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Some Modeling Issues on Trailing-Edge Vortex Shedding
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Anumerical studyhasbeen carried out to investigatemodelingissuesontrailing-edgevortexshedding.Thevortex
shedding from a circular cylinder and a VKI turbine blade is calculated using a two-dimensional unsteady multi-
block Navier–Stokes solver. The unsteady stresses are calculated from the unsteady solutions. The distributions
of the unsteady stresses are analyzed and compared for the cylinder case and the cascade case, respectively. The
time-averaged equationsare then solved, and the effectiveness of the unsteady stresses in suppressing trailing-edge
vortex shedding is checked. Finally, the time-independent solutionproduced by solvingthe time-averagedequations
is compared with the time-averaged solution obtained by integrating the unsteady solutions. The numerical results
have demonstrated that a time-independentvortex shedding solution can be achieved by solving the Navier–Stokes
equations with the unsteady stresses and the time-averaged effects of the vortex shedding can be included.

Nomenclature
D = cylinder or blade trailing-edgecircle diameter
lmix = mixing length
U = vector of unsteady conservativevariables
u = velocity in axial direction
v = velocity in tangential direction
x = Cartesian coordinate in axial direction
y = Cartesian coordinate in tangential direction
½ = density
N. / = global mean component

. /0 = random � uctuation component
Q. / = periodic � uctuation component

Introduction

V ORTEX shedding is a self-excitedunsteady � ow phenomenon
in turbomachinery blading with a blunt trailing edge. It is

known that the formation of vortex streets produces a substantial
component of the blade pro� le loss in gas turbines.1 Understand-
ing and predicting trailing-edge vortex shedding is of great im-
portance in turbomachinery for further improvement of machine
performance.

From the computational point of view, a straightforward way
to predict the trailing-edgevortex shedding is to solve the unsteady
Navier–Stokes equations.Unfortunately,the very small length scale
and high frequency of vortex shedding make the unsteady calcu-
lations too expensive for routine design. Several latest efforts on
vortex-shedding unsteady calculations2¡4 have shown that even a
two-dimensional vortex-shedding unsteady calculation requires a
very large amount of CPU time.

As far as a turbomachine designer is concerned, it is highly de-
sirable to obtain a time-independent solution that can include the
time-averaged effects of vortex shedding. To this end, solving the
time-averaged equations seems to be an attractive approach. The
dif� culty in doing so is that extra closure models are required to
model the unsteady stresses in time-averaged equations. The mod-
eling issues associated with unsteady � ows induced by the blade-
row interactionsand blade oscillationhave been addressedby some
researchers.5¡8 This paper presents an effort toward modeling the
vortex shedding. Before any vortex-shedding model is developed,
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one issue needs to be addressed � rst: Can a vortex shedding time-
independent solution be achieved by solving the time-averaged
Navier–Stokes equationswith “unsteadystress” terms? The present
work is intended to address this issue by a computational study.

Numerical Methods
The baselinenumerical solver in the presentwork is a multiblock

solver.9 The computationalmethod solves the two-dimensionalun-
steady Navier–Stokes equations on a multiblock mesh using the
four-stage Runge–Kutta time-marching scheme in time and cell-
vertex � nite volume scheme in space.

The original solver only deals with laminar � ows. In the present
work a mixing-length turbulencemodel in a simple form, similar to
that adopted by Roberts,10 is implemented. The turbulent viscosity
in this model is given by

¹t D ½l2
mixj!j (1)

where

j!j D
­­­­
@u

@y
¡ @v

@x

­­­­

In the near-wall region, the mixing length is given by

lmix D · min.dn ; dlim/ (2)

where · is the von Kármán constant and is 0.41; dn is the distance
from the solid wall; and dlim is a limiting value of the mixing length,
speci� ed by the user. In the wake region the mixing length is taken
as ·dlim . It is recognizedthat vortex-sheddingunsteadycalculations
are sensitive to turbulence models.2;3 In the present work the sensi-
tivity will be examinedby simply specifyingdifferent dlim values in
calculations.

