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Aerodynamics of Strake-Wing Interactions

James M. Luckring*
NASA Langley Research Center, Hampton, Va.

This paper reports on an experimental investigation where the longitudinal aerodynamic characteristics were
determined up to high angles of attack for configurations employing parametric variations in strake span and
wing sweep and includes correlations with theory. The investigation included both component and complete
configuration studies to provide information for the analysis of interaction effects. Comparisons between
strake-wing and high canard-wing configurations demonstrate the strake wing to develop higher lift coefficients
than did the canard wing due to enhanced interference effects. Correlations with theory demonstrate the suction
analogy to be a useful method for estimating the effects of vortex flow aerodynamics on both component and
total forces and moments.
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Nomenclature
= aspect ratio, b2 /5ref
= wing reference span, 50.80 cm (20.00 in.)
= drag coefficient, drag/q^S^
= drag due to lift coefficient, drag due to lift/q^S^-
= lift coefficient, lift/0. Srcf
= increment in lift due to strake, CL (strake on) -

CL (strake off)
= pitching moment coefficient, pitching moment/

4ooSrefC
= stream wise chord
= section suction-force coefficient, section suction

force/ q^c
= section thrust-force coefficient, section thrust

force/^ c
= reference chord, 23.33 cm (9.184 in.)
= characteristic length used in determination of

Kv.se
- additional lifting surface efficiency factor (see

Fig. 12)
= leading-edge vortex lift factor, d [(leading-edge

suction force)/^ Sref ] /dsin2a
= side-edge vortex lift factor, d [(side-edge suction

= augmented vortex lift factor
= length
= freestream reference Mach number
= freestream dynamic pressure, Pa (lbf/ft2)
=VSref= exposed area
= exposed area of strake or canard
= reference wing area — wing leading and trailing

edges extended to centerline, 1032 cm2 (159.970
in.2)

= angle of attack
= leading-edge sweep angle
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Subscripts
inbd
max
outbd
P
s
te
tot
v
w

= inboard
= maximum
= outboard
= potential
= strake
= trailing edge
= total
= vortex
= wing

All coefficients refer to total loads unless stated otherwise.
The subscript "tot" is selectively used for cases where con-
fusion might occur.

Introduction

THE close-coupled strake-wing concept has received
considerable attention in recent years as a means of

enhancing the high-a aerodynamic characteristics of ma-
neuvering aircraft. The enhanced maneuver aerodynamics
are primarily due to the formation of strong vortices along the
leading and side edges of the strake. In addition to producing
large vortex lift increments on the strake itself, these vortices
persist over the wing and provide favorable induced effects to
the wing flowfield resulting in additional lift increments.
However, the persistence of the strake vortex over the wing,
as well as the relative proximity of the wing and strake, results
in a very complex flow, characterized not only by closely
coupled strake-wing aerodynamics but also by multiple
regions of separation-induced vortex flow. Because of these
flow complexities, as well as the comparatively recent interest
in strake-wing geometries, very little parametric information
is available on this topic for use in future advanced con-
figuration studies. To this end, parametric wind-tunnel in-
vestigations have been undertaken to help establish a data
base for both longitudinal1 and lateral-directional2

aerodynamic characteristics of strake-wing configurations up
to high a's. The longitudinal experimental investigation was
conducted in the Langley 7x 10 ft tunnel at Mach numbers
ranging from 0.3-0.8; the angle of attack ranged from ap-
proximately 0-50 deg at zero sideslip.

