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Simulation of Turbulent Swirl Flow in
an Axisymmetric Sudden Expansion
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The numerical simulationof the turbulent � ows in axisymmetric sudden expansionswith inlet swirl is addressed,
with the focus being on the unsteady � ow behavior. Numerical simulations using the Reynolds-averaged Navier–

Stokes equations closed via the k–" turbulence model are presented. Results for an expansion ratio of 1.96 and
a Reynolds number of 1 £ £ 105 (at the inlet) are presented for a range of swirl numbers from 0 to 0.48. The
precessing vortex core (PVC) and most of the features observed experimentally, including the precession direction,
zero-frequency swirl number, and vortex breakdown have been predicted. The calculated precession frequency
for the case of an expansion ratio of 1.96 is in close agreement with that reported in the literature. Moreover, a
higher-order oscillation, in addition to the low-frequency PVC, has been predicted over a range of swirl numbers.

Nomenclature
D = diameter of downstream pipe
d = diameter of upstream (inlet) pipe
E = expansion ratio of diameter D /d
f = oscillation frequency
k = turbulent kinetic energy
L , l = length of pipes included in the simulation
M = jet momentum � ux
P = Reynolds-averagedpressure normalized

by in� ow dynamic pressure
Q = volumetric � ow rate
R = pipe radius
Re = Reynolds number at the inlet
S = swirl number
Sr = Strouhal number
t = time
U = Reynolds-averagedaxial velocity component
Ui , Uo = bulk velocity at the inlet and exit
V , W = Reynolds-averagedvelocity components
e = turbulence dissipation rate
q = � uid density

Introduction

SWIRLING � ows exiting from a circular duct of larger cross
section are widely used in industry, especially in combustion

systems, because of their ability to provide intensive mixing in a
small volume. The precession phenomenon is also frequently ob-
servedin swirling� ows, such as burners1 ¡ 5 and cycloneseparators.6

In thesepracticalsituations, � uid � ows througha duct that suddenly
increases in cross-sectional area. A simple sudden expansion geo-
metry is representativeof these applications,and the investigations
of the � ow within this model geometry have proved to be informa-
tive. In this study, we concern ourselves with the full range of swirl
numbers from zero until vortex breakdown, rather than concentrat-
ing on the high swirl numbers present in many of the preceding
applications.Such � ows are of interest in the analysisof the perfor-
mance of spray dryers.

Regarding the precessing vortex core (PVC) in an axisymmetric
sudden expanson � ow, the most relevant studies seem to be those
of Hallett and Gunther2 and Dellenback et al.3 Experiments were
performed by Hallett and Gunther2 on swirling air� ow in a sudden
expansion, with an expansion ratio of 2.22, to study the effect of
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swirl intensityon � ow andmixing.For thehighestswirl tested,a cen-
tral recirculation zone (or vortex breakdown) was formed, whereas
at swirl intensitiesbelow the critical value required for centralback-
� ow, a precession of the � ow was discovered. This precession was
strongestand most regular for low swirl intensity,whereas at higher
swirl intensity the motion became increasingly irregular, until the
advent of vortex breakdown damped out the precessioncompletely.
In addition, the shedding of large irregular eddies from the step
downstreamof the throatwas observed,with an estimatedfrequency
being between 5 and 10 times that of the precession.

Regarding the PVC in a small expansion for low swirl intensi-
ties, the work of Dellenback et al.3 presented relatively complete
information. They made measurements in turbulent swirling � ows
through an abrupt axisymmetric expansion with an expansion ratio
of 1.94 and examined the in� uence of the swirl number. The mea-
surements of mean and rms velocities were performed in a water
� ow using a laser Doppler anemometer. In the upstream tube, the
Reynolds number was varied from 3 £ 104 to 1 £ 105 and the swirl
number from 0 to 1.2 (see Table 1). Dellenback et al. noted that the
PVC occurs for low swirl levels and that the PVC precesses with
the mean swirl for larger swirl numbers and against the mean swirl
for low swirl numbers. The frequency informationwas converted to
a set of Strouhal numbers ( f D3 / Q), which are shown in Fig. 1.

