D.t; N / D
N

i D 1

[ri .t/ ¡ ri0]2 N

1
2

.13/

where N is the total number of droplets in the � ow� eld at time t; ri

the radial location of droplet i at time t , and ri0 the radial injection
location of the same droplet at injection location.
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a) Nonswirling case

b) Swirl number 0.25

c) Swirl number 0.375

d) Swirl number 0.5

Fig. 2 Snapshots (computed images) of the two-phase � ow� eld in terms of the instantaneous isotemperature contours and droplet locations of both
nonevaporating and evaporating droplets.
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a) S = 0

b) S = 0:375

c) S = 0:5

Fig. 3 Temporal variation of dispersion function for nonevaporating
(nv) and evaporating (v) droplets of different initial droplet diameters.

The dispersion function plots in Fig. 3a essentially con� rm the
qualitative results presented in Fig. 2a. The dispersion function for
nonevaporating droplets indicates a typical nonmonotonic behav-
ior such that the intermediate-size droplets (50, 100, and 125 ¹m)
are dispersedmore than the gas particles.This behavior is, however,
modi� ed signi� cantly for evaporatingdroplets.As discussedearlier,
the 50-, 100-, and 125-¹m dropletsundergosigni� cant vaporization
during their interactionwith the vortex rings because their vaporiza-
tion time is on the order of the vortex time. Consequently,as shown
in Fig. 3a, their dispersion follows gas dispersion or small Stokes
number behavior. The larger droplets on the other hand are not suf-
� ciently vaporizedand, thus, exhibit large Stokes number behavior.
Note that the vaporization time of larger droplets increases due to
two effects: 1) It varies as square of the droplet diameter. 2) These
droplets are transported into the colder region (see Fig. 2a) as the
gas temperature decreases in the axial direction.

Effect of Swirl on Dispersion
The qualitativeeffects of swirl on droplet dispersionare shown in

Figs. 2b–2d. These snapshots provide clear evidence that swirl has
a strong effect on the dynamics of two-phase � ow. Not only does it
modify the dynamics of vortex rings and jet mixing behavior, it also
alters the dispersion of nonevaporating and evaporating droplets.
As the swirl intensity is increased, it enhances the radial dispersion

S = 0

S = 0:375
Fig. 4 Fourier spectra of axial gas-phase velocity for nonswirling
(S = 0) and swirling (S = 0:375) jets.

of droplets over the entire droplet diameter range. More detailed
� ow visualization, including an animation of the two-phase � ow,
indicated that, with increasing swirl, the vortex rings grow radially
in size, their rollup frequency increases, and they undergo stronger
pairing interactions.The increased vortex size and stronger pairing
interactionsare easily discernible in Figs. 2b and 2c. The effects of
swirl on the vortex frequency and pairing interactions are shown in
Fig. 4, where we plot the Fourier spectra of axial velocity history
recorded at two axial locations for S D 0 and 0.375. As indicated,
the rollup frequenciesare 64 and 72 Hz for S D 0 and 0.375, respec-
tively, and there is a strong vortex pairing with a frequencyof 36 Hz
for S D 0:375. The increased vortex size is probably attributable to
the higher gas-phase radial velocity caused by swirl because the
azimuthal (swirl) velocity appears as a source term in the gas-phase
radialmomentumequation (see Table 2). The strongpairing interac-
tions on the other hand are caused by the adverse pressure gradient
generatedby the presenceof swirl.The adversepressuregradientre-
duces the axial gas-phasevelocity in the downstreamdirection (see
Fig. 1b). As a result, the leading vortex is slowed down, causing a
well-organizedpairing interaction to occur near z D 7 cm.

The quantitative results showing the effects of swirl on droplet
dispersion are given in Figs. 3b and 3c. Important observations are
as follows:

1) The comparison of dispersion plots for the swirling and non-
swirling cases indicate that swirl signi� cantly enhancesdroplet dis-
persion over the entire diameter range. Note the maximum disper-
sion increases from about 1.5 cm (for S D 0) to 3 cm for S D 0:375
and to 5 for S D 0:5. These resultsare in accordwith snapshotsgiven
in Figs. 2a–2d.

