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Abstract

This paper reports on a wind-tunnel test
where toad distributions were obtained at tran-
sonic speeds on both the canard and wing surfaces
0f a closely-coupled wing-canard configuration.
The investigation included detailed component and
configuration arrangement studies to provide
insight into the various aerodynamic interference
effects for the leading-edge vartex flow condi-
tions encountered. Data indicate that increasing
the Mach number from 0.70 to 0.95 caused the wing
leading-edge vortex to burst over the wing when
the wing was in the presence of the high canard.
For some of the outboard span locations, the
leading-edge vortex reattachment streamline
intersects the wing trailing edge inboard of
these span locations, thus, the Kutta condition
was not satisfied. In general, the effert of
adding a canard was to reduce the 1ift irboard
and somewhat increase the 1ift outboard
similar to the trends that would have been
expected had the flow been attached.

Symbols
b modet semispan, cm
b¥* exposed wing semispan, cm
c local chord, cm
Cavg average chord Tenath, cm
c mean geometric chord, cm
c, chord length at fuselage-wing juncture
<, section normal force coefficient

CL W Tift on aft body and wing (Ref. 4)

Cp pressure coefficient
Cp* sonic pre’sure coefficient
Acp Cp upper surface - Cp lower surface

(Acp) ACP canard on - Acp canard off

c

M Mach number

§ wing reference area (w%ng extended to
model center line), cm

X lengitudinal ae’starce, cm

y' lateral distance - measured from wing-
fuselage intersection, cm

z height above mid-chord plane of model, cm

+AIAA Student Member

o angle of attack, deg

A leadino edge sweep, deg
Aisubar isobar sweep, deg

n y'/b*

Y ratio of specific heats

Introduction

Past investigations {Refs. 1-13) have in-
dicated that the proper use of canard surfaces
on maneuvering aircraft can offer several attrac-
tive features such as potentially higher trimmed-
11ft capability, improved pitching moment charac-
teristics and reduced trimmed drag. In addition,
the geometric characteristics of close-coupled
canard configurations cffer a potential for im-
proved longitudinal progression of cross-sectional
area which could result in reduced wave drag at
low supersonic speeds and placement of the hori-
zontal control surfaces out of the high wing
down wash and jet exhaust. Flow visualization
studies {(Ref. 13} and analytical studies (Refs. 14
and 18) have indicated that the favorable inter-
ference of the canard on the wing's 1ift produces
a complex flow field on the wing surface. Al-
though there have been several papers published
discussing the total forces and moments produced
by close-coupled canard-wing configuratic s, very
1ittle data is available on the load distribution
on canard and wing surtaces for close-coupled
canard wing configurations.

This paper reports on a wind-tunnel investi-
gation where load distributions were measured at
transonic speeds on both the canaid and wing sur-
faces of a closely-coupled wing-canard configura-
tion. The investigation included detailed com-
ponent and configuration arrangement studies to
provide insight in.o the various aerodynamic
interference effects. In addition to the detailed
pressure measurements, the pressures have been
integrated to illustrate the effects of Mach
number, canard location, and canard-wing interfer-
ence effects on various aerodynamic parameters.
The present irvestigation was conducted in the
Langley 8-foot transonic pressure tunnel; the Mach
numbers ranged from 0.70 to 1.20 and data was

taken from 0° to approximately 20° angle of attack.

Description of Model

A drawing of the model used in the wind-
tunnel test {discussed in this paper) is pre-
sented in Figure 1. This model was designed so
that various wing ard canard planforms could be
attached to the common fuselage and the ppsitional
relationship of the 1ifling surfaces {canards
and wings) could also be varied. The wings and
canards were instrumcented with several pressure
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orifices; the upper surface orifices were located
on one 1ifting surface {wing or canard) and the
lower surface orifices were located on the 1ifting
surface on the other side of the model. However,
both the instrumented canards and instrumented
wings could not be tested simultaneously because
of space restrictions in the model; thus, when
both the canards and wings were ¢ . the model at
the same time either the wings or canards were
uninstrumented. Table I presents the pertinent
geonetric parameters associated with this model.

The 60° swept untwisted wing had uncambered
circular-arc airfoil sections and maximum thick-
ness which varied linearly from 6 percent of the
chord at the root (the root in this paper is the
intersection of the fuselage and wing) to 4 per-
cent of the chord at the tip.