This paper presents a summary of the M =0.3 experimental
results of Ref. 1 and includes correlations with theory. The
experimental investigation included both component and
complete configuration studies to provide information for the
analysis of interaction effects. In addition to comparisons
between various strake-wing geometries, comparisons are
made between strake-wing and canard-wing configurations.
The theoretical analysis was accomplished using the suction
analogy of Polhamus3'5 to account for the leading-edge
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vortex lift effects and included the effects of side-edge
separation on vortex lift estimates.6 The effects of the strake
vortex persisting over the wing were modeled by the concept
of augmented vortex lift.7'8

Model Description
A general model drawing is presented in Fig. 1. This model

was originally designed so that various wing and canard
planforms could be attached to a common fuselage and has
been used for many parametric studies.9'15 The model was
instrumented with two internally mounted strain-gage
balances. One balance, referred to as the strake balance,
measured loads on the strake and the forebody (see shaded
portion of Fig. 1) and the other balance, referred to as the
main balance, measured total loads. The difference between
the main and strake balance measurements would, therefore,
be the loads on the wing and afterbody. To prevent fouling of
the strake balance, a small gap was maintained between the
forebody-strake and afterbody-wing segments of the model.
Noninterfering wiper seals were rigidly attached to the lower
surface of the forebody strake and allowed to lap over the gap
to prevent air from bleeding through the gap.

The parameters altered for the present investigation were
strake span and wing sweep (Fig. 2). The five different wings
that were tested, designated wings I-V, had leading-edge
sweep angles of 30, 40, 44, 50, and 59.45 deg, respectively. All
wings had the same area, span, mean geometric chord, and
airfoil section. The wings were untwisted and had biconvex
airfoil sections which linearly varied in maximum thickness
from 6% of the chord at the wing-fuselage juncture to 4% of
the chord at the tip. The wings were mounted longitudinally at
the same fuselage station and the quarter-chord point of the
wing chord at the wing-fuselage juncture was taken as the
moment reference point. All wings had a reference aspect
ratio and taper ratio of 2.5 and 0.2, respectively.

The three strakes tested, designated strakes I, II, and III,
had maximum exposed semispans of 10, 20, 30%, respec-
tively, of the reference wing semispan. All strakes had the
same root chord (at the strake-fuselage juncture) and had
spanwise ordinates which were identical in percent maximum
semispan (see Ref. 1). The strakes initially had a trailing-edge
sweep angle equal to the leading-edge sweep angle of wing V.
To accommodate the lower sweep wings, a portion of the
strake near the trailing edge was removed such that the strake
trailing edge sweep angle matched the wing leading-edge
sweep angle. The strakes were flat plates which, in accordance
with the purposes of this study, had sharply beveled leading
and side edges to assure the strong formation of separation-
induced vortex flows.

Experimental Results
Although measurements were obtained for the entire

configuration matrix (including component configurations),
this paper will focus on the characteristics of the con-
figurations incorporating the 44 deg wing. Key aerodynamic
quantities will be summarized as a function of strake span
and/or wing sweep.

WING V, A = 59.45
STRAKE

STRAKE
STRAKE I

STRAKE BALANCE
MAIN BALANCE^

6.769
(2.665)

Aerodynamic Force Characteristics
Because the lifting surface had sharp edges, no camber, and

high local sweep angles, the resultant aerodynamic charac-
teristics can be characterized to various degrees by the
separation-induced vortex flow phenomenon. Figure 3
presents typical surface flow patterns at 10 deg a for the
configuration incorporating the large strake and either the 44
or 60 deg wing. These photographs clearly evidence both the
strake and wing primary vortices and, in addition, show some
secondary vortex effects. The longitudinal aerodynamic
characteristics of the configurations incorporating these wings
with the various strakes (as well as with no strake) are
presented in Figs. 4-6. In Fig. 4, the parameters CLn?ax and
(AC£) max are shown for the configuration incorporating the
large strake with the 44 deg wing and will be used later to
summarize planform effects. The addition of the various
strakes to the 44 deg wing resulted in considerable increases in
lift coefficient at moderate to high a's. Because the 60 deg
wing is sufficiently swept to develop appreciable vortex lift,
the increments in lift realized by adding the various strakes to
this wing tended to be smaller than they had been for the 44
deg configurations, although the overall levels of lift are
comparable.

Even though the strakes provide substantial lift increments
at maneuver ex's, it is of interest to note that they have very
little influence on the lift characteristics at low ex's (Fig. 4).
The strake, therefore, provides a means to enhance the high-a
maneuver aerodynamics without appreciably increasing the
low-a gust response associated with the low-altitude dash.

