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ABSTRACT

Turbulent swirling incompressible flow through an

abrupt axisymmetric expansion is investigated numerically

using detached-eddy simulation at Reynolds numbers = 3.0

×104 and 1.0 ×105. The effects of swirl intensity on the

coherent dynamics of the flow are systematically studied

by carrying out numerical simulations over a range of swirl

numbers from 0.17 to 1.23. Comparison of the computed so-

lutions with the experimental measurements of Dellenback

et al. [AIAA Journal. Vol 26, pp. 669-681] shows that

the numerical simulations resolve both the axial and swirl

mean velocity and turbulence intensity profiles with very

good accuracy. Our simulations show that critical prerequi-

site for accurate predictions of the flow downstream of the

expansion is the specification of inlet conditions at a plane

sufficiently far upstream of the expansion in order to avoid

the spurious suppression of the low-frequency, large-scale

precessing of the vortex core, which occurs in simulations

with short inlet segment. Further improvements in the accu-

racy of the computed solutions can be obtained by moderate

mesh refinement. Coherent structure visualizations with the

q-criterion and Lagrangian particle tracking are used to elu-

cidate the rich dynamics of the flow as a function of the

swirl number with emphasis on the onset of the bubble-type

vortex breakdown just downstream of the expansion, strong

on-axis recirculation along the pipe core, and large scale in-

stabilities along the shear layers and the pipe wall.

INTRODUCTION

Confined turbulent swirling flows are commonly encoun-

tered in industrial devices such as gas turbine combustors,

combustion engines, turbomachine outlets and hydraulic

turbine draft tube. Such flows are characterized by sev-

eral striking features including collapse, vortex breakdown,

hysteresis and axisymmetry breaking (Shtern and Hussain

1999). Vortex breakdown refers to a catastrophic structural

disturbance in the core of an intense slender vortex charac-

terized by the formation of an internal stagnation point on

the vortex axis, followed by reversed flow in a region of lim-

ited axial extent. The characteristic of various breakdown

states in the swirling flows depends on the swirl number Sr,

defined as the ratio of axial fluxes of swirl and linear mo-

mentum divided by a characteristic radius, and Reynolds

number Re. The characteristic forms of vortex breakdown

that dominate at high Re are the bubble and the spiral

modes (Leibovich 1984). The addition of a sufficiently high

degree of swirl to the flow into a circular pipe produces a

limited region of reversed flow. Such a vortex breakdown

represents a zone of transition from a supercritical to a sub-

critical flow state (Escudier 1987). Dellenback et al. (1988)

observed experimentally that break of axial symmetry and

onset of unsteadiness and three-dimensionality tend to occur

for low swirl levels. As the swirl is increased, however, to

moderate levels the flow becomes axisymmetric with on-axis

recirculation marking the onset of bubble-type vortex break-

down. The specific mode of vortex breakdown that emerges

in a turbulent flow is sensitive to both the Re and the lo-

cal turbulence properties. Modes that have been observed

experimentally at high Re include the conical, double-helix,

spiral and bubble-type vortex breakdown (Sarpkaya 1995).

Although these striking features have been observed in

several natural and technical flows, they are far from being

well understood. The main difficulties arise from the large

number of control parameters involved and the sensitivity

of the swirling flow to external disturbances. Direct nu-

merical simulations (DNS) of such flows are subject to the

same problems, in addition to technical difficulties associ-

ated with complex flows and boundary conditions and grid

resolution limitations at high Reynolds numbers. Large eddy

simulation (LES) is a particularly suitable approach to in-

vestigate the generation and evolution of coherent structures

in turbulent swirling flows (Schlüter et al. 2004; Wang et al.

2004, Garćıa-Villalba et al. 2006), but most of such simu-

lations still focus on confined flows at moderate Re ∼ 104

or unconfined swirling flows. Unsteady Reynolds-averaged

Navier-Stokes (URANS) models provide a viable alternative

for engineering computations of swirling flows at practical

Re and in complex geometrical configurations. A num-

ber of such URANS computations with turbulence closures

ranging from the linear eddy viscosity model to the second-

moment closure models (Chen and Lin 1999; Jakirlić et al.