2) For S D 0:375, the dispersion of 50-¹m nonevaporatingdrop-
lets is nearly the same as that of gas particles, whereas for S D 0:5,
it is lower than that of gas particles. This is in contrast to the
nonswirling case (Fig. 3a) for which the 50-¹m droplets disperse
more than the gas particles. This means an increasing swirl inten-
sity causes relativelygreater enhancement in gas particle dispersion
comparedto thatof 50-¹m droplets,implyingthat swirl signi� cantly
increases gas-phase mixing.

3) For all of the swirl cases investigated, the dispersion of 100-
and 125-¹m nonevaporatingdroplets exhibits intermediate Stokes
number behavior, whereas that of larger droplets exhibits large
Stokes number behavior.

4) In contrast to the nonevaporatingcase, the dispersion of 100-
and 125-¹m evaporating droplets is similar to that of gas particles,
that is, it follows small Stokes number behavior for all of the swirl
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cases investigated.As discussed earlier, this implies signi� cant va-
porization for these droplets during their interaction with vortex
rings. Larger evaporatingdroplets .dk ¸ 150 ¹m) on the other hand
exhibit large Stokes number behavior.

Another way of elucidating the effects of swirl on droplet disper-
sion is to plot the temporal variation of dispersion function using
S as a parameter. Figure 5a shows this plot for the dispersion of
gas particles. As S is increased, the gas particle dispersion is sig-
ni� cantly enhanced, providing further evidence of increased vortex
size and strongerpairing interactionsat higher swirl numbers. In ad-

a) Gas or tracer particles

b) Initial droplet diameter 50 ¹m

c) Initial droplet diameter 100 ¹m

d) Initial droplet diameter 200 ¹m

Fig. 5 Dispersion function vs time for nonevaporating (nv) and evap-
orating (v) droplets for different swirl numbers.

dition, as noted earlier in Fig. 2d, there is a sharp increase in the jet
spreading angle for S D 0:5, accompanied by a signi� cantly higher
rate of shear layer growth. Figure 5a provides further evidence of
this, as there is a sharp increase in the gas particle dispersion func-
tion for S D 0:5. The enhanced gas dispersion in a swirling jet can
be attributed to two effects. First, the swirl velocity appears as a
source term in the gas-phase radial momentum equation (Table 2)
andcontributesdirectly to higherradialdispersion.Second, the swirl
induces an adverse pressure gradient in the axial direction, which
leads to strong vortex mergings and higher gas dispersion.

Figures 5b–5d show the effect of swirl on the dispersion of 50-,
100-, and 200-¹m droplets,respectively.The importantobservation
is that the presence of swirl enhances the radial dispersion of both
nonevaporatingand evaporatingdropletsover the entire droplet size
range. Note from Fig. 5b that swirl causes a relatively greater in-
crease in the dispersion of 50-¹m evaporating droplets compared
to that of nonevaporating droplets. This is directly related to the
observation made earlier that the dispersion of 50-¹m evaporating
droplets follows the gas particle behavior and that swirl enhances
the dispersionof gas particlesmore than thatof 50-¹m nonevaporat-
ing droplets. A similar behavior is observed for 100-¹m droplets,
that is as S is increased it increases the dispersion of evaporat-
ing droplets more than that of nonevaporating droplets. For larger
droplets (dk ¸ 150¹m), there is essentially no difference in regard
to the relative effect of swirl on the dispersion of nonevaporating
and evaporating droplets. This is again because these droplets fol-
lows the large Stokes number behavior, which is not much affected
by vaporization, as their vaporizationtime is much greater than the
vortex time.