The � ow� eld in some process equipment, such as a spray dryer,
can also be represented by an expansion pipe � ow. Experimental
observations show that an unstable � ow� eld is one of the impor-
tant causes of wall particle deposition problems in spray dryers.7

Although there have been a number of experimental investigations
of the precession phenomenon, the in-depth understanding of the
underlining mechanism still remains inadequate.

Currently,computational� uid dynamics(CFD) codes suffer from
the lack of proper validation in this area of engineering interest.
Speci� cally,most of thecomputationalworkson swirling � ows have
been concernedwith steady-state � ows, whereas little progress has
been achieved so far in the numerical simulation of the precession
phenomenon. In our earlier work,8,9 the self-sustained oscillations
in the axisymmetric sudden expansion � ows without entry swirl
have been simulated using CFD. In the simulations, care was taken
to construct a high-quality mesh, to choose high-order discretiza-
tion schemes and robust equation solvers, and to ensure adequate
convergence.The principal motivation of the current work is to fur-
ther investigate the applicabilityof the computationalproceduresto
swirling � ows, as well as the possibility of suppressing the large-
scale unsteadiness, so that wall particle deposition is minimized in
spray dryers. A better description of this type of unsteady � ow can
now be given based on the current simulations.

Mathematical Model
Full solutions of the time-dependent Navier–Stokes equations

via direct numerical simulation (DNS) are restricted to very low
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Table 1 Summary of � ow regions3

Re = 3 £ 104 Remarks Re = 1 £ 105

0 < S < 0.18 Vortex precesses in direction 0 < S < 0.12
opposite to the mean swirl

S ¼ 0.18 Precession frequency goes to zero S ¼ 0.12
0.18 < S < 0.37 Vortex precesses in same direction 0.12 < S < 0.40

as the mean swirl
S ¼ 0.37 PVC vanishes S ¼ 0.40
0.37 < S < 0.50 Bubble-type vortex breakdown 0.40 < S < 0.57
S ¼ 0.50 Transition from recirculating S ¼ 0.57

bubble to strong on-axis
tube of recirculating � ow

S > 0.50 Strong on-axis recirculation S > 0.57

Fig. 1 Variation of Strouhal number with swirl number for � ow in a
sudden expansion with inlet swirl.3

Reynolds numbers, and although large-eddy simulations (LES) are
now competitive with DNS in accuracy at much lower cost, even
LES is currently too expensive for routine calculations. Therefore,
a Reynolds-averaging (time-averaging) method is usually used to
solve for the mean quantities rather than for all details of the turbu-
lence. In this case, a turbulence model has to be used to close the
system of equations that addresses the unknown correlation terms
of the velocity � uctuations (Reynolds stresses).

Detailed descriptions of turbulence models may be found in
Ref. 10. The well-known k– e model, with what has become known
as the standard constants, has been used here, and convergencehas
been achieved readily. This model is more reliable with a high
Reynolds number. It requires the use of either wall functions or
viscous damping functions to calculate wall-bounded � ows.

A previous study of self-sustained transient � ow in a two-
dimensional slab geometry has shown that the oscillatory behavior
in this case was best reproduced using the standard k– e model.11

Simulations using a second-order closure model, the differential
Reynolds stress model (DSM), gave results that, although funda-
mentally oscillatory, were unable to reproduce the well-de� ned os-
cillatorybehaviorobtainedexperimentally.We have, therefore,used
the k– e model in all later studies of transient � ows of this type.

It is well known that for swirl � ows the k– e model predicts too
rapid a decay of the swirl because it assumes an isotropic viscosity,
when in fact the Reynolds stresses are highly anisotropic.10 How-
ever, given the limitation of the DSM just described, the k– e model
was applied to this situation because it had already been shown
to work well for two-dimensional11 and three-dimensional9 non-
swirling � ows. Therefore, note that the current simulations have a
tendency to damp out instabilitiesdue to the extra diffusionpresent.

Computational Model
The working � uid is speci� ed as isothermal, incompressible,and

Newtonian. For the purposeof direct comparison with the available
experimentaldata,an axisymmetricsuddenexpansioncon� guration
with an expansionratio (diameter ratio) of E =1.96 is investigated,
which is close to that of Dellenback et al.3 (E =1.94) and of Hallett
and Gunther2(E =2.22). The geometry, coordinate system, and

Fig. 2 Schematic diagram of the geometry used in the simulations.