2002; Wegner et al. 2004, Gupta and Kumar 2007). URANS

computations with the second-moment models or the RNG

k−ε model are superior to conventional eddy viscosity mod-

els, such as the standard k − ε model, and reproduce the

mean flow patterns in acceptable agreement with the exper-

imental measurements and/or DNS or LES results. These

simulations also reveal that significant challenges still remain

in predicting accurately unsteady flow features and turbu-
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lence statistics, such as the energy contained in the coherent

motion of the precessing vortex core (Chen and Lin 1999;

Jakirlić et al. 2002; Wegner et al. 2004). Detached-eddy

simulation (DES) is a promising hybrid RANS/LES strategy

capable of simulating internal flows dominated by large scale

detached eddies at practical Reynolds number. The method

aims at entrusting the boundary layer to RANS while the

detached eddies in separated regions are resolved using LES.

DES thus attempts to capitalize on the strengths of RANS

and LES; the RANS region of a DES comprises the entire

boundary layer with the remainder of the flow been treated

in the LES mode using a subgrid model. DES predictions of

massively separated flows, for which the technique was origi-

nally designed, are typically superior to those achieved using

RANS models, especially in terms of the three-dimensional

and time-dependent features of the flow (Fröhlich and von

Terzi 2008; Spalart 2009).

For the turbulent swirling flow of Dellenback et al. (1988)

several numerical works have been reported in the literature.

Guo et al. (2001) carried out a URANS computation with

the k − ε turbulence model at Re = 1 × 105 (at the inlet)

for Sr ranging from 0 to 0.48. Schlüter et al. (2004) per-

formed LES computation of the swirling flow at Re of 3×104

for a range of swirl numbers from 0 to 0.6. In both com-

putations, the inlet conditions are specified 0.5D (the pipe

diameter) upstream of the expansion, where the flow might

still be dominated by low-frequency, large-scale meandering

of the vortex core especially at high swirl levels. To improve

the solution accuracy of such simulations, the prescribed,

periodic, turbulent inflow conditions with/without random

fluctuations are often used, which yield acceptable predic-

tions at moderate Reynolds numbers (Schlüter et al. 2004;

Wang et al. 2004). However, the periodic inflow conditions

assumes that the flow is steady in the mean (Schlüter et al.

2004) and the nonphysical random fluctuations imposed at

the inlet plane decay quickly (Wang et al. 2004).

We report DES of the swirling flows studied experimen-

tally by Dellenback et al. (1988) at Re = 3.0 ×104 and

1.0 ×105. We demonstrate that for accurate simulations the

computational domain should start at a plane sufficiently far

upstream of the expansion where the low-frequency large-

scale meandering of the vortex core is not significant. This

is followed by the presentation of a comparative study of

the numerical results and the experimental measurements in

terms of mean flow and turbulence statistics. Subsequently,

various visualizations of the computed instantaneous co-

herent structures are used to elucidate the physics of the

confined turbulent swirling flows at both applied Reynolds

numbers. Finally, conclusions are drawn.