The pitch characteristics of these same configurations (Fig.
5) show that an increase in strake span extended the linearity
of the pitch curves to increased lift coefficients. However, the
straked configurations exhibit the well-known pitch-up

WING I, A = 30 WING II, A f = <w

WING III, A = 44

WING IV, A = 50°w WING V, AW ~ 60

Fig. 2 Parametric variation of strake span and wing sweep.

Aw = 44 deg = 60 deg

138.077P
Fig. 1 Planform sketch of general configuration. Fig. 3 Typical surface flow patterns, a «10 deg; Ra «0.27.
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Fig. 4 Effect of strake span and wing sweep on lift characteristics.
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Fig. 5 Effect of strake span and wing sweep on pitching moment
characteristics.
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Fig. 6 Effect of strake span and wing sweep on drag characteristics.

tendency near C£ max, whereas the wing-alone configurations
exhibited stable characteristics. Figure 6 shows that the
configurations incorporating the strakes maintained lower
drag levels to higher lift coefficients as strake span was in-
creased compared to the wing-alone configuration. The
characteristics of the configurations incorporating the 44 deg
wing are, in general, typical of the other configurations
tested, but not discussed herein.

Figure 1 presents a comparison of the surface flow patterns
at 30 deg a for the configurations employing the 44 deg wing
with and without the large strake. Whereas the wing is
essentially stalled for the strake-off configuration, it exhibits
orderly vortex-flow patterns in the presence of the strake. The
experimental trends discussed in this section primarily arise
not only because of the vortex lift increments realized by the
strake, but also due to the effects of the strake vortex on the
wing aerodynamics.

Figure 8 summarizes the effects of strake span and wing
sweep on the maximum lift coefficient, CLmax. The symbols
refer to the variation of strake span for the left portion and
the variation of wing sweep for the right portion of this
figure. For the configuration incorporating the 50 deg wing
with the medium strake, the data, though repeatable, seem to
be inconsistent with the other results and are shown as a
dashed symbol. While the effects of wing sweep on CLmax
were moderate for each strake, adding the strake to the wing
caused the maximum lift coefficient to increase roughly three
times as fast as the additional strake area did. Hence,
beneficial interference effects are occurring for the strake-
wing configuration much as has been the case for canard-wing
configurations.11"14

Interaction Effects
In addition to the maximum lift coefficient, CLmax, the

maximum increment in lift coefficient due to the addition of a
strake to a configuration, (ACL) max, can be a useful summary
parameter. This parameter is illustrated in Fig. 4 for the
configuration employing the 44 deg wing with the large strake
and is summarized in Fig. 9 for the configurations of the
present investigation. The higher curves shown in Fig. 9
represent the total value of (ACL) max which seems to reach a
maximum level in the vicinity of 44 deg wing sweep for all
three strakes. The wings having leading-edge sweep angles
greater than 44 deg developed higher levels of vortex lift and,
hence, the increment in lift realized by adding a strake to these
wings was less. (This point was also shown in Fig. 4.) The
lower curves of Fig. 9 represent the increment in lift developed
by the strake with the wing off at the a for which (ACL) max
occurred. The difference between the upper and lower curves
represents the interference lift which can be seen to be large
when compared to the lift of the strake itself. It is interesting
to note that the decrease in (ACL) max at the higher values of
wing sweep angle seems to be due to a loss of interference lift.

