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Abstract—In this paper, we present direct numerical simulation of a droplet-laden swirling jet, and
examine the effects of swirl and two-phase momentum coupling on the jet dynamics and structural
characteristics. A time-dependent, multi-dimensional, two-phase algorithm is developed for the simu-
lation. Results for the single-paase swirling jet at a Reynolds number of 800 indicate that the dynamics
of large-scale structures are strongly affected by the degree of swirl imparted to the incoming flow. For
low and intermediate swirl intensities, the vortex rings roll up closer to the nozzle exit, their frequency
increases, and pairing interact.ons become progressively stronger as the swirl number (S) is increased.
Thus, the addition of swirl to a transitional jet appears to modify its vortex dynamics in a way that
enhances the beneficial effects of both swirl and vortex structures on the shear layer growth and
entrainment. For a strongly swirling jet, the presence of a central stagnant zone and recirculation
bubble causes a dramatic increases in the jet spreading angle, and this has a very dramatic effect on
vortex dynamics. Based on a Jetailed visualization of the dynamic structure, we speculate that vortex
structures in turn play an important role in determining the location and size of recirculation bubble.
Results for the two-phase swirling jet indicate that for a mass loading ratio of unity, the jet dynamic
and time-averaged behavior are strongly affected by both the interphase momentum coupling and swirl
intensity. For a nonswirling two-phase jet, the momentum coupling modifies the dynamics of large
vortex structures, including thzir roll-up location and frequency, which leads to enhanced mixing and
entrainment of colder fluid into the shear layer. In contrast, for weakly and moderately swirling two-
phase jets (S < 0.5), the momentum coupling reduces the shear layer growth, as well as mixing and
entrainment rate. As the swirl number is increased, the effect becomes progressively stronger, mani-
fested by the reduced rate of clecay of gas velocity and temperature along the jet axis. In addition, the
relation between roll-up frequency and swirl is modified in that the frequency increases with .S for a
single-phase jet, while it becomes independent of S for the corresponding two-phase jet. Consequently,
the vortex pairing interactions, which are responsible for enhanced mixing and entrainment for single-
phase swirling jets, are suppressed for two-phase jets. For strongly swirling two-phase jets (§>0.5),
the effect of momentum coupling becomes even more dramatic. Results for S = 0.75 indicate a drastic
reduction in the size of the recirculation bubble for the two-phase jet. © 1998 Elsevier Science Ltd.
All rights reserved
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1. INTRODUCTION

Swirling jet flows are utilized in a wide range of applications. By imparting swirl to the incoming
flow, the structure of both nonreacting and reacting flows can be changed in a dramatic manner
(Lilley 1977). The structure of swirling jet, for example, is strongly affected by the degree of
swirl, characterized by a swirl number (S) which is defined as the ratio of axial flux of swirl or
azimuthal momentum to that of axial momentum. For a weakly swirling nonreacting jet
(S < 0.4), the jet growth, entrainment and decay are enhanced progressively as S is increased.
For a corresponding strongly swirling jet (S>0.5), the behavior changes more dramatically due
to the formation of a recirculaion bubble. In combustion applications, the recirculation bubble
perhaps represents the most significant and useful effect of swirl, as it plays a central role in
flame stabilization and enhanced combustor performance.
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Extensive research efforts have been expended in understanding and characterizing the effects
of swirl in nonreacting and reacting flows (Lilley 1977; Ribeiro and Whitelaw 1980; Leschziner
and Rodi 1984). A commonly used configuration in both experimental and computational
studies involves a confinzd or free swirling jet. Most of these studies, however, deal with the
time-averaged behavior of swirling single-phase (Leschziner and Rodi 1984; Dellenbach et al.
1988; Durst and Wennerberg 1991) and two-phase jets (Sommerfeld and Qui 1993). The transi-
ent aspects, particularly those associated with large-scale vortex structures, have not been exam-
ined, although these structures have been shown to have a dominant effect on the near jet flow
dynamics of non-swirlirg jets. Numerous experimental and numerical studies (Crow and
Champagne 1971; Yule 1978) have shown that toroidal vortex rings form periodically in the
near field of round jets and convect downstream. These axisymmetric structures roll around due
to the inhomogeneous flow field, and may also undergo pairing interactions, depending on the
flow conditions, such as initial disturbance level and other experimental conditions. In addition,
their dynamics can be modified significantly by external forcing (Reynolds and Bouchard 1981).
There are also other mechanisms that can modify their temporal and spatial growth character-
istics. These include acoustic (pressure) fluctuations (Kailasanath ez a/. 1989), which can modify
the dominant frequency associated with large scale structures, compressibility effects (Shau et al.
1993), and density variations caused by a variation in temperature or molecular weight
(Subbarao and Cantwell 1992). Yet another mechanism that may alter the dynamics of large-
scale structures pertains 1o the effect of swirl, which induces a body force in the radial momen-
tum equation, and an adverse pressure gradient in the axial direction. For weakly swirling jets,
the axial adverse pressure gradient caused by swirl can modify the processes of vortex roll-up
and pairing interactions. For strongly swirling jets, the jet spreading and recirculation zone
created by the swirl effect can have a more dramatic effect on the dynamics of vortex rings. To
our knowledge, these aspects dealing with the dynamic interactions between large scale struc-
tures and swirl, and those between large structures and droplets in a swirling shear flow, have
not been investigated in previous studies.