NUMERICAL METHODS

The governing equations are the three-dimensional, un-

steady, incompressible, Reynolds-averaged Navier-Stokes

(URANS) equations. Turbulence closure is achieved via

the DES approach, which is a hybrid URANS/LES mod-

eling strategy proposed by Spalart et al. (1997). The

standard form of DES is based on the Spalart-Allmaras

(S-A) one-equation eddy viscosity model (Spalart and All-

maras 1994), which solves a single transport equation for

a working variable ν̃ that is related to the turbulent vis-

cosity νt. To alleviate the well known shortcoming of the

standard DES, namely that of premature laminar-like flow

separation, we employ an adjusted DES model Spalart et

al. (2006) to ensure that a URANS layer is always present

near the wall regardless of the local grid spacing. The

equations are transformed in generalized curvilinear coordi-

nates and formulated in strong-conservation form are solved

using a dual-time-stepping artificial compressibility (AC) it-

eration scheme. The AC form of the governing equations

is discretized using a second-order-accurate finite-volume

method on the non-staggered computational grid. The

convective terms are discretized using the second-order accu-

rate, upwind-biased QUICK scheme, and central differencing

is employed for the pressure gradients, viscous fluxes and

source terms in the turbulence equation. The third-order,

fourth-difference artificial dissipation method of Sotiropou-

los and Adballah (1991) is employed for the pressure to

eliminate odd-even decoupling of the pressure field. The

physical time derivatives are discretized with three-point-

backward, Euler-implicit temporal-integration scheme. The

discrete equations are marched in time to advance the so-

lution to the next time step by adopting the dual-time-

stepping method. The system of equations is integrated in

pseudo time using the pressure-based implicit preconditioner

(Paik et al. 2005) enhanced with local-time-stepping and V-

cycle multigrid acceleration. The computational domain is

discretized using the domain-decomposition approach with

structured, overset grids. We apply a set of characteristics-

based, non-reflecting boundary conditions at the outlet of

the computational domain to allow complex vortical struc-

tures to exit the domain without distortion. The numer-

ical method has been extensively evaluated for calculating

various turbulent shear flows in complex geometrical con-

figurations (Paik et al. 2005, 2007, 2009). For a detailed

description of the numerical method the reader is referred

to Paik et al. (2005). The code has been parallelized with

MPI and run on a high performance computing cluster in the

University of Minnesota Supercomputing Institute (MSI).

COMPUTATIONAL DETAILS

We simulate turbulent swirling flows through a sudden

expansion at Re = 3.0×104 and 1.0×105, based on the

diameter of the upstream tube D and the bulk velocity,

which corresponds to the experiments of Dellenback et al.

(1988). The applied swirl numbers Sr , the ratio of axial

fluxes of angular momentum and axial momentum divided

by a characteristic radius, range from 0.17 to 1.23. In the

experiments, the sudden expansion was 15D downstream of

the swirl generator, the expansion ratio D2/D was 1.94 and

the length of downstream tube was 20.47D. Experimental

measurements of axial and tangential components of mean

velocity and root-mean-square (RMS) of turbulence levels

were carried out by Dellenback et al. (1988) at several cross-

sections downstream of the sudden expansion at various Re

and Sr. For each set of measurements there are two profiles

upstream of the expansion, x = -2.0 and -0.5, which can be

used as the inflow condition for the numerical simulations.

The computational mesh discretized by domain decomposi-

tion with 4 overset grids and the coordinate system for the

swirling flow are depicted in Figure 1. The total number

of grid nodes, computational time steps for each application

case are summarized in Table 1.

Dellenback et al. (1988) reported large influence of the

downstream flow on the x = -0.5 profiles for all supercritical-

swirl cases in the experiments. The influence is especially

strong on the turbulence intensities whose magnitudes and

distributions are changed dramatically as far upstream as x

= -2.0. The turbulence intensities continue to be highly non-

isotropic in the downstream tube for all the supercritical-

swirl flows (Dellenback et al. 1988). Since the profiles of
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Figure 1: Computational grid and coordinate system.

Table 1: Summary of numerical configurations

Mesh LDomain Nodes Δt Application

CS 0.5D+10D 1,653,874 0.015 3×104

CL 2.0D+10D 1,779,694 0.015 3×104, 1×105

F1L 2.0D+10D 5,799,080 0.01 1×105

F2L 2.0D+10D 7,915,880 0.01 1×105

both mean flow and turbulence intensities are significantly

altered at these locations, the location of the inlet plane

should be carefully selected. We employ two different meshes

with upstream tubes of different lengths to elucidate the ef-

fect of the location of inlet plane on the flow downstream

of the expansion. That is, the subscripts S and L in mesh

names stand for computational domains with the short and

long upstream tube starting at x = -0.5 and -2.0, respec-

tively. At each inlet plane, the inflow conditions of velocity

components are prescribed using the experimental measure-

ments (Dellenback et al. 1988). The eddy viscosity and the

turbulence working variable ν̃ required by the DES model

at the inlet are pre-calculated using the mixing-length pre-

scription of Norris and Reynolds (1975) and the measured

turbulence intensity (Dellenback et al. 1988). The outlet

boundary is placed at x = 10D where the non-reflecting char-

acteristic boundary conditions are applied. No-slip bound-

ary conditions are applied on the pipe wall.

To examine the grid sensitivity of the computed solu-

tions, in addition to the coarse grid simulations we also

carry out numerical simulation for the Re = 1.0 × 105 case

on two finer meshes. One mesh is referred to as F1L is

refined by a factor of 3/2 in each direction and the other re-

ferred to F2Lis further refined especially near the inlet and

outlet boundaries by adding several grid nodes only in the

axial direction. The first grid node off of all solid walls has

been left unchanged on all grids and is located at y+ ≤ 1.0

everywhere. Numerical simulations are carried out using

non-dimensional physical time steps of Δt = 0.015 and 0.01

for the computations on the coarse (CS and CL) and fine

(F1L and F2L) grids, respectively. Though the total num-

ber of grid nodes in the CS and CL meshes are similar to

that used in a previous LES of Schüter et al. (2004), grid

resolution near the wall and the center of computational do-

mains is different from each other. That is, the cell size near

the wall upstream of the expansion was about y+ = 25 in

the LES of Schüter et al. (2004) while the first node off

the wall locates at y+ ≤ 1 everywhere in our computations.

