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A swirling annular gas-liquid two-phase jet flow system has been investigated by solving the
compressible, time-dependent, non-dimensional Navier-Stokes equations using highly accurate numer-
ical methods. The mathematical formulation for the flow system is based on an Eulerian approach with
mixed-fluid treatment while an adjusted volume of fluid method is utilised to account for the gas com-
pressibility. Surface tension effects are captured by a continuum surface force model. Swirling motion is
applied at the inlet while a small helical perturbation is also applied to initiate the instability. Three-

g?{:grgj;nerical simulation dimensional spatial direct numerical simulation has been performed with parallelisation of the code
Two-phase based on domain decomposition. The results show that the flow is characterised by a geometrical recir-
Jet culation zone adjacent to the nozzle exit and by a central recirculation zone further downstream. Swirl
Swirl enhances the flow instability and vorticity and promotes liquid dispersion in the cross-streamwise direc-

tions. A dynamic precessing vortex core is developed demonstrating that the growth of such a vortex in
annular configurations can be initiated even at low swirl numbers, in agreement with experimental find-
ings. Analysis of the averaged results revealed the existence of a geometrical recirculation zone and a
swirl induced central recirculation zone in the flow field.

Perturbation
Annular
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1. Introduction

Gas-liquid two-phase flow systems are encountered in a variety
of engineering applications such as sprays in fuel injection in com-
bustion engines and in propulsion systems (Gorokhovski and Her-
mann, 2008). A liquid sheet spray process is a two-phase flow
system with a gas, in most cases air, as the continuous phase and
a liquid as the dispersed phase in the form of droplets of ligaments.
In most applications the gas phase is a high-speed compressible
flow while the liquid exhibits natural incompressibility. The two
phases are coupled through exchange of mass, momentum and en-
ergy with their interactions occurring in different ways at various
time scales. Understanding of the fluid dynamic behaviour of liquid
sheets in gas medium is essential to achieve effective control of the
desired transfer rates of the two-phase flow system.

Compared with round jets annular jets are advantageous in
many applications due to the existence of thin liquid sheets, which
can disintegrate faster, leading to more effective atomisation.
However, the annular configuration results in more complex flow
fields compared to round configurations due to the existence of
two concentric shear layers near recirculation zone immediately
after the nozzle exit (Siamas et al., 2008a; Del Taglia et al., 2004;
Sheen et al., 1996), which is a typical feature of annular jet flows.
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The addition of swirling motion in annular jet flows, found in
propulsion systems and other combustion systems, is regarded as
an effective way to stabilise the flame near the burner exit (Gupta
et al., 1984). Higher entrainment and improved flow mixing in the
shear-layer region can be achieved by the introduction of swirl
(Hiibner et al., 2003; Sheen et al., 1996). The addition of swirl in
atomisation systems can also significantly alter the spray physics
and speed-up the liquid disintegration process (Liao et al., 2000).
It is very difficult to understand the physics behind liquid breakup
and atomisation using theoretical and/or experimental approaches
due to the complex mixing and coupling between the liquid and
the gas phases and the broad range of time and length scales in-
volved. The existing studies on annular jets were mainly based
on experimental observations (Vanierschot and van den Bulck,
2007; Adzic et al., 2001; Ramamurthi and Tharakan, 1998; Som-
merfeld and Qiu, 1991) and on simple mathematical formulations
(Ibrahim and McKinney, 2006; Liao et al., 2000; Chuech, 1993).
There is still a lack of fundamental understanding on the fluid dy-
namic behaviour of swirling annular gas-liquid two-phase jets.

Detailed understanding of the fluid behaviour of complex two-
phase flow systems requires temporally and spatially resolved
diagnostics. In terms of obtaining elementary understanding,
DNS is advantageous over the traditional Reynolds-averaged Na-
vier-Stokes (RANS) modelling approach and the more advanced
large-eddy simulation (LES). The addition of swirl causes extra
problems since the swirling motion cannot be easily modelled
using RANS due to effects of the mean flow streamline curvature
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Nomenclature

A amplitude of disturbance
a;, a;  storage locations constants
D mass diffusivity

e internal energy per unit mass
Er total energy of the gas p,le + (u? + v2 + w?)/2
fo excitation frequency

fo fo swirl constants

j grid point j

L length

Ma Mach number

m mode number

Pr Prandtl number

P gas pressure

Q solution variables

Q;, Q, storage locations

q heat flux

R radius

Re Reynolds number

Re; turbulent Reynolds number
r radial distance

S swirl number

Sc Schmidt number

T temperature

t time

U E F, G, H vectors
u, v, w velocity components in x, y, z directions

Up azimuthal velocity
We Weber number

X, ¥, z Cartesian coordinates
Y liquid mass fraction

Greek symbols

Y ratio of specific heats of gas
Nk Kolmogorov length scale
Nerid grid spacing

K curvature

u viscosity

p density

o surface tension

T viscous stress

[0 liquid volume fraction

¢ azimuthal angle

b general variable

Subscripts

a ambient

g gas

i, 0 inner and outer radii of the annular jet
l liquid

ref reference

zs sponge layer

Superscripts

M

dimensional quantity
o first and second derivatives

Other symbols

A difference operator

v gradient

- mean or time-average
[l modulus

(Jakirlic et al., 2002). LES can be utilised to overcome the problems
associated with RANS approach but it may not be sufficient to
understand the detailed mechanisms in high-speed gas-liquid
two-phase jet flow, as the small scales still need to be modelled
in LES. The swirling motion can be captured using LES but only
the major part of the turbulent motion is directly resolved (Gar-
cia-Villalba et al., 2006; Garcia-Villalba and Frohlich, 2006). From
this perspective DNS can be very useful in increasing understand-
ing of complex multiphase flows and provide useful databases for
the development of atomisation models.