The canard had a leading-edge sweep angle of
81.7° and an exposed area of 28.0 percent of the
wing reference area S. The canard was tested in
the chord plane of the wirg (z/€ = 0.0) and in
positions 18.5 percent of the wing mean geometric
chord above and below the wing chord plane
{z/C = 0.185 gnd -0.185). To obtain the configura-
tion with the canard located below the wing chord
plane, the model with the canard in the high posi-
tion was rolled 1B0P on the sting. The canard
was untwisted and had uncambered circular-arc
airfoil sections. The maximum thickness varied
linearly from 6 percent of the chord at the root
to 4 percent at the tip.

Results and Discussion

Although load distributions were obtained on
both the canard and wing surfaces, this paper
will focus on only the wing loads since the wing-
canard interference effects are more pronounced
on the wing. Al1 the data presented will be for a
nominal angle of attack of approximately 12.79;
the exact angle of attack for each configuration
discussed is shown in Table 1II.

Aerodynamic Force Characteristics

Because of the sharp leading edge and re-
latively higk sweep of the wing, the aerodynamic
forces are characterized to various degrees by
the well known leading-edge vortex flow. To
illustrate the effect on the aerodynamic forces
and to provide background inforwation related to
the pressure results, some of the force results
presented in Reference 4, obtained on a geometri-
cally identical model are presented herein. The
wind-tunnel model discussed in Reference 4 was
instrumented with two strain gage balances, as
shown in Figure 2; one balance measured the load
on the forebody and canards while the other balance
measured the total load on the model. Figure 3
shows the effect of Mach number on wing 1ift,
CL,N’ (c, y 15 the difference belween the Tift

on the main balance and the 1ift on the canard
balance, see Figure 2) for the high canard confi-
gurations. In this paper, the high canard is
located at z/C = 0.185; mid-canard at z/C = 0.0
and low canard at z/C = -0,185,

The data in Figure 3 show there are only
small effects of Mach number on the total 1ift as

would be expected from the relatively high sweep
angles. The effect of canard location on wing
1ift is shown in Figure 4. These data indicate
that the canard downwash substantially reduces

the wing 1ift over the angle-of-attack range shown.
In general, the low canard reduces the 1ift on the
wing the most and the high canard the Teast. It
can be seen in Figure 4 that for the Mach number
0.95 case, the wing not in the presence of the
canard appears to stall, the leading-edge vortex
bursts over the wing at some angle of attack
greater than 12°, while the wing in the presence of
the canards show no sign of wing stall. To in-
dicate some of the problems involved with predict-
ing the total load versus angle of attack for a
wing in the presence of a canard, Figure 5 shows

a comparison of experimental and theoretical wing
1ift. On the 1eft, the data is compared with
potential flow theory and on the right wath vortex
1ift theory. Since the wing is swept 60" and pro-
duces a separation induced leading-edge vortex,
the under prediction of 1ift using potential flow
theory should be expected for both the wing in the
presence of the canard and the wing alone configu-
rations. It is of interest to note, however, that
with the wing in the presence of the canard, the
increase in wing 1ift over potential flow theory
is much greater and at high angles of attack
nearly offsets the downwash effect from the canard.
The vortex 1ift theory aarees well with experi-
ment for the wing alone case up to an angle of
attack of approximately 13 degrees where the
leading-edge vortex appears to burst in the
vicinity of the wing. However, for the wing

in the presence of the canard, no breakdown effect
is evident and the 1ift exceeds that predicted by
the vortex Tift theory., It is assumed that the
additional vortex 1ift ijmplied by the comparison
may be associated with a stablizing effect on and
possibly an augmentation of the wing leading-edge
vortex by the canard flow field,

Effect of Mach Number on Wing Loads _in the Pre-
sence of a Canard

Mach numbers 0.70 and 0.95 chordwise pressure
distribution data on the wing for the high canard
configuration is shown in Figure 6. Since this
model has sharp leading-edged wings and the
Teading edge is swept 60°, a leading-edge vortex is
expected to form as discussed above. The chord-
wise pressure distribution for the C.70 Mach
number case indicates there is a leading-edge
vortex which washes hack over the wing; however,
the 0.95 Mach number case indicates a leading-
edge vortex inboard and there appears that there
may be a vortex washing back over the wing, but
these data are not conclusive. In the span region
of n = .82, it is seen that the Kutta condition
tends not to be satisfied for either Mach number.
For a further understanding of the flow field on
the wing at these Mach numbers, Figures 7 and 8
show isobars on the wing in the presence of the
high canard and with the canard removed for Mach
numbers of 0.70 and 0.95.