These interference lift effects results in an aerodynamic
synergism for strake-wing configurations much as has been
observed for canard-wing configurations.13 A comparative
example of the synergistic effects is presented in Fig. 10
between a high canard13 and a coplanar strake (present in-
vestigation) of approximately the same area, each in the
presence of the same wing (A^ = 44 deg). The canard results of
Ref. 13 are for the configuration which exhibited the
maximum interference lift effects. The straked configuration
developed higher lift coefficients than did the canard con-
figuration between 15 deg and the a where vortex breakdown
occurred; above this angle of attack the lift was comparable
for both configurations. The component loads for the same
configurations (Fig. 11) illustrate that the wing developed
more lift in the presence of the strake than it did in the
presence of the high canard. In addition, the strake developed
more lift in the presence of the wing and more interference lift
referenced to the wing-off case than did the canard. These
combined effects demonstrated that the strake-wing concept
of the present study was preferable to the canard-wing
concept of Ref. 13 insofar as absolute (untrimmed) levels of
lift are concerned, due to increased favorable interference
effects. Because of the vortex flow, the drag due to lift for
these flat wing configurations can be approximated as
ACD = CL tana. The aforementioned interference lift effects
result in the strake-wing configuration developing a given
amount of lift at a lower a. than the canard-wing con-
figuration. As a consequence, the strake-wing configuration
exhibited lower levels of drag due to lift than the canard wing.

To help quantify the interference lift effects, a parameter,
referred to as the additional lifting surface efficiency factor, is
introduced. This parameter accounts for the additional lifting
surface area of the strake or canard and is defined as

(Q,tot)
(1)
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STRAKEOFF STRAKEON

Fig. 7 Effect of strake on high angle of attack surface flow
patterns a « 30 deg, Ra « 0.27, \w = 44 deg.

L, max

WING LOADS

Fig. 8 Effect of strake span and wing sweep on CL max

(AC[_)max = MAXIMUM [CL(STRAKE ON) - C,_(STRAKE OFF)]

0 '30 50 70 0 30 50 70 0 ̂ 0 50 70

Fig. 9 Effect of strake span and wing sweep on ACL max.
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a

Fig. 11 Component loads for an aerodynamic synergism; high
canard (Ra « 0.28), coplanar strake (Ra ~ 0.27), A^ = 44 deg.

O HIGH CANARD (REF. 13)

Fig. 12 Effect of planform and angle of attack on the additional
lifting surface efficiency factor.

HIGH CANARD (REF. 13) COPLANAR STRAKE

2.0

1.5

- 1.0

XXX)

10 20 30 40 0 10 20 30
a a

40

Fig. 10 Comparative example of an aerodynamic synergism, Aw = 44
deg.

VORTEX LATTICE - SUCTION ANALOGY

FORWARD SHEDN

VORTICITY

Fig. 13 Basic theoretical approach.



760 J. M. LUCKRING J. AIRCRAFT

where (CLtlot)ws is the experimental total lift coefficient of a
configuration with a strake (or canard), (CItot)w is the ex-
perimental total lift coefficient of the same configuration, but
without the strake (or canard), Sa is the exposed area of the
strake (or canard), and Sref is the referenced area. Using the
strake wing as an example, the parameter/will be unity if the
increments in lift for the strake-on configurations divided by
(^L.tot)w varY tne same as the additional exposed area of the
strake, S5, divided by Sref. The effects of planform and, for
the 44 deg strake-wing configurations, a. on/are presented in
Fig. 12. Above approximately 16 deg, the addition of lifting
surface in the form of a straked-wing geometry (Aw =44 deg)
can be seen to be an appreciably more efficient lifting surface
concept (/> 1) due to the aforementioned interference effects,
than the addition of lifting surface in the form of increased
wing area (/"= 1) would be. Similar calculations of / for the
canard-wing configuration demonstrate that, for roughly the
same amount of additional lifting surface, the strake wing is
far more efficient at producing lift than is the close-coupled
canard wing of Ref. 13. The right half of Fig. 12 presents a
cross plot of sweep effects on / at an a. of approximately 28
deg. Although the level of these results will depend upon a,
the general trends with sweep angle shown are comparable to
those for other a's. The decrease in/as the sweep angle ex-
ceeds 44 deg corresponds to the loss of interference lift such as
was shown in Fig. 9 for (ACL)max. Even though the in-
crements in lift for straked configurations incorporating the
60 deg wing might equally well be generated by appropriate
increase in wing size (/«1), the straked configurations may
still be desirable since the strake represents a relatively light
structure compared to the higher aspect-ratio wing or canard.

