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Flowf ield Model for a Rectangular
Planf orm Wing beyond Stall

In the preceding equations,

H=l-2hcos26, a = [4/(r+l)]2+M2
xsin20, and b = \

M£,sin20. Figure 3 compares results for plane wedge with
Hui's theory and also with convex (X positive) and concave (X
negative) nonplanar wedges.

Conclusion
Figure 2 demonstrates the theory's wide application range,

in incidence and Mach number, for planar and nonplanar
surfaces. It is free from the restrictions of LighthuTs2 theory
(a< 1, Mwa< 1) and Miles'n theory (a< 1, M^ct^ 1). Figure
3 shows that the effect of convexity in nonplanar wedges is to
decrease stiffness and shift damping minima towards the
leading edge. Differences with Hui's theory for the plane
wedge are attributed to neglect of secondary wave reflections
in the present theory.
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Introduction

THE purpose of this Note is to propose a new, general
flowfield model for the separated flow over a rectangular

planform wing at subsonic speeds and high angles of attack.
This model is consistent with earlier observations such as
reported in Refs. 1-5, but is primarily inspired by new ex-
perimental studies at the University of Maryland. Oil flow
studies by Winkelmann et al.6 have shown strong counter-
rotating swirl patterns to occur on reflection plane and full
span "two-dimensional" rectangular wings with NACA 0015
and NACA 64,A211 airfoils in the vicinity of stall. The
results of more recent wind tunnel tests (to be reported in this
Note) have also shown counter-rotating swirl patterns to exist
on stalled finite wings which were free of any direct wall
interference effects.

Experiment
Wind tunnel tests were conducted using a series of rec-

tangular planform wings, all with the same 8.89-em chord
14% Clark Y airfoil section. Primary interest was in the
poststall behavior and flowfield. Three test series were
completed: 1) a wing model with an aspect ratio AR = 3.5 was
tested in the 0.46x 1.17 m Aerospace Tunnel at a Reynolds
number based on a chord of Rec = 245,000; 2) a wing model
with AR = 2.86 was tested in a 0.38 x 0.38 m student tunnel at
Rec = 260,000, and 3) a set of wing models with AR = 3, 6, 9,
and 12 were tested in the 2.36x3.35 m Glenn L. Martin
Tunnel at Rec = 385,000. Photographs of surface oil flow
patterns were obtained in all three cases. Lift, drag, and
pitching moment data were taken during the first test series,
and a number of exploratory flowfield studies were made
during the second test series.

Results
Figure 1 shows a photograph of the oil flow patterns

developed on the upper surface of the AR = 3.5 wing (test
series 1) at an angle of attack a = 22.8 deg. The lift coefficient
at this point had already gradually rolled off from a
maximum at 20.0 deg. A large region of reversed flow is
apparent at the central portion of the wing. The oil flows into
a pair of counter-rotating swirl patterns and collects in node
points. The leading edge separation bubble is highly three-
dimensional with the oil tending to form a characteristic
"bead-like" pattern.

The "mushroom" shaped three-dimensional separation cell
started to develop at a- 18 deg with the first signs of trailing
edge separation occurring at a = 15 deg. The trailing edge stall
cell grew in size until, at a = 26.1 deg, the surface pattern
abruptly changed and the three-dimensional separation line
extended to the leading edge. This abrupt change was ac-
companied by a sudden loss of lift and a noticeable increase in
wing buffeting. With increasing a, the counter-rotating swirl
patterns were located near the wing tips and a uniformly
reversed surface flow existed over most of the span.
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Fig. 1 Oil flow patterns developed on a low aspect ratio wing (14%
Clark Y airfoil) at a = 22.8 deg, Rec = 245,000.

Fig. 2 Oil flow patterns developed on a series of wings (14% Clark Y
airfoil) of various aspect ratios; a = 18.4 deg, Rec = 385,000.

A number of exploratory flowfield surveys were made
during the second test series in attempts to define the flowfield
structure associated with the "mushroom" cell. Surveys made
with a tuft wand, a water injection probe, and a mini smoke
probe indicated that the three-dimensional separation bubble
was a closed recirculating region. This was also suggested
using the splitter plate technique (Ref. 2). Preliminary surveys
using a single element hot-wire probe showed the presence of
a highly turbulent wake downstream of the three-dimensional
separation bubble.

