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Nomenclature

aspect ratio, b*/S

span, mm

configuration drag coefficient

configuration lift coefficient

chord, mm

angle of strake setting relative to wing chord plane
(positive, strake leading edge up), °

freestream dynamic pressure, %poo V2, kPa
Reynolds number based on wing model chord,
Poo Voo €/ Moo

= reference area, m®

o = freestream velocity, m/s

aerodynamic axes

angle of attack, deg

absolute viscosity, N - s/m?

air density, kg/m?
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Introduction

TRAKES are small aerodynamic surfaces placed at the wing-
fuselage junction of certain airplanes to improve their aero-
dynamic performance. They feature very low aspect ratios and sharp,
highly swept leading edges. Strakes create controlled flow separation
along their leading edges, producing vortices that cause high
rotational velocities above the main wing’s and the strake’s top
surfaces and thus generate vortex lift, of significant amounts and non-
linear in nature. Strakes have been known to considerably improve
high-angle-of-attack characteristics of many combat airplanes.
Movable wing tip strake represents an extension of the classical
strake concept proposed by the author [1]. In this application, the
strakes have been placed at the main wing’s tips and also made
movable, or articulated, about an axis perpendicular to the main wing
chord plane. With this arrangement, the beneficial effects of strakes
may be obtained without having to bring the main wing to a high
angle of attack, accompanied by a high drag penalty and possible
other complications. When used in this manner, it seemed that the
angle of deflection of the strakes relative to the main wing would
provide an additional variable for controlling the wing performance.
In the past, numerous studies have been undertaken to improve the
understanding of the wing-strake aerodynamics. Consequently, a
vast body of literature on strakes exists (see, for example, [2-12]).
Although other researchers have studied fixed wing tip strakes
(notably, Ma [13], Traub et al. [ 14], and Staufenbiel and Vitting [15]),
the author first proposed to make them movable in flight [1]. An
extensive review of the wing-fuselage strake research is givenin [1].
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To validate the movable tip strake concept, first a single-strake
configuration was tested [1]. The strakes were installed on a
rectangular baseline wing. The results showed that the wing
equipped with the strakes outperformed by a factor of 2.24, on a per
unit area basis, a modified rectangular wing, obtained by extending
the span of the baseline wing and maintaining the same airfoil and
having the same AR as the wing with movable, tip-mounted strakes.
The strake-equipped wing achieved a lift-to-drag ratio that was
approximately 23% better than that of the baseline wing. This
improvement was found at the optimal lift coefficient: i.e., at the lift
coefficient corresponding to (L/D),.- In the case of the MTS1
strake, set at ds =0°, that C;, was approximately 0.55. By
deflecting the strakes up or down, these benefits shifted to lower, or
higher, respectively, angles of attack of the main wing, as would be
expected, since the flow conditions on the strake depend on the
setting of the strake relative to the main wing and on the main wing
angle of attack.

In subsequent studies, nine planform shapes of movable tip
strakes (MTSs) were investigated in order to maximize their
positive effect on the wing-strake performance, as measured by the
aerodynamic efficiency, L/D, of the configurations for a given lift
coefficient C; . These results were reported in [16-21]. It was found
that among the nine planforms tested the best performance was
achieved with a cropped double-delta strake planform, the MTS4,
featuring an inboard portion swept at 80° and an outboard portion
swept at 45°, with the transition, or the leading-edge sweep break
point, located at 57.5% of the strake root chord. When used at
moderate to high angles of attack of the main wing and set to the
neutral setting with respect to the main wing chord plane, i.e., at
ds = 0°, this strake improved the L/D of the baseline wing by as
much as approximately 26%. This beneficial effect of the strake
persisted at both ds > 0 and ds < 0, and the optimal point moved to
lower, or higher, angles of attack of the main wing, respectively, as
would be expected. The optimal angle of attack of the main wing
depended on the strake setting angle, again as would be expected.
This confirmed the supposition that ds would represents a new and
useful variable for controlling wing geometry.