In this paper, we presant a numerical simulation of a droplet-laden swirling jet. The major
objective of this study is to investigate the dynamics of large-scale structures under different
swirl conditions, and their interactions with the droplets injected in the shear layer of an axi-
symmetric swirling jet. A direct numerical solver without any turbulence or subgrid model is
employed. The simulation first examines the dynamics of vortex rings and their interactions with
the swirling flow field in a transitional heated jet. Then, a droplet-laden swirling jet is simulated
in order to examine the effects of two-phase momentum coupling on the jet dynamics and struc-
tural behavior. The jet Reynolds number based on a jet velocity of 5.0 m/s, diameter 25.4 mm,
and kinematic viscosity of heated jet fluid is 800. In our earlier study (Aggarwal er al. 1996), the
dynamics of a nonswirling two-phase jet were investigated, and it was shown that the shear
layer stability and vortex dynamics can be modified significantly by controlling the droplet
injection characteristics. The present study extends that work to a swirling two-phase jet, and
examines the effects of both swirl and two-phase momentum coupling on its dynamic and time-
averaged structure.

2. PHYSICAL- NUMERICAL MODEL

A cartoon of the two-phase swirling jet investigated in the present study is shown in
figure 1. It consists of a central swirling jet which is a two-phase mixture of air and liquid fuel
(n-heptane) droplets and a low-speed annular air flow. The jet at axial velocity of 5.0 m/s and
temperature of 1200 K is issuing into a co-flow with a velocity of 0.2 m/s without swirl and
temperature of 294 K. Note that the use of high jet temperature is based on the consideration
that we plan to investigate an evaporating spray in a subsequent study. In the present study, a
nonevaporating spray is simulated in order to examine the effects of two-phase momentum
coupling in the near region of a swirling jet. The jet—shear-layer instability is primarily of the
Kelvin—-Helmholtz type (Aggarwal et al. 1996).

The numerical model is based on solving the time-dependent, two-phase equations in an
axisymmetric geometry. The unsteady, axisymmetric governing equations in cylindrical (z, r)
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coordinates for a droplet-laden swirling jet are:
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The general form of [1] represents the continuity, three momentum, and energy conservation
equations depending on the variable used for @. The transport coefficients I'? and the source
terms S& and ST that appear in the governing equations are listed in table 1. Note that the
equations in table 1 correspond to an evaporating two-phase flow. For the present study, which
simulates a nonevaporating two-phase flow, the species equations are not considered, and
droplet vaporization rate (7)) is taken identically equal to zero. The transport coefficients I'?
and source terms contain the fluid properties such as viscosity (), thermal conductivity (4), and
specific heat (C,,). They are considered functions of temperature and species concentration.

The effect of dispersed phase on gas-phase properties is incorporated through the source/sink
terms (S7), representing the exchange of momentum between the gas and dispersed phases. In
order to evaluate these terms, it is necessary to establish droplet trajectories. The Lagrangian
approach is employed to solve the liquid-phase governing equations for the dynamics of each
droplet group. The spray is characterized by a discrete number of droplet groups, distinguished
by their injection location, initial size, and time of injection. A droplet group in a Lagrangian
treatment represents a characteristic group containing a finite number of droplets. Since an
axisymmetric configuration is analyzed, the liquid properties are implicitly averaged in the
azimuthal direction and the number of droplets associated with each characteristic group
represents droplets uniformly distributed in an annular ring. The equations governing the
variation of position and velocity of each droplet are as follows:
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In the above equations, z; and y, are, respectively, the instantaneous axial and radial locations
of a droplet group, while u, v, and w; are, respectively, its axial, radial, and azimuthal velocity
components. Further, d;, pr, and Re; are, respectively, the droplet size, material density and
Reynolds number, whereas p¢ and pug are the gas density and viscosity, respectively. In the
present simulation, we consider nonevaporating n-heptane droplets. In a subsequent study, we
plan to extend the analysis to evaporating droplets. The density of n-heptane fuel is assumed to
be 649.4 kg/m>, which yields a value of more than 100 for the ratio of droplet density to gas
density, with the latter value based on an average gas temperature of 750 K. This sufficiently
large density ratio allows us ro neglect the Basset force, pressure gradient and other contri-
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Figure 1. Schematic of a droplet-laden swirling jet..