Ruith and Meiburg (2002), Kollmann et al. (2001) used DNS to
simulate vortex breakdown in single-phase swirling jets, but DNS
of two-phase flows has been extremely scarce. The interface
changes and turbulence in two-phase environments have been
simulated using DNS (Banerjee et al., 2004; Fulgosi et al., 2003;
Lombardi et al., 1996) but the two phases were divided into two
single-phase subdomains while the gas flow was considered to
be incompressible. Klein (2005) performed DNS of a liquid sheet
exhausting into a gaseous incompressible atmosphere under mod-
erate Reynolds number. Direct computations of two-phase gas-li-
quid flows have been performed in axisymmetric and planar
configurations (Siamas et al., 2008a; Siamas and Jiang, 2007; Jiang
and Siamas, 2007) and good agreement with linear theories has
been obtained. However, the capturing of the fine details of the li-
quid topology and vortex interaction was not possible in idealised
axisymmetric and planar simulations due to the lack of three-
dimensional (3D) vortex stretching and interaction. Furthermore,
it was not possible to examine swirling flows in axisymmetric or
planar simulations. Extended study in full three-dimensions is
needed for detailed realisation of the dynamics of annular gas-li-
quid two-phase swirling jet flow. Recently, an effort has been made

by Siamas et al. (2008b) to perform a fully 3D parallel DNS of an
annular gas-liquid two-phase jet flow, but it was limited to a
non-swirling jet only.

This is an extended effort of the previous study (Siamas et al.,
2008b), aiming at a better understanding of annular gas-liquid
two-phase jet flows under swirling conditions. The flow physics
is examined by direct solution of the unsteady, non-dimensional
Navier-Stokes equations using highly accurate numerical methods
for the gas-liquid two-phase flow system with gas treated as com-
pressible. Fully 3D parallel spatial direct numerical simulation
(DNS) has been performed. In the following sections, governing
equations and numerical methods used are presented, followed
by discussions on the results and the conclusions drawn.

2. Governing equations

For the swirling annular gas-liquid two-phase jet under inves-
tigation, the flow field concerned is the region above the jet nozzle
plane where the two-phase jet is issuing into an ambient environ-
ment. The flow field is described by the non-dimensional time-
dependent Navier-Stokes equations in the Cartesian coordinate
system (x,y,z), where the z-axis is aligned with the streamwise
direction of the jet while the x-y plane is the cross-stream direc-
tion. Reference quantities used in the normalisation are the maxi-
mum streamwise velocity at the jet nozzle exit (computational
domain inlet), the diameter of the annular jet (twice of the distance
between the middle point of the annular sheet and the geometrical
centre of the jet nozzle exit), the ambient temperature, gas density
and viscosity and the liquid surface tension (assumed to be con-
stant, resulting in a non-dimensional value of one). In the Eulerian
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approach with mixed-fluid treatment adopted (Crowe, 2006), the
two phases are assumed to be in local kinetic and thermal equilib-
rium, i.e. the relative velocities and temperatures are not signifi-
cant, while the density and viscosity are considered as gas-liquid
mixture properties. The liquid is assumed to be a passive scalar
that is transported by the gas phase. In the current formulation
only a non-reacting isothermal flow is considered, where the two
phases exchange momentum only without phase change and en-
ergy transfer taking place. Thus u;=u=u, v,=v =71,
w, =w;=w and T, = T; = T. The Eulerian approach with mixed-
fluid treatment significantly reduces the computational costs due
to its simplicity. The drawback of the mixed-fluid treatment is that
it is not able to model multiphase flows with the existence of sharp
interfacial gradients. These drawbacks may be overcome by the use
of a separated-fluid approach (Crowe, 2006) but currently the com-
putational cost is extremely prohibitive. It is worth pointing out
that the formulation used herein applies only to situations where
the liquid represents a dilute phase such as liquid sheets in an
annular configuration. The governing equations are formulated
upon the conservation laws for mass, momentum and energy
and they describe both phases in a single set of equations. Using
the variables defined in the Notation, the non-dimensional govern-
ing equations can be written in vector form as

ou OE OF 0G

ot Tox Ty Tz T +H=0, (1)
where the vectors U, E, F, G and H are defined as
Pg [ pglt ]
pu PUZ +D — Tyy
U- pv CE- pUY — Ty 7
pw PUW — Ty,
E. (Er +p)u+qx—urmg— UTyyg — Wlirg
pY I PUY ~ sz (M)
_ Py
PUV — Tyy
P> +p—Ty
F= puUw —T,,
(Er+p)v+q,— u'fxy.g —VUlyyg —Wlyzg
pvY —s (%) ]
r PgW T 0
puw 1,0 .1
— T, _ 0K 0P
(Er+p)w+q,— urxyg — UTypg — Wy Vg ”
L PWY — s (H5) . 0

