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Tip Vortex/Airfoil Interaction for a Low Reynolds Number
Canard/Wing Configuration

F. A. Khan*
Boeing Commercial Airplane Company, Seattle, Washington 98124

and

T. J. Muellert
University of Notre Dame, Notre Dame, Indiana 46556

The effects of the vortical wake shed by a finite span canard on a low Reynolds number airfoil were examined.
Acerodynamic performance was evaluated through direct measurements of lift, drag, and 1/4-chord pitching mo-
ment. Spanwise static pressure and surface film visualization data were also acquired. A reduction in the down-
stream airfoil drag coefficient and an increase in its lift/drag were noted in the presence of the canard for a wide
range of configurations. Static-pressure and surface visualization data provided indication of some of the
boundary-layer characteristics responsible for the drag behavior.

Nomenclature

hS
I

=wing area

=wing semispan

=wing drag coefficient, D/(Ayq..)

=wing lift coefficient, =L/(44q.,)

=wing moment coefficient, =M/(cAyq.)

=static pressure coefficient, =(P—P,)/ G

=wing chord length

=canard chord length

=wing drag force

=wing lift force

=wing 1/4-chord pitching moment

=canard offset, Z_/c

= static pressure

=dynamic pressure, = 1/2(oU?)

=chord Reynolds number, =cU,/V

=nondimensional separation distance, =X_./c

= freestream velocity

=streamwise distance between canard/wind 1/4-chord
axes

= chordwise coordinate

= spanwise coordinate

=vertical displacement of canard 1/4-chord axis with
respect to wing 1/4-chord axis

= wing incidence

=canard incidence

=declage, =(a,—a)

=downwash angle

= kinematic viscosity

= density
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Introduction

HE emergence, in recent years, of small remotely piloted
vehicles (mini RPVs) for military and scientific use has
created a demand for low Reynolds number (R, < 10%) aerody-
namic data. In this regime, the transition of the boundary
layer on airfoils is characterized by the formation of a laminar
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separation bubble. A simplified sketch of a laminar separation
bubble (or simply, a bubble) is shown in Fig. 1. For low chord
Reynolds numbers, the airfoil boundary layer remains laminar
past the point of maximum suction. An adverse pressure gra-
dient of sufficient magnitude can cause the laminar boundary
layer to separate from the airfoil surface. The separated shear
layer may undergo transition and, due to the entrainment of
energetic fluid, reattach as a turbulent boundary layer. The re-
gion bounded by the shear layer and the airfoil surface, be-
tween the points of separation and reattachment, is the lami-
nar separation bubble. The prediction of bubble size and
location is pivotal to low Reynolds number airfoil and wing
design because it is associated with the transition of the
boundary layer. The presence of a bubble can also adversely
affect the airfoil static pressure distribution. The reader is
directed to Refs. 1-3 for a more complete treatment of low
Reynolds number airfoil aerodynamics.

In addition to understanding the behavior of simple two-
dimensional airfoils, the effective design of mini RPVs re-
quires aerodynamic performance data for more complex con-
figurations at low Reynolds numbers. A substantial amount of
research has been conducted at the University of Notre Dame
to address this need. References 4-6 are typical examples.

The present work examines the effects of the vortical wake
shed by a finite span canard on a low Reynolds number airfoil.
The parameters used to describe the relative geometry of the
wing and canard are shown in Fig. 2. The offset O, is the non-
dimensional vertical spacing between the canard and wing 1/4-
chord axes. It is positive when the canard is situated above the
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Fig. 1 Simplified sketch of a laminar separation bubble.
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Separation: S =X/ ¢ Note: sign conventions Table 1 Wind tunnel models
Offset: 0=2./c X ¢ = absolute distance Model Span, cm  Chord, cm
Declage: 3= oo Zf‘;g;ggg{fg éﬁmafmwxaﬁhrfoﬂ Semispan canard model 28 10
(wooden construction)
AZ .
1 L
¢ I Wing model used for 40 15
force/moment measurements
Ca and flow visualization
R (cast epoxy construction)
X i Wing Modular model for spanwise 40 15
¢ static pressure measurements
Fig. 2 Geometric parameters. (cast epoxy construction)
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Fig. 3 Test section used for static pressure measurements and flow visualization.

wing and negative when the canard is below the wing. The
nondimensional horizontal separation S is always a positive
number and is also measured from the respective 1/4-chord
locations. The declage §, is the incidence of the canard relative
to the wing.

