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Abstract

L OW-SPEED unsteady separated flow may be computed
from Eulerian finite-difference or -element representa-

tions of the Navier-Stokes equations or by Lagrangian vortex
tracking methods. The latter have been used to model both
two-dimensional separated airfoil flows at high Reynolds
numbers1'2 as well as numerous bluff-body flows.3'5 A major
difficulty with the basic vortex method is that it is inviscid;
hence, separation, except at sharp edges, must be predicted by
some other means. Where empirical prediction is difficult,
boundary-layer calculation (viscous-inviscid matching) has
been used, but it is possible to predict laminar separation too
early2 unless the discrete vortex representation is started
upstream of the separation point. Viscous diffusion is usually
modeled by vortex blob and random walk techniques.6'7 The
results presented in this synoptic were computed using the in-
viscid cloud-in-cell vortex method.8 This is a mixed Eulerian-
Lagrangian method in which descrete vortices are tracked
through a grid on which the velocity field is computed by a
finite-difference method. It has the advantage of faster com-
putation when large numbers of vortices are present but a
poorer resolution of the velocity field.

Contents
Cloud-in-Cell Method

In this method, the circulation of the vortices shed from
the body is distributed by a weighting function (bilinear in
the present calculations) onto a grid. The stream function \[/
is then computed from the Poisson equation V 2 ^ = — w,
linking \j/ to the resulting vorticity distribution co on the grid.
This equation was expressed in central difference form and
solved by a combination of fast Fourier transforms and
Gaussian elimination. In order to avoid interpolated bound-
ary conditions for \I/, the airfoil was transformed into a circle
of radius R using the Joukowski transformation. The com-
putation was carried out in the circle plane on a regular
n x m polar mesh (rjtBk ) , where rj=R(\+2ir/m)J and

Discrete vortices were shed into the flow from the two
points on the circle corresponding to the trailing edge of the
airfoil and a separation point just behind the leading edge.
In the present study, the flow is over an 11%-thick
Joukowski airfoil at 30-deg incidence, and the leading-edge
separation point was fixed empirically at 1% chord, c, from
observations of the separation point on a similar airfoil
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tested in a wind tunnel at a Reynolds number of 8xl05 .
This airfoil was fitted with endplates, and the section be-
tween the endplates, where the measurements were taken,
had an aspect ratio of 3.8. Fixing the leading-edge separation
point in this way clearly led to an unrepresentative flow at
the start of an impulsively started flow. The Kutta-
Joukowski condition was applied at both separation points
in the circle plane.

Surface pressures and forces were calculated from the sur-
face velocity q and potential $ using Bernoulli's theorem, </>
being obtained by integrating q around the airfoil with ap-
propriate discontinuities across the shedding points.

Discrete vortex calculations of separated flows tend to
overpredict the suction pressure in the separated region (or
base pressure), and the lift and drag forces. This was found
to be the case for the present airfoil calculations. A circula-
tion reduction technique (vortex decay with time) has been
suggested to overcome this problem.3'4 In the present com-
putations, the strength of each vortex was varied as

r(T)=r(0){l-exp(-c/2 U^T)}

where r is the lifetime of the vortex, whose initial strength
was F(0). c was given the value of 22R.4

Numerical Results
Figure 1 shows a computation of impulsively started flow

past the 11%-thick Joukowski airfoil at 30-deg incidence to
the stream using a 64x64 polar mesh. The figure shows the
distribution of shed vorticity for the fully separated flow
after a nondimensional time (based on the airfoil chord),
t= 13.15, computed without vortex decay. The most impor-
tant feature of this result is the strong roll-up of the trailing-
edge sheet above the rear upper surface. This phenomenon is
quite often seen in two-dimensional separated-flow calcula-
tions, including some Navier-Stokes computations.9 The
close roll-up leads to a large suction peak in the upper sur-
face mean pressure distribution near the trailing edge, which
is not seen in the experimental measurements (Fig. 2). In this
figure, the time means were taken after the initial period of
starting flow was judged to have passed, until the end of
each computation. The measured pressures were averaged
over nondimensional times an order of magnitude greater.
The time history of the lift coefficient, calculated both by in-
tegration of the surface pressure and from a momentum
balance, is shown in Fig. 3. The mean value of the lift coeffi-
cient is in reasonable agreement with the measured value, but
the fluctuating component is relatively large.

Vortex decay appears to have the effect of inhibiting the
roll-up of the trailing-edge vortex sheet so that it now takes
place further downstream and, consequently, in better agree-
ment with flow visualization. When vortex decay is used,
conservation implies an effect on the bound circulation.
This may not be noticeable for many bluff bodies, but
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affects bodies, such as the airfoil, that have large mean cir-
culation. In order to avoid this in the present calculations,
the circulation removed was in effect transferred to the point
at infinity. With this, the unrealistic trailing-edge suction
disappeared (Fig. 2), the mean lift remained approximately
the same, but the fluctuating lift was considerably reduced
(Fig. 3). However, if the reduction in circulation was not
transferred, the lift increased with time to unrealistic levels.
The computation without vortex decay predicted a high
value of 0.43 for CLrms (root-mean-square lift coefficient),
reducing with vortex decay to 0.06. These values may be
compared with 0.03 measured on a NACA 63018 airfoil at a
Reynolds number of 5.1 x 105.10 Other calculations have also
predicted high values of CLrms.3 Many separated flows in-
volve three-dimensional vortex shedding, tending to give
lower mean and fluctuating forces than those predicted using
two-dimensional computation. Therefore, vortex reduction
may partly simulate three-dimensional effects. It seems to be
particularly important when the separating shear layer re-
mains close to the surface of the body, as experienced here.
The computations with between 1000 and 2000 vortices took
about 1.5 CPU s per time step on a CDC 7600 computer.

Conclusions
Computation of separated flow past an airfoil at 30-deg

incidence using a two-dimensional, discrete vortex cloud-in-
cell method predicts too strong a roll-up of the trailing
vortex sheet. This leads to an unrealistic suction peak on the
rear upper surface and excessively large fluctuations in lift.
Use of a vortex decay technique leads to more realistic
results, provided the circulation removed is transferred so as
not to affect the bound circulation.
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Fig. 1 Impulsively started flow without vortex decay, t= 13.15.
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Fig. 2 Mean pressure distributions computed from f= 10.82 to
12.98: - - -, without decay; — — —, with decay; o , measured
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Fig. 3 Lift coefficient. Computed: o pressure integration, no
decay; • momentum, no decay; o pressure integration with decay;
— — —, measured mean CL at /te = 8.0x 105.


