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Dispersion of Evaporating Droplets in a Swirling
Axisymmetric Jet

S. K. Aggarwal* and T. W. Park?
University of lllinois 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 significantly 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 flow time. For the investigated conditions, the dispersion of evaporating droplets is noticeably reduced
compared to that in the nonevaporating case. The dispersion function vs St behavior is also modified due to
vaporization. Droplets with diameters smaller than the optimum value are sufficiently 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 significantly. Consequently, their dispersion follows the

large-St behavior.

Nomenclature

= droplet drag coefficient

= binary diffusion coefficient

= gravitational acceleration

= enthalpy

= heat transfer coefficient, J/(m? - s~')
droplet vaporizationrate, wdim; [Eq. (8)], kg/s
pressure

= droplet Reynolds number

= radial distance

swirl number

gas-phase source term for dependent variable ®
= temperature

= time

= droplet response time

= droplet vaporizationor lifetime

= axial, radial, and swirl velocity components
= mass fraction

= axial distance

= transport coefficient in Eq. (1)

= density

= dependent variable in Eq. (1)
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Subscripts

f fuel vapor

g gas phase

k = droplet

s = droplet surface

Introduction
N recent years, numerous studies' ® have examined the effects

of large-scale vortical structures on the dispersion of particles or
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droplets in shear flows. According to these studies, a key parameter
characterizing droplet dispersion in shear flows is the Stokes num-
ber, defined as the ratio of a droplet response time to a characteristic
flow time. The dropletresponse time #; is based on the Stokes drag
law,’ yielding#; = p,d? /18 . The characteristicflow time 7, is gen-
erallybased on atimescaleassociated with the vortical structures;for
example, it may be taken as the inverse of the fundamental (rollup)
frequency or its subharmonic’ 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) exhibitthe maximum dispersion. Some recentstudies’ '°
have also investigated the effects of acoustic forcing on droplet dis-
persion. These studies find that both the droplet dispersion and its
concentrationfield can be modified significantly through an 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 significantly
higherdropletdispersionwhen comparedto the unforcedcase.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 flows.!”!® Many practical spray systems,
however, involve evaporating droplets, where the droplet diameter
d, may decrease significantly during its interaction with a vortex.
Consequently, the response time #; of an evaporating droplet may
change significantly during its interaction with the vortex, because
fy ~d?, 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 flows deals with the
effect of swirl on droplet dispersion. Swirling two-phase flows oc-
cur in numerous applications including spray combustion, where a
swirl velocity componentis imparted to either the carrier fluid, to the
dispersed phase, or to both, primarily to enhance mixing and flame
stability. Because droplet transport in these flows is strongly influ-
enced by large-scale motions, 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 modifies the spatial and temporal characteristics
of large-scale structures because a swirling jet is subjected to both
shear and centrifugalinstabilities. Any modifications in the dynam-
ics of large-scalestructures, such as theirrollup 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-phase' ' ! and two-phase!*~ 16
swirling jets. In particular, the dynamics of vortex rings and its in-
fluence on dropletdispersionin the nearregion 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 flow visual-
izations and quantitative results, the effects of swirl and vaporiza-
tion on droplet dispersion are characterized. Note that in a previous
study,'” 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 physicalmodel considersa droplet-ladenswirlingjetin an an-
nular airflow. The jet diameter is 25.0 mm, axial velocityis 5.0 m/s,
and temperature is 1200 K, whereas the coflow is at a velocity of
0.2 m/s and a temperature of 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 ©m) comparable to the flow 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
flow 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 profile at the inflow boundary, that is, by considering swirl
velocity as a linear function of radial location. The swirl intensity
is characterizedin terms of a nondimensional swirl number, which
representsthe ratio of swirl momentum flux to axial momentum flux
in the jet and is given by

1 ro ro
S=— / uwr?dr / wlrdr
Ty 0 0

where r, is the radial extent of the computational domain. This
definition treats S as a function of axial distance. Thus, at the inflow
boundary ry becomes equal to the jet radius.