The interaction of the downstream airfoil with the canard
tip vortex and wake was studied by varying the vertical posi-
tion of the wake with respect to the wing, i.e., by changing O,.
Lift, drag, and 1/4-chord pitching moment (LDM) data were
acquired in order to evaluate the aerodynamic performance of
the downstream airfoil. The prominent features of the airfoil
boundary layer were examined by means of spanwise static
pressure measurements. The latter was helpful in locating re-
gions of separated flow on the airfoil. The tip vortex/airfoil
interaction was visualized using a kerosene vapor tracer.

The downstream airfoil will be referred to as the ‘“‘wing’’
throughout the following discussion. The aerodynamic per-
formance coefficients for the wing in the presence of the
canard will be denoted by uppercase subscripts, e.g., C,. Coef-
ficients for the wing without the canard will be denoted by the
additional subscript ‘‘SA4,”’ e.g., (Cy)s4. This nomenclature
reflects the aim of the aerodynamic performance measure-
ments, namely, to isolate the effects of the canard vortical
wake on the performance of a three-dimensional wing.

Apparatus

All models used during the present study were of rectan-
gular planform with Wortmann FX 63-137 profiles. The coor-
dinates of this airfoil section are given in Ref. 4. The three
models used for the various experiments are described in Table
1. The canard model was of wooden construction and had a
semispan aspect ratio of 2.8. The modular pressure model was
comprised of four spanwise sections. These could be arranged

seven different ways, with each configuration yielding a dif-
ferenct spanwise location for the chordwise array of pressure
taps. The pressure tap stations are illustrated in Fig. 3. Details
of the design and construction of the pressure model are given
in Ref. 7.

The experiments were conducted in the South subsonic wind
tunnel of the Aerospace Laboratory at Notre Dame. The tun-
nel is an open circuit, atmospheric exhaust design. The work-
ing section is 183 ¢cm long and has a square cross section of 61
cm on the side. Turbulence intensity (U, ,s/ Upeaq) in the work-
ing section is 0.08% for the 1-2500 Hz bandwidth.?

LDM data on the wing were measured using an external
platform balance. Both the wing and canard were mounted
vertically from the tunnel ceiling. Each was supported at its
1/4-chord axis. A gap of 3 mm was maintained between the
ceiling and the inboard end of the canard. The gap was large
enough to allow the canard to be rotated through its entire
range of incidences and at the same time preclude the forma-
tion of a tip vortex at the inboard end. A traversing mech-
anism mounted on the tunnel roof allowed the canard to be
positioned at various offset locations. The wing was flanked at
either end by end plates. These shielded it from the tunnel-wall
boundary layer and, more important, minimized the spanwise
variation of aerodynamic loads concomitant with a finite
aspect ratio. A distance of 7 cm separated the upper end plate
from the ceiling. A tare shroud prevented the portion of the
wing support between the upper end plate and tunnel ceiling
from contributing to the aerodynamic loads measured by the
balance. Tunnel dynamic pressure was monitored by means of
a pitot static probe located near the test section/inlet juncture.

During the static pressure test, the models were mounted
horizontally, in cantilever fashion; see Fig. 3. The relative ge-
ometry of the canard and wing was the same as that for the
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LDM measurements described earlier. A Scanivalve switch
wafer served as a multiplexer, allowing the pressure taps to be
sampled sequentially.

Visualization of the tip vortex/airfoil interaction was con-
ducted using kerosene vapor as tracer and stroboscopic il-
lumination. A form of surface film visualization was used to
supplement the static pressure data. Propylene Glycol with a
small smount of Fluorescein was smeared on the wing. The
resulting flow patterns were viewed under ultraviolet light and
recorded on black and white film. The basic technique is
described in Ref. 9.

