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FOREWORD
This report summarizes the findings of close~
coupled canard research performed by the Aviation
and Surface Effects Department of the David W.
Taylor Naval Ship Research and Development Center.
The work was performed between 1970 and 1974 and was
funded by the Naval Air Syéééms Command (AIR 5@0).

The purpose of the report is to provide a summary of
the aerodynamic tindings obtained from a series of
wind tunnel evaluations involving three general re-
search models and the F-4 aircraft. The report is
presented in four volumes-~Volume 1l: General
Trends; Volume 2: Subsonic Speed Regime; Volume 3:
Transonic~Supersonic Speed Regime; and Volume &4:

F-4 Phantom IT Aircraft.
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ABSTRACT

An analysis of the effects of canard size, shape,

position and deflection on the aerodynamic

character=

istics of two general research models having leading
edge sweep angles of 25 and 50 degrees is presented.
The analysis summarizes the findings of four experi-
mental subsonic wind-tunrel programs conducted at the
David W. Taylor Ship Research and Development Center
between 1970 and 1974. The analysis is based on four
canard geometries varying in planform from a 60-degree
delta to a 25-degree swept wing high aspect ratio
canard. The canards were located at seven different
positions and deflected from -10 to 25 degrees,
Significant findings include: the excellent cor-
relation between canard exposed area ratio and changes
in 1ift, drag, and pitching moment; the detrimental
effect of positive canard deflection; and the optimum
longitudual position for each canard shape for maxi-
mum improvements In 1lift and drag. It is further con-
cluded that the favorable aerodynamic changes caused
by interference of the close-coupled canard are not
significantly dependent on wing leading edge sweep or

wing leading edge modifications.

ADMINISTRATIVE INFORMATION

This work was undertaken by the Aircraft Division of the Aviation and

Surface Effects Department of the David W. Taylor Naval Ship Research and

Development Center., The program was sponsored by the Naval Alr Systems

Command (AIR 320) and was funded under WF 41432-09, Work Unit 1600-078.

INTRODUCTION
This is the second volume of a four-volume report
c¢lose=coupled canard work accomplished at the David W.
Research and Develeopment Center between 1970 and 1974,
rizes the findings of a series of wind-tunnel programs

speeds.

summarfizing the
Taylor Naval Ship
“his volume summa-

conducted at subsonic

Volume 1 of this report presented the general trends of close-coupled

canards on alrcraft of low to moderate wing sweep. It

was shown that close-

coupled canards can gignificantly improve stall angle of attack, increase
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the maximum 1ift coefficient, and reduce drag. The extent to which these

improvements ocentr is a function of canard size, shape, position, and de-
flection. These variables, as well as the Influence of wing leading edge

moditications, are discussed in detail in this volume.

The discussion is based on four wind-tunnel programs conducted in the

DTNSRDC 8 x 10 foor subsonic wind tunnel. Two general research models were

utilized in this program. The models had leading edge sweep angles of 25

and 50 degrees. Sketches of the models are shown in Figure 1. Four canards

—

50-DEGREE SWEPT WING

\_J' 26-DEGREE SWEPT WING 1

Figure 1 ~ Sketch of Models

- of diffrrent planform werc evaluated. The shapes were a 45-degree clipped

? delta designated CO’ a 60-degree pure delta Cl, a 45~degree high aspect
¢

ratio vanard CZ’ and a 25-degree canard CB' as shown in Figure 2. 1In addi-

Z A /)]

Figure 2 - Canards

tlon, Four geomctrically similar versions of canard CO were evaluated with

projected area ratios of 0.10, 0.15, 0.20, and 0,25. Relative sizes of the ;
four canards are shown in Figure 3. ‘
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BODY €,

6.10}

® AIREOIL SECTION
S4A000

B /8, | PIVOT DI:TANCE BPAN TiP CHORD ROOT CHORD CANARD AREAS
[:] C [+]
N, oM. IN. CM. IN, ™. IN. CM. NG oM
0.10 1.38 M 274 [5:] o8 0.07 112 7.92 306 194.8
08 1.78 444 an 9.93 0.4 112 4.38 11.08 8.7 948
0.20 .26 6.72 4.64 12.29 0.68 1.42 5,40 13.72 00 3936
026 2.82 6.88 8,74 14.58 0.80 1.50 433 16,08 58 489.0