Fig. 3 Computationalmesh used in the simulation with E = 1:96.

some of the notation are shown in Fig. 2. The inlet is located 5 dia-
meters upstream from the expansion, and the downstream pipe is
about 20 diameters long.

Swirling � ows are usuallycategorizedby the strengthor degreeof
swirl (swirl number S), which is de� ned as the ratio of the axial � ux
of angular momentum to the axial � ux of axial momentum divided
by a characteristicradius. For a pipe with the coordinate axis on the
centerline,

S =

R
(yW ¡ zV )U dA

R
R

U 2 dA
(1)

where the x axis is on the centerline, R is the characteristic radius
(the radius of the inlet is chosen in the current simulations), and dA
is a differential element of area.

A uniform axial velocity pro� le is set and a swirl velocity is
imparted to the � ow at the inlet in the form of a solid body rotation
(forced vortex). For the simple case with a uniform axial velocity
and solid body type of swirl, Eq. (1) reduces to

S = x d /4Ui (2)

where x is the angular velocity in the cross-streamplane. Based on
the value of the axial velocity, the turbulence intensity at the inlet is
set as 0.037, and the dissipationlengthscale is set to be the diameter
of the upstream tube. These values are typical of those in a smooth
pipe � ow. At the exit, all quantitiesare treated as having no gradient
in the streamwise direction, and the pressure reference is set at the
center of the outlet. The log-layer solution is enforced for all walls
to avoid the de� ciency of the k– e model in a wall boundary layer,
as well as to avoid using a large number of grid points.

The computational mesh for this geometry is shown in Fig. 3,
which is a fully three-dimensional, structured mesh with high or-
thogonality and smooth cell size variation. A higher cell density is
applied in the proximity of the expansion to resolve the large � ow
gradient. The results were shown to be insensitive to the mesh, as
described later in the paper.
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Fig.4 Typicalconvergedresidual curves with each cycle corresponding
to a time step.

Numerical Considerations
The simulations used the CFD program CFX4, which is based

on a structured mesh and a � nite volume formulation, to discretize
the Navier–Stokes equations.12 The differencing scheme used for
the convective term is the third-orderQUICK scheme13 for all velo-
city components. The Van Leer scheme14 is implemented for posi-
tive variables, such as the turbulence quantities k and e . The PISO
algorithm15 was usedforpressurecorrection.Thequadratic(second-
order), fully implicit scheme has been used for time differencing.
A time step of around 0.01 s is small enough that the oscillation
frequency is insensitive to further reduction. The linearized equa-
tion solvers used are Stone’s method for velocities and algebraic
multigrid for the pressure.

Usually a steady simulation is conducted at the initial stage, but
it is extremely dif� cult to achieve a fully converged solution for
the case of unstable � ow. However, a global mass balance has been
enforced, and residuals of other variables have been considerably
reduced.A time-dependentcalculation is then started from a steady
calculation.Although the results appear to be chaotic and vary from
case to case for an initial period of time after the time-dependent
calculationis started, a reproducibletime series of the � ow variable
is always produced.The initial period of time may be as long as 800
in terms of a dimensionless characteristic time de� ned in the next
section. Moreover, the � nal solution is independent of the initial
conditions.

As a convergence criterion, the sum of the absolute mass source
residuals over all cells is less than 0.1% of the total � ow rate. This
procedure results in a suf� cient number of iterations being carried
out for each time step so that the residuals for all of the equations
are consistentlydecreasing and approachingtheir limit of accuracy
for single precisionarithmetic.Figure 4 shows a typical set of well-
convergedcurves for the residuals,where each cycle correspondsto
a time step. (Because single precision numbers are used in the cal-
culation,further reductionof the residuals is limited by the machine
error.)

Time Variation of Flow Variables
During the simulationof a time-dependentproblem, the valuesof

the � ow variables(velocitycomponents,pressure, etc.) are recorded
for each time step at some chosen monitoring points. The graphs
presented here have been normalized into a dimensionless form.
The velocitycomponentshavebeen normalizedby Ui , and the pres-
sure has beennormalizedby the dynamicpressureof the bulk � ow at
the inlet 1

2
q U 2

i . The time t is normalized as Ui t / d. To characterize
the time variation of the � ow, these time series are processed to
give certain patterns, called limit cycles, which are obtained from
the cross-stream velocity components V and W at � xed points on
the geometriccenterline.The limit cycle is a mathematical term that
is sometimesused to describethe complicatedbehaviorof nonlinear
dynamical systems. Here it is used to facilitate the identi� cation of
the global motion of the � ow� eld.