The shear-layer dynamics in the near region of a swirling jet is
dominatedby the Kelvin-Helmholtz vortexrings and is simulated by
solvingthe time-dependent,gas-phaseequationsin an axisymmetric
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geometry without any turbulenceor subgrid model. These equations
in cylindrical (z, ) coordinates can be written as

d(pd 0 [} 0 [} 0 0P
(p®) | 3pu®)  3(pv®) _ 3 (1o )
ot a0z ar a0z ar
0 0P pvd re*od
— (=) T~ g® 2
+ 8r< 82) r r or * % @

The general form of Eq. (2) represents the continuity, the three
momentum, and the energy conservation equations, depending on
the variable used for ®. The transport coefficients I'® and the
source term S;’ that appear in the governing equations are listed
in Table 2. Note that there is an extensive body of research, both
experimental'!*'2 and computational,'> '* to justify the axisymmet-
ric flow assumption for a swirling jet. The transport coefficients
I'® and source terms contain the fluid properties such as viscosity,
thermal conductivity, and specific heat. They are considered func-
tions of temperature and 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 flow are not included in Table 2. This
is justified because the mass loading, defined as the ratio of liquid
mass flow rate to gas mass flow rate, is less than 0.001.

The numerical solution of the preceding equationsis based on the
methodology developed by Katta et al.'® for solving the variable-
density flow equations. The finite difference forms of the momen-
tum equationsare obtained using an implicit QUICKEST scheme,"”
whereas those of energy equations are obtained using a hybrid
scheme of upwind and central differencing? A finite control vol-
ume approach with a nonuniformstaggered-gridsystem is utilized.
An orthogonal grid having expandingcell sizes in both the axial and
the radial direction is employed. An iterative alternating direction
implicit technique s used for solving the resulting sets of algebraic
equations. At every time step, the pressure field 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 x 150 mm utilizing a 151 x 61 nonuniform grid system. The
computational domain is bounded by the axis of symmetry (left
boundary) and an outflow (right) boundary in the radial direction
and by the inflow (bottom) and another outflow (top) boundary in
the axial direction. The outer boundaries in the z and r directions
are located sufficiently far from the nozzle exit (16 nozzle diame-
ters) and the axis of symmetry (6 nozzle diameters), respectively,
to minimize the propagation of boundary-induceddisturbancesinto
the region of interest (7 and 2 nozzle diameters in the axial and
radial directions, respectively). A flat profile for axial velocity and
a linear profile for swirl velocity are used at the inflow boundary. A
zero-gradient boundary condition with an extrapolation procedure
with weighted zero- and first-orderterms is used to estimate the flow
variablesat the outflow boundary.!® The weighting functions are se-
lectedusingthe trial-and-errorapproach,and the main criterionused
is that the vortices crossing the outflow boundary leave smoothly
withoutbeing distorted. The flow entrainmentfrom the right bound-
ary into the computational region is also properly accounted for in
the boundary condition.For the given flow conditions,a steady-state
solution was first obtained by neglecting the unsteady terms in the

Table1 Response time #;, vaporization time #,, and Stokes numbers for various droplet diameters
for both nonswirling and swirling jets

St (S =0.0), St (S =0.375), St (§=0.5),
dy, pm e, ms t,, ms (%) ty =15.6 ms ty=13.9ms ty=12.5ms
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
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Table 2 Transport coefficients and source terms appearing in gas-phase governing equations

Equations @ re Sg
Continuity 1 0 0
. ap d u d p. v
Axial momentum u —— 4+ (po — p)g + —\u=)+= -
9z 9z ar \" oz r dz
2 9 d v n a v
3|9z Har) Tz
) a d a v
Radial momentum v " —# + = u—v 220 2pL—
ar 0z dr r r or
w? a a 3 v
+o— - + =
r dr r
. " v 1 dp.
Swirl momentum w " |\ t+to—+t—-———)w
r2 rooroar
Mass fraction of fuel Yy pDs_ N, 0
Mass fraction of Y; pD;_ 0
other species (i=1~Ns,i#f)
Energy H r/Cp 0
governing equations. Then, the unsteady swirling jet simulations mjdy
f dusi . . . —— =2N, (1 + B) (®)
were performed using the previously obtained steady-state solution oD
as the initial flow condition. ) ) )
To examine the effects of swirl and vaporization on droplet dis- where B is the Spalding transfer number given by
persion, n-heptane fuel droplets of specified diameter and velocity Yoo — Y
.. . .. . . . . Fs Foo
are injected into the swirling jet shear layer, and their trajectoriesare B = 7. 9
— IFs

tracked by following a Lagrangian approach. The equations govern-
ing the variation of positionand velocity of each dropletin a swirling
flow are as follows:

d
<= 3)
dye
P
duk 3CD/Og Pg )
— - = -1 4
T 1dip, [y — gl (ug — ug) + P g “4)
dy,  3Cpp, w?
o o, vy — vel(vg —ve) + o
dw, 3Cng|w Wl (w wo) Uy Wy
Tk _ —wy —wy) —
dr ddipr ¢ ¢ Yie
where
24 Re
Cp == (1+—k)(1+3)02 ©))
k
1
u, —u)? + (v, —v)? + (w, — w1’ d
Rek:pg{u 02+ W, — v)? + (w, — w2} d, ©