Figure 3 - Geometrilcally Slmilar Canards

The models have seven positions at which the canards can be located
(see Figure 4). Positions are numbered from fore to aft and top to hottom.
Position 1 is the highest, most forward and position 7 is the lowest posi-
tion. Deflection range varied from -10 to 25 degrees. Detailed dimensions

of the models, canards, and positions are given in the Appendix.
NOTE: ALL DIMENSIONS ARE IN INCHES (CENTIMETERS)
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The discussion {s organized into major topics of lift, pitching moment,
and drag. Subtopics include the effect of canard size, shape, position,
deflection, and wing leading edge changes. The data are primarily pre-
sented as lneremental changes in lift and pitching moment due to the above
parameters. Drag is presented primarily as lift~-to-drag ratio at constant
11ft coefficient. Data for both 25~ and 50-degree wings are presented to
indicate that the favorable effects of close-coupled cana:ds are applicable
to aircraft of relactively arbitrary wing planforms.

g LIFT
1 Typical variation of lift coefficient with angle of attack for the
25- and 50-degree wing are presented in Figure 5. Data are shown for three !
id E
f: ;
s .
¥ 18 A
r Ow 50.DEGREE WING ;
E 14— O w:e, 4
L . O weg, fl
§ 1.2 F QO wie, 3
y -
g or
g 3
'*t 4
§ 08 i
2B.DEGREE WING ;
% 06 %
iy ;
04 1
2 0.2 = 3
ok
: 02 TN TSR EOURUN WOR SO N SRS NN S S S
il -4 0 4 ) 0 4 8 12 % 20 24 228 32 36

o, ANGLE OF ATTACK (DEQREES)

ek SR

Figure 5 - Typical Lift Characteristics ;

canard shapea: a 60-degree delta, a 45-degree high aspect ratilo canard,

and a 25-degree high aspect ratio canard. For all configurations there is

a sizeable increase In 1ift when the canard 18 installed to the basic
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wing-body. The increase in 1{ft varies somewhat with the particular canard
size, shape, position, and deflection., These differences in 11ft are dis-

cussed in the following sections.

S1ZE

One of the prime variables of the first canard wind tunnel programl*
conducted at DINSRDC was the effect of canard size on the aerodynamic char-
acteristics of the 50-degree research model. Four geometrically similar
canards having projected avea rativs of 0,10, 0,15, 0,20, and 0.25 were
evaluated. Relative sizea of e¢ach canard are shown in ligure 3, Data from
this wind tunnel evaluation were limited to an angle of attack of 20 de-
grees. The variation of 1ift covefficient at 20 degrees is presented in

Figure 6 for seven canard positlons.

5./5,,
[FRL] 'R CR {4 on

[« B
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*
A complete listing of references is given on page 10l1.
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The effect on canard size varied somewhat with canard position. At

3! ps)
PG, there {8 a distinct curvature to the data, however, as the canard is

those posltions where the canard is fairly close to the wing, Pz, P

moved further Forward the variation of CLZQ with size becomes Ilipear.
Little favorable effect would be expected because the interference is mini~
mized. Included in the figure is the value of the lift coefficient for
the 0.25 canard and wing body If no interference were present.

Comparison between this value and the data shows favorable interfer-
ence for the high canard locatious (Pl, PZ’ P3), and unfavorable inter-
ference when the canard is in the plane of the wing (P7).

P "‘Iﬁ& i s I«ﬁm-ﬂ‘-‘ Boed ol ae LAt

SHAPE

Incremental 11ft 1s presented in Figure 7 for the various canard
shapes. The canard location is position P3 for all four canard shapes.
As stated in Volume 1, P3 was near optimum for all canard shapes, The g
figure 1g for both 25- and 50-degree research models and contains {solated
% data for each canard shape,

The most significunt conclusion which can be drawn from the figure
is that the large difference in incremental 1lift bectween 25- and 50-degree

ki wing configurations is in the aAngle of attack range between 12 and 28 de-

TR R YD SUPRR A 27

greea. This difference ls attributable to the poor stall characteristics
at the 25-degree wing. ;
A comparison between the canard-off characteristics of the two con- ?
figurations 1is given in Figure 8. The 25-degree wing configuration ex-
hibits as expected a higher 1{ft curve slope than the 50-degree configura-
- tion but the stall angle of attack 1s only 10 cagrees for the 25-degree i
5 wing versus 20 degrees for the 50-~degree wing.
The favorable interference betwsen canard and wing, therefore, delays
;i stall at a lower angle of attack for the 25~degree wing.
! I'iis reduction in angle of attack due to favorable interference is

clearly seen in the low cross-over point between the isolated canard data

U N AT kRIS AR T e BTG e SAARGrYAL ap RSO ISCIIOE S et " EALa 4 PO AR 1




.r,

ac,

i as

ac,

ke

i st a2 i

08

04

06

0.4

0.2

80 DEGREES

ISOLATED

o N o oot 25 DEGHEEE
eof /

S0 DEGHEES

INOLATED

A L

J
] 10 24 32
o, A'OLE OF ATTACK {DEGREES)