Because the swirl boundarycondition is implemented � ve diame-
ters upstreamof the expansion, the distributionof the � ow variables
changes before reaching the expansion throat. The results show
that the swirl intensity decays within the entry tube. The angular

a) S = 0:086

b) S = 0:22

c) S = 0:33

Fig. 5 Flow variables at the monitoringpoint 3D downstream from the
expansion on the centerline (E = 1:96 and Re = 1 £ £ 105).

momentum loss is 11–17%, and increases with increasing swirl in
the range S =0.05–0.6. Therefore, the values of swirl numbers in
the rest of the paper are correctedso that they refer to the swirl num-
bers at the throat of the expansion, calculated according to Eq. (1).
The angular momentum falls by about 54% in the downstreampipe
over the length considered (20D), whereas this loss is about 40%
in a simple swirling pipe � ow. Consequently, the existence of an
expansion has dissipated more swirl momentum compared with a
swirl pipe � ow.

For the current expansion ratio of 1.96, the simulations show that
any initial disturbancesdamp out and a steady solution is achieved
for axial inlet � ow conditions and for a range of swirl numbers less
than 0.044. However, an increase in the swirl number above a criti-
cal value leads to a self-sustainedprecession.Figure 5 shows a time
series of velocities and pressures monitored at a centerline point
3D downstream from the expansion for unsteady cases, and Fig. 6
shows limit cycles obtained 1D downstream from the expansion.
Figures 5 and 6 show differentbehaviorfor differentswirl numbers.
For the case of S =0.086, the monitoringpoint values showremark-
able oscillations in velocities,which appear to be highly periodical,
whereas the oscillation in pressure is relatively weak at the center-
line point. The limit cycle is essentially circular, indicating that the
precession is regular.

The precessionis most regular at low swirl and becomes increas-
ingly irregular as the swirl intensity increases.At a swirl number of
0.13, a higher-orderoscillationarises that is one order of magnitude
higher in frequency than, and superimposedon, a low-order preces-
sion. The motion of the � ow� eld becomes a combination of a low-
frequency precession and a high-frequencyoscillation in a rotating
frame of reference corresponding to the low-frequency precession.
Figure 5b is a time series of the � ow variables for S = 0.22, which
show a combinationof two oscillationsof different frequency.This
high-order oscillation is sometimes found to behave like a preces-
sion because the limit cycle looks something like the orbit of the
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a) S = 0:086

b) S = 0:13

c) S = 0:17

d) S = 0:22

e) S = 0:33

Fig. 6 Limit cycles for different swirl numbers at the centerline 1D
from the expansion (E = 1:96 and Re = 1 £ £ 105 ): a) only the main PVC
present, b) main PVC precesses in the opposite direction to the high-
order precession, c) showing main PVC stops while the high-order pre-
cession is present, d) showing main PVC precesses in the same direction
as the high-order precession, and e) showing bouncing-aroundpattern.

moon relative to the sun, that is, the vortex core is rotating around
a point that is simultaneously moving around another � xed center
point (as shown in Figs. 6b and 6d). The appearances of the limit
cycles are different at different monitoring points. When proceed-
ing downstream, the high-order precession evolves into a complex
pattern along a path other than a circle, whereas the low-frequency
precession remains fundamental throughout the domain. The am-
plitude of the higher-order precession is smaller than that of the
lower-order one. Note that, although the high-order oscillation in-
tensity in velocities is relatively weak, a strong pressure � uctuation
results from the high-order oscillation.

