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Large-eddy simulation of ow around a
NACA 4412 airfoil using unstructured grids
By Kenneth Jansen1
1. Motivation and objectives

Large-eddy simulation (LES) has matured to the point where application to complex ows is desirable. The extension to higher Reynolds numbers leads to an impractical number of grid points with existing structured-grid methods. Furthermore,
most real world ows are rather dicult to represent geometrically with structured
grids. Unstructured-grid methods oer a release from both of these constraints.
However, just as it took many years for structured-grid methods to be well understood and reliable tools for LES, unstructured-grid methods must be carefully
studied before we can expect them to attain their full potential.
In the past three years, important building blocks have been put into place, making possible a careful study of LES on unstructured grids. The rst building block
was an ecient mesh generator which allowed the placement of points according to
smooth variation of physical length scales. This variation of length scales is in all
three directions independently, which allows a large reduction in points when compared to structured-grid methods, which can only vary length scales in one direction
at a time. The second building block was the development of a dynamic model appropriate for unstructured grids. The principle obstacle was the development of
an unstructured-grid ltering operator. New ltering operators were developed in
Jansen (1994). In the past year, some of these lters have been implemented into
a highly parallelized nite element code based on the Galerkin/least-squares nite
element method (see Jansen et al. 1993 and Johan et al. 1992).
We have chosen the NACA 4412 airfoil at maximum lift as the rst simulation
for a variety of reasons. First, it is a problem of signicant interest since it would
be the rst LES of an aircraft component. Second, this ow has been the subject of
three experimental studies (Coles and Wadcock 1979, Hasting and Williams 1987,
and Wadcock 1987). The rst study found the maximum lift angle to be 13 87o.
The later studies found the angle to be 12o. Wadcock reports in the later study
that the early data agree very well with his new data at 12o, suggesting that the
early experiment suered from a non-parallel mean ow in the Caltech wind tunnel.
It should be pointed out that the Reynolds-averaged simulations are usually run
at 13 87o and do not agree with the data when run at 12o as was shown in Jansen
(1995). It is hoped that LES can clarify this controversy. The third reason for
considering this ow is the variety of ow features which provide an important test
of the dynamic model. Starting from the nose where the ow stagnates, thin laminar
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A transition strip is modeled geometrically by applying a no-slip
boundary condition to the nodes which form a surface of height, shape, and position
equivalent to Wadcock's serrated tape which was applied to the airfoil surface.

Figure 1.

boundary layers are formed in a very favorable pressure gradient. This pressure
gradient soon turns adverse, driving the ow toward a leading edge separation.
Only the onset of turbulence can cause the ow to remain attached or to reattach
if it did separate. The persistent adverse pressure gradient eventually drives the
turbulent ow to separate in the last 20 percent of chord. The separation bubble is
closed near the trailing edge as the retarded upper surface boundary layer interacts
with the very thin lower surface boundary layer. The large dierence in boundary
layers creates a challenging wake to simulate. Only the dynamic model can be
expected to perform satisfactorily in this variety of situations: from the laminar
regions where it must not modify the ow at all to the turbulent boundary layers
and wake where it must represent a wide variety of subgrid-scale structures.
The ow conguration we have chosen is that of Wadcock (1987) at Reynolds
number based on chord c = 1 = 1 64 106, Mach number = 0 2, and
12o angle of attack.
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2. Accomplishments
2.1 Eect of wind tunnel walls and transition strip
In Jansen (1995) a grid independent solution was obtained which did not agree
well with the experiments in the separated region. This was not completely surprising since two important eects of the experiment were not accounted for in the
simulation: the wind tunnel walls and the transition strip.
Wadcock used a strip of tape with serrations cut into the edge on the upstream
side. The serrated tape has been modeled in a coarse fashion by our current simulation as can be seen in Fig. 1. The tape is eectively a forward facing step (with
serrations) of height 99=4, followed by a backward facing step.
The blockage eect of the wind tunnel walls has also been included in the recent
calculations. Note that the boundary layers on the walls are not simulated rather,
slip boundary conditions are applied on the wind tunnel walls as can be seen in
Fig. 2.
These two eects were studied separately for a short period of time (not sucient
for converged statistics in the trailing edge region) and agreement with experiments
was seen to improve in both cases. The eect of the walls was somewhat greater
than that of the transition strip. This discussion is left qualitative because the
enormous cost of these calculations led us to abandon the individual eect studies
in favor of using our limited resources on converging the combined eect simulation.
The results of this simulation can be seen in Fig. 3 where the velocity proles of
the new simulation (with wind tunnel walls and transition strip) are compared to
the original simulation. Note the large increase in the degree of separation.
Though the new simulation is in better agreement with the experiment, new
problems were created. As can be seen in Fig. 4, there is a reduction in the threedimensionality of the turbulence in the separated region. A similar story is told
by the two-point correlation in this region, which shows very little decay. While
some reduction is to be expected, concern developed as to whether the periodic
boundary condition, which is applied in the spanwise direction, was promoting
spanwise coherent vortices due to insucient spanwise extent. From Fig. 3 it is
apparent that the boundary layer is signicantly thicker in the new simulation.
With a spanwise domain width, W of 2.5% of chord the spanwise domain becomes
less than a boundary layer height at about two-thirds of the chord length.
2.2 Wider domain simulation
The most obvious choice of doubling the domain while maintaining the current
resolution was postponed in lieu of a doubling of the domain by doubling the spanwise size of each element. The rational for this decision was that the renement
studies of Jansen (1995) showed only a small change from the current grid to the
twice coarser grid. The new simulation would also not engender an increased cost
since the number of nodes remained the same. It was assumed that changes in
the rst half of the airfoil would suggest inadequate resolution while changes in the
trailing edge region would address the domain width question.
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Figure 2. The cross sectional plane of an unstructured mesh which accounts for