In the governing equations, gravitational terms were not considered
due to the relatively high-speed of the jet and the thin distribution
of the liquid sheet. The constitutive relations for viscous stress and
heat flux components are given in Table 1. Assuming the gas med-
ium as an ideal gas, the governing equations for the gas-liquid two-
phase flow system include also the perfect gas law, given by

yMa®

(3)

The physics of the gas-liquid interface are computed and analysed
using the volume of fluid (VOF) method by Hirt and Nichols (1981),
which employs the liquid volume fraction. The liquid volume frac-
tion works as an indicator to identify the different fluids. A liquid
volume fraction value of one, ¢ =1, corresponds to pure liquid
and a value of zero, @ =0, corresponds to pure gas. In between

Table 1
The constitutive relations for viscous stress and heat flux components.
Gas-liquid mixture Gas
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the two values, 0 < @ < 1, a gas-liquid interface region exists and
the fluid is considered as a mixture. In this study, the original VOF
method has been adapted to solve an equation for the liquid mass
fraction 7y rather than the volume fraction @ in order to suit the
compressible gas phase formulation (Siamas et al., 2008a; Siamas
and Jiang, 2007; Jiang and Siamas, 2007). From their definitions, a
relation between liquid volume fraction and liquid mass fraction
can be derived as

_ P
1= (01— pg)Y
Following Gueyffier et al. (1999), the density and viscosity of the
gas-liquid two-phase fluid flow are considered as functions of the

liquid volume fraction and densities and viscosities of both phases,
given by

p=2p+(1-D)p, (5)
= p+ (1- Oy, (6)

Egs. (5) and (6) are utilised in conjunction with the VOF method, to
account for the contributions of the two individual phases to the
mixture properties.

The gas-liquid interface dynamics are resolved using a contin-
uum surface force (CSF) model developed by Brackbill et al.
(1992), which represents the surface tension effect as a continuous
volumetric force acting within the region where the two phases
coexist. The CSF model overcomes the problem of directly comput-
ing the surface tension integral that appears in the Navier-Stokes
momentum equations, which requires the exact shape and location
of the interface. In the CSF model, the surface tension force in its
non-dimensional form, as it appears in Eq. (2), can be approxi-
mated as gx/WeV @, with the curvature of the interface given by

- (va) @)

3. Computational procedures

(4)

3.1. Numerical schemes and parallelisation

The numerical methods include the high-order finite-difference
schemes for time advancement and spatial discretisation. The gov-
erning equations are integrated forward in time using a third-order
compact-storage fully explicit Runge-Kutta scheme (Williamson,
1980). The solution variables (p,, pu, pv, pw, Er, pY) in Eq. (2) are
advanced in time using a three-step compact-storage third-order
Runge-Kutta scheme of the family derived by Wray (1986). Two
storage locations are employed for each time-dependent variable
and at each sub-step at these locations, say Q; and Q, with Q rep-
resenting the solution variables, are updated simultaneously as
follows:

new =a Qzl)ldAt + Qold new _ azQ?ldAt + Qold‘ (8)
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The constants (a;,a,) in Eq. (8) are chosen to be (2/3,1/4) for sub-
step 1, (5/12,3/20) for sub-step 2 and (3/5,3/5) for sub-step 3. At
the beginning of each full time step, Q; and Q, are equal. The data
in Q, is used to compute 9U/dt in Eq. (1). The computed oU/ot is
stored in Q; to save storage (overwriting the old Q,). Eq. (8) is then
used to update Q; and Q.. In Eq. (8), At is the time step, which is
limited by the Courant-Friedrichs-Lewy (CFL) condition for
stability.

During the time advancement, the density and viscosity of the
gas-liquid two-phase flow system are calculated according to
Egs. (5) and (6), using the volume fraction @ calculated from
Eq. (4). However, the liquid mass fraction Y in Eq. (4) needs to be
calculated from the solution variable pY first. Using q to repre-
sent pY at each time step, the liquid mass fraction Y can be calcu-
lated as

P14
Y=——u—— 9
PiPg + (01— Pg)q ®)

Eq. (9) can be derived from Egs. (4), (5). At each time step, Eq. (9) is
used first to calculate the liquid mass fraction, Eq. (4) is then used to
calculate the liquid volume fraction and Egs. (5) and (6) are finally
used to update the mixture density and viscosity.

Spatial differentiation is achieved using the sixth-order com-
pact (Padé) finite-difference scheme of Lele (1992), which has been
widely used in DNS of fluid flow problems. The scheme is of sixth-
order at the inner points, of fourth-order at the next to the bound-
ary points and of third-order at the boundary. For a general
variable ¢; at grid point j in the y-direction, the scheme can be
written in the following form for the first and second derivatives:

’ ’ ’ 7¢ 1_¢'—1 1 ¢'2_¢’—2
bj_1 + 3¢ + bj.y =3 i+ &y i o it 5 iz (10)
1" 11 1" " ¢ 1 72¢'+¢'—]
Ba+ g 8]+ =671
3 ¢y — 20+ b
+§¢]+2 Aﬁ; ¢] 27 (1.1)

where Ay is the grid distance in the y-direction. The left hand side of
Egs. (10) and (11) leads to a tridiagonal system of equations whose
solutions are obtained by solving the system using a tridiagonal ma-
trix algorithm.