Dispersion Function vs Droplet Stokes Number
The effects of droplet size on dispersion is often characterizedby

plotting the dispersion function as a function of droplet diameter or
Stokes number. Figures 6 and 7 show such plots for both nonevap-
orating and evaporating cases at different swirl numbers. For these
results, the simulations are performed over 20 vortex periods, and
the dispersion function is averaged over the last vortex period, that

Nonevaporating droplets

Evaporating droplets

Fig. 6 Dispersion function vs initial droplet diameter for nonswirling
and three swirling cases.
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Fig. 7 Dispersion function for nonevaporating and evaporating drop-
lets plotted vs the Stokes number for nonswirling and three swirling
cases.

Fig. 8 Computed images of the two-phase � ow� eld in terms of the instantaneous isotemperature contours and locations of nonevaporating droplet
with different initial swirl velocity injected in the nonswirling jet.

is, near the end of computations. At the end of computations, there
are 2000 droplets for the calculationof the dispersion function. For
suf� ciently long computational time and number of droplets, the
dispersion function results are shown to be independent of these
parameters.4 ;10 Important observations are as follows:

1) For all of the swirl cases investigated, the dispersion function
exhibits a nonmonotonic behavior, with a maximum value occur-
ring near droplet diameter 125–150 ¹m (Fig. 6), corresponding to
a Stokes number near unity (see Fig. 7). Thus, the droplet size cor-
respondingto the maximum dispersionis nearly independentof the
swirl number. Also, it is not affected much by vaporization.

2) As the swirl number is increased, the dispersion of both
nonevaporating and evaporating droplets increases over the entire
Stokes number (droplet size) range. As discussed earlier, the en-
hancement is caused by two effects: stronger vortex pairings (and
enhancedshear-layergrowth rate) at higher swirl number and trans-
fer of the gas-phase swirl momentum to the dispersed phase.

3) The dispersion of evaporating droplets is signi� cantly re-
duced compared to that of nonevaporatingdroplets. This is shown
more clearly in Fig. 7, which shows the dispersion function of
nonevaporatingand evaporating droplets vs the Stokes number for
differentswirl numbers.Note that theStokesnumberfor evaporating
droplets is based on their initial diameter. As discussed earlier, the
droplets with diameter less than the optimum value (corresponding
to the maximum dispersion) are suf� ciently vaporized so that their
dispersion behavior approaches the small Stokes number limit. On
the other hand, the droplets with diameter higher than the optimum
value are not vaporized signi� cantly. Consequently, the dispersion
of large nonevaporatingand evaporating droplets follows the large
Stokes number behavior, though their relativedispersion is reduced
for the latter case. As indicated in Fig. 7, this behavior is observed
for all of the swirl cases investigated.
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Effect of Swirl Injection Velocity on Droplet Dispersion
For the results presented so far, the droplets were injected

with zero initial swirl velocity. Because many applications involve
droplet injection with a � nite swirl velocity, it is of interest to ex-
amine the effect of initial swirl on droplet transport. Figure 8 shows
instantaneous images of the two-phase � ow, highlighting the ef-
fect of the azimuthal injection velocity on droplet dispersion in a
nonswirling jet. The nonevaporatingdroplets having the same axial
velocity (5 m/s) and different initial swirl velocities (wp D 0, 2.5,
3.75, and 5 m/s) are injected into the nonswirling heated air jet.
Three droplet sizes are included, representing the small, intermedi-
ate, and largeStokesnumbers.As expected,thedispersionof smaller
droplets (dk · 50 ¹m) is mainly governed by the dynamics of large
vortex rings irrespectiveof the initial swirl velocity,whereas that of
larger droplets (dk > 150 ¹m) is essentiallygovernedby their injec-
tion parameters and not by the vortex ring dynamics. On the other
hand, the dispersion of intermediate-size droplets (dk D 125¹m)
is governed by both the vortex ring dynamics and initial swirl
velocity.