Results

In order to identify changes in wing performance due to the
finite span canard, data were acquired on the wing with and
without the canard. The latter represents the baseline configu-
ration. Throughout the following discussion, data corre-
sponding to the wing in the absence of the canard will be re-
ferred to as ‘‘single airfoil data.’’” All data are uncorrected for
solid body blockage, wake blockage, and wall interference ef-
fects. The lack of detailed knowledge about the flowfield and
the number of configurations studied made the use of simple
tunnel corrections (such as those suggested in Ref. 9) of sus-
pect value. The blockage due to the canard and wing was,
however, estimated using the methods of Ref. 9 and was
found to be negligibly small. The dynamic pressure was ad-
justed for streamwise buoyance due to the growth of the
boundary-layer displacement thickness along the tunnel walls.
This was done by measuring the difference between the
dynamic pressure at the test section/inlet juncture and the
wing model location prior to data acquisition. The difference
was then factored into the dynamic pressure computions dur-
ing data acquisition.

Figures 4 show the performance coefficients as a function of
angle of attack for the wing in baseline configuration at
R,=150,000. LDM data for the wing in tandem with the
canard were acquired at wind incidences of 0, 5, and 10 deg.
For each wing incidence, positive declages of 0, 2.5, and 5 deg
were studied. The offset was varied from —0.5 to +0.5 in in-
crements of 0.033. Only the =0 and 10 deg cases are pre-
sented here. A discussion of the wing performance at « =5 deg
may be found in Ref. 7. All results for the wing in tandem with
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the canard correspond to a separation distance S=3 and a
value of R, =150,000. :

Wing Incidence: 0 Deg

Overlay plots of the wing lift coefficient as a function of
canard offset for o = 0 deg and positive declages of 0, 2.5,
and 5.0 deg are shown in Fig. 5a. The plots are characterized
by three distinct regions. The first is a flat ‘“‘plateau’’ on the
extreme left. A ‘‘bucket’’ forms the second and central region.
A second plateau to the right of the bucket forms the third re-
gion. The single airfoil lift coefficient (C; )4 is indicated by
the horizontal line. The performance of the wing is influenced
by the change in effective angle of attack (downwash) due to
the bound and shed vorticity of the canard and by the relative
position of the canard wake. Between O, = —0.5 and - 0.2,
the wing C; remains within 1.5% of the single airfoil value.
This represents the range of offsets for which the canard wake
is below the wing and downwash effects are negligible. Beyond
O, = —0.2, the downwash and the effects of the momentum
deficient wake become manifest. The lift coefficient declines
until a minimum is reached. The offsets corresponding to the
minima vary with declage, as does the value of (Cy),- As
declage increases, the minimum shifts to more positive offsets.
For o, = 0 deg, (Cplpin = 0.637 [4.5% lower than (C; )g,]
occurs at O, = 0.067; for o, = 2.5 deg, (C;)pmin = 0.637
[4.5% below (C;)g,] is reached at O, = 0.1; whereas for «,
= 5.0 deg, a minimum lift coefficient of 0.641 [4.3% below
(Cp)s4) occurs at O, = 0.167.

As noted earlier, the bucket in Fig. 5a is a consequence of
the net reduction in the effective angle of attack due to the
bound and shed vorticity of the canard and the momentum
deficient wake shed by it. The bound vorticity is that which
creates the circulation about a lifting surface (in the present
case, the canard); the shed vorticity is concentrated in the tip
vortex. The spanwise location of the canard tip approximately
coincides with the wing midspan (0.5b). Therefore, roughly
equal portions of the wing experience downwash and upwash
from the canard tip vortex. The bound vorticity of the canard,
however, predominantly affects the inboard half of the wing
(i.e., the portion of the wing that lies on the downwash side of
the tip vortex). Thus, the reduction in the effective angle of at-
tack-on the inboard half outweighs the effect of the upwash on
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Fig. 5 Aerodynamic performance of wing in tandem with canard: « = 0 deg, § = 3.

the outboard portion of the wing. The result in a net decre-
ment in the mean incidence and, hence, C; for the wing. This
is true for all offset and separation configurations.