Given the similar number of grid nodes, therefore, the grid

spacings near the center of our computational domains are

considerably coarser than that used in the previous compu-

Figure 2: Effect of inlet conditions on the flow after expan-

sion: instantaneous velocity vectors at the plane of symme-

try computed on (left) CS and (right) CL meshes at Re =

3.0×104 and Sr = 0.60.

tations (Schüter et al. 2004).

RESULTS AND DISCUSSION

In this section, we first demonstrate the need to prescribe

inflow boundary conditions at a plane located sufficiently far

upstream of the expansion where the low-frequency large-

scale meandering of the vortex core is not significant. The

effect of the inlet location on the flow is illustrated in Fig-

ure 2 which shows instantaneous velocity vector fields com-

puted at the plane of symmetry on the short (CS) and the

long (CL) domain meshes. The solution computed on the

CL mesh reveals that the vortex breakdown bubble exhibits

considerably more intense unsteadiness and extends to about

2.25D downstream of the expansion. Video animations

downstream of the bubble, composed using instantaneous

snapshots, along with the computed mean flow quantities

(see Figure 3) further show that although fluid on the tube

axis is mostly stagnant in the mean, it is quite unsteady,

sometimes showing a tendency to drift in seemingly random

manner either upstream or downstream. This result is con-

sistent with the experimental observation of Dellenback et

al. (1988). The solution computed on the CL mesh also

depicts the vortex core with the large-scale meandering up-

stream of the expansion and its breakdown downstream of

the pipe expansion. In the CS computation, on the other

hand, the vortex core meandering is completely suppressed,

as shown in Figure 2, which results in the formation of a

spurious bubble-type vortex breakdown just downstream of

the inlet and the underestimation of the spreading rate of

the jet (see the dash-line circle in Figure 2). Consequently,

the jet core computed on the CS mesh penetrates farther

downstream than that computed on the CL mesh. This

result is consistent with the previous works by Schlüter et

al. (2004) who further demonstrated that the simple tur-

bulent inflow conditions with imposing random fluctuations

essentially yields the same results and can not improve the

solution accuracy (also see Wang et al. (2004) for the same

results at a different geometrical configuration).

The comparison of the numerical results obtained on the
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CS and CL domains and the experimental measurements

(Dellenback et al. 1988) at Re = 3.0×104 and Sr = 0.60

is shown in Figure 3 in terms of mean flow and turbulence

intensity profiles. It is evident in these figures that signif-

icant discrepancies between the two domain solutions are

observed in terms of the axial mean velocity profiles and

both axial and tangential RMS profiles downstream of the

expansion. The artificial suppression of the precession of

the vortex core due to the steady inflow conditions causes

the strong jet flow and distorts the axial velocity and tur-

bulence intensity profiles downstream of the expansion (see

blue line at 0.5 ≤ x ≤ 1.0). Figure 3 demonstrates that the

specification of inflow conditions sufficiently upstream of the

expansion so that the low-frequency, large-scale precession

of the vortex core is not spuriously suppressed is prerequisite

for reproducing the mean flow profiles as well as turbulence

statistics with good accuracy.

The numerical solutions obtained at Re = 1.0×105 and

Sr = 0.74, which are not included in this paper due to space

limitation, lead to the same conclusion derived from Fig-

ure 3. These solutions further demonstrate that, as the

Re increases, it is necessary to refine the computational

mesh to capture the mean flow and the turbulent intensity

with good accuracy in the whole domain. This result is

supported by Figure 4 which shows the modeled and to-

tal (modeled+total) Reynolds stress -u′w′ computed at the

plane of symmetry on the fine meshes (CL and F2L for at

Re=3.0×104 and Re=1.0×105, respectively). This figure

illustrates that the Reynolds stress modeled by the subgrid

model is essentially negligible and most of turbulence energy

has been fully resolved in the fine mesh simulation.