It should be recognized, of course, that trim limitations,
lateral directional effects, and cruise drag increments also
need to be taken into consideration when contrasting the
various lifting surface concepts for practical application.
Future strake-wing investigations incorporating wings
designed for efficient cruise could be particularly useful in
further evaluating this lifting surface concept. Additional
parametric studies including the effect of wing leading-edge
deflections as well as larger variations in strake planform
would also be of interest.

Theoretical Analysis
An approach has been developed previously for the analysis

of aerodynamic loads for configurations of complex plan-
form, including the effects of separation-induced vortex
flow.16>17 This approach uses the vortex lattice method for the
analysis of attached flow effects, the suction analogy of
Polhamus for the analysis of separation-induced leading-edge
vortex flow effects, and the method of Ref. 6 for the analysis
of separation-induced side-edge vortex flow effects (Fig. 13).
More recently, Lamar developed the concept of augmented
vortex lift7 '8 as a means to quantify the effects of forward
shed vorticity on aerodynamic lift estimates. This concept has
proven useful for the analysis of simple wing planforms and

O EXPERIMENT

LOW a HIGH a

C < 0

LOSS OF VORTEX L 1 F T -
Fig. 14 Application of augmented vortex lift concept to an isolated
strake configuration, Ra « 0.27, Art>J « 60 deg.

could be applicable for the strake-wing configurations of the
present investigation as well. Application of the theoretical
approach is first presented for the component configurations,
then for the complete strake-wing geometries.

Component Configurations
The augmented vortex lift concept was originally developed

for wings which exhibited appreciable sweep differentials
between the leading and side edges. These wings would
develop distinct leading-edge and side-edge vortices and the
augmented notion accounted for the shed vorticity of the
leading-edge vortex over the aft portion of the lifting surface.
However, the strakes of the present investigation exhibited
very mild sweep differentials between the leading and side
edges. The vorticity associated with these edges would,
therefore, tend to be accumulative, resulting in one vortex
being shed from the edges. Application of the augmented
vortex lift concept to this flow situation would result in
treating the strake much as an arrow wing. The augmented
vortex lift would, therefore, be quantified as

,
' C

(2)

where ls is the total length of the strake leading and side edges
and c is a characteristic length, which can be either positive or
negative, over which the forward shed vorticity is assumed to
persist. For a strake at low a, c would be zero, but at high a, c
would be negative to reflect the loss of reattachment area and
vortex lift due to the trailing-edge notching effect. Figure 14
illustrates the effect of angle of attack on the augmented
vortex lift. Correlation with experiment demonstrates this
method to provide reasonable estimates of the vortex lift
developed by the isolated large strake (A(e>s = 60 deg) up to
approximately 26 deg. Above this a, the data depart from the
theory due to vortex breakdown effects. However, similar
calculations for the isolated medium and small strakes
(A(eiS = 60 deg) resulted in less accurate correlations with ex-
periment at moderate ex's (Fig. 15). The discrepancy between
theory and experiment at these a's is most probably due to the
flat plate representation of the fuselage. In addition to
altering the edge force, the thick fuselage would tend to crowd
the vortex off the strake itself at moderate to high a's. Ad-
ditional oil flow studies, not presented herein, demonstrated
the strake vortex to be displaced away from the strake upper
surface so that it was acting more on the side of the fuselage
for the small strake at moderate to high a's.

Complete Configuration
Surface flow patterns for the configuration incorporating

the large strake and the 44 deg, wing are presented in Fig. 16.
At a«5 deg, the strake and wing vortices are individually
distinguishable and the strake vortex persists over the wing at

O EXPERIMENT

40 0 10 20
a

40

Fig. 15 Effect of span for isolated strake on lift correlation,
A,e>5«60deg.
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Fig. 16 Effect of angle of attack on vortex flow patterns, Ra « 0.27,
AH,=44deg.