The low-order precessionalmost stops when the swirl number is
increased to 0.17 and reverses direction as the swirl number is fur-
ther increased to 0.22, whereas the high-order precession remains
in the same direction. At point S =0.17, where the larger scale
precession nearly stops, the limit cycles, as shown in Fig. 7, de-
part from the centerline, that is, become asymmetrical, and become
more skewed downstream than upstream. However, the connecting
line for the centers of the limit cycles, though not regular, display
a spatially helical nature, which means that a high-frequencyoscil-
lation is moving around a three-dimensionalcurve. In other words,
the � ow pattern in this case can be interpreted as a combination of
a steady asymmetric � ow and an oscillation.

After the zero-frequency point, corresponding to S = 0.17, the
frequencyof the fundamentalPVC increases linearlywith the swirl
number. When the swirl number is increased above 0.25, the high-
order oscillation becomes weaker than the fundamental PVC. The
high-order oscillation in the form of a precession is no longer evi-
dent,and the limit cycledisplaysa bouncingaroundpattern(Fig.6e),

Fig. 7 Schematic diagram of limit cycles at different points down-
stream from the expansion (E = 1:96, S = 0:17, and Re = 1 £ £ 105 ).

Fig. 8 Variation of Strouhal number with swirl number (E = 1:96 and
Re = 1 £ £ 105 ); note excellent agreement between experimental data of
Dellenback et al.3 and current simulations.

that is, the vortex core constantly approaches the wall at an angle
and is then pushed back.

With a further increase in the swirl strength to S =0.48, a central
recirculation bubble (referred to as vortex breakdown in the litera-
ture) occurs, and the � ow simulationconverges to a steady solution,
suggesting that the precessionsdisappearaltogether under this con-
dition and that the breakdown serves to stabilize the � ow. This is
con� rmed by the experimentalobservationsof Hallett and Gunther2

and Dellenback et al.3

Even though the large-scale oscillation is damped out, the turbu-
lent kinetic energy is at a high level over the entire cross section
of the chamber due to the shearing effect created by the central re-
verse � ow. This implies that the intensemixing after the breakdown,
as experienced in swirl burners, may be produced primarily by the
small-scale turbulence rather than the large-scale � ow entrainment.
The steady state of the time-mean � ow� eld predicted after vortex
breakdownis only restrictedto a small expansionratio consideredin
the current paper. However, this is not the case for a large expansion
ratio of around � ve, as is reported in a later paper.16

Variation of Strouhal Number with Swirl Number
The characteristics of the PVC described by Dellenback et al.3

(i.e., precessiondirectionsrelativeto the mean swirl, zero-frequency
crossover,and vortex breakdown) havebeenpredictedin the current
simulations. The frequencies are normalized in terms of a Strouhal
number

Sr = f
p

q D2 |
p

M (3)

or

Sr =
¡
2 | p

p
¢
( f d / Uo) =

¡
2 | p

p
¢
E2( f d / Ui ) (4)

The Strouhal number as a function of swirl number is shown in
Fig. 8, with some reported data transcribed based on the current
de� nition. The two curves for the current results represent the
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frequencies for the decomposed precessions. Note that the low-
frequency precessionhas a frequency of the same order as, and fol-
lowsa generaltrendthatis similar to, theexperimentaldataofHallett
and Gunther2 and Dellenbacket al.3 at comparableswirl intensities.

The limitations of the standard k– e model are recognized,10,17

and, consequently, it is essential to continue testing it against new
experimental data. One of the limitations is that the model in many
cases has proved to be over diffusive (giving too much mixing);
therefore,the applicationof this model to the currentproblemwould
be likely to acceleratemomentum transferand damp out any oscilla-
tions. Nevertheless, this model, together with the current computa-
tional practice, performs well in capturing the fundamental features
of the unsteady physical phenomenon and can predict an accurate
frequency for the precessing vortex core. The weakness of the k–

e model may cause the oscillations, with the � uid moving down-
stream, to dissipate more quickly than in reality. This suggests that
the instability is dominated by the near-� eld behavior close to the
expansionand that the effectof the downstream� ow is insigni� cant.

Signi� cant deviationfrom the resultsof Dellenbacket al.3 occurs
in only two regions, which were found by Dellenback et al. to be
especially dif� cult to resolve experimentally.These are the preces-
sion frequencies for very low swirl (S < 0.1) and the swirl number
at which the direction of precession changes. In the region of very
low swirl, the simulated � ow remains steady with a swirl number
below a maximum value of about 0.044,whereas a smooth variation
of the precessionfrequencywith swirl number was implied in Fig. 1
by a dashed curved line. Apparently, the number of experimental
data was inadequate to draw a � rm conclusion.