Figure 5 shows the power spectra of the axial velocity

computed at two points in the flows at Re=3.0×104 and

Re=1.0×105 : 1) a point 0.5D downstream of the expan-

sion where the flow is characterized by the existence of the

precessing vortex core with a dominant frequency of about

0.7; and 2) a point at 2.0D downstream of the expansion

where our solution yields several harmonics associated with

the breakdown of the vortex core to small structures and the

interaction of these structures and the pipe wall. These fea-

tures of the computed flow are in good agreement with the

measurements of Dellenback et al. (1988). Our simulation

also yields velocity spectra that exhibit a clear -5/3 power

law inertial subrange at both locations.

Various visualizations of the computed instantaneous co-

herent structures are used to elucidate the physics of the

confined turbulent swirling flows at both simulated Re.

To identify the coherent structures in the computed flow

fields, we first employ the so-called q-criterion defined by

q = 1

2

(

‖Ω2‖ − ‖S2‖
)

where ‖ · ‖ is the Euclidean matrix

norm and Ω and S denote the symmetric and antisymmet-

ric parts of the velocity gradient, respectively (Hunt et al.

1988). Figure depicts the onset of vortex breakdown for

Re=3.0×104 and Sr = 0.60 and Re=1.0×105 and Sr = 0.74.

The instantaneous iso-surface of q-criterion (=0.8) shown in

Figure 7 illustrates that strong vortical structures develop

along the centerline and relatively weak vortices are sus-

tained along near the pipe wall in the entire length of the

downstream pipe. The former are obviously associated with

the on-axis, elongated pocket of recirculating flow on the

tube centerline, as shown with the iso-surface of a small neg-

ative value of axial velocity in Figure 7, while the latter are

presumably linked to the instability of the flow along the

concave wall boundary layer (made visible in the limiting

streamline plot).

Figure 8 shows streak-line visualization of the turbulent

vortex breakdown using Lagrangian tracking of particles re-

leased at four equidistant azimuthal positions near the center

at the inlet plane. This figure clearly depicts that the de-

pendence of the vortex breakdown phenomenon on the swirl

number of the flow. At the low Sr the vortex core breaks

down far downstream near x = 4.0 while the breakdown lo-

cation moves upstream as Sr increases. At the highest Sr

(=1.23) particles are scattered as soon as they released, as

shown in Figure 8. At the same time, it should be noted

that vortex breakdown in the upstream pipe is somewhat

attributed to the fact that for the highest swirl case the lo-

cation of the inlet plane is apparently not far upstream to

completely avoid the artificial suppression of the precession

of the vortex core .

CONCLUSIONS

Numerical results show that for swirling flow in a sudden

expansion at high Re and Sr , the low-frequency, large-scale

meandering of the vortex core reaches far upstream of the

expansion. Thus careful specification of inflow conditions

along with proper grid refinement are crucial prerequisites

for resolving the mean flow as well as turbulence statistics

over the entire computational domain. The solutions com-

puted on the refined long domain appear to be in excellent

agreement with the experimental measurements (Dellenback

et al. 1988) in terms of mean flow and turbulence inten-

sity. Using the flow visualization techniques, we discussed

the structure and temporal dynamics of the turbulent vor-

tex breakdown and other large scale instabilities that occur

in the shear layers and along the pipe wall over a range of

swirl intensities. A more detailed discussion of the com-

puted results and underlying flow physics will be presented

in a journal publication, which is currently in preparation.
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Fröhlich, J. and von Terzi, D., 2008, “Hybrid LES/RANS

methods for the simulation of turbulent flows”, Progress in

Aerospace Sciences, Vol. 44, pp. 349-377.
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Figure 4: Modeled and total (modeled+resolved) Reynolds

shear stress u′w′

Figure 5: Power spectral density of streamwise velocity com-

puted at two selected streamwise locations (see Figure 4 for

locations of PA, PB and PC)

Figure 6: Vortex breakdown visualized by instantaneous iso-

surface of q-criterion (= 50) colored by pressure (while, low

and black, high) computed at (left) Re = 3.0×104 and Sr

= 0.60, and (right) Re = 1×105, Sr = 0.74.

Figure 7: Swirling flow visualized by instantaneous iso-

surface of q (=0.8), iso-surface of a negative axial velocity

(=-0.02), 3D streamtraces colored by pressure (white, low;

black, high) and friction lines: solutions on the F2L mesh

at Re = 1×105, Sr = 0.74.

Figure 8: Streakline visualization of the turbulent vortex

breakdown identified by Lagrangian tracking of fluid parti-

cles released near the center of the inlet plane at Re = 1×105

and at different swirl numbers
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