~ -
N, 2B DEUHEES
/ —

26 DEGREES

80 DEGHEES

{BOLATED

80 D¥GARED
5 DEQRFER

|8CLATED

8 i@ 24 »

o, ANGLE OF ATTACK (DEGREES)

Figure 7 - Incremental Lift Characteristics of
the Various Canard Shapes

l
%
;
€:§
:
k
4

N =




- B TR S st A i R etherTE et e A e - - = o Yo
Lo g 5

1.6 :
14} !
d 12k 50 DEGREES
; i
» ;
¥ Q L .
3 g 10 26 DEGREES ;
- - —
- Q ”
b - 0 8 ’ 1
L §
: L 0f
p -
‘ 04 :
0.2 f{
S W S T N j
0 4 8 12 18 20 24 28 32 36 é

o, ANGLE OF ATTACK (DEGREES)

Flgure B » Lift Characteristicsa of 25~ and 50~ Degree Wing Modela

§ 1

&

3 | and the complete configuration, Favorable interference occurs at approxi- ;

J mately 12 degrees for the 25-degree wing, whereas favorable interference
1

’ does not occur until the angle of attach reaches approximately 16 to 20 ;

degrees for the 50-degree wing, It can be said that the poorer the wing

1
design, the more the canard can help. ;
i

k. T
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Examination of the data with regard to the individual canard shape

indfcates that the 60-degree delta canard C, maximizes the increase in 1Lft

1
for both wingy, The 60-degree canard 18 closely followed hy the 45-degrec
high aspect ratlo canard 112
The low sweep canard C

and the 45=degree clipped delta CU.
3 exhibited the lowest Incremental 1lift for the
25-degree sweep model, and, lo fact, the canard appears to have atalled at

. ey

approximately 20-degree angle of attack. 3
. Incremental lift for the low swaep canard 1s approximately the same

i

as the other canards for the 50-degree wing model, It thus appears that

while low sweep canards are inadequate for the low sweep wing, the low

paiak oy

Aweap canard does delay suwparation sufficiently for the wing of higher

fnber

; sweep lf located at the proper pousition, The effect of position change
on incremental lift for the various canard shapes and the two wing sweeps

i4 discussed in the next saction.

POSITION

Incremental 11ft versus angle of attack is presented in Filgure 9 for

i o s

"

both 25~ and 50-degree sweep rescarch models. Dataz are presgented for
geven positions for the 50-degree model and three positions for the 25- i
degree model., The data are for the four canard conflgurations at zero !
degrees canard deflection, ;

Incremental lift was, in general, maximized at 28-degrees angle of
attack for the canards on the 30-degree model and between 20~ and 24-
degrees angle of attack for the 25-degree model.

The variation of maximum incremantal 1ift with canard position is

shown Ln Flgure 10, The interference free value of canard lift at the cor- k

redgponding angle of attack for each position are also shown in the figure.
For all configurations, as the canard was moved to the most forward

3 position, lc/E ~ 1.5 for the 50-degree wing, ZC/E ~ 1,30 for the 2h-degree

wing, the maximum incremental Lift dropped off. Similarly, lowering the

canard reduced maximum Incremental 1ift. The only exceptions to the latter

statement were the low sweep 25-degree canard 03, and the high aspect ratio

i 3

45-degree canard C2. Canard C, had an increase in maximum 11ft at the low-

3
ert, most aft position for both 25- and 50~degree wing models. Similarly, ?
11ft was maximized at P6 for the 45-degree high aspect ratilo canard Cz. g
9 ;
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Examination of the data relative to the interference free value indi-
cates that the incremental lift is approximately double that of the Iinter-
ference free 1ite, if the canard is properly located. Improper location,
i.e., tov far forward or too low, reduces the value of the incremental lift
to approximately 1 1// times the interference free value,

The value of incremental lif{t obtained 1is approximately the same for
both 25- and 50-degree research models for properly located canards. The
only exception is the 45-dogree high aspect ratio canard which had signifi-
cantly higher values of incremental 1ift when mounted on the 25-degree
research model.