"y

f—

For the Mach number 0.70 case, the flow
appears to be everywhere subcritical, since the
critical pressure coefficient for 0.70 Mach
number is approximately -1.23, as calculated by
equation (1) for an isobar swept 60°.

.
2Aly-T
[—2—(1+ 11 2 (cos Aisobar))j‘ -1’
Y+ 2

{1

Cp* = 2
M

The isobars in Fiqure 7 are swept more than 60°
so the Cp* would be something less than the -1.,23

value cited above. The path of the leading-edge
vortex over the upper surface of the wing is
evident in Figure 7. The pressure distributions
shown in Figure & for the spanwisaz Tocation of

n = .82 indicates that the Kutta condition is not
satisfied for the Mach number 0.70 case. The
isobars in Figure 7 indicate that the vortex
induced reattachment line intersects the wing
trailing =dge inboard of the n = .B2 station;
thus, the Kutta condition would not be expected to
be satisfied. It seems Tikely from the data in
Figure 7 that the wing tip is stalled.

The isobars for the 0.95 Mach number case,
Figure 8, appear to be a good deal more complicated
than the 0.70 Mach number case, For isobars swept
66°, which is a nomina)l sweep for the isobars
shown in Figure 8, the critical pressure coef-
ficient (Cp*) becomes appraximately -0.67 and for

no sweep of the isobars Cp* becomes -0.09. The

data in Figures 6 and 8 indicate that there is a
shock wave which runs generally as the isobars

run in the leading-edge section of the wing out to
a span station of n = ,35, Further outhoard,

the isobars tend to be unswept, thus,

the flow on the upper surface of the wing outboard
of an n of approximately .35 is supersonic. The
Cp = -.95 isobar closes on itself in the vicinity

of n= .71. It is suggested that the vortex has
burst here causing & rapid growth in the vortex
core size, and the separation bubble is seen. The
reattachment 1ine appears to be off the wing sur-
face, thus, causing the Kutta condition to be
unsatisfied. Even though the vortex has burst, it
is felt there {s still circulation around the
vortex, and the far field flow, above the wing, is
still organized. This seems reasonable -ince as
is seen in Figure 3, the total }ift on the wing
for the 0.95 Mach number shows 1ittie indication of
lass of 1ift due to vortex bursting. Thus, it
appears that there is a wing leading-edge vortex
passing over the wing at Mach number of 0.95, but
the vortex bursts over the wing and, comparing
Figures 7 and 8, the vortex apnears to be pulled
somewhat forward on the aft porlior of the wing.
It is felt, based on the 0.95 and 0.70 Mach number
data, that if the canar' semispan were the same

as the wing semispan “u: ther gains could be made
in the wing perfrunance.

The effect of Mach numbs on the span lcad
distribution is shown in Fiqure 9 for the wing in
the presence of the high canard. The span Joads
seem to correlate well with the total loads shown

in Figure 3. In the description of the model, it
was pointed out t'at the wing was uncambered and
untwisted with a sharn leading edge, thus, optimum
span loads, as regards induced drao, should .ot be
expected. Integrating these loads, in Figure 9,
yields the center of pressure locations shown in
Figure 10 for the wing in the presence of the high
canard at three Mach numbers. As might be expected,
there is a rearward movement of center of pressure
with Mach number; this rearward movement is
approximately 5 percent of the mean geometric chord
of the wing. It is interesting to note that al-
though there is substantial differences in the
character of flow in going from a Mach number of
0.70 to 0.95 (Figs. 6, 7, and 8), there is essen-
tially no spanwise movement of the center of pres-
sure.