The magnitude of the downwash (or upwash) is also depen-
dent on the distance between the wing and canard. From
potential flow theory, the bound vorticity of any two-
dimensional wing section may be localized at the 1/4-chord
point. The downwash angle (i.e., the net change in the angle of
attack induced by the airfoil section) is approximately given by

e=arctan[C,/(4nr’)]

The term r’ is the nondimensional distance (c/c,.)
N (82 +02). For a constant S, the quantity (O2/r’) decreases
as the magnitude of the offset increases. This implies that for a
given section lift coefficient ¢ at a point on the wing is highest
for O, = 0 and diminishes as the canard approaches the ex-
tremities of the offset range. In a similar way, the induced an-
gle of attack due to the tip vortex (the swirl angle) varies
directly with the proximity of the vortex core to the wing. This
is a somewhat simplistic view because the bound and shed vor-

ticity vary along the span of the canard. Moreover, the tip

vortex does not become fully developed until some distance
downstream of the canard trailing edge. These discrepancies
notwithstanding, the explanation serves as a heuristic device.
- The arguments presented so far do not account for the
canard wake. Because of its finite thickness, the wake acts to
modify the direction of the streamlines in the inviscid
flowfield. The streamlines above the wake are deflected so as
to reduce the downwash imposed by the canard. Similarly,
deflection of the inviscid flow streamlines below the wake in-
creases the downwash in that region. The existence of a well-
defined plateau to the left of the bucket and the absence of one
on the right (Fig. 5a), supports this hypothesis. The effect of
the momentum deficit in the canard wake is to reduce the mag-
nitude of the aerodynamic loads experienced by the wing.
When these reduced loads are nondimensionalized using the
dynamic pressure of the undisturbed stream ahead of the
canard, the resulting coefficients are smaller in magnitude.
~ Figure 5b is an overlay plot of Cp vs offset for « = 0 deg
and positive declages of 0, 2.5, and 5 deg. As in the case of the
C; plot discussed earlier, the curves in Fig. 5b display three re-
gions: a well-defined plateau for extreme negative offsets, a
bucket region for middle offsets, and a second (less well-
defined) plateau on the positive end of the offset range. The
curve corresponding to o, = 0 deg shows the three regions
with the greatest clarity. The first plateau extends from O, =
—0.5to —0.2 (same as for the curves in Fig. 5a). A minimum
drag coefficient of (Cp)min = 0.027 occursat O, = —0.33: a
10% drop from the single airfoil drag coefficient. The bucket
region ends at approximately O, = 0.3 with C;, approaching
the single airfoil value of 0.03 (indicated by the horizontal
line). A minimum drag coefficient of 0.023 is reached at O, =

—0.033 for a, = 2.5 deg [21% below (Cp)s4]. For @, = 5
deg, (Cp)min = 0.022 [24% lower than (Cp)gs,] occurs at
0, =0. For the two higher declages, a plateau region at posi-
tive offsets is almost nonexistent. The two curves do, however,
approach the single airfoil drag coefficient.

In order to understand the Cy, behavior in Fig. 5b, it should
be noted that the wake impingement on the wing has a dual ef-
fect on the drag. The slower velocities in the wake reduce the
magnitude of the drag force. Nondimensionalization of the
reduced drag force with the undisturbed freestream dynamic
pressure gives a lower Cp. However, the higher turbulence in-
tensities in the wake are likely to hasten transition on portions
of the wing. The resulting increase in skin friction drag would
work to offset the reduction in Cj, due to the downwash and
momentum deficient wake.

Comparison of Figs. 5a and 5b reveals two major differ-
ences between the lift and drag behavior. First, the offsets cor-
responding to (Cp)pi, and (C;)min, for a given declage, are not
coincident. Second, the percent reduction in drag is much
greater than that in C;. These two factors combine to yield
values of (C,/Cp) that are substantially better than
(C./Cp) 4. Figure 5¢c shows overlay plots of (C; /Cp) vs O, for
o = 0 deg and positive declages of 0, 2.5, and 5 deg. The single
airfoil value of (C,/Cp) = 21.5 is indicated by the horizontal
line. Values of (C;/Cp)uax for o, = 0, 2.5, and 5 deg cases are
14, 29, and 40% higher than (C,/Cp)g,, respectively.

