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Fig. 1 Particle traces over the � ap element at the wind-tunnel
wall, unswept case, no tab.
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Introduction

H IGH-LIFT aerodynamicists continue to look for simple
ways to achieve greater lift from multielement airfoil sec-

tions. One such possibility is the lift-enhancing tab (LET) in-
troduced by Ross et al.1 A lift-enhancing tab is a small me-
chanical tab placed at or near the trailing edge of an airfoil
element, similar to a Gurney � ap. Two-dimensional studies2,3

have shown that LETs can dramatically improve high-lift sys-
tem performance. The present study computationally investi-
gates LETs on a simple, three-dimensional high-lift system,
including the effects of wing sweep. Only a brief description
of the computational and experimental approaches is given
here. A more thorough discussion can be found in Refs. 4­ 7.

Geometry and Flow Conditions
The geometry consists of a NACA 632-215 Mod. B airfoil

section8 that spans the wind-tunnel test section. Over one-half
of the span, a 30% chord Fowler � ap has been installed with
a gap of 3.6% chord, an overlap of 1.5% chord, and a de� ec-
tion of 40 deg. All of the results were obtained at an angle of
attack of 10 deg, an angle representative of the landing attitude
for a commercial aircraft. In the cases where LETs are used,
a 0.5% chord tab is placed just upstream of the trailing edge
of the � apped portion of the main wing. Three leading-edge
sweep angles are presented, 0, 15, and 30 deg, but experi-
mental data only exist for the 0-deg case. The wing was swept
such that the � apped portion of the wing was forward of the
un� apped section.

The experimental investigation was conducted in the NASA
Ames Research Center’s 7- by 10-Foot Wind Tunnel.9 The data
were obtained at a freestream Mach number of 0.22, low
enough to justify the use of an incompressible � ow solver. The
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resulting Reynolds number, based on the un� apped airfoil
chord, was 3.7 3 105. A thorough discussion of the experiment
can be found in Ref. 7.

Numerical simulation of the � ow was performed using the
INS3D-UP code.9 A six-zone, structured mesh containing 1.8
million points was used,4 requiring 450 iterations to converge.
Approximately 20 CPU hours were used on a supercomputer
for each case. The one-equation Baldwin­ Barth turbulence
model was used to model the eddy viscosity in this study.10

Results and Discussion
The lift-enhancing tab is most effective when applied to

high-lift systems experiencing � ow separation on the � ap, as
shown in Fig. 1. In this � gure, a large recirculation region is
seen above the surface of the � ap. The system is still gener-
ating a fair amount of lift (CL = 2.28) because the main wing
is largely unseparated. This does not restrict the use of LETs
to poorly designed sections, as � ap separation can limit the
maximum ef� cient de� ection angle of any section. Lift-en-
hancing tabs may increase the lift of a well-designed section
by allowing the � ap to be de� ected farther before the onset of
separation.

With the addition of the tab the � ow remains attached as
shown in Fig. 2. Fluid shed from the main element is turned
downward by the tab, reducing the effective angle of attack
seen by the � ap. Attached � ow on the � ap not only increases
the lift carried by the � ap, but also increases the lift carried
by the main element. The net effect is to increase the lift of
the entire system by much more than just the additional � ap
lift.

Figure 3 shows the total lift coef� cient plotted vs sweep
angle for all of the presented cases. As expected, the baseline
lift, i.e., without LET, decreases as the wing sweep increases.
The magnitude of the lift decrease is quite dramatic between
0 and 15 deg, reducing the total amount by nearly one-half.
This change is so large because of the low aspect ratio of the
� ap. With such a low aspect ratio, the change in the � ow at
the � ap tip because of sweep can be felt over the entire span.
The change in CL between 15 and 30 deg is much less. The
corresponding values with tabs are also shown. The lift­ sweep
trends are the same, but the tab reduces the amount of lift loss
caused by sweep.

Perhaps a better comparison can be made if the percentage
increases in total lift are compared. Figure 3 showed that the
baseline lift decreases with sweep angle, and the change in lift
because of the tabs gets larger with increasing sweep. This
suggests that the relative effectiveness of the tabs strongly in-
creases with sweep, as shown in Fig. 4. A 5% increase in CL

is seen for the unswept wing (both experimental and com-
puted), whereas the increase jumps to 27% for the moderately
swept wing (15 deg). The tab is even more effective for the
highly swept case, increasing the lift by 36%.
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Fig. 2 Particle traces over the � ap element at the wind-tunnel
wall, unswept case with tab.