To investigate the modeling issues on vortex shedding, the time-
averaged Navier–Stokes equations about the vortex shedding are
solved. To obtain the time-averagedequation, the unsteady � ow in-
duced by the vortex shedding is decomposed to be a global mean
component NU plus a periodic mean component QU , which is con-
tributed by periodic vortex shedding, and a random component U 0,
which is contributed by � ow turbulence, as

U D NU C QU C U 0 (3)

This notationfollowsa workbyReynoldsandHussain11 on studying
organizedwaves in turbulentshear� ow. The time-averagedequation
for the global mean � ow can be obtainedby substitutingexpression
(3) into the two-dimensional � ow governingequationsand globally
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time averaging them. Because of the nonlinearity of the momen-
tum and energy equations, time averagingwill generate extra stress
terms, such as .½ Qu/ Qv and .½u/0v 0, etc. The .½u/0v0 is the Reynolds
stress and is modeled by the mixing-length turbulencemodel in this
work.The stress.½ Qu/ Qv is generatedbyperiodicvortexshedding,and
we call it vortex-sheddingunsteady stress. In this work the random
� uctuation and periodicvortex-sheddingperturbationsare assumed
to be uncoupled in a global mean sense, following Reynolds and
Hussain.11

Comparing the global time-averaged Navier–Stokes equations
with the ordinary Reynolds-averaged Navier–Stokes, the only dif-
ference is that the vortex sheddingunsteadystresses are added in the
time-averaged equations. Therefore, the effectiveness of unsteady
stresses to suppressvortex sheddingcan be clearly demonstratedby
solving the time-averaged Navier–Stokes equations. In the present
work the solution methods for solving the time-averagedequations
are the same as that used in the baseline unsteady solver, but the
temporal integration of the time-averaged equations should be re-
garded as in the pseudotime. Because the emphasis of the present
work is to investigatethe vortex-sheddingunsteady stresses, the un-
steady stresses in the time-averaged equations are obtained from
vortex-shedding unsteady solutions generated by the baseline un-
steady solver. For example, the unsteady stress .½ Qu/ Qv can be calcu-
lated by

.½ Qu/ Qv D 1
NP

NPX

1

.½u ¡ ½u/.v ¡ Nv/ (4)

where NP is thenumberof time steps in one vortex-sheddingperiod;
it can be determined from the vortex-shedding frequency and the
size of time step in an unsteadycalculation.The time mean variables
½u and Nv are worked out by

½u D 1
NP

NPX

1

½u; Nv D 1
NP

NPX

1

v

where ½u and v are instantaneous � ow variables obtained from the
unsteady calculations.

Unsteady Calculation of Vortex Shedding
The � rst step of the present work is to calculate trailing-edge

vortex shedding by solving the unsteady Navier–Stokes equations
using the baselinemultiblocksolver.The calculationsare conducted
for � ows past a circular cylinder and a VKI turbine cascade. The
time-averaged� ow� elds and vortex-sheddingunsteady stresses are
calculated from the unsteady solutions, as just described.

Laminar Vortex Shedding Behind a Circular Cylinder
A laminar � ow around a cylinder of a diameter D of 0.2 m is cal-

culated at a Reynolds number (based on the cylinder diameter and
free stream velocity) of 3 £ 103. The calculation is carried out in a
domain that is made up of two cylinders. The pitch of the compu-
tational domain is set to be 6.5D in order to avoid the interference
of the vortex shedding between the two cylinders. The computa-
tional mesh has four blocks, as shown in Fig. 1. The mesh in the
� rst block, which is around the cylinder, is an O-type mesh with
101 £ 21 points, and the mesh in the other three blocks is a simple
H-type mesh.

Fig. 1 Computational mesh for circular cylinders.

Fig. 2 Instantaneous static-pressure contours.

Fig. 3 Instantaneous entropy contours.

Fig. 4 Static-pressure frequency spectra at point C on cylinder.

Fig. 5 Time-averaged static-pressure contours from unsteady
calculation.

The calculationshows that the unsteadyNavier–Stokes equations
need to be time marched in about 25 shedding cycles from a one-
dimensional initial guess to achievea periodicvortex shedding.The
instantaneousstatic pressure and entropy contours are presented in
Figs. 2 and 3. The static-pressurespectrum near the trailing edge, as
shown in Fig. 4, shows that the predictedvortex-sheddingfrequency
is 90 Hz. The result gives a Strouhal number of 0.197 (based on
the cylinder diameter and freestream velocity), very close to the
empirical value of 0.192.