To perform parallel computations, the entire physical domain is
divided into “vertical” and “horizontal” slices using domain
decomposition method, as shown in Fig. 1. The use of these slices
enables correct calculation of the derivatives in all three directions.
The “horizontal” slices are used to calculate the x- and y-deriva-
tives while the “vertical” slices are used to calculate the z-deriva-
tives. To enable calculations in three-dimensions the flow data
are interlinked by swapping the flow variables from the x-z planes
to the x-y planes and vice versa. An intermediate array was used to
facilitate the variables for swapping the data between the “verti-
cal” and “horizontal” subdomains. Data exchange amongst the uti-
lised processors is achieved through standard Message Passing
Interface (MPI).

3.2. Boundary conditions

The 3D computational domain is bounded by the inflow and the
outflow boundaries in the streamwise direction and open bound-
aries with the ambient field in the jet radial (cross-streamwise)
direction. The non-reflecting characteristic boundary conditions
due to Thompson (1987) are applied at the open boundaries, which
prevent the wave reflections from the outside of the computational
domain. The non-reflecting boundary conditions are also used at
the outflow boundary in the streamwise direction. The spurious

“Vertical” Subdomains

Fig. 1. Schematic of the parallelised computational domain with “vertical” and
“horizontal” slices.

wave reflections from outside the boundary have been further con-
trolled by using a sponge layer (L; < z < L,) next to the outflow
boundary (Jiang and Luo, 2000), which has been proved to be very
effective in controlling the wave reflections through the outflow
boundary. The results of the sponge layer are unphysical and there-
fore are not used in the data analysis.

The inflow conditions at the jet nozzle exit need careful atten-
tion. They represent the initial mass and momentum distributions
of the annular gas-liquid two-phase jet. Under swirling conditions,
they must be able to represent the amount of swirl at the jet nozzle
exit as realistically as possible. Based on the concept of Pierce and
Moin (1998) for numerical generation of equilibrium swirling in-
flow conditions, analytical solutions of the axial and azimuthal
velocity components were derived, which enable simple and pre-

s: liquid sheet
j: annular jet
Lx R, ;=0.675
Ro (5y=0.600
R.'. (5}:0.400
R;5=0.325
0 Ly ¥y

(a) Inlet section

(b) Inlet distributions of liquid volume fraction,

axial and azimuthal velocities

Fig. 2. Schematic of the inlet section and inlet distributions of liquid volume
fraction, axial and azimuthal velocities.
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cise definition of the desired swirl level (Jiang et al., 2008). The exit, R; and R, are the inner and outer radii of the annular jet respec-

analytical profiles of axial and azimuthal velocities are given as tively. In Eq. (12) f; and f can be defined by the maximum velocities
5 ) ) at the inflow boundary. For a unit maximum velocity, which is often
W= 1 fx R —R Inr+ RiInR, — R; InR; , the case when a non-dimensional form of the governing equations
4 ~InR;—InR, InR; —InR, is employed, the constant f, is defined as
1fi(, R+RR+R ~ RR 1
_ _ — 8u(InR, — InR;
h 3#( R+R | R+RT 2 g Hink, Iy

R2—R+RIn [Z(m i Rl [ZM er] — 2R InR, + 2R? InR;
where r = \/(x —X0)? + (y — y,)? is the radial distance with (xo,y,) (13)
representing the location of the geometrical centre of the jet nozzle
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Fig. 3. Instantaneous isosurfaces of enstrophy, liquid volume fraction and the vorticity components at t = 30.0.
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The parameter f, defines the degree of swirl. For known w and u,
the swirl number can be calculated from

R, 2
fR'O Wur dr
i

R, f,fi" wErdr (14)
A certain swirl number can be conveniently achieved by adjusting
the constant f; in Eq. (12). From the azimuthal velocity u,, the
cross-streamwise velocity components at the inflow can be speci-
fied by u = —uyy/r and v = uyx/r. At the inflow boundary, the liquid
mass fraction profile has been specified using a distribution similar
to the streamwise (axial) velocity profile. The inlet profiles of liquid
volume fraction, axial and azimuthal velocities, along with a sche-
matic of the inlet section are shown in Fig. 2.

The mean velocity at the inflow was perturbed by a flapping
mode that contains two helical modes with the same frequency
and amplitude (Uchiyama, 2004). The velocity components at the
jet nozzle exit z = 0 can be given as

u=1u+Asin(me — 2xfot),

v

= v+ Asin(me — 2nfot), w=w+Asin(me — 2xfot), (15)
where A is the amplitude of disturbance, m is the mode number, ¢
is the azimuthal angle and fy the excitation frequency. The ampli-
tude of the disturbance is 1% of the maximum value of the stream-
wise velocity. The non-dimensional frequency (Strouhal number) of
the unsteady disturbance is chosen to be fy = 0.3, which is the most
unstable mode leading to the jet-preferred mode of instability of
round jets (Gutmark and Ho, 1983; Hussain and Zaman, 1981).
Two helical disturbances of m = 1 and m = —1 were superimposed
on the temporal disturbance (Uchiyama, 2004).