Fig. 3 Total lift coef� cient vs sweep angle.

Fig. 4 Relative tab effectiveness for three sweep angles.

Conclusions
A numerical study of lift-enhancing tabs on three-dimen-

sional high-lift systems was performed. Lift-enhancing tabs
have been computationally shown to improve the lifting ca-
pability of high-lift systems at three leading-edge sweep an-
gles, 0, 15, and 30 deg. The lift coef� cient at 10-deg angle of
attack is increased by 5, 27, and 36%, respectively. The results
for the unswept case were compared with experimental data
and the lift increments caused by the tabs agreed closely.

Acknowledgments
This research was funded by NASA Ames Research Center

Cooperative agreements NCC 2-813 and NCC 2-5145. The
computing time for this work was provided by the Numerical
Aerodynamics Simulation System at NASA Ames Research
Center.

References
1Ross, J. C., Storms, B. L., and Carrannanto, P. G., ‘‘Lift-Enhancing

Tabs on Multi-Element Airfoils,’’ AIAA Paper 93-3504, Aug. 1993.

2Storms, B. L., and Ross, J. C., ‘‘An Experimental Study of Lift-
Enhancing Tabs on a Two-Element Airfoil,’’ AIAA Paper 94-1868,
June 1994.

3Carrannanto, P. G., Storms, B. L., Ross, J. C., and Cummings, R.
M., ‘‘Navier-Stokes Analysis of Lift-Enhancing Tabs on Multi-Ele-
ment Airfoils,’’ AIAA Paper 94-0050, Jan. 1994.

4Mathias, D. L., ‘‘Navier-Stokes Analysis of the Flow About a Flap
Edge,’’ M.S. Thesis, California Polytechnic State Univ., San Luis
Obispo, CA, 1994.

5Mathias, D. L., Roth, K. R., Ross, J. C., Rogers, S. E., and Cum-
mings, R. M., ‘‘Navier-Stokes Analysis of the Flow About a Flap
Edge,’’ AIAA Paper 95-0185, Jan. 1995.

6Mathias, D. L., Storms, B. L., and Ross, J. C., ‘‘Lift-Enhancing
Tabs on Swept, Three-Dimensional High-Lift Systems,’’ AIAA Paper
96-2421, June 1996.

7Storms, B. L., and Ross, J. C., ‘‘Aerodynamic In� uence of a Finite-
Span Flap on a Simple Wing,’’ Society of Automotive Engineers, Pa-
per 95-1997, Sept. 1995.

8Hicks, R. M., and Schairer, E. T., ‘‘Effects of Upper Surface Mod-
i� cation on the Aerodynamic Characteristics of the NACA 632-215
Airfoil Section,’’ NASA TM 78503, 1979.

9Rogers, S. E., ‘‘Numerical Solution of the Incompressible Navier-
Stokes Equations,’’ NASA TM 102199, Nov. 1990.

10Baldwin, B. S., and Barth, T. J., ‘‘A One-Equation Turbulent
Transport Model for High Reynolds Number Wall Bounded Flows,’’
AIAA Paper 91-0160, Jan. 1991.

Spanwise Camber and Quasisteady
Effects During Wing Rock

Carlos Ize* and Andrew S. Arena Jr.†
Oklahoma State University,

Stillwater, Oklahoma 74078-5016

Introduction

A N inviscid computer model has been used to aid in further
understanding and evaluation of the slender wing rock

phenomenon. The inviscid model has been coupled with the
rigid body equation of motion in oscillations to simulate the
� uid ­ structure interaction. The investigation focuses on an
isolation of quasisteady effects on a delta wing through an
application of the roll-rate boundary condition. In addition,
spanwise camber changes through differential � ap de� ection
was investigated.

Methodology
The computational analysis for this study was performed

using a modi� ed inviscid model developed by Arena and Nel-
son.1 The modi� cations made by Ize and Arena2 allowed the
model to be used to study the quasisteady effects and the span-
wise camber during wing rock. It was shown that the essential
characteristics of the unsteady delta wing can be captured by
modeling only the primary � ow characteristics, which is based
on experimental results. Validation of the model can be found
in Ref. 2. The solution to the present model is obtained by
using a panel technique where the body geometry is repre-
sented by a distribution of constant strength sources and vor-
tices, allowing for arbitrary speci� cation of spanwise boundary
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