To further improve the movable strake design it appeared of
interest to examine the effect of the leading-edge break-point
position while maintaining the inboard and outboard sweep angles of
the MTS4. Apparently, by moving the break point forward (and,
consequently, slightly inboard) the relative size of the inboard, highly
swept portion of the strake decreases and that of the outboard,
moderately swept portion increases. Moving the break point back-
ward (and somewhat outboard) produces exactly the opposite effects.
It was presumed that the relative sizes of the inboard and outboard
segments of the strake must have an effect on both the initial
formation and the final disposition of the generated vortices and the
resulting wing-strake aerodynamics. An experimental study with the
objective to investigate these effects has been conducted. It was
found that moving the sweep break point forward benefits the lift-to-
drag ratio of the configuration using the same maximum L/D
criterion, while moving the sweep break point backward was
detrimental [22,23]. Of the seven strake configurations tested in the
study the best L/D was obtained with the strake having the break
point farthest forward of any strake in the study (at 40% of the strake
root chord) the MTS4A-2 strake [22,23]. Thus, the study clearly
established the direction in which the optimal strake configuration
should be sought.

The objective of the present study has been to attempt to pinpoint
the optimal location of the leading-edge sweep break point and to
attempt to answer the following question: Does the continued
movement of the leading-edge sweep break point forward from 40%
consistently produce higher L/D values?
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Table 1 Movable tip strakes used
in the study

Strake Xppo AS,% AR

MTS4A-3 35.0 235 279
MTS4A-2b 375 225 281

Experimental Setup and Procedure

The tests of this study have been done in the open-circuit, low-
speed wind tunnel at Minnesota State University. The tunnel has a
test section of 305 x 305 mm and it can produce airspeeds of up to
46 m/s. The lift and drag are measured using a dynamometer-type
balance having two linear variable differential transformers. A
detailed description of the tunnel and its instrumentation can be
found in [24]. All of the data points have been taken at a dynamic
pressure of 0.625 kPa, so that the measured lift force would remain
within the range recommended by the balance manufacturer. The
resulting Reynolds number, based on the main wing chord, has been
kept constant at approximately 0.225 x 109,

The main wing model used in this study represented a rectangular
wing having a NACA 4412 airfoil, a span of 161 mm, a chord of
99 mm, and thus an AR = 1.63. This configuration is referred to as
the baseline wing (BLW). First, a pair of movable tip strakes
MTS4A-3, having the sweep break point at 35% of the strake root
chord, has been constructed and tested. The strake still had the same
sweep angles of the inboard and outboard segments of 80 and 45°,
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Fig. 3 Strakes MTS4A-2b attached to main wing.

respectively, a characteristic common to all of the MTS4 strakes.
Next, based on the findings from the first phase of the study, an
additional pair of strakes, the MTS4A-2b, having the sweep break
point located at 37.5% of the strake root chord, was designed and
tested. All the other geometric characteristics of the strakes remained
the same. Table 1 gives the major geometric characteristics of these
strakes, based on the manufactured dimensions. Figure 1 shows the

Fig. 1 Movable wing tip strakes MTS4A-2b.

Fig. 4 View from starboard tip of MTS4A-2b set at ds = 0°.

Fig. 2 Another view of strakes MTS4A-2b.

Fig. 5 View from starboard tip of MTS4A-2b set at ds = —5°.
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MTS4A-2b strakes, side by side, so that the underside of the
starboard strake is also visible. Figure 2 gives another view at the
same pair of strakes, viewed at a different angle, such that the strakes’
sharp leading edges (the key feature of their design) are clearly
visible. Figure 3 depicts the MTS4A-2b strakes attached to the wing
model, and Fig. 4 gives a view of the starboard tip of the BLW with
the MTS4A-2b strake installed at ds = 0°.