Conclusions
We have investigated the dispersionof nonevaporatingand evap-

orating droplets in a swirling, heated jet. The transient characteris-
tics of the swirling jet including the dynamics of large vortex rings
have been computed by using a direct numerical solver18 for the
Navier–Stokes and energy equationswithout any turbulenceor sub-
grid model. The droplet transport has been simulated by using a
Lagrangian approach. Simulations have been validated by estab-
lishing their grid independenceand by comparing the predicted and
measured Strouhal numbers. Detailed � ow visualization based on
the computed snapshots of two-phase � ow, as well as quantitative
results, has been employed to characterize the effects of swirl and
vaporizationon droplet dispersion in the near jet region.

Results for nonevaporating droplets in both nonswirling and
swirling jets indicate a nonmonotonic dispersion behavior, with
the maximum dispersion occurring near Stokes number of unity.
Whereas this behavior for nonswirling jets has been reported pre-
viously, that for swirling jets is observed for the � rst time. This,
of course, is an expected result because in the absence of small-
scale turbulence, the � ow time is determined by the vortex time
for both nonswirling and swirling jets. Our results indicate that the
dynamic interactions of droplets with large vortex rings is an im-
portant phenomenon in the near region of both nonswirling and
swirling shear � ows. However, the vortex ring dynamics is strongly
modi� ed by swirl, leadingto strongpairing interactionsand changes
in their dominant frequency.This signi� cantly enhances dispersion
compared to that in the nonswirling jet over the entire droplet size
range. In addition, the relative enhancementbecomes greater as the
swirl number is increased.Thereare,however,importantdifferences
with regard to the mechanism contributing to higher dispersion for
different-size droplets. For small droplets including gas particles
(small Stokes number), the higher dispersion appears to be caused
by the increased rate of shear layer growth at higher swirl numbers.
For intermediate-sizedroplets, St » O.1/, the increased dispersion
is believedto be caused by the strong vortex pairing interactionsand
by the transfer of swirl velocity from the gas phase to the droplets.
Note that the enhanced particle dispersion caused by vortex pair-
ing interactions has been observed in previous experimental1;2 and
computational3 ;4 studies. For larger droplets (large Stokes number),
the higher dispersion is essentially due to the transfer of swirl ve-
locity from the gas phase to the droplets.

The effect of vaporizationon droplet dispersion is characterized
in terms of the droplet lifetime compared to its response time and
the characteristic� ow (vortex) time. For the conditionsinvestigated,
the dispersion of evaporating droplets is noticeably reduced com-
pared to the nonevaporatingcase. In addition, the dispersion func-
tion vs Stokes number plot, especially the size-selective behavior,
is modi� ed by vaporization. Droplets with a diameter less than the
optimum value (correspondingto the maximum dispersion) are suf-
� ciently vaporized during their interaction with the vortex rings,
such that their dispersionbehaviorapproachesthe low Stokes num-
ber limit. In this region, the droplet lifetime is of the same order of
magnitude as the vortex time. On the other hand, the droplets with

diameter higher than the optimum value are not vaporized signi� -
cantly because their lifetime is signi� cantly higher than the vortex
time. Consequently, their dispersion follows the large Stokes num-
ber behavior, though the dispersionfunctionvalue is reduced due to
vaporization.

Finally, the effect of injection swirl velocity indicates that by
imparting initial swirl to droplets at the point of injection can sig-
ni� cantly modify the dispersion of intermediate-size [St » O.1/]
and large-size (large Stokes number) droplets.However, the disper-
sion of small droplets is essentiallygoverned by the gas-phaseswirl
and vortex ring dynamics.

Note that this is the � rst study dealing with droplet dispersion in
a transient swirling jet in the context of large vortex structures.The
present results clearly indicate that the shear-layerdynamics in two-
phase, co� owing, swirling jets is a complex and rich phenomenon,
and there are several aspects that need to be examined further. In
particular, the effects of corotating and counter-rotating swirl on
shear-layerstability,vortexdynamics,and dropletdispersionshould
be investigated using simulations and laboratory experiments.
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