The data presented in Figure 10 are not at a constant angle of attack,
hence, they do not represent the maximum 1ift coefficient obtained by the
complete configuration., The angle of attack where maximum 1ift for the
complete configurations occurred was generally at 32 degrees. Figure 11
presents the canard incremental l1ift at 32 degrees versus canard position,
thus also showing the influence of canard placement on the maximum 1lift
coefficient. Included in each figure is the interference free 1lift for
cach canard shape. In Figure 10, the incremental lift was always greater
than the interference free lift. This is not the cuse at 32 degrees, par-
ticularly for the 50-degree research model. For all but the 60-degree
delta canard Cl’ there are canard locations where the incremental lift is
less than what would be obtained from the interference free value, thus
indicating unfavorable interference. The onset of this unfavorable inter-
ference occurs at RC/E of approximately 1.4 for canards C0 and C2 and ap-
proximately EC/E of 1.2 for canard C3. Lowering the canard further moved
the intersection point aft and reduced the 1ift.

The trends for the Z5-dqgree rcsearch model are similar to those of
the 50-degree model, although the only intersection point noted is for the
25~degree canard C2’ This intersection point occurs at aprroximately the

same QC/E value as that of the 50-degree wing model.
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DEFLECTICN
Canard deflection has direct influence on the maximum lift generated.

This influcence, cither favorable or unfavorable, is dependent on canard

' position and size.

The variaticn of 1ift coefficient at 20-degree angle of attack are
presented In Figure 12 for the four sizes of the 45-degree truncated delta

canard Co. In general at low deflection angles, Gc < 10 degrees, there is

3 little chunge in the lift coefficient for all positions and sizes. As de-
l flection is increased different trends occur. The smaller canards SC/Sw -
0.10, and 0.15 located in the high positions Pl’ Pz, P3 exhibit little
change in 1ift coefficient with increasing deflection angle. As the canard

size i8 increased or moved closer to the wing, there is a decrease in lift 3
: coefficient with increasing deflectiop angle. This reduction in lift ;
oceurs primarily at P6 and P7 for the smallest canard Sc/Sw = 0.10, and
Positions 3, 6 and 7 for larger sizes. Thus, for canards which might be
{ used for control purposes, i.e., removed from the wing, there is little

1ift loss due to the canard. Capndards which are located close to the wing,

however, exhibit 11ft losses with increasing deflection angle. The previ-

ous discussion ls based on data at 20-degree angle of attack. At higher

ETI PRI

angles of attack it should be remembered that when the canard 1s moved

longitudinally away [rom the wing the likelihood of canard stall increases

3

ﬂ and, thus, the above discussion 18 not likely to hold,

;i The effect of canard deflection on the incremental 1ift characteristics
of the four different canard shapes is presented in Figure 13 for both 25-

i and 50-degree research models. Data are presented for canard deflection

; angles of 4+ 10, + 5, and O degrees for the 50-degree wing and 0 and -10
degrees for the 25-degree wing model. Canard positions represented are
Positions 3 and 6 (RC/E ~ 1.0).

Canard deflection has little effect on the incremental 1ift character~-
. istics at low angle of attack and, as reported in Volume 1, CL
4 8
mately 1/2 C

is approxi-

1 of the isolated canard. At higher angles of attack distinct
‘a

differcences in incremental lift appear as shown in Figure 14 for the case

of 32-degree angle of attack., Examination of the figure reveals the large

. e e memse s e o e ese se e gAserecwt Cos it C s
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Figure 13 - Incremental Lift Variation with Canard Deflection
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dependence of position on lift at equal canard deflection angles. This is

scen most clearly for the 60-degree delta canard C, and for both 25- and

50-degrec models,  When the canard 18 at the low pisition Pﬂ, poditive de=
flectlons cause a severe lift loss eod negative deflections cause a lift
gain. Similar trends occur for both the high aspect ratio canards C2 and
03 on the 50-degree wing model.

Figure 15 utilizing the data from Figure 14 presents !ncremental 1lift
versus the canard trailing edge gap measured between the wing upper surface
and the canard trailing edge. The gap was made nondimensional with respect

to projected canard span,

0.6

Oc
Oc,;

| | 1 i
0 0.04 0.08 0.12 0.18 0.20 0.24
ZT/ boanlrd

Figure 15 - Varlation of A C with Canard-Wing

Vertlcal Gap

Without taking into account differences in canard lift curve slope, a
pattern of incremental 1ift versus gap height can be seen which ls somewhat
similar to a ground effect plot albeit in an Invested sense, In true
ground effect, CL increases with respect to proximity to the ground. In
the case of the conard, close proximity of the canard to the wing causes
a lift loss,
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By taking the {ncremental moment data presented in a later section at
the same angle of attuck and dividing by the corresponding Incremental