The following are estimates of the uncertainties associated with all
the experimental variables involved in this study. The angle of attack
of the wing model could be determined to within £0.25°. The same
estimate is made for the strake setting angle relative to the main wing,
ds. All lengths could be considered reliable to within 0.5 mm. The
dynamic pressure uncertainty is estimated at +0.005 kPa. Finally,
the lift and drag force readouts are estimated to be reliable to within
£0.05 N.

In this study the strakes have been tested first at the neutral setting
relative to the main wing chord plane: i.e., at ds = 0°. Finally, the
MTS4A-2b strakes have also been tested with the strakes set at —5°
Fig. 6 View from starboard tip of MTS4A-2b set at ds = +5°. (see Fig. 5) and at +5° (see Fig. 6), relative to the main wing chord
plane. All the presented results have been corrected by applying the
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Fig. 7 Lift coefficients of four configurations.
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Fig. 9 Lift-to-drag ratios of four configurations.

standard wind-tunnel corrections following the methodology
described in [25].

Discussion of Results

All the configurations have been tested over the same range of
angles of attack, from —5° to +20°, uncorrected. The areas of the
strakes have been included in the reference area. The change in this
area due to the strake deflections to —5° or to 4+5° has been neglected
as very small: on the order of 0.4% of the strake area, or approx-
imately 0.08% of the total reference area for the baseline wing with
the MTS4A-2b installed.

First, the MTS4A-3 strake was tested. It attained values of L/D
rather close to those obtained with MTS4A-2 throughout the range of
angles of attack tested, or lift coefficients obtained, with a slight
decrease in the (L /D), 0f 0.4% relative to the MTS4A-2best L/ D.
Based on this finding, it was concluded that moving the sweep break
point too far forward from the 40% location would be detrimental

from the aerodynamic performance standpoint. It was presumed that
there might be a point of optimal leading-edge kink location
somewhere between 40 and 35%. Therefore, an additional pair of
strakes, the MTS4A-2b, having the sweep break point at 37.5% of the
strake root chord, was designed, constructed and tested. The results
confirmed the starting supposition, as discussed below.

Figure 7 shows the lift coefficient vs angle of attack for the three
strake configurations. Note that the MTS4A-2 had also been tested as
part of the previous study [23,24]. The curve for the BLW has also
been added for reference. It can be seen from this figure that the
MTS4A-3 strakes produced somewhat higher lift coefficient over
most of the range of angles of attack than the other configurations.
Figure 8 shows the standard drag polars for these four configurations.
From Fig. 8, it can be seen that the MTS4A-3 also generated higher
drag coefficients at the same lift coefficients. The overall effects on
the aerodynamic performance are best seen in Fig. 9, which shows
L/D vs C; . Itindicates that the MTS4A-2 and MTS4A-3 strakes are
rather comparable, with the note from above on the slight drop in
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Fig. 10 Lift coefficients of optimal strake for three strake settings.
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Fig. 11 Drag polars of optimal strake for three strake settings.

(L/D)ax for the latter strake. From this figure, the MTS4A-2b
emerges as the best configuration, which supports the supposition
above that somewhere between 40 and 35% of the strake root chord
(the location of the leading-edge sweep break point) there might be
an optimum.

It has improved the configuration L/D by as much as 24.1%
relative to the BLW. The largest improvements obtained in this study
with the MTS4A-2 and MTS4A-3 strakes have been 23.1 and 22.5%,
respectively. Note that the improvement for the MTS4A-2 strake is
somewhat smaller than that previously found. It is believed that the
small difference may be attributed to the difficulty in exactly
duplicating the strake-to-wing setting and to the combined effects of
the other experimental uncertainties as described above.

The lift coefficient for the configurations with strakes clearly
shows a nonlinear behavior typical of vortex lift generated by strakes
(see Fig. 7). Whereas the baseline-wing curve exhibits the classical
linear range, characteristic of attached flow, the curves corresponding

to the three configurations with strakes are clearly nonlinear. Also,
the curves for the three configurations with strakes show higher C;
gradients. This is due to the combined effects of the strake action and
of the increased AR, as discussed in detail in [1].