butions from flow non-uniformities, and consider only the quasi-steady drag and gravity forces
in [3].

The numerical solution of the unsteady two-phase equations employs an implicit algorithm
for solving the gas-phase equations, and an explicit Runge—Kutta procedure for the liquid-phase
equations. The finite-difference forms of the momentum equations are obtained using an implicit
QUICKEST scheme (Lzonard 1979), while those of energy equations are obtained using a
hybrid scheme of upwind and central differencing (Spalding 1972). A ‘finite control volume’
approach with a nonuniform staggered-grid system is utilized. An orthogonal grid having
expanding cell sizes in both the axial and the radial direction is employed. An iterative ADI
(Alternative Direction Implicit) technique is used for solving the resulting sets of algebraic
equations. At every time step, the pressure field is calculated by solving all the pressure Poisson
equations simultaneously and utilizing the LU (lower and upper diagonal) matrix decomposition
technique.

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 and an outflcw boundary in the radial direction and by the inflow and another out-
flow boundary in the axial direction. The outer boundaries in the z and r directions are located
sufficiently far from the nozzle exit (16 nozzle diameters) and the axis of symmetry (six nozzle
diameters), respectively, to minimize the propagation of boundary-induced disturbances into the
region of interest (seven and two nozzle diameters in the axial and radial directions, respect-
ively). A flat profile for axial velocity and a linear profile for swirl velocity (swirl velocity being
a linearly increasing function of radius) are used at the inflow boundary. It is important to
mention that, for a given swirl number, one can employ different swirl velocity profiles at the
inflow boundary, and this may affect the jet development. However, a linear velocity profile pro-
vides a good approximation to the real situation, and has often been used in computational stu-
dies (Ribeiro and Whitelaw 1980; Leschziner and Rodi 1984). A zero-gradient boundary
condition with an extrapolation procedure with weighted zero- and first-order terms is used to
estimate the flow variables at the outflow boundary. The weighting functions are selected using



299

TWO-PHASE, NONEVAPORATING SWIRLING JET

¥

(MY — Shy) Y “N o s " (3roug
0 0 N=tqd v ;.R; - saads 1oy10 Jo UonORI] SSBN
¥ NS,
«ESHW 0 N —Iqd X [an} JO uodeI) SSeIN
¥
P T — Ity N Q4 o
,:6 M 1|m.~. + MQ. + ) " M WNJUUIOW J1IME
¥
P
A«%«E«:Iég,\sz A vgm+ 4@ m+ 4 mlhq+ﬁxml%w+ 2a\e £ ) +1m1 - N WNUBWOW [EIPEY
4 /e % e % ejr M 4 agr \ae Je \m Je de
(P, . ../\R\ Mo ~zo [0 N70 [0 \7z0l¢c =04 z0 \uap (20
T T — Vi Y A Pl 2= aiis il =y Ug 1 WiUSWoW (Bixy
Ump A LW b el v s P A Ve e \mfé v+m " " mmE——_——
¥
o’ { 0 0 I Amunuo)
ig 2 od ¢ suonenbyg

suonenbs Suruianog sseyd-ses ui Suuieadde suLId) 20IN0S PUR STUSIY30I Jiodsuel], ‘[ AqBL



300 T. W. PARK et al.

the trial-and-error approach, and the main criterion used is that the vortices crossing the out-
flow boundary leave smoothly without being distorted. For the given flow conditions, a steady-
state solution was first obtained by neglecting the unsteady terms in the governing equations.
Then, the unsteady two-phase swirling jet simulations were performed using the previously
obtained steady-state solution as the initial flow condition.