Lite, Figure 16 has been developed.
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Flgure 16 = Varlaticn of ACM/ACI with Canard-Wing Vertical Gap

It 18 seen that at gap ratios greater than 0.1 the ratlo ACM/ACT im

approximately 1 which is where the canards are located, i,e., /¢ = 1.
However, as gap helght is8 decreased ACM/ACI, moves rapidly forward indicat-
Ing that the canard 18 very highly loaded (typical of ground effect) and
the wing 18 unloading. This behavior of the wing la perhaps due to the
canatd downwash having an unfavorable effect un the 1ift. It thus appears
that for good high angle of attack characteristics the canard should be at
least 0.10 canard spans above the wing plane,
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WING LEADING EDGE CHANGES
The rescarch models utilized in the previous discussions had symmetrl-
cal leading odges and the normal

65A008 airtoll.

teading edge radius assoclated with the
It is well known that increases in performance can be ob-
tained by suitable changes in wing leading edge radius or droop. In order
to examine the effect of such changes on the aerodynamic characteristics,
three radius changes and four leading edge droops were evaluated on the

50-degree model. Details of the radlus changes and droops are gilven in

Flgure 17,

LEADING EDGE DROOP LEADING EDGE RADIUS
(RADIUS = R¢) {DROOP = 0 DEGREE)

__— Ry = 00084

=0 DEGREE r'::M\:-

Ry = 0.0088¢
e 1/ = 4 DEGREES

Rq = 0.0176¢

.l

o p——

NN

™~ 18 PERCENT CHORD

il ~9 DEGREES

Figure 17 = Geometry of Wing Leadlng Edge Droops and Radil
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Lift versus angle of attack is prosented in Flgure 18 for the 530-
dvgree wing both with and without the canard for the varylng radfus and

droops.  The canard I8 the 45=depree truncated delta C, located at position

0
l);j and O degree detlectioun,  As can be seen In the figure, neither radlus
change nor drovp causes any appreclable change in 11ft for elther canard-on

or ~off conflgurations.
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This lack of change was not the case for the 25=degree rescarch model

as shown in Flgure 19, 1o the case of the 2%=degroee model, the -9=degroe
21

1.8

#DEGHREE DROOP | CANARD

1.2 r—

2 -
W . §-0EGREE DROOP LEADING EDGE
8 e =
& —_———-
w 08 -
g8 - e e -
- z BASIC LEADING EDGE
[
3
5y
04 GANARD AT POSITION 2
O-DEGRER CANARD DEFLECTION
] 1 | { |
0 4 8 12 18 20 24 28 32

Figure 19 =~ LIft Chavacteristios of 2%=Degree Model Modif led
with =9=Deproe Wing Leading Edge Droop

droop delayvs stall by approximitely 4=depree auple of attack and lmproves
the maxlmum LETt coeffictent by 0,24, The of fect of adding the vanard to
the mudlfled model s presvuted In Flgure 19, Data are presented for the
located at P, und 0 degpree deflectlion,  lnere=

3 3
mental It versaus angle of attack for the basel lne and =9-degree droop

60~duprec delta canard C

models 18 presented in Figure 20 for the 60-degree canard at Ponitions 3
and 6 for deflectlony of 0 and =10 degrees.,

Bretter stall chatacteristles of the whipy, modifted with the =Y-dugrou
droop, delays the of foet of the conued by approximutely 4=depree angle of
attnck. Ag angle of attuck le Increased boyowd stall angle of attacky the
value of Incremental 1[It ds approximately the same or alightly hWipgher for
the modifled wing., 1t 14 thus seen that as the basic wlng charactor sl fon
are Lmproved the Influence of the canard 18 delayed to higher angles of

atlack.
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Figure 20 - Incremental Lift due to Canard for Basic and

-9-Degrve Droop, 25-Degree Wing Model

PITCHING MOMENT

The variation of plitching moment with angle of atcack is preszuted in

Figure 21.

The data are for the same three canard geomstries and positlous

as those presented in Figure 5 of the section of ilft, mainly, the 60-

degree delta, and the 45-degree and 25-degree sweep high aspect ratio on
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Figure 21 = Typlcal Pitching Moment Characteristics

canards. As with 1ift, diffcrences occur due to canard shape. The data,

however, indlcate a fairly linear variatton of pitching moment over the

angie of attack range when the canarde are iastalled. The influence of 2

i size, shape, and posltion on pitching moment are discussed in this secilion. j

Examination of the data presented in Figure 21 indicates that the

R

pltching moment behavior of the basic wing-body 18 not linear. This
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nonlinear behavior is most pronounced for the 50-degree sweep wing model.
To determine the effect of the canard, incremental pitching moments ACM
will be used almost exclusively iu the following discussion. The basic
data from which these incremental moments have been obtained can be found

in the references.