It should be noted that the flowfield around a wing-movable tip
strake configuration is rather complex. It involves elements of both
classical, attached flow as well as those of controlled flow separation
from the strakes’ sharp leading edges, highly swept. This part of the
flow pattern should not be significantly Reynolds number dependent.
The presence of the strakes not only injects powerful leading-edge
vortices, which affect to a great degree the flow in the main wing tip
region, but it also moderates the tendency of the main wing’s flow to
separate at higher angles of attack. The many facets of this combined
flow deserve further studies in order to acquire a more thorough
understanding.

Next, found the optimal strake, the MTS4A-2b was tested at two
additional strake settings, one negative and one positive, relative to
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Fig. 12 Lift-to-drag ratios of optimal strake for three strake settings.
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the main wing chord plane. These results are shown in Figs. 10-12.
Figure 10 shows C; vs «. It can be seen that when the strakes are
deflected leading edge down, the configuration reaches its full lifting
potential at a higher angle of attack of the main wing, as would be
expected. The opposite is true for the positive deflection of the
strakes. Itis also noted that the positive strake deflection improves the
stall characteristics of the configuration. The differences between
these two cases are not due merely to the two different setting angles.
With this negative setting, gaps were present between the main wing
and the strake in the regions near the leading and trailing edges. These
gaps were not present in the case of the +5° strake setting; the reader
is referred to Figs. 5 and 6. With the gaps present, the flow pattern in
the wing tip region, as well as the interaction between the main wing
trailing vortex and the strake leading-edge vortices, changes.

The results for the configurations with the strakes deflected agreed
very well with those from the previous studies that have consistently
shown that the achieved benefits of the strakes shift toward lower, or
higher, angles of attack or, equivalently, to higher or lower lift
coefficients, when the strakes are deflected upward or downward,

Figure 12 has a pragmatic significance. It indicates that this wing-
strake configuration would need to be controlled (most probably by
an onboard computer) so that, at lower lift coefficients, the strakes are
deflected up. Then, as the lift coefficient increases, this positive
deflection is gradually decreased to zero, and then the strakes need to
be deflected in the negative direction. In this manner, the config-
uration appears to be capable of always flying at an optimal setting,
which would enable the pilot to use the points on the envelope
enclosing the many possible L/D vs C; curves, thus continuously
flying at (L/D)ypax-

Conclusions

A wind-tunnel study with the objective to pinpoint the optimal
shape of a double-delta movable wing tip strake by varying its
streamwise location of the leading-edge sweep break point has been
conducted. Starting with the findings of previous studies that it is
beneficial to move the leading-edge break point forward toward 40%
of the strake root chord, a relatively short range of 5% of the strake
root chord, between 40 and 35%, has been identified as the zone
within which the optimum may be located. Once the range of the
potential optimum has been bracketed, an additional point (the
midpoint of the range) has been examined. These experiments indeed
confirmed that the strake having the leading-edge break point located
at 37.5% of the strake root chord achieved the best performance. It
improved the (L /D)., of the baseline wing by as much as 24.1% at
the optimal lift coefficient of about 0.6. This is 1.0 and 1.6% better
than the improvements obtained with the strakes featuring the
leading-edge sweep break point at 40 and 35%, respectively. Finally,
additional experiments have been conducted, which demonstrated
that the advantages of applying movable wing tip strakes are shifted
to lower and to higher angles of attack for positive and for negative,
respectively, strake deflections relative to the main wing. It has been
pointed out that the configuration with movable tip strakes appears to
be capable of constantly operating at an optimal setting throughout
the whole range of lift coefficients attainable. To better understand
the intricacies of the interactions between the classical attached and
the controlled separated flows involved, use of flow visualization in
future studies appears to be highly beneficial. Further studies at
higher Reynolds numbers also appear to be warranted.