10 T T T T
sk i
6F -
~ ©
4_ .
2_ .
! ! ! !
00 2 4 6 8 10
X
(a) z=2.0
10_ T T T T
87 -
6 & W’? .
ar LAJ 3 ]
27 =
L 1 ] 1 1
00 2 4 6 8 10
X
(c) z=6.0

4. Computational details

The input parameters in the simulations were given in their
non-dimensional form, estimated from the fluids properties of die-
sel injection into compressed air at 15 MPa and 300 K (Perry and
Green, 1998). Using the reference quantities defined in Section 2,
the non-dimensional input parameters used are: Mach number
Ma = 0.4, Reynolds number Re = 2000, Prandtl number Pr = 0.76,
Schmidt number Sc = 0.76 (defined as Sc = p;/p;D,), Weber num-
ber We = 240, ratio of specific heats y = 1.64 A, and swirl number
S = 0.3 with the swirling motion specified in the anti-clockwise
direction at the jet nozzle exit. The dynamic gas viscosity is chosen
to be temperature-dependent according to a power-law of the
form p, = p1,(T/Ta)*® while the gas density is constant at the in-
flow. The non-dimensional width of the annular sheet is 0.35 while
the thickness of the liquid sheet is 0.2 and it is located in the mid-
dle of the annulus. The simulated conditions correspond to diesel
injection into compressed air at approximately 15 MPa and
300 K. At these conditions (Perry and Green, 1998), the gas density,
dynamic viscosity and mass diffusivity are p; =174 kg/m3,
Uy =022 x 10~* kg/ms and D, = 1.66 x 107 m?/s, while the die-
sel fuel properties are: density p; = 840 kg/m?3, kinematic viscosity
{4 =3.0 x 107° m?/s and surface tension ¢* = 0.025 N/m (the li-
quid properties are assumed to be constant). The dimensional
injection velocity is 133.5 m/s. The dimensional inner and outer
radii of the annular jet and liquid sheet, as indicated in Fig. 2 are
Rjery = 135 x 107 mm; R} = 1.20 x 107> mm;

o(jet)

Risheer) = 0.80 x 107> mm; R}, = 0.65 x 10> mm.

sheet

The excessive computational cost needed to perform complex
two-phase DNS, limits the computation to regions close to the jet

(d) z=8.0

Fig. 4. Instantaneous liquid volume fraction contours in various streamwise planes at t = 30.0.
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nozzle exit. The dimensions of the computational box used are
Ly=L, =L, =10. The grid system is of 512 x 512 x 512 nodes
with a uniform distribution in each direction. The grid determines
the scales that are resolved while the resolution must be sufficient
to capture the smallest scales. The Kolmogorov length scale is com-
monly quoted as the smallest scale that needs to be resolved in
DNS-type simulations and can be defined as (Freitag and Klein,
2005) 1y = Ls/Re;*, where Ly, is the dimensional reference
length scale and Re; is the turbulent Reynolds number based on
the magnitude of velocity fluctuations. The L}, corresponding to
the nominal Reynolds and Mach numbers is around 2 pum for the
simulations performed. Based on the non-dimensional input
parameters and the velocity fluctuations observed in the flow
fields, the Kolmogorov length scale #j can be estimated to be
around 0.3 um with significant spatial variations, while the grid
spacing 7., is around 0.04 um. However, the n; estimated here
might not be a good criterion to assess the quality of the simulation
because of the laminar to transitional nature rather than fully tur-
bulent nature of the flow. The physical scales of the problem corre-
sponding to the non-dimensional parameters used are very small.
However, tests showed that changing the Mach number from 0.4 to
0.05 did not lead to appreciable changes in the solution, indicating
that the DNS results may be applicable to physical problems that

[ T - e -

(c) Velocity vectors (x=5.0)

*

are ten times larger than that indicated by the L. The scaled-up
physical scales correspond to those of micro-diesel injector nozzles
(Baik et al., 2003) and microelectromechanical nozzles (Wang and
Li, 2004). Although scaling to larger configurations can be approx-
imate or even distorted, DNS results of this type can be used to gain
better insights into practical problems. Under this perspective the
results presented in this study are considered to be useful for
understanding fuel injection processes in practical applications.

Parallel computation has been performed, under the MPI envi-
ronment, on an IBM pSeries 690 Turbo Supercomputer HPCx uti-
lising 512 processors. The 3D parallel DNS code used in this
study was developed from the 3D parallel DNS code for gas jets
(Jiang et al., 2007; Jiang and Luo, 2003) based on the gas-liquid
two-phase flow formulation used in axisymmetric and planar
simulations (Siamas et al., 2008a; Siamas and Jiang, 2007; Jiang
and Siamas, 2007). Grid and time step dependence tests were
also performed by doubling the grid points in one direction (tests
by doubling the grid points in all directions proved to be too
costly to perform) and halving the time step, which did not show
appreciable changes in the results. The results presented are
therefore considered to be of adequate resolution and are dis-
cussed in terms of the instantaneous and time-averaged flow
properties.

[T P R N ¥ L - T - - Y -]
AN BARE RERE RER T T

(d) Velocity vectors ( y = 5.0)

Fig. 5. Instantaneous liquid volume fraction contours and velocity vectors in x = 5.0 and y = 5.0 planes at t = 30.0.
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5. Results and discussion
5.1. Instantaneous flow properties