Once the periodic vortex shedding is achieved, the unsteady
solution is time averaged over a shedding period to produce a
time-averaged � ow� eld. The time-averaged static-pressure con-
tours are shown in Fig. 5, and they are symmetric along the wake
centerline. Figure 6 presents the time-averaged static-pressuredis-
tribution along the cylinder surface and the wake centerline. The
time-averaged static pressure in the region of separated � ow just
downstream of the cylinder (the base region) is lower than that in
the freestream. It is known that the lower base pressure is closely
related with the loss production associated with vortex shedding.

Based on the instantaneous unsteady solution and the time-
averaged solution, the vortex-shedding unsteady stresses are
calculated. The contours of three primary unsteady stresses
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[.½ Qu/ Qu, .½ Qu/ Qv, .½ Qv/ Qv] are presented in Fig. 7; all of the stresses are
nondimensionalizedby 1

10
of the inlet dynamic head (0:5½inletu2

inlet ).
The streamwise normal stress .½ Qu/ Qu is symmetric along the wake
center, and double peaks appear near the end of the vortex forma-
tion region at about x=D of 1.0–1.5 (x D 0 correspondsto the center
of cylinder). The .½ Qu/ Qu mainly remains bimodal in the wake and
makes very little contributionon the wake centerline.The structure
of the stress .½ Qu/ Qv is similar to the.½ Qu/ Qu but is antisymmetricalong
the wake center.The pitchwise normal stress .½ Qv/ Qv has only a single
peak on the wake centerline approximately at the end of the vortex
formation region. The topologies of these three unsteady stresses
in the present laminar vortex shedding are very similar to those
produced by an experimental study12 on a turbulent vortex shed-
ding behind a circular cylinder. The similarity between the laminar
and turbulent � ows might suggest that the turbulencedoes not have
a strong effect on the main structure of vortex-shedding unsteady
stresses.

Vortex Shedding from a VKI Turbine Blade
To investigate trailing-edge vortex shedding for turbomachine

blades,a VKI turbinecascadeis considered.This VKI turbine blade
is a large-scale low-cambered nozzle guide vane. The vortex shed-
ding from this turbine blade has recently been experimentallystud-
iedbyCicatelliandSieverding.13 This test casehasbeennumerically
investigated by Manna and Mulas2 and Arnone and Pacciani.3

A four-block computational mesh is generated in the present in-
vestigation.The mesh in the � rst block, which is around the blades
is an O-type mesh with a mesh size of 271 £ 35. The mesh in the
other three block is an H-type mesh. The four-block mesh has a
total of 41,897 points. An enlarged view of the mesh near the blade
trailing edge is shown in Fig. 8. In the test the � ow has a Reynolds
number of 2:5 £ 106 and an outlet Mach number of 0.409.

Fig. 6 Static-pressure distribution on cylinder surface and along wake
(A-B-C-D-E).

Fig. 7 Contours of vortex-shedding unsteady stresses of circular cylinder.

Before thecalculationis carriedoutunderthe test � owconditions,
a low-Reynolds-number laminar vortex-shedding result from the
VKI blade is calculated.The purpose is to create a case without any
turbulenceeffects in order to avoid any uncertainties caused by the
turbulence modeling. In this laminar case the Reynolds number is
speci� ed to be 2:5 £ 104 , which is two orders of magnitude lower
than the test value.After theunsteadysolutionis time marchedabout
50 shedding periods, a periodic vortex shedding is achieved. In the
calculation each shedding period requires about 1250 time steps
and takes about 2280 s CPU time running on a single SGI R10000
processor. The predicted vortex-sheddingStrouhal number for this
laminar case is 0.235. The instantaneousstatic pressureand entropy
contours are shown in Figs. 9 and 10, indicating a rigorous vortex-
shedding street.

Fig. 8 Enlarged view of mesh around the VKI blade trailing edge.

Fig. 9 Instantaneous pressure contours for laminar � ow.
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Fig. 10 Instantaneous entropy contours for laminar � ow.

Fig. 11 Static-pressure time traces at points with S/D of 0.65 and
¡ ¡ 0:65.