Mg

Note that at a pressure equal to 1 atm, the ratio of liquid to air
densityis about580. This sufficiently large density ratio allows us to
neglect the Basset force, pressure gradients, and other contributions
from flow nonuniformities and to consider only the drag force in
Eq. (4). Moreover, using a scale analysis, Lazaro and Lasheras®'
have identified the conditions when these additional forces can be
neglected. These conditions are also applicable to our study. The
droplet-dropletinteractionis also neglectedin this analysis because
an ultradilute two-phase flow 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-°. However, the effect of Stefan
flow (blowing) on the dropletdragisincluded [see Eq. (5)] following
recommendationsof Renksizbulutand Yuen? and Sirignano 2> The
following expressions’® are used for heat and mass transfer rates to
the droplet:
hd,  2(N,/Le) (1 + B)

A+ B ™

and N, and Nj, corrective factors accounting for the convective

effecton heatand mass transfer, are calculated using semi-empirical

relations®*:

1
0.278Re? (Pr or Sc)3
Np or NS =1+

T (10)
[1+ 1.232/(Rex(Pr or So)3 ]

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

Yp, = f(T5, P, Yyy) an

In the droplet vaporizationmodel 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.?> The vapor pressure relationship and other properties used
for theliquidand gas phasesare also providedin Ref. 25. The droplet
model includes the effects of variable thermophysical properties
and nonunity Lewis number in the gas film outside the droplet. The
thermophysical properties are calculated at an average reference
state defined as

Dy =ad,, + (1 —)®, (12)

where & represents either mass fraction or temperature and « is
selected to be 0.7. The subscripts gs and g represent the gas-phase
property at the droplet surface and outside the gas film, 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-
ferent grids and temporal step sizes have been reported previously?’
These studies also established that the numerical model reproduces
the spatio-temporal characteristics of large-scale structuresin non-
swirling jets. For swirling jets, additional results'’ showing grid
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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 locationz =2.0 cm, r =1.27 cm in a swirling jet and b) variation of
time-averaged axial gas velocity along the jet centerline: - - -, 151 X 61
(§=0); V,226 X 91 (S=0); ——, 151 X 61(S=0.375); O,226 X 91
(§=0.375); --- ---,151 X 61(S=0.5); and [1,226 X 91(S=0.5).

independence are shown in Fig. 1. The time history of axial gas
velocity for two different grids, 151 x 61 and 226 x 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
nonuniformgridis employed with grid lines clustered near the shear
layer to resolve the steep gradients of the dependent variables, ad-
ditional grid points in the 226 x 91 grid are placed near the shear
layer, thus effectively reducing the grid density for this grid by
about 100% compared to the 151 x 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 computed Strouhal number associated with 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 § =0.375 and to
0.4 for § =0.5. An important observation regarding the grid inde-
pendence is that the 151 x 61 grid is able to capture the periodic
behavior, including frequency and phase of the vortex structures, as
well as the time-averagedstructure of both nonswirling and 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 modified
significantly, which can alter the dropletdispersion and 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 modified due to a reduction in
their size. To examine these effects qualitatively, we inject different-
sized droplets into the jet shear layer and follow their trajectories