Effect of Canard Location on Wing Loads

In order to help explain some of the pressure
distribution results that will be presented in this
section, a brief discussion of some of the flow
visualization results of Reference 13 is in order,
These flow pictures indicate that for the high and
mid-cenard positions, the canard wake is well ahove
the wing upper surface for an angle of attack of
12.79%; thus, although induced effects can occur,
the canerd wake does not physically interfere with
the wing for these two configurations at this
angle of attack. However, the flow pictures of
Reference 13 indicate that the wing is in the wake
of the low canard much of the time; therefore, since
the wing is in this low energy wake, it is expected
that the wing in the presence of a Tow canard will
lose substantial 1ift.

Chordwise pressure distributions

Choriwise pressure distributions at two span-
wise stations, n = .24 and .71, are shown in
Figures 11 and 12 for the wing in the presence of
the high canard and wing alone at two Mach numbers,
0.70 and 0.95. For both Mach numbers, the effect
of the canard downwash at the inboard station.

n = .24, on both the upper and lower surfaces is,
of course, to reduce the effective angle of attack
of this station. In addition to apparently weaken-
ing the strength of the leading-edge vortex of the
wing at this inboard station, the interference of
the canard on the wing moves the leading-edge vor-
tex forward. At the outboard station, n = .71,
there is evidunce of the leading-edqe vortex pass-
ing over a rather aft chordwise loivation for both
Mach numbers for the canard on configuration; while,
for the canard off configuration, there is little
evidence of a vortex at the n = 0.71 span station.
Although the Kutta condition is not satisfied at
the n = 0.71 station for the canard off confiqura-

tion, the data seem to indicate that this particu-
lar section is stailed rather than the vortex
reattachment line intersc.ling the wing try:ling
edge inboard of the n = . "1 station. The 1sobar
plots in Figures 7 and 8 ~haw a little move
graphically that the ~ffect of the canart inter-
ference is to move * w leading-edge vortes fvovward

5

and improve the flow on the outboard sertion. of

the wing. Thus, even with Teading-edac vor Loy
flow, the net effect of the canard fc o Jecreaue
the Toad inboard ind increase tha Toac subhan s

as would be zxpertod with at®ched #'ow.
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Since, for the mid-canard configuration, the
canard wake is located physically closer to the
wing than for the high canard configuration,
stronger effects of canard downwash on the wing
should be expected for, at least, the inboard wing
stations. Figures 13 and 14 shows that this
speculation is correct; the pressure distributions
at span station n = .24, show a much stronger
eftect of canard downwash on the wing pressure
distribution for the mid-canard than for the high
canard. In fact, as mentioned earlier, for the
high canard cenfiguration, there appeared to be a
shock located at the n = 0.24 span station at a
Mach number of 0.95, but the downwash of the
canard on the wing appears to have suppressed the
shock at a Mach number of .95 for tge mid-caqard

1 1 * = o L)
configuration (Cp s @ Aycobar 667, 673, As

with the high canard configuration, the inter-
ference effects of the canard on the wing appears
to enhance the vortex at the ocutboard station,
n=.71. Again, as discussed earlier, the vortex
reattachment streamline intersects the wing
trailing edge inboard of the nn = .71 station and,
thus, the Kutta condition is not satisfied.

The effect of the interference of the Tow
canard on the inboard statien, n = .24, compietely
changes the character of the pressure distribution
from what had occurred for the high and mid-
canard configurations, Figures 15 and 16. From
the fiow visualization pictures presented in
Reference 13, this rather drastic ciinge in pres-
sure distribution appears to be due to the wake
of the canard physically interacting with the
wing. The outboard station appears to be very
similar to the other two configurations.

A summary of the effect of canard position
on wing 1ifting pressure for a Mach number of 0.70
is shown in Figure 17. As should be expected from
the earlier discussion, it is seen that for the
inboard sections, the canard affects the front
portion of the wing while outboard, the largest
effects of canard are on the aft portion of the
wing. Using these results in Figure 17,
Figure 18 presents a plot comparing attached flow
theory with experiment plotted in the difference
between 1ifting pressure for canard on and canard
off. Of course, attached flow theory should not
be expected to agree well with the experiment
since the flow is separated for this model.
However, in the absence of any better theory, the
attached flow theory is presented. The theory,
of course, thus, misses the vortex on hoth the
inboard and cutboard sections. The data in
Figure 18 does show the magnitude of the error
incurred when potential flow theory is used to
compute the canard interference effect on the
wing when the wing has a leading-edge vortex and
emphasizes the need for loads prediction methods
that accurately account for vortex flows.