SIZE

The influence of canard size on pitching moment at zero lift CM is
0

presented in Figure 22, Shown is CM versus deflection for canard pro-
0
jected area ratios Sc/Sw from 0.10 to 0,23, As indicated, the increase

in moment with deflection is reasonably linear for each canard position
and slze.

Figure 23 presents zero 1lift pitching moment at lO-degree deflection
versus canard area ratlo at Positions 1 and 3. As shown, the data do not
intercept the zero value at zero canard aize, therefore, indicating that
the canard projected area ratlo 1s too large a parameter for good agree-
ment, The data, when plotted versus canard exposed area ratlo, converge
to zero at zero canard size as indicated in Figure 24. Data are presented
for each of the seven canard positions evuluated and, as shown, linear
fits of the data are obtaincd at each poaition., As expected, moving the
canard forward increases the pitching moment} not so 2xpected is the fact
that lowering the canard reduces the magnitude of the piltching moment
change.

The data from Positions 1, 2, and 3 have been plottad versus canaid
axposed volume coefficient aud are presented in Figure 25. Cauard volume

coefficient is defined as RC/E x SQ /Sw. where QF is measured from the 0,27
a n
¢ position of the wing to the 40 prrcent exposed root chord of the canard.

M with exposed volume ccefficient 1is linear as shown,
0
The Forward shift in neutral point due to canard size is presented in
Figure 26. The parameters chosen are incremental moment slope evaluataed

The variation in C

at zero 1ift versus canard exposed volume coefficient. Datu cre presented
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Figure 23 - Zero Lift Pitching Moment versus

Projected Area Ratio
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Filgure 26 ~ Neutral Point Shift Varilation
with Canard Exposed Volume Coefficioent

at O~ and 10-degree canard deflection. The variation of H(ACM)/BCI 1s
linear for both deflection angles and ranges from a forward shift of 0.04 ¢
for the smallest canard tested at the aft position (LC/E ~ 1, Sc/Sw « (0,1)
to a shift of 0.20 ¢ for the largest canard at the most forward position
(Ec/c ~ 1.5, SC/Sw = 0,25),
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SHAPE

The varfation ot i{ncremental moment with carard shape i+ shown In
Figure 27, Data are presented for the four canard shapes located at P3 for
both 25« and 50-degree sweep models. Included on each figure are the val-
ues for cnch isolated canard shape at P3.

As with incremental 1ift, the most significant changes nocred are the
early differvoaces between the 25~degree data and the isolated duta. This
1s undoubt~dly due to the early stall of the 25~degree wing.

At low angles of attack the incremental moment has the same value and
slope a4 that of the f{solated canard data for the four canard shapes and
both wings, thus indicating little 1f any upwash effects due to the wing.
As angle of attack 1s increased, significant differences occur primarily in
magnitude. This 18 due to the fact that the canard is delaying stall over
the root position of both wings. Thus, the center of pressure has moved
lnboard and forward for each wing thereby generating increased, nose-up
moments,

Comparison between the {incremental snd lsolated canard data indicates
reasonable upreement between the slopes und general shape of the curves for
cach canard shape=-most notably for the 25-degree sweap model., For example,
the ifdolated 25~degree high aspect ratio canard C3 hag a stall at angles of
attack between 12 and 16 degrees; simllarly, the incremental data indicate
a reduction in slope in this angle of attack region. Reductions in slope
are also evident for both the 45-degree high aspect ratio canard 02 and the
45-degree truncated delta canard C0 and these reductions occur for both
Isoluted and Incremental data, No reduction in slope 18 evident for the
60~depree canard isolated data and no reduction is seen for the incremental
data,

Tt i# thus apparent that the general shape of the incremental moment

curve 18 the same as that of the isolated wmurfuce.
POSTTTON

Incremental moment versuw angle of attack is presented in Figure 28

for smeven positions for the 50~dogree wing model and three positions for
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Figure 28 - Incremental Moment Variation with Canard Positlon
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the 25~degree wing configuration, The data are for the four canards at 0-
degree eanard doeflection.  I'n general, the Incremental moments behave as
expucted at low angles of attack, that 1s, moving the canard forward in-
creases the neremental moment VYor all configurations. At higher angles
of attack, the effectiveness of the forward position drops off and the
incremental moment is8 often less than that generated by the canards at fur-

ther uft positions, This 14 shown in Figure 29 where incremental pitching

Figure 29 = Varlation of ACM with Canard Position
32
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Flpure 29b - Moment on a 25=Degtee Wlag

moment at 32-deyroee angle ot attack L predented,  As can be seen, maxlmun
Incremental moment occeurs at the modt forward posltlon In only one case,
that case belng the 60-degrece deltn canard Ul located In the hilghest moat

