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Fig. 2 Qualification of vortex suppression in freestream.
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Fig. 3 Qualification of vortex suppression in a turbulent flowfieSd.

Figure 2 shows the results of the study in the freestream.
The left side of the figure shows sketches of the proposed flow
downstream of the device, and on the right side are the cor-
responding streakline patterns photographed in the tunnel.
The cylinder alone produced the expected Karman-Vortex
street. The cylinder/flat plate arrangement produced different
patterns depending on the relative displacement between
them. With the spacing of the optimum configuration there
was evidence of suppression of alternate shedding of vorticity.
When the components were too close, the streakline pattern
corresponded to a single body. Not shown is the case where
the components were too far apart—this simply produced
separate patterns for each piece.

To answer the question of what happens to the suppression
when the cylinder and adjacent plate are placed in a more tur-
bulent flowfield (initial C/i/C/^0.03%), screens of varying
mesh and percent solidity were placed 25.4 cm upstream of the
cylinder. The entire process of photographing the vortex pat-
terns downstream of various configurations was then
repeated. Figure 3 shows typical results for two different
screens: screen A was 40 mesh and had a solidity of 35%,
screen B was 57 mesh and had a solidity of 72%. In all cases,
the turbulence from the screens had little, if any, effect on the
suppression mechanism of the cylinder/adjacent plate
configuration.

Conclusions
The placement of a relatively short-chord, flow-aligned

plate in the proximity of a cylinder allows the production of

nearly "one-sided" or "one-signed" oscillatory transverse
control vortices. The turbulence level of the incoming
freestream has little effect on the suppression of the shed vor-
ticity within the range considered in this study.
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Influence of Trailing-Edge Meshes
on Skin Friction in

Navier-Stokes Calculations
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Introduction

FROM recent investigations concerning numerical solu-
tions of the Navier-Stokes equations for transonic tur-

bulent flows over airfoils one can easily conclude that accurate
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prediction of skin-friction distributions is a difficult task.
Moreover, especially in the trailing-edge region, contributions
known to the author either concern with an upper-surface
skin-friction distribution increasing dramatically at the trail-
ing edge, or skin-friction results are not shown in the trailing-
edge region. In some cases, where a drastic increase can be
observed, it is often accompanied by local streamwise pressure
oscillations. In Refs. 1-4, the skin friction increases near the
airfoil trailing edge, although in all cases the flow should
decelerate due to a positive pressure gradient along the upper
surface. Whereas in Refs. 5-8 the skin-friction behavior near
the trailing edge is not shown. In all of these contributions,
which are assumed to be representative of that field of
research, no special trailing-edge problems have been
reported.

All referenced investigators1"8'10'11'13 solve the time-averaged
Navier-Stokes equations by means of finite difference or finite
volume methods using O-, C- and H-type meshes for
geometrical discretization. Therefore, it might be straightfor-
ward to argue that the trailing-edge problem is not related to a
certain mesh type or a special numerical formulation. Further-
more, use of different types of turbulence models does not
really affect the skin friction near the trailing edge as is shown
in detail in Ref. 2.

Present Results
In the present Note, an attempt will be made to interpret the

trailing-edge skin-friction distribution with respect to the mesh
structure (definitely not to the mesh type) in the trailing-edge
vicinity of the RAE 2822 airfoil. All calculations are per-
formed at a Mach number of 0.73, Reynolds number of 6.5
million, and an angle of attack of 3.19 deg, representing the
original properties of the RAE 2822 (test case 9).9 Results for
that test case (also used in the 1980 Stanford Conference) are
presented in Refs. 2, 7, and 8.

In the present investigation, the computational method used
to solve the Navier-Stokes equations for compressible flow in
full conservation form is the finite volume method according
to Ref. 10. Rewriting the Navier-Stokes equations in integral
form and dividing the computational domain into quadrilat-
eral cells one obtains a system of ordinary differential equa-
tions by applying the integral equations to each cell separ-
ately.10 The set of ordinary differential equations in time is
solved by means of an explicit four-stage Runge-Kutta time-
stepping method. To control an odd-even decoupling, a
Shuman-type filter is introduced with no special treatment at
the trailing edge. Due to the fact that only the steady state is of
interest, the difference equations are solved by a local time-
stepping approach based on the maximum allowable time step
for each cell (CFL number = 2.8). Introducing the residual
averaging approach,11 i.e., collecting the information from
residuals implicitly, gives rise to a higher CFL number, which
has been chosen to be 5.0 for all calculations. The viscous
terms are treated using central differences throughout the do-
main and one-sided formulas are used at the surface.

The steady state is defined to have occurred when the force
coefficients (drag and lift) do not vary more than 0.05% and
the total number of supersonic points remains constant within

a monitoring sequence of 15 iterations. Typically, an error
norm reduction (L2-norm of dp /dt) of 3 to 4 decades is reached
and lift and drag coefficients as well as the number of super-
sonic points approach an asymptotic value. In order to model
turbulent flow structures, an algebraic (zero-equation) tur-
bulence model12 is applied.