In the other region, the calculatedswirl number here is about40%
higher for the zero-frequency crossover, where the zero-frequency
crossovers were obtained in the experiment by the interpolation
of the swirl number. Because there was no experimental data point
exactly at Sr = 0, the interpolatedestimate in this case was probably
sensitive to experimental errors. Regarding the onset of the vortex
breakdown, the simulation gives a critical swirl number between
0.42and0.45,which is about10%higherthan that in theexperiment.
However, the transitionalpoint has uncertaintybecause a hysteresis
effect has been predicted.

For the high-order oscillation, the frequency is one order higher
than the low-order precession and increases slightly with the swirl
number. The corresponding Strouhal number is about 0.27. How-
ever, it is strongest within a range of swirl numbers from 0.13 to
0.21 and becomes weaker with increasing swirl when S > 0.25.
Hallett and Gunther2 observed the shedding of large eddies with a
frequency between 5 and 10 times that of the PVC in their visual-
ization. It appears that the high-orderoscillationpredictedhere may
be associatedwith the shedding of eddies because their frequencies
are of the same order.

The Strouhal numbers presented by Dellenback et al.3 show an
appreciabledifferencebetween the Reynolds numbers from 3 £ 104

to 1 £ 105 . In the simulation,however, the Reynolds number has no
apparentin� uenceon theStrouhalnumberfor the sameswirlnumber
in the range considered here from 1 £ 105 to 1.5 £ 105. In view of
the limitation of the turbulence model for low Reynolds numbers,
we did not attempt a low Reynolds number simulation.

Visualization of the Flow� eld
Figure 9 shows velocityvectors on a plane through the center axis

of the pipes.For the steadystate at a very low swirl number, the sim-
ulation result indicatesthat the reattachmentto the wall occursat ap-
proximately eight step heights downstreamof the expansion,which
agrees with the published results from many earlier studies.18 For
the high swirl number of 0.48, a central recirculationbubble occurs
near the expansionthroat (shown in Fig. 9c). The � ow� eld becomes
steady and symmetric about the center axis. A central reversed � ow
occurs within a sphere-shapedspace, which is located about 0.5 di-
ameter downstreamfrom the expansionand has a lengthscaleof half
of a pipe diameter. The axial velocity developsquickly to a uniform
distribution after the breakdown bubble. The corner recirculation
zone is considerably reduced in length to about 1.5 step heights.

For the moderate swirl numbers between 0.065 and 0.44, the
� ow� eld has an instantaneouslyasymmetric pattern. Figure 10a is

a) S = 0 (no swirl), showing steady symmetric

b) S = 0:22, showing instantaneously asymmetric � ow pattern

c) S = 0:48, showing a bubble vortex breakdown

Fig. 9 Vectors in a plane through the center axis (E = 1:96 and Re =
1 £ £ 105); note change in � ow regime from a steady symmetric � ow,
through a transient � ow, to a steady � ow with vortex breakdown.

a) 5D downstream from the expansion

b) 3D downstream from the expansion

Fig. 10 Instantaneous velocity vectors showing biased vortex cores
(E = 1:96, S = 0:086, and Re = 1 £ £ 105).
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an instantaneousvector picture in a cross-sectionalplane, showing
a de� ected vortex core for the case of S =0.086. Although a well-
de� ned vortex core can be identi� ed clearly in most sections of the
larger pipe, a minor vortex core occurs from around three to four
diameters from the expansion,with the swirling direction being op-
posite to that of the major one (shown in Fig. 10b). The vortex cores
de� ect from the centerlineby up to 30% of the diameter at 3D from
the expansion, and this bias decreases as the � ow proceeds farther
downstream.Far downstream, the tangentialvelocity component in
the pipe evolves toward a distributionsimilar to solid body rotation.