Figure 2 shows a set of photographs of the four wings
(AR = 3, 6, 9, and 12) tested in the Glenn L. Martin Tunnel at
a = 18.4 deg. For aspect ratios above 3, several "mushroom"
cells coexist on the upper surface of the wing. As the angle of
attack is increased, the cells merge together until only one
large cell exists on the wing. For a>25 deg, virtually the
entire upper surface flow is reversed with the two node points
visible very near the wing tips.

A flowfield model based on a tentative analysis of the flow
visualization data is shown in Fig. 3 for the low aspect ratio
rectangular planform wing just beyond stall. According to
this model, the counter-rotating swirl patterns are shown to be
produced by the time-averaged effect of a vortex flow that
loops from one node point to the other. Along the trailing
edge, a secondary vortex rotates in the opposite direction to
the loop vortex. The three-dimensional bubble has a rear
stagnation line (not shown in Fig. 3) just downstream of the
vortex pair. A wake-like flow forms downstream of the three-
dimensional bubble. The flow model on the center plane of

3-D SEPARATION
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Fig. 3 Tentative flow field model for a low aspect ratio wing just
beyond stall.

the wing is essentially the same as the "two-dimensional"
model discussed in Ref. 2. The imbedded vortex system is
probably quite unsteady in nature. The apparent steady
surface flow patterns may actually be caused by the time-
averaged effects of an unsteady flowfield. The three-
dimensional separation bubble may also contain other
secondary vortex systems which are not apparent in the
present data. It is conceivable that a separate vortex forms at
each node point and continues downstream. However, no
evidence was found during the present study to verify such
trailing vortices. At high angles of attack, the vortex system
spreads across the entire wing and forms node points near the
tips. Although the oil flow patterns clearly show the tip vortex
and the swirl node separately, some direct interaction between
the imbedded vortex system and the tip vortex probably
occurs. Eventually, at very high angles of attack, the vortex
structure in the three-dimensional separation bubble may
burst. Related observations have been reported in Refs. 7 and
8.

The new model for the complex separated flow, as sketched
in Fig. 3, should provide additional guidance in preparing
future experiments for wings at high angles of attack, and also
aid in numerical and/or theoretical modeling of such flows.
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is also replaced by the unsteady expression for C *

Improved Version of LTRAN2
for Unsteady Transonic Flow

Computations
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Introduction

IN order to study the aeroelastic characteristics of airplanes
flying at transonic speeds, a reliable method of predicting

unsteady airloads is required. For a slowly oscillating thin
wing section such a prediction can be obtained at relatively
low cost using the NASA Ames code LTRAN2. l This code
solves the low frequency transonic small perturbation (TSP)
equation for the velocity potential:

]<t>xx+<t>zz-2M2
00<l>xt=0 (1)

derived at a condition 0[A:] =0[62/5] =0 [1-A/i] <l for
reduced frequency k = uc/2UQO> relative airfoil thickness 5,
and freestream Mach number M^. For an airfoil z=f(x) in
unsteady motion z = h(x,t), the low frequency airfoil
boundary condition is:

<t>z=fx + hx (2)

on the slit z = 0,0 < x < 1. The condition in the wake (z = 0, x>
1) is given by ACp=0, with for Cp the low frequency ex-
pression:

CP=-20X (3)

In applications of the original code,1 however, Eq. (2) was
replaced by the unsteady airfoil boundary condition:

<t>z=fx + hx + ht (4)

This is necessary to describe plunge motions.
In this. Note it will be shown that the applicability of

LTRAN2 is considerably improved at negligible cost if Eq. (3)
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(5)

The wake condition ACp = 0 then correctly describes the
downstream vorticity transport in the wake at finite
(freestream) velocity.

Equations (4) and (5) and the TSP equation (1) with a
slightly modified nonlinear term [the coefficient (7+l)M^
was replaced by 3 - (2 - y)M2

00 ] have become the basis of a
new version (LTRAN2-NLR2), which resembles a code
developed simultaneously and independently at ONERA.3

This version is intermediate between the original code l and
the GTRAN2 code developed by Rizetta and Chin.4

GTRAN2 is based on Eqs. (4) and (5) and the TSP equation
(1) with the additional term ~M2^ttt and therefore has no
low frequency restriction. In LTRAN2-NLR this <£„ term was
not added because: 1) it is less effective at low reduced
frequencies than the time-derivative terms in Eqs. (4) and (5);
and 2) it requires a substantial modification of the original
code, leading to a significant increase of computational costs.
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Fig. 1 Unsteady airloads on pitching flat plate showing effect of
additional terms.
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Fig. 2 Steady pressure distribution.