The effect of canard Tocation at Mach
numbers of .70 and .95 on the span load distribu-
tion is presented in Figure 19. In general, it is
seen that on the inboard section of the wing, the
low canard configuratien loses the most 1ift and
the high canard the least. While on the outboard
section of the wing, all three canard configura-
tions produce more 14ft than the canard off
tulitiguration. This fs due te the enhanced
luading—edge vortex passing over this section of
the wing for the canard configurations.

Figure 20 shows the center of pressure location
for each chordwise station plotted for the canard
off configuration and the three canard configura-
tions. There is 1ittle effect of the canard on
the outboard sectional center of pressures. How-
ever, for the wing inboard stations, moving the
canard from the high position to low moves the
center of pressure rearward for both Mach numbers
shown. Further inteqration of the span load dis-
tributions yields the total center of pressure, as
js shown in Figure 21 for Mach numbers 0,70 and
0.95. The effect of adding a canard to the wing
load fs to move the center of pressure rearward
and outward.

Concluding Remarks

The effect of placing a relatively highly
swept wing (A = 60°%) having leading-edge vortex
flow in the presence of a canard located above,
in and below the wing chord ptane on the wing
load distribution has been determined at transenic
speeds. The results, illustrated by data at an
angle of attack of 12.7° indicate that increasing
the Mach number from 0.70 to 0.95 caused the wing
leading-edge vortex to burst over the wing when
the wing was in the presence of the high canard.
For some of the outboard span locations, the
Kutta condition was not satisfied since the lead-
ing-edge vortex reattachment 1ine intersected
the wing trailing edge inboard of these span
stations. In general, the effect of adding a
canard was to reduce the 1ift inboard on the
wing and somewhat increase the 1ift outboard
similar to the trends that would have been
expected had the flow been attached.
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TABLE I.- Geometric Characteristics

b - cm
b* - cm
A - deg

Airfoil section

S (wing area extended to plane of symmetry) cm

Root chord (wing-body juncture) cm

Tip chord - cm

Maximum thickness, percent chord, at -
Root

Tip

25.4 17.25
21.6 13.4
6o 51.7
Circular arc Circular arc
2 1032.2 S
29.8 17.92
6.77 3.59
6 6
4 4
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TABLE II.- Configuration Angle of Attack

Configuration a, deg {M = .70}

o, deg (M = ,95) a, deq (M = 1.20)

High canard:
canard on 12.67
canard off 12.30
Mid canard:
canard on 12.63
canard off 12.27°

Low canard:

canard on 12.55
canard off 12.31
A=e?
SPANWISE LOCATIONS OF AT -
o fRESSURE e
TG e RIFICE TR s o L
127 050 T {0
T P s
_ 25 o0 =] - 2.5 {kon) ]
D04 3.81
L .50
A7.L5
113.76)
96,52
138,000
Figure 1. Sketch of pressure medel, dimensions
in centimeter (inches).
5,40
{10,000
\L. Y B ¢
CANARD BALANCE - MAIN BALAIGE | H50
e 96,52 A—»~4—~——~_—ﬂ#—~—ﬁ4
38.00)
Figure 2. Planform view of strain gage instru-

mented model, reference 4.

12.97
12.39

12.89
12.33

12.73
12.38

oo

13.06

Figure 3.

Effect of Mach number on wing 1ift
for the high canard confiquration,
reference 4.
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Figure 9. Effect of Mach number on spanload
distribution for the high canard
configuration,
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Figure 10. Effect of Mach number on center of

Figure 6.

Chordwise pressure distribetiun for

the high ¢erad configuration,

pressure location, high canard
configuration.
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16 n= 02 - =011

CANARD OFF
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Figure 12. Wing chordwise pressure distribution
for the high canard configuration at
a Mach number of 0.95.
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Figure 156. Wing chordwise pressure distribution
for the Tow canard configuration at a
Mach number of 0.70.
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Figure 16. Wing chordwise pressure distribution

for the low canard configuration at
a Mach number of 0.95.
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