Forward positlon PJ. MaxImum moment In general occurred at P, for most

' i
configuratlons. One exeeption to Lthe rule was the 25=degruee high aspoct
ratio canard CJ where maximum moment occurred Lo the lowest most aft posl-
tion, 1t I8 faterestlng to compare the shape of the varfation of maxbhnum
Lfe coeffletont with conard posttion shown In Flgure 10 and the above varl-
atlon of lneremental moment.  In both Ingtunces the shinpes ol Lhe curves

for cach canard are extremely sinmllae,  Thuw Lt appears that (¢ I8 the 1EITL
belnyg generated by the canard rathor than the absolute canard position

which Ls the primary detoermining Eactor of the moment generated,

Returning to Mlgure 28 1t le seen that the Ineremental pllenlayg moment
slope s reosonably Llnear with angle of attack up to angles of attack of
approximately 8 degrecs. This varlatlon of ineremental pltehing moment
slope I8 predented In Figure 30 for both 25~ and 50-dogroee models, 1o con=

trast with the moment data at J2=degree angle of attack, the varlation of
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ACN behaves in a linear manner, in that increasing moment arm increases

Incremental pitching momeat slope, - As noted, lowering the canard reduces
The data from Figure 30 show a varying degree of slope

to the differences in canard 1lift

the slope slightlv,
change with canard shape as expected, due
curve slope and canard exposed area. The data from Figure 30 have been

divided by the isolated canard lift curve slope and plotted in Figure 31

against canard exponsed voiume coefficlent.
The piotted data fit a straight line reasonably well, thus indicating

very little upwash with canard position and that the linear approximation

B\AGM)
—~3a'— = CL x VC is reasonabi at low angles of attack.
o e
T
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Figurte 30 - Incremental Moment Slope Variation
with Canard Positicn
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Figure 31 ~ Correlation of Neutral Point Change with
Canoard Exposed Volume Coefficient

DEFLECTION
The variation of incremcntal moment with canard deflection is pre-

gented in Figure 32. Data are presented for both 25- and 30-~degree sweep
models and the four canard shapes. The canards are located at Positions

Y and 6 and the deflection range ia from =10 to +10 degrees for the 50~
degree model and ~-10 to O degrees for the 25-degree model, When che ca-
nards are located in the high position P3, there [y little change in incre-
mental slope throughout the deflection range. An exception to this is the
25-degree high aspect ratio canard 03 at low angles of attack. This canard

has a varying incremental slope which is progressively reduced with in-

creasing canard deflection., This reduction in slope is due te stall of

the canard.
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Figure 32 (Continued)
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Figure 32g - Canard C, on 25-Degree Wing

3
While the data indicated little change in incremental moment slopo

with deflection at Position 3, this 1s not the casc at the lower position

Pb'

deflection angle indicating that the interference between canard and wing

At this position the incremental slope 18 decreasing with Increasing

18 no longer favorable or that the canard is stalled. This decreasc in
moment 1s seen more clearly In Figure 33 when lncrementul pltching moment
at 3l-degree angle of uattuck s presented versus canard deflection angle.
At the high position P3 Incremental moment increases with canard deflec-
tion, however, at the low position P6 the convetse is true, This ls most
notable for the 60-dogree canard Cl’ and for the 45~degree high aspect
ratio canard Cz. These canards have a reduction in incremental moment at
positive deflection angles. Similar trends were noted for the incremental
1ift at 32 degrees due to deflection presented in the previous section,
The incremental 11ft presented in Pigure 14 showed & reduction in
1ift of approximately 0,28 due to a positive 10~degree deflection for the
60-degree canard at P6' The incremental moment, however, does not indi-
cate a change of this magnitude, for, {f all the incremental 11ift werc duv

to the canard stalling, the expected change in moment would he AC]* QC/F
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or approximately 0,28, 'lhus it appears that while the canard may have
guffered a slight reduction in lift (hence a reduction in moment) the major
toss of HIft is on the wing.

The variatlon of control power C, , with angle of attack is shown in

§
Figure 34 for both 25~ and 50~degree wing models. The data are evaluated

M

from O to +10 degrees and from 0 to =10 deprees.