Fig. 3 shows the instantaneous isosurfaces of enstrophy
Q = (0} + w; + w?})/2, liquid volume fraction @ and vorticity com-
ponents at t = 30.0. The individual vorticity components are de-
fined as wy=0w/dy —9ov/dz, wy, =0ou/dz—ow/dx and w,=
dv/dx — du/dy, respectively. From Fig. 3 it is evident that the dis-
persion of the liquid is dominated by vortical structures formed
at the downstream locations. It is noticed that no significant vorti-
ces are developed at the upstream locations while the downstream
vortex formation is a consequence of the spatial development of
the flow due to the growth of the Kelvin-Helmholtz instability.
In a 3D configuration, streamwise vorticity is generated by the
3D vortex stretching and interaction, a feature absent in idealised
axisymmetric and planar configurations (Siamas et al., 2008a; Sia-
mas and Jiang, 2007; Jiang and Siamas, 2007). The presence of both
streamwise and cross-streamwise vorticity affects the liquid
behaviour, as shown in Fig. 3b, with the liquid showing increasing
spatial dispersion as the flow progresses from upstream to further
downstream locations. The swirling mechanism causes the liquid
surface to form a conical shape while the liquid overall dispersion
is significantly greater compared to its corresponding non-swirling
case (Siamas et al., 2008b). Fig. 3c and d shows the instantaneous
isosurfaces of the x-vorticity and y-vorticity, respectively. It is no-
ticed that both negative and positive vorticity is present, indicating
the formation of complex vortices in the flow field. Negative and
positive streamwise vorticity is also evident in Fig. 3e which shows
the instantaneous isosurfaces of z-vorticity. This is due to the spa-
tial development of the flow, which is more clearly shown in Fig. 3f
which shows slices of the contours of the z-vorticity at three differ-

ent streamwise locations, starting from z=2.0 and progressing
downstream to z=4.0 and z = 8.0. Particularly at z=4.0 and
z = 8.0 complex vortical structures are formed, due to the spatial
development of the jet and the growth of the instability.

To further elucidate the liquid distribution, Fig. 4 shows the
instantaneous liquid volume fraction contours in various stream-
wise planes. At z = 2.0 a rather circular undistorted distribution
is observed since the instability is not developed at this particular
location. Further downstream the instantaneous spatial liquid dis-
persion shows complex helical patterns. The liquid distribution
grows in the cross-streamwise directions as the flow progresses
downstream, as shown in Fig. 4b-d, indicating larger spreading.
The asymmetry observed in the downstream liquid dispersion is
due to the two flapping modes (that are not symmetric in the azi-
muthal direction) applied at the nozzle exit, which triggers the
flow instability and breaks the flow symmetry at downstream
locations.

Fig. 5 shows the instantaneous liquid volume fraction contours
and velocity vector maps in x = 5.0 and y = 5.0 planes at ¢t = 30.0.
Consistent with the observation in Fig. 3b the liquid dispersion is
increased at downstream locations. The annular liquid column is
broken into disorganised asymmetrical patterns which expand in
both x- and y-directions. Streamwise vorticity, in conjunction with
the inlet flapping modes, breaks the symmetry, as also occurred in
the non-swirling case (Siamas et al., 2008b), while the swirling
case reported herein shows larger liquid dispersion compared to
the non-swirling case. The 3D swirling case also shows much larger
spreading than the idealised axisymmetric and planar simulations
(Siamas et al., 2008a; Siamas and Jiang, 2007) due to the 3D vortex
stretching and interaction. In Fig. 5a and b, no significant liquid dis-
persion is observed from z =0 to z = 4.0 since the Kelvin-Helm-
holtz instability is not developed and thus the annular liquid

Fig. 6. Instantaneous velocity vector maps in various streamwise planes at t = 30.0.
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column stays relatively unaltered. The liquid dispersion tendencies
observed herein are in good agreement with the experimental
observations of Ramamurthi and Tharakan (1998) who also no-
ticed disorganised asymmetrical liquid patterns at further down-
stream locations. The annular jet develops an empty envelope
adjacent to the jet nozzle exit as shown in Fig. 5a and b. This can

+ Geometrical Centre
3 Rotation Direction
- - Nozzle Boundary

6.5 —
=

(b) t=31.0

(c) t=32.0

be due to the presence of a geometrical recirculation zone (GRZ)
which is formed adjacent to the nozzle exit (Siamas et al., 2008a;
Sheen et al., 1996), a common feature of annular jet flows. Addi-
tional analysis of the recirculation zones is presented further on.
From the velocity vector maps, shown in Fig. 5c and d, it is clear
that the flow develops significant vortical structures after z = 4.0

(a) =300

5.3

5.3

(d) 1=33.0

Fig. 7. Instantaneous streamtraces in z = 4.0 plane at different time instants.
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in the streamwise direction, which are highly inhomogeneous with
large spatial changes. After z = 7.0 the flow field appears to be
more uniform where large-scale vortical structures are less obvi-
ous. This indicates that the large-scale structures might have bro-
ken down into smaller scales at the downstream.

The instantaneous velocity vector maps in various streamwise
planes at t = 30.0 are shown in Fig. 6. For clarity reasons the vector
plots shown are for a limited number of grid points which is signif-
icantly less than the total number of grid points. At z = 2.0, the
swirling of the jet flow, which is a motion that is not self-sustain-
ing, can be clearly seen. Further downstream the flow field shows
complex structures due to the development of the instability
which is triggered by the small external perturbation applied at
the inlet. The instability development causes the flow structures
to become more complex with less compactness, as shown in
Fig. 6¢c and d, due to the collapsing of the large-scale structures
to smaller ones. Compared with the rather compact flow structures
observed in the non-swirling case (Siamas et al., 2008b), the results
here indicate that the swirling motion enhances the instability and
thus promotes vorticity. At the downstream location z = 8.0 the
flow is more vortical but also more homogeneous compared to
the other stream wise planes.