and distributionby using flow visualizationbased on snapshots (in-
stantaneous images) of the two-phase flow. Figure 2 shows several
such snapshotsfor differentdropletsizes and swirl numbers. In each
snapshot, the instantaneousisotemperature contours and dropletlo-
cations are plotted for 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 wm or l—loth 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 nonswirling case (Fig. 2a) indicate a nonmono-
tonic dispersion behavior for both nonevaporating and evaporating
droplets, though it is more easily discernible for the former. As
discussedin previous experimental'? and numerical studies,’ * 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 flung
out of them. From snapshots in Fig. 2a, one infers that 50- and
100-um nonevaporating droplets exhibit intermediate Stokes num-
ber behavior as they are distributed around the vortex rings and
in the braid region between them, whereas 150-xm nonevaporat-
ing droplets exhibit large Stokes number behavior. In contrast, 50-,
100-, and 125-um (not shown) evaporating droplets are mostly dis-
tributed inside the vortex rings, implying small Stokes number be-
havior, because they vaporize significantly during their interaction
with the first 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
(1 = ppd} /18 1,) (Table 1), the droplet density p, = 649.38 kg/m?,
and the gas viscosity u, =3.38 x 1075 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
flow time or the vortex time 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 § =0, 0.375, and 0.5, respectively. The vaporiza-
tion times #, (Table 1) correspond to at least a 50% reduction in
droplet diameter for 25-, 50-, 100-, and 125-pum droplets. How-
ever, the reduction is only 30, 25, and 20%, respectively, for 150-,
175-,and 150-um droplets. The inferenceis that, for the conditions
considered, droplets with initial diameter smaller than 125 um va-
porize significantly, whereas droplets with initial diameter larger
than 150 um 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-um droplets are of the order of
the vortex time. Consequently, their dispersion is modified signifi-
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-pm (latter not shown) evaporating droplets indicate a
large Stokes number behavior, which is not significantly affected by
vaporization.

The described dispersion behavior becomes more perceptiblein
Fig. 3a, where we present quantified results, corresponding to the
snapshotsof Fig. 2a, by plotting dispersion function as a function of
time for nonevaporating and evaporating droplets. The dispersion
function that measures the average radial displacement of droplets
is defined' * as

1

N 2
D@t N) = [ > I - rio]Z/N} (13)
i=1
where N is the total number of dropletsin the flowfield at time ¢, 7;

the radial location of droplet i at time 7, and r; the radial injection
location of the same droplet at injection location.
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Fig.2 Snapshots (computed images) of the two-phase flowfield in terms of the instantaneous isotemperature contours and droplet locations of both
nonevaporating and evaporating droplets.
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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 confirm the
qualitativeresults 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 pm)
are dispersedmore than the gas particles. This behavioris, however,
modified significantly for evaporatingdroplets. As discussedearlier,
the 50-, 100-, and 125-pum dropletsundergo significant vaporization
during theirinteraction with 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-
ficiently vaporized and, 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 dropletdispersionare shown in
Figs. 2b-2d. These snapshots provide clear evidence that swirl has
a strong effect on the dynamics of two-phase flow. 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
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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
flow visualization, including an animation of the two-phase flow,
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
interactions are easily discerniblein 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 =0 and 0.375. As indicated,
the rollup frequenciesare 64 and 72 Hz for S = 0 and 0.375, respec-
tively, and there is a strong vortex pairing with a frequency of 36 Hz
for § =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
radial momentumequation (see Table 2). The strong pairing interac-
tions on the other hand are caused by the adverse pressure gradient
generatedby the presence of swirl. The adverse pressure gradientre-
duces the axial gas-phase velocity in the downstream direction (see
Fig. 1b). As a result, the leading vortex is slowed down, causing a
well-organized pairing interaction to occur near z =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 significantly enhances droplet dis-
persion over the entire diameter range. Note the maximum disper-
sion increases from about 1.5 cm (for S =0) to 3 cm for S =0.375
andto 5 for § = 0.5. These resultsare in accord with snapshots given
in Figs. 2a-2d.

2) For S =0.375, the dispersion of 50-«m nonevaporating drop-
lets is nearly the same as that of gas particles, whereas for S =0.5,
it is lower than that of gas particles. This is in contrast to the
nonswirling case (Fig. 3a) for which the 50-um droplets disperse
more than the gas particles. This means an increasing swirl inten-
sity causesrelatively greater enhancementin gas particle dispersion
comparedto thatof 50-pm droplets,implying that swirl significantly
increases gas-phase mixing.

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

4) In contrast to the nonevaporating case, the dispersion of 100-
and 125-pum 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 significant va-
porization for these droplets during their interaction with vortex
rings. Larger evaporating droplets (d; > 150 um) 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-
nificantly enhanced, providing further evidence of increased vortex
size and stronger pairing interactions at higher swirl numbers. In ad-
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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 = 0.5, accompanied by a significantly 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 $ =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)
and contributesdirectly to higherradial dispersion.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-m droplets, respectively. The importantobservation
is that the presence of swirl enhances the radial dispersion of both
nonevaporatingand evaporatingdroplets over the entire dropletsize
range. Note from Fig. 5b that swirl causes a relatively greater in-
crease in the dispersion of 50-um evaporating droplets compared
to that of nonevaporating droplets. This is directly related to the
observation made earlier that the dispersion of 50-um evaporating
droplets follows the gas particle behavior and that swirl enhances
the dispersionof gas particles more than that of 50-um nonevaporat-
ing droplets. A similar behavior is observed for 100-um droplets,
that is as S is increased it increases the dispersion of evaporat-
ing droplets more than that of nonevaporating droplets. For larger
droplets (d;, > 150 um), 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 vaporization time is much greater than the
vortex time.