The liquid-phase equations governing the position of each droplet group are advanced in time
by a second-order accurate Runge-Kutta method. Since the gas-phase solution employs an im-
plicit procedure, the temporal step size used for integrating the liquid-phase equations is usually
smaller than that for gas-phase equations. An automatic procedure is implemented in order to
select an optimum liquid-phase time step. The procedure to advance the two-phase solution
over one gas-phase time step is as follows. Using the known gas-phase properties, the liquid-
phase equations are solved over the specified number of liquid-phase subcycles. A third-order
accurate Lagrangian polynomial method is used for interpolating the gas-phase properties from
the nonuniform fixed grid to the droplet characteristic location. It should be noted that the
interpolation scheme for the gas-phase velocities (v, v and w) is based on their respective grid
cells because of the use of a staggered grid in gas-phase calculation. The droplet properties are
updated after every liquid-phase subcycle. Also, during each subcycle, the liquid-phase source
terms appearing in the gas-phase equations are calculated at the characteristic location, and
then distributed to the surrounding gas-phase grid points. These source terms are added at each
gas-phase grid points during one gas-phase time step and then used in the implicit solution of
the gas-phase equations. [t is also important to note that the integration of droplet equations [3]
in cylindrical coordinates require special care near the axis of symmetry, where a specular
boundary condition is imposed. This implies that, as a droplet approaches the left boundary, it
is replaced by another droplet entering the domain at the reflected angle.

Numerical validation studies for both single-phase and two-phase jets, as well as for
low-speed diffusion flames, employing different grids and temporal step sizes have been reported
previously (Aggarwal et al. 1996, Katta et al. 1994). Some additional results showing grid
independence are depicted in figure 2. The time-history of gas velocity computed for two differ-
ent grid sizes, 151 x 61 and 226 x 91 for nonswirling and swirling jets is plotted in figure 2(a)
and 2(b), while the profiles of time-averaged velocity along the jet axis for three different swirl
numbers are plotted in figure 2(c). Since a nonuniform grid is employed with grid lines clustered
near the shear layer to resolve the steep gradients of the dependent variables, additional grid
points in the 226 x 91 grid are placed near the shear layer, thus effectively reducing the grid
density for this grid by nearly 100% compared to the 151 x 61 grid. The time-history plots of
gas velocity clearly depict the highly periodic nature of jet vortex rings associated with the
Kelvin—-Helmholtz instability. For the nonswirling jet, the Strouhal number associated with this
instability obtained from the fast Fourier transform of axial velocity is 0.33, which agrees with
the reported experimental range of 0.25-0.5 (Hussain and Hussain 1983). The aspects pertaining
to the dynamic and time-averaged jet behavior for different swirl numbers are discussed in the
next section. An important observation here is that the 151 x 61 grid is able to capture the
periodic behavior, including the frequency and phase of vortex structures, as well as the time-
averaged structure of both nonswirling and swirling jets.

3. RESULTS

The swirl number is defined as

1 [Quwr? dr
_ Llpr o g
ro [putrdr

where r, is the radial extent of computational domain, r is the radial coordinate, and « and w
are, respectively, the gas axial and azimuthal velocity components. This definition treats S as a
function of axial distance. Thus, at the inflow boundary r, becomes equal to the jet radius.

First, we examine the dynamics of single-phase swirling jets at different swirl numbers (S).
The objective is to understand and characterize the dynamic interactions between swirl and
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Figure 2. Time-history plots of centerline gas velocity (a and b) and axial profiles of time-averaged cen-
terline gas velocity (¢) for nonswirling and swirling (swirl number S = 0.375) jets obtained by using two
different grid sizes..

large-scale structures, and the effects of these interactions on the jet behavior. Since the jet
dynamics and structural characteristics are strongly influenced by the presence of both swirl and
large scale structures, it is of inlerest to examine how the vortex dynamics are affected by swirl,
and how the distribution of swirl and its decay rate are modified by vortex structures. The latter
effect is important since the swirl decay rate determines the pressure distribution, and thereby
the jet gross behavior, especially the onset, location and extent of the recirculation bubble at
high swirl numbers. The above interactions are examined by employing flow visualization (snap-
shots of the flow field), as well as the instantaneous and time-averaged properties.