Instantaneous streamtraces in z = 4.0 plane at different time in-
stants are presented in Fig. 7. The number and positioning of the
streamtraces has been kept the same in all sub-figures for a consis-
tent comparison. In Fig. 7, an inner self-rotating structure very
close to the jet nozzle geometrical centre can be observed, which
is known as the precessing vortex core (PVC) (Gupta et al., 1984).
It is clear that the PVC changes position with time, showing a dy-
namic nature. The PVC not only rotates around its own axis but
also rotates around the nozzle axis of symmetry. The PVC rotation
direction is the same as the swirl direction indicated by the curved
arrow in Fig. 7. It is known that the PVC can only develop in swirl-
ing jets but its exact mechanisms and the factors affecting its pres-
ence are still unclear (Syred, 2006; Lucca-Negro and O’Doherty,
2001). Garcia-Villalba and Frohlich (2006) showed that the PVC
in single-phase flows is mainly associated with high swirl numbers
(S > 0.55) and they did not observe a PVC in low swirl number case
studies. This was noticed for swirling single-phase round jets
(Syred, 2006; Gupta et al., 1984). Herein the swirl number is equal
to 0.3 and a PVC development is observed as shown in Fig. 7. This is
likely associated with the annular configuration of the jet and the
gas-liquid two-phase flow investigated. It was experimentally
shown (Al-Abdeli and Masri, 2003, 2004) that the PVC develop-
ment in annular jet configurations is greatly affected by other inlet
parameters, apart from the swirl number, and thus the swirl num-
ber alone is not a sufficient criterion for the PVC development. In a
gas-liquid two-phase flow system, the large liquid-to-gas density
ratio increases the azimuthal momentum flux (compared with a
single-phase gas jet). Consequently, PVC may develop at a smaller
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Fig. 8. Instantaneous streamwise velocity profiles at the jet centreline at different
time instants.

swirl number, which was defined based on azimuthal velocity
only. The amplitude of the PVC motion is quite small compared
to the jet diameter, consistent with experimental observations, in
which small motions of the PVC were normally observed (Fick
et al., 1997; Syred et al., 1997). The PVC could only extend its mo-
tion beyond half of the jet diameter in cases of extreme swirl (Gup-
ta et al., 1984).

The instantaneous streamwise velocity profiles at the jet centr-
eline at different time instants are shown in Fig. 8. A large peak,
having a maximum at z = 1.5, is observed near the nozzle exit
due to the merging of the circular sheet of the annular jet. The
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Fig. 9. Centreline velocity histories and their corresponding energy spectra.
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streamwise velocity profiles are overlapping and have negative
values between z = 2.25 and z = 3.25. This is associated with the
development of a recirculation zone at this particular region. The
positioning of this negative velocity zone (a recirculation zone) is
further downstream and not adjacent to the nozzle exit, and thus
it cannot be regarded as a GRZ. It is rather a central recirculation
zone (CRZ) which is due to the swirling motion applied at the inlet
(Syred, 2006). The velocity profiles at the downstream, and partic-
ularly after z = 5.0, show significant fluctuations indicating that the
Kelvin-Helmholtz instability is established causing the flow field
to become more vortical.

Fig. 9 shows, by means of time traces, the streamwise velocity
histories at the jet centreline along with their corresponding en-
ergy spectra at three locations starting from z = 4.0 and progress-
ing downstream to z = 6.0 and z = 8.0. It is noticed that at z=4.0
the velocity fluctuations are relatively weak indicating a rather sta-
ble flow field in terms of vorticity. At z= 6.0 more significant
velocity fluctuations are present, associated with the formation
and convection of large-scale vortical structures which ultimately
change the local velocity. Further downstream, at z= 8.0, the
velocity fluctuations are slightly smoother compared to the ones
at z = 6.0, indicating that the large-scale vortical structures might
have collapsed to smaller ones. Fig. 9b shows the energy spectra
from a Fourier analysis of the streamwise velocity histories, as
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shown in Fig. 9a, for the three downstream locations considered.
Although a small external perturbation was applied at the inlet
with frequency St = 0.3, non-zero dominant frequencies are not
observed in Fig. 9b. This may be due to the complex dynamic nat-
ure of the two-phase flow field, and the fact that the flow has not
been fully developed or the time interval examined is not suffi-
ciently long enough. The small peaks and troughs observed in
the energy distributions are due to the vortex interaction that oc-
curs in the flow. The energy spectra are also plotted in logarithmic
scales as shown in Fig. 9c. The important feature in Fig. 9c is the
large energy fluctuations observed in downstream locations, indi-
cating the transitional behaviour of the annular gas-liquid two-
phase jet. In comparison with the non-swirling case (Siamas
et al., 2008b) the addition of swirl results in a more energetic flow
field and thus the vortical level of the flow is also increased. The
transition to turbulence can be measured by the Kolmogorov cas-
cade theory, e.g. Grinstein and DeVore (1996), which states a
power-law correction between the energy and the frequency of
the form E ~ St >/, In Fig. 9c the Kolmogorov power-law is plotted
together with the energy spectrum at the downstream locations
under consideration. It is noticed that the annular jet behaviour
does not closely follow the Kolmogorov cascade theory, indicating
the laminar to transitional nature of the gas-liquid two-phase
flow.