Acknowledgment
The author would like to acknowledge the help in conducting the
tests he has received from Danica Nikolic during the course of this
study.

References

[1] Nikolic, V. R., “Movable Tip Strakes and Wing Aerodynamics,”
Journal of Aircraft, Vol. 42, No. 6, 2005, pp. 1418-1426.
doi:10.2514/1.4615

ENGINEERING NOTES

[2] Sohn, M. H., Lee, K. Y., and Chang, J. W., “Vortex Flow Visualization
of a Yawed Delta Wing with Leading-Edge Extension,” Journal of
Aircraft, Vol. 41, No. 2, March—April 2004, pp. 231-237.
doi:10.2514/1.9281

Schultz, M. P, and Flack, K. A., “Effect of Strake Geometry and

Centerbody on the Lift of Swept Wings,” Journal of Aircraft, Vol. 39,

No. 2, March—April 2002, pp. 377-379.

doi:10.2514/2.2938

Moss, G. F, “Some UK Research Studies of the Use of Wing-Body

Strakes on Combat Aircraft Configurations at High Angles of Attack,”

AGARD Conference Proceedings , Vol. 247, Neuilly sur Seine, France,

1979, Paper 4.

Luckring, J. M., “Aerodynamics of Strake-Wing Interactions,” Journal

of Aircraft, Vol. 16, No. 11, Nov. 1979, pp. 756-762.

doi:10.2514/3.58600

[6] Lamar, J. E., “Analysis and Design of Strake-Wing Configurations,”

Journal of Aircraft, Vol. 17, No. 1, Jan. 1980, pp. 20-27.

doi:10.2514/3.57870

Lamar, J. E., and Frink, N. T., “Aerodynamic Features of Designed

Starke-Wing Configurations,” Journal of Aircraft, Vol. 19, No. 8,

Aug. 1982, pp. 639-646.

doi:10.2514/3.57444

[8] Rao, D. M., and Campbell, J. F, “Vortical Flow Management Tech-

niques,” ProgressinAerospace Sciences, Vol.24,No. 33,1987, pp. 173-224.

doi:10.1016/0376-0421(87)90007-8

Polhamus, E. C., “Applying Slender Wing Benefits to Military

Aircraft,” Journal of Aircraft, Vol. 21, No. 8, Aug. 1984, pp. 545-559.

doi:10.2514/3.45023

[10] Beyers, M. E., “From Water Tunnel to Poststall Flight Simulation: The
F/A-18 Investigation,” Journal of Aircraft, Vol. 39, No. 6, Nov.—
Dec. 2002, pp. 913-926.
doi:10.2514/2.3026

[11] Fujii, K., and Schiff, L. B., “Numerical Simulation of Vortical Flows
over a Strake-Delta Wing,” AIAA Journal, Vol. 27, No. 9, Sept. 1989,
pp. 1153-1162.
doi:10.2514/3.10239

[12] Nelson, R. C., and Pelletier, A., “The Unsteady Aerodynamics of
Slender Wings and Aircraft Undergoing Large Amplitude Maneuvers,”
Progress in Aerospace Sciences, Vol. 39, No. 2-3, Feb.—April 2003,
pp. 185-248.
doi:10.1016/S0376-0421(02)00088-X

[13] Ma, E-C., “Effect of Wing Tip Strakes on Wing Lift-Drag Ratio,”
Journal of Aircraft, Vol. 26, No. 5, May 1989, pp. 410-416.
doi:10.2514/3.45778

[14] Traub, L. W., Galls, S. F., and Rediniotis, O., “Effects of Wing-Tip
Strakes on Sheared-Tip Wing,” Journal of Aircraft, Vol. 36, Nov.—
Dec. 1999, pp. 1055-1062.
doi:10.2514/2.2549

[15] Staufenbiel, R., and Vitting, T., “On Aircraft Wake Properties and Some
Methods for Stimulating Decay and Breakdown of Tip Vortices,”
AGARD Conference Proceedings, Vol. 494, Neuilly sur Seine, France,
1991, pp. 1, 6, 13.