Then the � ow under the test condition is calculated. In the cal-
culation the � ow is assumed to be fully turbulent, and the mixing
length limit dlim is given to be 2% of the trailing-edge thickness.
Numerical tests show that about 60 vortex-shedding periods start-
ing froman initialone-dimensional� ow guess are needed to achieve
a good level of periodicity. There are about 1200 time steps in one
shedding period. Figure 11 presents the static-pressure time traces
at points corresponding to abscissa S=D of 0.65 and ¡0:65 on the
blade trailing edge. Here S is the surface length measured from the
trailing-edgepoint, and D is the diameter of the trailing-edgecircle.
The positive S=D value means the point is on the pressure surface
and the negative value is on the suction surface. The pressure � uc-
tuation on the pressure surface is higher than that on the suction sur-
face, which is consistentwith the experimentalmeasurement.13 The
static-pressure spectra at point S=D of 0.65 produced by a Fourier
transformation are given in Fig. 12. The calculated results give a
shedding Strouhal number of 0.245, which is slightly lower than
the test value of 0.27. The instantaneousstatic-pressureand entropy
contoursare shown in Figs. 13 and 14, and they demonstratethat the
turbulent vortex shedding is not as rigorous as the preceding lam-
inar � ow case. The time-averaged static pressure around the blade
trailing edge is comparedwith the experimentaldata in Fig. 15. The
base pressure is reasonablypredicted by the present calculation.To
investigate the sensitivity of the vortex-sheddingunsteady calcula-
tion to the turbulence model, an unsteady calculation is carried out
by specifying the dlim to be 10% of the blade trailing-edge thick-
ness. Numerical tests show that the vortex shedding is suppressed
and a steady-state solution is obtained. The predicted base pressure
is much higher than the experimental value, as shown in Fig. 15.
This calculation con� rms the strong dependence of the unsteady
vortex-sheddingcalculation on the turbulence modeling.

Having achieved the periodic vortex shedding, the vortex un-
steady stresses for both laminar and turbulent cases are calculated.

Fig. 12 Static-pressure spectra at point with S/D of 0.65.

Fig. 13 Instantaneous pressure contours for turbulent � ow.

Fig. 14 Instantaneous entropy contours for turbulent � ow.

The contours of the unsteady stresses .½ Qu/ Qu, .½ Qu/ Qv, and .½ Qv/ Qv in
the laminar � ow case are presented in Fig. 16. The unsteady stress
.½ Qu/ Qu is more or less symmetric about the wake centerline.A peak
appears about one trailing-edgethickness length downstreamof the
trailing edge, and it then decays rapidly along the wake. The struc-
ture of the stress .½ Qu/ Qu is very similar to the unsteady stress .½ Qv/ Qv
in the circular cylinder case as shown in Fig. 7. However, the stress
.½ Qu/ Qv is not antisymmetric, and the stress .½ Qv/ Qv is not symmet-
ric along the wake centerline. One reason is that mesh coordinate
x in the calculation is not parallel to the wake direction; another
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reason is likely to be as a result of the different vortex-shedding
intensities from the blade suction and pressure sides. Nevertheless,
the topologies of unsteady stresses in the cascade � ow are similar
to those in the cylinder � ow. The contours of the unsteady stresses,
.½ Qu/ Qu, .½ Qu/ Qv, and .½ Qv/ Qv in the turbulent � ow case are shown in
Fig. 17. The structures of these vortex-shedding unsteady stresses
are remarkably similar to the laminar case, but the peak values in
the turbulent case are lower because the laminar vortex shedding is
more rigorous.Again, all the unsteadystressespresented in Figs. 16
and 17 are nondimensionalizedby 1

10 of the inlet dynamic head.

Solutions of Time-Averaged Equations
The vortex-sheddingunsteadystressesin the time-averagedequa-

tions are obtained from the preceding unsteady calculations. In
the calculations for the time-averagedequations, the computational
mesh, � ow conditions, time-step size, and arti� cial smoothing co-
ef� cients are all kept the same as their unsteady counterparts. The
only difference is that the vortex-shedding unsteady stresses are
included.

Circular Cylinder
The calculation residual history, as presented in Fig. 18, shows

that a time-independent solution is achieved by solving the time-
averaged equations. The static-pressure contours are shown in
Fig. 19, and they illustrate that vortex shedding is completely sup-
pressed by the inclusion of the vortex-shedding unsteady stresses.
The calculated static-pressure distribution along the cylinder sur-

Fig. 15 Static-pressure distribution around blade trailing edge.

Fig. 16 Contours of vortex-shedding unsteady stresses for laminar cascade � ow.

Fig. 17 Contours of vortex-shedding unsteady stresses for turbulent cascade � ow.

face and the wake centerline is in very good agreement with the
time-averaged one produced by the unsteady calculation,as shown
in Fig. 6.