(b) Streamwise velocity (GRZ/CRZ close-up)
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Fig. 10. Time-averaged streamwise velocity contours and streamtraces of the recirculation zones in x = 5.0 plane (solid line: positive; dashed line: negative).
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5.2. Time-averaged flow properties

In an effort to further understand the flow physics and examine
the recirculation characteristics, time-averaged results are also
presented. The time interval used for the calculation of the averag-
ing properties is between t; = 23.3 and t, = 30.0 after the flow has
developed. Fig. 10a and b shows the time-averaged streamwise
velocity contours in x = 5.0 plane. No vortical structures are ob-
served since vortical structures are dynamic which are continu-
ously convected downstream by the mean flow and therefore
they would not appear in the averaged results. The flow shows
no significant spreading until z = 4.0. After z= 4.0 the Kelvin-
Helmholtz instability is established causing the jet to spread more
in the cross-streamwise direction. The most important feature in
Fig. 10a and b is the capturing of two recirculation zones: (1) a geo-
metrical recirculation zone adjacent to the nozzle exit and (2) a
central recirculation zone having its centre approximately at
z=3.0and y = 5.0. The GRZ is a typical feature of annular jet flows
due to the two concentric shear layers (Siamas et al., 2008a; Sheen
et al., 1996). In this cross-section, the GRZ has two branches on
both sides of the centreline. The CRZ is positioned in between
z=2.2and z = 3.4 and it is purely due to the swirling mechanism.
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Fig. 11. Time-averaged liquid volume fraction and streamwise velocity profiles at
different streamwise locations in x = 5.0 plane.

Our earlier results of non-swirling gas-liquid jet flows (Siamas
et al., 2008b) showed that only the GRZ adjacent to the jet nozzle
exit is evident. The DNS results shown here indicate that the swirl-
ing motion is responsible for the development of the CRZ, in sup-
port with the observations of Syred (2006), Lucca-Negro and
O’Doherty (2001). The rotating patterns of both the GRZ and the
CRZ are clearly shown in Fig. 10c and d, respectively. For better
visualisation the streamtraces are plotted on top of the time-aver-
aged streamwise velocity contours. The streamtraces are in sup-
port of the negative streamwise velocity present and they clearly
show the recirculating behaviour of both the GRZ and the CRZ.

The time-averaged liquid volume fraction and streamwise
velocity profiles in different streamwise locations in x = 5.0 are
shown in Fig. 11a and b. The asymmetries observed at the down-
stream locations in both figures are due to the two asymmetric
helical modes supplied at the inlet and possibly the insufficient
time interval for the averaging. At z = 2.0 the liquid volume frac-
tion profiles show two branches and a deep crest. This is due to
the annular configuration of the jet. At further downstream loca-
tions the profiles show irregular asymmetrical distributions indi-
cating that the annular jet column has collapsed somewhere
between z = 2.0 and z = 4.0. The profiles show increasing cross-
streamwise distributions with decreasing magnitudes as the flow
progresses from upstream to further downstream locations. This
is consistent with the observations in Fig. 3b indicating the “coni-
cal” distribution of the liquid from the inlet to the downstream.
The time-averaged streamwise velocity profiles, as shown in
Fig. 11b, are very similar to the liquid volume fraction profiles
shown in Fig. 11a. Decreasing velocity magnitudes are observed
at progressing downstream locations due to the mixing of the
annular jet with its ambient quiescent environment. The complex-
ity of the profiles, especially at z = 8.0, indicates that the flow is
experiencing significant mixing with the ambient.

6. Conclusions

Direct numerical simulation of an annular gas-liquid two-phase
swirling jet has been performed in this study. The code is parallel-
ized, based on domain decomposition under the message passing
interface environment. An Eulerian approach with mixed-fluid
treatment has been utilised in the mathematical formulation. The
governing equations are solved using highly accurate numerical
schemes for time advancement and discretisation. The numerical
procedures include an adapted volume of fluid method to account
for the compressible gas phase while the surface tension effects are
captured using a continuum surface force model. Helical perturba-
tions are applied at the inflow to initiate the Kelvin—-Helmholtz
instability. The specification of swirl at the inlet is based on analyt-
ical conditions.

The results show that the flow is characterised by a geometrical
recirculation zone adjacent to the jet nozzle exit due to the two
concentric shear layers in the annular configuration. The swirling
mechanism is responsible for the development of a central recircu-
lation zone further downstream, a feature which is absent in annu-
lar gas-liquid non-swirling jet flow. Furthermore, the swirl applied
at the inlet is responsible for the development of a precessing vor-
tex core which changes position with time. The flow field is more
energetic downstream, while its vorticity distribution becomes
more homogeneous at further downstream locations. The swirling
motion promotes the instability and thus the liquid spatial disper-
sion, in comparison to non-swirling cases. Analysis of the energy
spectrum shows that the jet has no obvious tendency of transition
to turbulence.

Direct numerical simulations of swirling gas-liquid two-phase
flow systems can contribute towards full understanding of the
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complex mechanisms behind liquid breakup and atomisation. The
excessive amount of computer resources needed to perform such
computations is a major drawback. Therefore the simulations
had to be restricted to regions very close to the jet nozzle exit.
The results presented herein are considered to be useful for under-
standing injection processes in microelectromechanical nozzles
and can be helpful in the design of micro-scale injector systems.
Extending the simulation to much larger domains in the near fu-
ture would allow details of liquid disintegration and droplet for-
mation to be captured and analyzed, allowing a more relevant
and rigorous study of liquid breakup and atomisation.
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