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Introduction

I N order to predict the flow around the wing of an aircraft
at high incidence and low speed (takeoff and landing), it is

crucial to account for the viscosity effects, including separa-
tion. A few years ago, a method of computing the flow with
rear separation for a restricted class of wings was published.1
The total iterative procedure contains a three-dimensional lift-
ing surface method for inviscid incompressible flow and a
two-dimensional airfoil method for viscous flow at low Mach
numbers, including a displacement model for separated flow.
In comparison with experiments, the results of the method
were encouraging, but some deficiences were found. Mean-
while, some important improvements and an extension of the
method to include the ground effect have been achieved. The
advanced method is presented in detail in Ref. 2 together with
many results. In this note, a very brief description is given and
a few results are shown.

The Method
For a clean wing with moderate to high aspect ratio and low

sweep, the flow at each section is assumed to be approximately
two-dimensional. But, compared to a wing of infinite span,
the effective basic flow at each section is somewhat changed
due to the different vortex systems of the finite and infinite
wings. This change, i.e., the induced velocity difference Aw,
depends on the spanwise lift and pitching moment distribu-
tions y(rj) and />t ( r j ) of the wing.

If the lift and moment distribution is known, the effective
basic flow at each section can be computed by reverse applica-
tion of a lifting surface method. On the other hand, if the
basic flow is known at each section, the lift and moment
distribution can be computed by applying to each section a
two-dimensional airfoil method including the boundary layer
and separation and a compressibility correction. So, starting
with a first approximation of 7(17) and /*(??), the viscous flow
can be calculated by connecting these two computations and
recycling until convergence of the lift distribution is found. A
reasonable first approximation for 7(17), /i(r/) may be ob-
tained by standard application of the lifting surface theory, at

least for the lower angles of attack otg. For higher ag) the
results from the previous ag can be used as first approxima-
tions, if ag is increased step wise.

The effective basic flow velocity vector at a section
(rj = constant) is V(r]fx) = F^n-Aw^,*), with Aw being the
difference of the velocity vectors induced by the vortex
systems of the finite and infinite wings, respectively. The basic
flow velocities at different points of the section (for instance,
at the quarter chord and trailing edge) differ little from each
other or from Vx. So, in the first version of the method1 the
basic flow was assumed to be a parallel flow with I V\ = \VW\
and oi = ag— Aa, where Ac* is a mean value of the induced
angle differences at the quarter chord and trailing edge. But it
turned out that this is a good approximation only for the lower
angles of attack and for the center part of the wing. Compared
to experiments for high ag, the computed total lift was too
high and, at the outer part of the wing, there was a noticeable
difference in the pressure distributions. For these reasons, the
basic flow model has been refined in two respects: 1) instead
of Fa,!, the absolute value of the basic flow velocity at the
quarter chord | V(vi,xq)\ is used and 2) the different directions
of V at the quarter chord and trailing edge are taken into ac-
count by replacing the parallel flow by a curved basic flowfield
with given flow angles at the quarter chord and trailing edge.
By these refinements, considerable improvement with respect
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Fig. 1 Lift from theory and experiment for airfoil section (curve 1)
and rectangular wing (curves 2 and 3) without and with ground effect.
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to the pressure distributions, total lift, drag, and pitching mo-
ment has been gained.

The first version of the method was limited to unbounded
flow. The flight at high incidence, however, is of special in-
terest for takeoff and landing, i.e., near the ground. To satisfy
the kinematic flow condition at the ground, the well-known
reflected image concept was applied to both the lifting surface
theory and the two-dimensional airfoil method. This led to an
extension of the theory for computation of the viscous flow
around a wing in the vicinity of the ground.
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Fig. 2 Pressure distributions at different sections of the rectangular
wing (without ground effect).
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Fig. 3 Drag polars and pitching moment of the rectangular wing for
three different ground distances ho.

Results
Figure 1 shows the total lift coefficient CL vs angle of attack

otg for the infinite wing (curve 1) and for a finite-rectangular
wing of aspect ratio A = 3.1 without ground effect (curve 2)
and with ground effect (curve 3). All of the computed results
compare well with the experiments. The considerable effects
of the finite span and of the ground are well predicted, even
for rather high angles of attack. Chordwise pressure distribu-
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Fig. 4 Computed separation and drag polars for three different
wings.
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Fig. 5 Computed separation and spanwise lift distribution for a wing
with flap.



128 J. AIRCRAFT VOL. 24, NO. 2

tions for three different wing sections are compared in Fig. 2
at ag = 16.7 deg, i.e., near maximum lift. Some rear separa-
tion is found at the inner sections. At the outer section, one
can clearly see the improvement gained with the advanced
method. Figure 3 shows some results for the rectangular wing
at three different ground distances hD. Again, the theoretical
predictions are satisfactory. It should be noted that the lowest
cLmax is found for the medium distance hD/l= 0.992. So,
when this wing approaches the ground, the maximum lift
decreases until the ground distance is lower than the wing
chord.

Finally, Figs. 4 and 5 exhibit some of the theoretical results
for more general wing geometries. In Fig. 4, separation lines
and total lift-drag characteristics are compared for three dif-
ferent wing shapes. The results indicate wing 3 to be the best at
high lift. In Fig. 5, a variant of wing 3 (with an unswept

leading edge) is investigated with and without an attached flap
on the inner half of the wing. With a flap, a strong gradient of
the spanwise lift distribution 7 is found near the flap tip. The
corresponding trailing vortex induces some rear separation at
the outer wing and reduces separation at the outer part of the
flap.

A slotted flap was not used because, at present, the com-
puter program is limited to single-element airfoils. The next
step will be an extension to multicomponent high-lift systems.
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