It is recognized that the vortex shedding can be suppressed in
different ways, such as excessive arti� cial damping, very big time
steps, etc. In this work a calculationis carried out by solving the un-
steady Navier–Stokes equation with an excessive arti� cial smooth-
ing coef� cient. The calculation residual history is also plotted in
Fig. 18, and it suggests that the vortex shedding is suppressedand a
steady-statesolution is obtained.However, the comparisonbetween
the steady static-pressuredistributionwith the time-averagedone in
Fig. 6 shows that the large variationof the static-pressurein the base
region is missed when suppressingthe vortex sheddingby using the
excessive arti� cial smoothing.

Fig. 18 Calculation residual history for circular cylinder � ow.

Fig. 19 Static-pressure contour by solving NS with unsteady stresses
for circular cylinder � ow.
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Fig. 20 Calculation residual history for cascade laminar � ow.

Fig. 21 Isentropic Mach-number distribution on the blade surface for
laminar � ow.

Fig. 22 Static-pressure contours by solving Navier–Stokes with un-
steady stresses for laminar � ow.

VKI Turbine Blade
The effectiveness of vortex-shedding unsteady stresses to sup-

press the vortex shedding is then investigated on the VKI turbine
blade case. The � rst attempt is made on the low-Reynolds-number
laminar � ow case. The residualhistory of solvingthe time-averaged
equationswith the stress terms is shown in Fig. 20, and it shows that
a time-independentsolution is achieved.The steady-stateisentropic
Mach-number distribution on the blade surface compares very well
with the time-averaged results produced by the unsteady calcula-
tion, as shown in Fig. 21. The static-pressurecontours, as presented
in Fig. 22, show no sign of vortex shedding.

Then a similar attempt is made for the turbulent � ow case. The
calculation of solving the time-averaged equations shows that the

Fig. 23 Time-averaged static-pressure contours by solving unsteady
Navier–Stokes for turbulent � ow.

Fig. 24 Static-pressure contours by solving Navier–Stokes with un-
steady stresses for turbulent � ow.

vortex shedding is suppressed,and a time-independentsolution can
be achieved. The static-pressurecontours (Fig. 23) produced by the
time-averagedequationsarevery similar to the time-averagedstatic-
pressure contours generated by the unsteady calculation (Fig. 24).
The base pressure around the blade trailing edge obtained by solv-
ing the time-averagedequations agrees well with the time-averaged
pressure as presented in Fig. 15.

To investigate the turbulence modeling dependence of the time-
independent solutions, a calculation is then carried out to solve
the time-averaged equations by specifying the dlim to be 10% of
the trailing-edge thickness. This calculation still uses the unsteady
stresses obtained in the unsteady calculation with the dlim of 2%
of the trailing-edge thickness. Again a time-independent � ow� eld
is obtained, and the base pressure is plotted in Fig. 15 as well. The
base pressurecalculatedby the time-averagedequationsgives a bet-
ter agreement with the VKI data than the pure unsteady calculation
when dlim is speci� ed as 10% of the trailing-edge thickness. This
result implies that the time-averaged equations exhibit less depen-
dence on turbulence modeling than the vortex-shedding unsteady
calculations.
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Conclusions
The results of the present computational study suggest the fol-

lowing:
1) To achieve a vortex-shedding time-independent solution by

solving Navier–Stokes equations with vortex-shedding unsteady
stresses is possible. The resultant time-independent solution can
adequately include the vortex-sheddingtime-averaged effects.

2) The structures of the vortex-shedding unsteady stresses are
fairly simple. The similarity of the unsteady stresses between the
circular cylinder � ow and the cascade � ow suggests that the devel-
opment of the vortex-sheddingmodeling in turbomachinery could
bene� t from the detailed studies on vortex shedding behind circular
cylinders.

3) Vortex-shedding characteristics are sensitive to arti� cial
damping and turbulence modeling. Steady-state solutions without
unsteady stresses can signi� cantly change the base pressure and
therefore the blade pro� le loss. Some preliminary numerical re-
sults suggest that solving the time-averagedequations might have a
smaller dependence on turbulence models.

Given the feasibility of directly computing the time-averaged
effect of vortex shedding by including the vortex-shedding stress
terms, further efforts in the unsteady stress modeling should be
made in the future.
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