Fig. 17 Theoretical vortex lift model for strake wing.

a spanwise station near the tip of the strake. At a « 20 deg, the
wing surface flow pattern only evidences one large region of
spanwise vortex flow which extends spanwise from the wing-
fuselage juncture to roughly 86% of the reference wing span;
outboard of this region the wing appears to be stalled. It is of
interest to note that the cores of the strake vortices are visible
as dark bands which curve outboard over the wing. The cores
were observable due to naturally occurring condensation
effects. Although the high-ex flow patterns might be in-
terpreted as an implication that the strake and wing vortices
had coalesced into one, additional observations of the unburst
wing leading-edge vortex core in addition to the strake core at
these ex's suggest that the wing vortex had not coalesced with
the strake vortex, but merely had been displaced away from
the wing upper surface by the strake vortex, thus, allowing the
strake vortex to dominate the surface flow patterns. Ac-
cordingly, the vortex lift effects due to the wing leading- and
side-edge vortices may be decreased at high ex's due to vertical
displacement.

The theoretical model of the vortex lift paramters for the
strake-wing configurations is presented in Fig. 17. At low ex's
the augmented vortex lift for the strake itself will be zero, as
had been the case for the isolated strake. Augmented effects
will occur on the wing due to both the wing and strake vortices
and may be expressed as:

coutbd,w ,
'5

s „
cinbd,w

where lw is the length of the exposed wing leading edge,
^outbd.w is tne tip chord, and cinbd iW is the wing chord at the
strake wing juncture (Fig. 17). As a increases, the reat-

iOOO

10 20 30 40 0 10 20 30 40
a a

Fig. 18 Comparison of theoretical and experimental lift coefficients
for a strake-wing configuration.

1.0 r-

STRAKE

( C m.p + C m.v ) L ° W a

WING

Fig. 19 Comparison of theoretical and experimental pitching
moment coefficients for a strake-wing configuration.

tachment line moves inboard and an increasing amount of the
strake vortex lift will be redistributed to the wing due to the
sweep of the metric break. For the strake, this effect may be
approximated in a limiting sense by utilizing the high-ex
definition of cs previously shown. To approximate the curved
length over which the strake vortex persists on the wing, the
chord at the wing fuselage juncture was chosen for cw. The
augmented effects at high ex's may be expressed as:

0 .2 .4 .6 .8 1.0 1.2 1.4 1.6 1.8 2.0

(V \(Kv,se)S=

.
' <;

(4)

(5)

Because vortex lift associated with the wing leading- and side-
edge vortices may be decreased due to the aforementioned
vertical displacement effects, one may assume

as a limiting case.
Correlations between theoretical and experimental lift

coefficients for the configuration incorporating the 44 deg
wing and the large strake are presented in Fig. 18. The high-ex
vortex flow theory can be seen to provide a reasonable
estimate of wing loads and an accurate estimate of strake
loads up to an ex where vortex breakdown occurs.
Correlations between theoretical and experimental pitching
moment characteristics (Fig. 19) show that the low- and high-
ex vortex flow theories bracket the data and provide
reasonable estimates of experimental trends. Similar
correlations were achieved at M = 0.3 for the other con-
figurations incorporating either the medium or large strake.
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The loads for the configurations incorporating the small
strake were overestimated, as they had been with the wing off.

Concluding Remarks
The effects of parametric variations in strake span and wing

sweep on the longitudinal^ aerodynamic characteristics of a
general research model have been presented. Appreciable
levels of lift have been shown to arise due to the mutually
beneficial interference effects between the strake and the
wing. Compared to a configuration incorporating a high
canard and wing, the strake-wing configuration of roughly
equivalent lifting surface area was found to develop higher
levels of lift due to enhanced interference effects. Correlations
between theory and experiment demonstrated that the suction
analogy coupled with the augmented vortex lift concept
provide reasonable estimates of the vortex flow aerodynamics
for both component and total forces and moments up to high
angles of attack.
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