The variation of the wing 1/4-chord pitching moment with
O.ata = 0degand §, = 0, 2.5, and 5 deg is shown in Fig. 5d.
The range of offsets for which the magnitude of C,, falls
below the single airfoil value corresponds closely to the bucket
region in the C, plot [Fig. 5a and with the high (C,/Cp)
values Fig 5c]. A less negative C;, might be beneficial in a
canard-wing configuration since it reduces the overall nose-
down pitching moment contribution of the wing. As a conse-
quence, smaller canard angles would be required to trim a ve-
hicle employing such a configuration. In short, the trim drag
at or near the (C; /Cp)yax Point would be lower. Maximum re-
duction in C,, is about 5-7%.

As noted earlier, the: maximum improvement in (C;/Cp)
occurs for « = 0 deg, a, = 5, and O, =0. Static pressure and
surface film visualization results for this configuration are
summarized in Figs. 6. In the absence of the canard, a bubble
exists on the upper and lower surfaces of the wing. Over the
inboard half of the wing (¥ < 0.5b), the downwash due to the
canard shifts the upper surface bubble downstream, while the
upwash over the outboard half (y > 0.5b) causes an upstream
shift in the upper surface bubble. On the lower surface, the
bubble is completely absent on the inboard half indicating that
the flow remains laminar throughout. This is believed to con-
tribute significantly to the improvement in (C,/Cp). The
secondary flow near the inboard end on the upper surface is
due to the velvet on the inboard end plate. The black velvet
was used to enhance contrast between the gray-white smoke
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and the background during flow visualization. The glass end
plate at the outboard end did not produce any significant end
effects. The impingement of the canard tip vortex on the wing
caused a sharp rise in the upper surface suction near the lead-
ing edge and a region of secondary flow along y = 0.5b.
Figure 7 shows smoke flow visualization of the interaction.

Wing Incidence: 10 Deg

Fig. 8a shows overlay plots of C; vs O, for =10 deg and -

canard incidences of 10, 12.5, and 15 deg. All three curves
merge and approach the single airfoil lift coefficient of 1.6 at
the far negative offsets. The values of C; approached at the
positive end of the offset range fall short of the single airfoil
lift coefficient. The discrepancey is a small one, about 3% at
worst. The canard influences the wing over a wider range of
offsets than for o =0 deg. In the present case, the bound vor-
ticity of the canard is stronger and the wake wider, resulting in
a reduction in C, over a wider range of offsets. The bound
vorticity of the canard also imposes a downward velocity on
the wake. The minima experienced by the C; curves near O,
= 0 are the result of the strong downwash. At higher offsets,
the canard wake begins to interact with the wing preventing
the recovery of C; to its single airfoil value.

The wing Cp, as a function of offset for canard incidences of
10, 12.5, and 15 deg and « =10 deg is shown in Fig. 8b. The
disparity between the percent decrease in the value of C; and
Cp is not as significant as for a«=0 deg. As a result, the
(C,/Cp) values show relatively modest improvements over the
single airfoil case. Maximum gains in (C,/Cp) of 6, 11, and
13%, respectively, are noted for declages of 0, 5, and 10 deg in
Fig. 8c.

Spanwise static pressure measurements and surface film
visualization provide some insight into the (C;/Cp) behavior.
A sketch of the regions of separated flow on the wing upper
surface for o = 10 deg, o, = 15 deg, and O, = —0.167 is
shown in Fig. 9. This configuration corresponds to the maxi-
mum (C,/Cp) in Fig 8c. The upwash on the outboard half (¥
> 0.5b) causes the bubble to diminish in its chordwise extent
and shift toward the leading edge. This is accompanied by tur-
bulent separation near the trailing edge. The downwash on the
inboard portion of the wing (y > 0.50) has the opposite effect,
leading to an increase in the laminar flow. The reduction in

Laminar Separation Bubble
(Canard/Wing Configuration)

— ‘ ™~

5 209 |
5 |
2 0] :
=
@
607
&
=
807
4 L
T T T ] T ]
/’ 75 50 25
Laminar Separation Bubble Percent Span s dary Fl
- e, denComs
a) Upper surface P Vortex
T 20
=]
£
&)
E
3 >
5
- 4
T T I T I T
75 50 25
Percent Span
b) Lower surface
Laminar Separation Bubble Laminar Separation Bubble
(Canard/Wing Configuration) (Single Airfoil)

Fig. 6 Sketch of surface flow on wing: o = 0 deg, o, = Sdeg, O, =
0, and § = 3 (leading edge at top).