The spiral behavior of the PVC can be seen in an instantaneous
isosurfaceof the velocityin Fig. 11. The curveconnectingthe vortex

a) S = 0:086

b) S = 0:13

c) S = 0:17

d) S = 0:22

Fig. 11 Isosurfaces of velocity for different swirl numbers; note helical
natureandincreasingcomplexityasthe swirl number increases, with the
precession direction indicated relative to the swirling direction (E = 1:96
and Re = 1 £ £ 105 ).

core is essentiallyparallel to the isosurface.The isosurface image of
thevelocityappearsto be smoothandwellde� ned forweak swirland
becomes increasinglycomplex with increasingswirl number. Some
branches arise from the appearance of the high-order oscillations.
At the zero-frequency point (S =0.17), where the low-order pre-
cession stops, the high-order precessing axis (or three-dimensional
vortex core) departs from the geometrical centerline and still dis-
plays a quasi-spiral shape. Because of the enhanced mixing caused
by strongerswirl, thevelocitygradientdecreaseswith the swirl num-
ber until it becomesdif� cult to visualizethePVC above S =0.3 with
this technique.

Visualization of the instantaneous � ow� eld shows that, for the
precession states, the vortex core always spirals in the same di-
rection as the swirl and remains unchanged even when the preces-
sion reverses direction. The reason may be that any bias caused
by a disturbance in a cross-sectional plane upstream would move
downstreamalong the � ow streamlines, which always have a spiral
shape.

Sensitivity Check
Sensitivity to Inlet Velocity Pro� les

To investigatethe effect of the inlet boundaryconditions,a forced
vortexswirl pro� le has been replacedin the simulationby a free vor-
tex (with a forced vortex core), or, in another case, a fully developed
pipe � ow velocity pro� le has been used for the axial velocity. The
presence of the precessionsand frequenciesare found to be insensi-
tive to the actual shape of velocitypro� les at the inlet.The inclusion
of a length of tube within the solution domain upstream of the ex-
pansion allows any nonequilibriumvalues, speci� ed at the inlet, to
quickly develop toward realistic ones before the expansion. This
removes any signi� cant in� uence on the downstream � ow.

a) Grid 1 used in the simulations

b) Grid 2 used for checking grid sensitivity

Fig. 12 Cross-sectional view of the grids used in the simulations.
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Grid Sensitivity
Figure 12 shows the cross-sectionalview of the grids used. Most

of the results have been achieved with grid 1, which consists of a
total of 205,836 cells. Because all grid lines run through the central
square, the cell density appears to be adequate at the central region.
To make sure the simulation results are grid independent, another
grid (grid 2) is generated,and the overallnumberof cells is increased
by more than 30%. This � ner grid differs from grid 1 in that the cell
density is redistributedover the cross section,so that the cell density
appears to be more uniform. The case of S =0.21 has been chosen
to examine the grid effect. A limit cycle pattern similar to that in
Fig. 6d is reproduced,and the frequenciesforboth of theoscillations
are within 2% of those for grid 1.

Conclusions
Simulation of turbulent swirling � ows in axisymmetric sudden

expansions has been carried out using CFD. Turbulence effects are
represented by the standard k– e model. The diameter expansion
ratio is about 2:1, and the Reynolds number used is 1 £ 105 based
on the axial bulk velocity upstream. Entry swirl � ow is prescribed
with the swirl number from 0 to 0.48.

Imparting swirl causes the mean � ow to become unstable and
oscillatory. Precessing phenomena (precessing vortex core), which
have been observed experimentally by other researchers, are pre-
dicted numerically in the current simulations. Most of the features,
including the precession direction, zero-frequency swirl number,
and vortex breakdown have been reproduced. The calculated pre-
cession frequency for the case of an expansion ratio of 1.96 is in
close agreement with that reported by Hallett and Gunther2 and
Dellenback et al.3 Moreover, a higher-order oscillation, in addi-
tion to the low-frequency PVC, has been predicted over a range of
swirl numbers. Visualization shows that the � ow� eld has a helical
nature.

The current simulation highlights a complex physical phe-
nomenon for a simple � uid system in a simple geometric con� gu-
ration and the capacity of the CFD approach to predict this class of
problems. The computational model is based on an axisymmetric
geometry with steady boundary conditions, indicating that the pre-
cessingvortex core is an inherent characteristicof the swirling � ow
inside the axisymmetric sudden expansion. The results also show
that the standardk– e model performs extremelywell, as far as mean
� ow predictionsare concerned, for this complex � ow.
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