Dispersion Function vs Droplet Stokes Number

The effects of droplet size on dispersionis 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
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and three swirling cases.
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is, near the end of computations. At the end of computations, there
are 2000 droplets for the calculation of the dispersion function. For
sufficiently long computational time and number of droplets, the
dispersion function results are shown to be independent of these
parameters.* ' 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 um (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
enhanced shear-layer growth 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 significantly re-
duced compared to that of nonevaporating droplets. This is shown
more clearly in Fig. 7, which shows the dispersion function of
nonevaporating and evaporating droplets vs the Stokes number for
differentswirl numbers. Note thatthe Stokes number for 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 sufficiently 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 significantly. Consequently, the dispersion
of large nonevaporating and evaporating droplets follows the large
Stokes number behavior, though their relative dispersionis reduced
for the latter case. As indicated in Fig. 7, this behavioris observed
for all of the swirl cases investigated.
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Fig.8 Computed images of the two-phase flowfield in terms of the instantaneous isotemperature contours and locations of nonevaporating droplet

with different initial swirl velocity injected in the nonswirling jet.
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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 applicationsinvolve
droplet injection with a finite 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 flow, 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 (w, =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 large Stokes numbers. As expected, the dispersionof smaller
droplets (d; <50 um) is mainly governed by the dynamics of large
vortex rings irrespective of the initial swirl velocity, whereas that of
larger droplets (d; > 150 um) is essentially governed by their injec-
tion parameters and not by the vortex ring dynamics. On the other
hand, the dispersion of intermediate-size droplets (d; = 125 um)
is governed by both the vortex ring dynamics and initial swirl
velocity.

Conclusions

We have investigated the dispersion of 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 solver'® for the
Navier-Stokes and energy equations without any turbulence or sub-
grid model. The droplet transport has been simulated by using a
Lagrangian approach. Simulations have been validated by estab-
lishing their grid independence and by comparing the predicted and
measured Strouhal numbers. Detailed flow visualization based on
the computed snapshots of two-phase flow, as well as quantitative
results, has been employed to characterize the effects of swirl and
vaporizationon dropletdispersionin 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 first time. This,
of course, is an expected result because in the absence of small-
scale turbulence, the flow 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 flows. However, the vortex ring dynamics is strongly
modified by swirl, leading to strong pairing interactionsand changes
in their dominant frequency. This significantly enhances dispersion
compared to that in the nonswirling jet over the entire droplet size
range. In addition, the relative enhancementbecomes greater as the
swirlnumberisincreased. There are, 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-size droplets, St ~ O(1), the increased dispersion
is believedto be caused by the strong vortex pairinginteractionsand
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 experimental' 2 and
computational-* 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 vaporization on droplet dispersion is characterized
in terms of the droplet lifetime compared to its response time and
the characteristicflow (vortex) time. For the conditionsinvestigated,
the dispersion of evaporating droplets is noticeably reduced com-
pared to the nonevaporating case. In addition, the dispersion func-
tion vs Stokes number plot, especially the size-selective behavior,
is modified by vaporization. Droplets with a diameter less than the
optimum value (corresponding to the maximum dispersion) are suf-
ficiently vaporized during their interaction with the vortex rings,
such that their dispersion behavior approachesthe 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 signifi-
cantly because their lifetime is significantly higher than the vortex
time. Consequently, their dispersion follows the large Stokes num-
ber behavior, though the dispersion function value 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-
nificantly modify the dispersion of intermediate-size [St~ O(1)]
and large-size (large Stokes number) droplets. However, the disper-
sion of small dropletsis essentially governed by the gas-phase swirl
and vortex ring dynamics.

Note that this is the first study dealing with droplet dispersionin
a transient swirling jet in the context of large vortex structures. The
presentresults clearly indicate that the shear-layerdynamics in two-
phase, coflowing, 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, vortex dynamics,and dropletdispersionshould
be investigated using simulations and laboratory experiments.
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