the inviscid eects of the wind tunnel walls.
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Figure 3. Proles of tangential velocity component at various positions along the
airfoil surface (x=c = 0:59 0:66 0:78 0:82 0:95). Solutions correspond to: without
wind tunnel walls or transition strip
, with wind tunnel walls and transition
, Wadcock , Hastings and Williams  .
strip

The times-series from the new simulation are presented in Fig. 5 where the threedimensionality can be seen to return to the separated region. The amount of separation is reduced, causing some departure from the experimental data as can be
seen in Fig. 6. This is to be expected because the presence of three-dimensional
vortical structures in the separated region pump high momentum uid down to the
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Time series of the spanwise velocity uctuation at various positions
along the chord length, approximately half a boundary layer height o of the wall.
From the bottom up ( = 0 1 0 3 0 529 0 66 0 815 0 95). Note that the top
curve ( = 0 95) indicates a loss of three-dimensionality in the separated region.
Figure 4.
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wall, reducing the magnitude of the separation. Fig. 6 also illustrates that the rst
half of the airfoil is nearly grid independent.

3. Future plans

3.1 More spanwise domain studies
Based on the ndings in the previous section more attention will be given to
the spanwise domain eects. Since the resolution changed at the same time as the
expansion of the domain, it is dicult to isolate the two eects. For this reason the
rst study will maintain the 5% chord domain width and improve the resolution in
the second half of the airfoil where the solution has shown some change. A grid has
already been generated to accomplish this task, and a simulation has just begun.
The number of nodes has gone up by 70%, making this simulation signicantly more
expensive than the others described in this report.
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Figure 5. Time series of the spanwise velocity uctuation as described in Fig. 4.

Note that the top curve ( = 0 95) has a strong signal indicating a return of
three-dimensionality in the separated region with the increased domain width.
x=c

:

3.2 Higher order methods
Given the number of points that are required to obtain a grid-independent solution, it seems clear that higher order methods should be explored. This is straightforward, but non-trivial, to do with the nite element method. There are two
benets to higher order methods besides the obvious one of higher accuracy. First,
the higher order methods will have a more complete representation of the residual
error of the discrete approximation and, therefore, the scheme will be less dissipative. Second, alternative lters, described in Jansen (1994), can be implemented and
tested. It is dicult to predict at this time if the method will lose computational
eciency when extended to higher order.
3.3 Computational platform change
In the past year the code has been ported to the IBM SP2 (see Bastin 1996 for
details). This port involved the use of MPI, a communication standard that is more
widely used than that of the original code, which should make the port to other
platforms reasonably simple. In the coming year more eort will be applied in this
area to try to take advantage of the changing computational resources available for
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Figure 6. Proles of tangential velocity component at various positions along the
airfoil surface (x=c = 0:59 0:066 0:78 0:82 0:95). Solutions correspond to: without
, with wind tunnel walls and transition
wind tunnel walls or transition strip
strip (W=c = 0:025)
, with wind tunnel walls and transition strip (W=c = 0:05)
, Wadcock , Hastings and Williams  .

this type of simulation, thereby expediting its progress.
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