CANARD/WING CONFIGURATION 185

drag over the inboard half outweighs the adverse effects ex-
perienced by the outboard portion yielding a net increase in
(C./Cp). No evidence of vortex impingement on the upper
surface was suggested by the pressure measurements of the
surface film visualization. Flow visualization of the tip vor-
tex/wing interaction Fig. 10 shows that the vortex trajectory
does in fact lie below the wing.

The sketch in Fig. 11 depicts the wing upper surface for o=
10 deg, o, = 15 deg, and O, = 0. The (C./Cp) in Fig. 8c is
sharply reduced for this configuration. The flow on the out-
board half of the wing is predominantly turbulent. Turbulent
separation occurs farther upstream than for O, = —0.167. As
seen in Fig. 12, the vortex impacts the upper surface near the
leading edge. The proximity of the vortex core causes strong
suction near the leading edge and a secondary flow region
around y = 0.5b on the upper surface. The net effect of the
strong upwash and the vortex interaction is an increase in Cp,
and reduction in (C,/Cp) to a value below the single airfoil
case (Fig. 8c).

Fig. 7 Visualization of tip vortex/airfoil interaction: o = 0 deg, o,
= 5deg, 0O, = 0,and S = 3.
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Fig. 9 Sketch of upper surface flow on wing: o = 10 deg, &, = 15
deg, O, = —0.167, and § = 3 (leading edge at top).

Fig. 10 Visnalization of tip vortex/airfoil interaction: « = 10 deg,
o, = 15 deg, O, = —0.167, and § = 3.
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Fig. 11 Sketch of upper surface flow on wing: o = 10 deg, o, = 15
deg, O, = 0, and § = 3 (leading edge at top).

Fig. 12 Visualization of tip vortex/airfoil interaction: « = 10 deg,
a, = 15deg, O, = 0,and § = 3.

Concluding Remarks
The position of the tip vortex and wake shed by the canard
profoundly influences the performance of the wing. The mag-
nitude of the aerodynamic loads is reduced when the momen-
tum deficient wake impinges directly on the wing. The non-

consequence. The net downwash imposed by the canard acts
to further reduce the magnitudes of the coefficients.

Due to the streamline curvature introduced by the canard
wake, the downwash is stronger below the wake than above it.
Hence, of two canard locations an equal distance above and
below the offset corresponding to (Cjp)u, the wing C; is

. higher for the more negative offset. The value of (C;),,.

decreases as declage increases. This is caused by the stronger
downwash and a greater momentum deficit in the wake asso-
ciated with higher canard incidences.

For all wing incidences studied, Cj, is below the correspond-
ing single airfoil value over a wide range of offsets. Futher, the
reduction in Cp is much more drastic than that in C;. As a
consequence, the wing (C; /Cp) is higher than the single airfoil
lift/drag ratio. The most significant improvements occur at «
= 0 deg where the wing (C./Cp)yax is UDP to 40% higher than
(C./Cp)s4-The range of offsets at which (C,/Cp) is the high-
est is also the one over which Cj, is minimum and C,, is least
negative. The reduction in the magnitude of C,, promises sav-
ings in trim drag since smaller canard deflections will be
needed to offset the destabilizing (nose-down) moment due to
the wing. _

The behavior of the aerodynamic coefficients for a= 0 deg
described earlier formed a trend and was also observed at
a=10 deg. However, it was noted that the reduction in Cp,
and the increase in (C,/C)p) is not as significant at the higher
wing incidence.

The identification of boundary-layer characteristics through
the use of static pressure measurements and surface film
visualization was helpful in understanding some of the factors
responsible for the Cp behavior. In general, the bubble is
shifted downstream over the inboard portion of the wing due
to the canard downwash. The reduction in skin friction drag
due to this delayed transition acts to lower the Cp,. Similarly,
the upwash at the outboard portion of the wing causes an early
transition of the boundary layer. At higher wing incidences
and positive declages, turbulent separation at the outboard
stations adds to the overall drag. The savings in Cp, due to the
reduction in skin friction drag over the inboard half of the
wing erodes as a consequence of the last two factors.
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