For discretization of the computational domain, a C-type
mesh is used with 100 mesh points for surface representation.
The mesh spacing normal to the surface is geometrically
stretched. A constant number of 16 mesh points is distributed
across the boundary layer to ensure proper resolution of the
viscous layer; a total of 44 grid points are used in the normal
direction of the grid. The y+value (in terms of the law of the
wall for the first grid point adjacent to the surface) is less than
6. The far-field boundary is located at a distance of approx-
imately 20 chord lengths. Variations to this mesh are performed
only in the region behind the airfoil concerning especially
the angle of the trailing-edge meshline. In Fig. 1, the trailing-
edge region of one of those meshes is shown. The trailing-edge
meshline emanates, with respect to the chordline, at 0 deg.

Based on the mesh plotted in Fig. 1, careful checks of the
RAE 2822 (case 9) computations clearly demonstrate that the
trailing-edge streamline emanates at 0 deg as well, thus coin-
ciding with the trailing-edge meshline. As will be discussed in
the following, aligning meshes with the trailing-edge
streamline produces plausible flowfield predictions. Varying
the slope of the trailing-edge meshline from -7.4 deg (bisec-
tor) via -3.0 deg (lower edge angle) to 0.0 deg (streamline
case, see Fig. 1), and furthermore to 1.7 deg (for trial), results
in different skin-friction distributions at the rear end of the
RAE 2822 airfoil as shown in Fig. 2. It can clearly be seen that
only marginal changes occur until approximately 95% of the
chordlength is reached, causing a likewise unchanged pressure
and velocity field in that area. At the last 5% of the airfoil,
however, different types of skin-friction distributions are ob-
tainable. It should be noted at this point that, due to the finite
volume approach, the skin friction in Fig. 2 can be accurately
plotted only up to the last surface volume. Skin friction is
computed at the side center of all surface volumes and inten-
tionally no extrapolation has been applied to determine an ap-
propriate value for skin friction at 100% of chordlength. If

1 .7°
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Fig. 1 Computational mesh in the trailing-edge vicinity of the RAE
2822 airfoil (case 9) using a trailing-edge meshline aligned with the
trailing-edge streamline.

—— I.E. meshline angle: 0.0 deg
— i1.7 deg

-3.0 deg
—•"•"• -7.4 deg (bisector)

Fig. 2 Trailing-edge skin-friction distributions for the RAE 2822 air-
foil (case 9) and various trailing-edge meshline angles.
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Fig. 3 Velocity vector plot for the RAE 2822 airfoil (case 9) in the
trailing-edge vicinity.

severe changes in the skin-friction distribution can be ob-
served, as demonstrated in Fig. 2 for negative meshline angles,
streamwise oscillations in the pressure near the trailing edge
increase both on the airfoil and in the near wake.8'10 Some
streamline oscillations have also been reported in Ref. 13
studying the near-wake behavior behind an airfoil, although
wake alignment has been used.

Consequently, for the RAE 2822 (case 9), negative trailing-
edge meshline angles result in an increase in skin friction along
the upper and lower surfaces, while the situation is reversed
for positive angles on both surfaces. Extrapolation of the plot-
ted skin-friction distributions "by eye" shows that the sepa-
rated flow (separation occurs at 90% of chordlength) "reat-
taches" at the trailing edge for a meshline emanation angle
coinciding with the trailing-edge streamline. There is, in fact,
no physical need for that, although examination of all given
skin-friction distributions clearly show that physically plaus-
ible distributions on both the upper and lower surfaces appear
only for the streamline angle case (0 deg). For all other
meshline angles, the skin friction either increases on the upper
surface or decreases on the lower surface; this is unexplainable
from a physical point of view. Furthermore, use of negative
meshline angles leads to an increase in streamwise pressure
oscillations on the upper surface. For the streamline case and
also for the 1.7-deg case, extremely small oscillations in
pressure (an order of magnitude smaller, as reported in Ref.
13) can be observed. Although these differences influence the
flow behavior in the trailing-edge region (on the surface as
well as in the wake), their effect on force coefficients is
negligible.

In addition, based on the computations for the streamline
mesh angle, Fig. 3 presents the corresponding velocity vector
plot, representing the flowfield within the boundary layer
in the trailing-edge vicinity. It demonstrates the highly de-
celerated flow along the upper surface with the embedded
small separated region as well as the accelerated flow along the
lower surface and the mixing of both shear layers.

One might argue that the given results are directly related to
the numerical procedure used in the present approach.
Therefore, based on the bisector angle mesh, some other tests
have been performed:

1) A special filtering technique has been used at the trailing
edge, switching between central and one-sided filtering.

2) The filter has been switched off in cells adjacent to the
surface in order to check the filter influence on the physical
wall properties.

3) For the computation of the viscous terms, central and
one-sided differences have been applied.

4) A refined mesh at the trailing edge as well as a new mesh
with approximately 200 surface points and 25 grid points
within the boundary layer have been used.

In all of the test cases mentioned no qualitative changes in
the skin friction near the trailing edge are observable—only

marginal quantitative changes occur. Especially for refined
meshes in the trailing-edge region the influence on the skin-
friction increase is of minor importance. Unfortunately, a
comparison with measurements is not possible in the trailing-
edge region because the last measuring point is at 90% of
chord.

Conclusions
The present calculations delivered the most sensible results

for skin friction as well as for pressure distributions in the case
of aligning the trailing-edge mesh with the flow direction. The
results are nearly independent of mesh type, finite approach,
filtering technique, and turbulence model. Therefore, using
wakeline-adapted meshes, some trailing-edge problems, e.g.,
the increase of skin friction as well as the increase in pressure
oscillations, can be overcome and physically plausible
flowfield predictions can be performed even in those highly
viscous interaction regions.
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