Figure 3 shows some representative snapshots of the flow field for different swirl numbers.
In each snapshot, we plot instantaneous iso-temperature contours on the right, and streaklines
on the left. Simulations for the nonswirling jet indicate the presence of well-organized vortex
rings. Toroidal vortex rings roll up periodically near z = 4 cm (z/D = 1.6) from the nozzle exit,
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convect downstream, and undergo a weak pairing interaction near z = 16 cm. The snapshot for
§ = 0 clearly indicates a vortex roll-up occurring near z = 4 c¢m, and a pairing interaction near
z = 16 cm. These results were confirmed by the fast Fourier transform of axial velocity recorded
at several axial locations, shown in figure 4(a), which yields dominant frequencies of 64 and
32 Hz corresponding to the roll-up and merging frequencies, respectively. Results for S = 0.375,
figure 3, indicate a more cramatic effect of swirl on the dynamics of large scale structures. First
of all, the vortex roll-up location is shifted upstream and the frequency is increased from 64 to
75 Hz compared to the nonswirling case. Second, the vortex pairing becomes a prominent
feature of shear layer dynamics in the near jet region, which, we speculate, is caused by the
adverse pressure gradient effect of swirl. Since, the pressure increases along the centerline for
the swirling case, the centerline velocity for the swirling jet decays faster compared to that
for the nonswirling jet. This is indicated clearly in figure 5(a), which shows the variation of
time-averaged gas velocity along the centerline for different swirl numbers. As a result, the lead-
ing toroidal vortex is slowed down, causing a well-organized pairing interaction to occur near
z = 7cm. The faster decay of centerline velocity also causes the occurrence of second vortex
pairing near z = 12cm. The processes of shear layer roll-up and pairing interactions for
S = 0.375 are clearly depicted in figure 3. The corresponding frequencies, obtained from the fast
Fourier transform of axial velocity and displayed in figure 4(b), are 74, 37, and 19 Hz, respect-
ively. The occurrence of multiple vortex pairings in a swirling jet has an important implication
with regard to the effect of swirl-vortex interaction on the jet development and entrainment.
Since the presence of multiple vortex pairings is known to enhance shear layer growth and
entrainment, the numerical results indicate that the addition of swirl modifies vortex dynamics
in a way which further enhances the beneficial effects of swirl.

As the swirl intensity is increased, the above effects become progressively stronger. The
increased swirl strength promotes greater jet spreading, mixedness, and reduction of the poten-
tial core. In addition, the vortex roll-up occurs earlier (more upstream), and the convecting tor-
oidal vortex slows down considerably, as it moves radially outward (due to jet spreading) and
the centerline velocity decays more rapidly. Consequently, with increased swirl, vortex pairings
occur earlier and with greater intensity, further promoting shear layer growth and entrainment.
For S = 0.5, as noted in figure 3, the locations of vortex roll-up and first and second pairing
interactions are at approximately z = 2, 5, and 8 cm, respectively, compared with the corre-
sponding values of 3, 7, and 10 cm for S = 0.375. In addition, the corresponding frequencies
are higher and a third pairing interaction is observed for S = 0.5; see figure 4(c). The above ob-
servations are also confirmed by the axial profiles of time-averaged gas velocity and temperature
shown in figure 5. As S is increased, the centerline temperature decreases more rapidly, indicat-
ing a pronounced increase in the shear layer growth and entrainment of colder fluid into the hot
jet. This is a significant result in that the overall effect of swirl-vortex interaction at low to inter-
mediate swirl intensities (S < 0.5) is to augment the effect of each. Note that both the addition
of swirl and the presencs of large vortex structures are known to enhance shear layer growth
and entrainment. Our results indicate that an increase in swirl intensity promotes multiple
vortex pairings, which further enhances shear layer growth and entrainment, i.e. large structures
augment the effect of swirl and vice versa.

A more dramatic effect occurs as the swirl number exceeds 0.5, which represents the onset of
recirculation bubble in the jet flow. For $>0.5, a stagnant region develops near the centerline
due to the reverse flow caused by adverse pressure gradient, and a toroidal recirculation bubble
appears. Both the central stagnation region and recirculation bubble can clearly be seen from
the time-averaged velocizy vector plots in figure 6. Also notable in this figure is the presence of
a secondary recirculation zone for S = 0.75, located just upstream of the primary recirculation
bubble. The stagnation region and reverse flow are also quite evident in the time-averaged axial
velocity profile for S = 0.75 given in figure 5. In addition, as noted in figure 6, the jet shear
layer for § = 0.75 is shifted significantly outward in the radial direction, and exhibits a highly
dynamic structure. It is interesting to note that, while at subcritical swirl numbers (S < 0.5)
toroidal vortices are an intrinsic part of jet dynamics, their existence becomes less obvious at
supercritical swirl numbers (S>0.5). Thus, an important issue to be addressed here pertains to
the existence and nature of large scale structures for strongly swirling jets, and whether the tran-