[16] Nikolic, V. R., “Planform Effects on Wing-Movable Tip Strake
Aerodynamic Performance,” 6th AIAA Aviation Technology,
Integration and Operation Conference (ATIO), AIAA Paper 2006-
7705, Wichita, KS, 25-27 Sept. 2006.

[17] Nikolic, V. R., “Examining a Family of Movable Wing Tip Strakes
Involving Varying Leading Edge Forms and Sweep Angles,” 45th
AJAA Aerospace Sciences Meeting and Exhibit, AIAA Paper 2007-
1270, Reno, NV, 8-11 Jan. 2007.

[18] Nikolic, V. R., “Planform Variations and Aerodynamics Efficiency of
Movable Tip Strakes,” Journal of Aircraft, Vol. 44, No. 1, Jan.—
Feb. 2007, pp. 340-343.
doi:10.2514/1.23490

[19] Nikolic, V. R., “Effect of Leading-Edge Form on Performance of Wing-
Movable Tip Strake Configurations,” Journal of Aircraft, Vol. 44, No. 5,
Sept.—Oct. 2007, pp. 1749-1753.
doi:10.2514/1.30322

[20] Nikolic, V. R., “Low-Sweep and Composite Planform Movable Wing
Tip Strakes,” 46th AIAA Aerospace Sciences Meeting and Exhibit,
ATAA Paper 2008-0290, Reno, NV, 7-10 Jan. 2008.

[21] Nikolic, V. R., “Examining Effects of Increased Effective Area on
Performance of Movable Tip Strakes,” Journal of Aircraft, Vol. 45,
No. 4, July—Aug. 2008, pp. 1460-1463.
doi:10.2514/1.32929

[22] Nikolic, V. R., “Effect of Leading Edge Break Position on Performance
of Double Delta Movable Tip Strakes,” 48th AIAA Aerospace Sciences
Meeting and Exhibit, AIAA Paper 2010-60, Orlando, FL, 4-
7 Jan. 2010.

3

[t}

[4

=

[5

[t}

[7

—

[9

—



http://dx.doi.org/10.2514/1.4615
http://dx.doi.org/10.2514/1.9281
http://dx.doi.org/10.2514/2.2938
http://dx.doi.org/10.2514/3.58600
http://dx.doi.org/10.2514/3.57870
http://dx.doi.org/10.2514/3.57444
http://dx.doi.org/10.1016/0376-0421(87)90007-8
http://dx.doi.org/10.2514/3.45023
http://dx.doi.org/10.2514/2.3026
http://dx.doi.org/10.2514/3.10239
http://dx.doi.org/10.1016/S0376-0421(02)00088-X
http://dx.doi.org/10.2514/3.45778
http://dx.doi.org/10.2514/2.2549
http://dx.doi.org/10.2514/1.23490
http://dx.doi.org/10.2514/1.30322
http://dx.doi.org/10.2514/1.32929

J. AIRCRAFT, VOL. 48, NO. 1:  ENGINEERING NOTES 341

[23] Nikolic, V. R., “Determining Direction for Optimization of Movable Midspan Vortex Injection on Wing Performance,” Journal of Aircraft,
Wing Tip Strake,” Journal of Aircraft, Vol. 47, No. 2, March— Vol. 41, No. 5, Sept.—Oct. 2004, pp. 1177-1182.
April 2010, pp. 718-722. doi:10.2514/1.3888
doi:10.2514/1.45830 [25] Barlow, J. B., Rae, W. H., Jr., and Pope, A., Low-Speed Wind Tunnel

[24] Nikolic, V. R., and Jumper, E. J., “First Look into Effects of Discrete Testing, 3rd ed., Wiley, New York, 1999, pp. 367-390.


http://dx.doi.org/10.2514/1.45830
http://dx.doi.org/10.2514/1.3888