At P3 no sigalficant differaences 1n'cMG oceur If the value of CM‘5 is
computed from either positive or negative doflectlions, although differences
do occur at low angles of attack for the 25-degree sweep canard C3 which,
ad notead 1s due to canard stall. More significant differences occur at P&'
At P6’ CM& ls higher wvhen computed with the negative deflection than with
positive, thus indicating o possible canard stall. In general, there are
only slipht differencas in control power between the 25- and 50~degresn
aweep modals over most of the angle of attack range.

Control power was not as sensltive to canard position for the 25~
degree wing model as was the S0-degrue sweep model, Control power for the
2h=dogree aweep model wue based only on nagutive deflection and thus the
Influence of powsitive defluctlon 1w not known,

WING LEADING LOGE CHANGES

The effect of 4 ~9-degree luading edge droop on the 25~degree wing
model is prenented in Figure 35, As for the previously discussed 1lift, the
=9«dagrae droop delayw stull of the baule wing by approximately 4~degree
angle of attack, The Iincremental moments due to the canard, presented in
Flgure 36, reflect this change in stall bacause in the reglon between 8 to
20-degree anple of attack the canard, locvated on the normal wing, has a
#light Increase {n incremental moment when compared with the drooped leading
adge configuration, This increase in moment 1is not as large as that which
would be expected from the incremental lift data, i.e., ACM = ACL 1C/E.

thus indlcating that the primary moment change le due to delay of separation

on the wing rather than a 1i{t increase on the canard.
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Figure 35 - Moment Characterlstics of Basic 25-Degree Wing
cand 25-Degree Wing with -9-Degree Droop

DRAG
The primary aerodynamic influence of the close-coupled canard i+ to
delay separation on the wing., This delay in separation results in a slze~-
able reduction in induced drag at moderate to high angles of attack, Thiw
reduction in induced drag is seen quite dramatically in Figures 37 and 38,
Figure 37 presents the variation of drag with 1ift coefficlent for
the 60~degrea deltd canard Cl’ the 45=degree high aspect ratio canard 02.
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and the 25-degree high aspect ratlo canard 03. Data are presented for bhoth

25= and 50=degree sweep models and the canard 1s locataed at PZ‘ As meen In

the figure the canard coufilgurad vahicles have lens drug at 11ft coeffli-
clents of approximately 0.3 and 0.6 for the 50= and 25-degree swaep moduls,
respectively., Figure 38 presents the correspondlng varlation of 1ift-to-
drag ratio versus lLift coefficlent for the data presented in Figure 17, As
notad in the figures, there 1s a decresse in maximum 1ift-to-drag ratlo
(L/D)max when the canard 18 instulled, The magnitude of this reduction in
(L/D)max in a function of canatd plantorm, position, and deflection. The
influence of tnese parumeters on lift-to-drag ratio and induced drag will

be diascuseed In the following sectlons,
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SIZE
The data avallable on the effect of canard #ize on drag are somowhit

Limited, Only one wind-tunnel program at DENSRDC ovaluated canard size

ag a parameter and the angle of attack was limited to 20 degrees, Signlii=

cant data regarding drag wasa obtalned only with the two largest canards

having projected area rativs of 0,20 and 0,25, Certain trends, however,

can be obtained from these dnta.l The first trend noted is the behavior

of the drag developed on the canard due to daflection at zero lift coeffl-

cient. Figure 39 presents this variation of drag versus deflection for the

two canard slzes., As Indicated in the figure, the shape of CD versus de-

0
flectlon is approximatuely parabolle in shape suggesting that the datu may

2.2

be analyzed in the form of ¢ + I(1 (CI )oeT,
‘8

= ¢
DT Mg

Utllizing the zerov [t moment data due to derlect'hm1 and dividing by
the corrasponding canard distance ratio, CL6§ has been obtailned, The varl-
atlon of CD with ((:Lﬁﬁ)2 I presented In Flgure 40, Data have buen refuor-
enced to the canard exposed arva. For up to approximately 15 degrees do-
flection, the duta approximates o llnear fit, At deflectlon angles groeutur
than 15 degrees, the slope becomes steeper indlcating canard stall. It
thus appears that as with the lpcremental 14t and mowment, drag due to the
canard 18 a functlon primarily of exposed area ratlo rather than total aren
ratio, This 18 further verifled by Flgure 41, which preseats the vuriation
of aircraft lift-to~drag ratlo at a 1ift coeffleient of 1,0 versus exposnd
area ratio. As shown, the change is lineatr albeit based on only throe data
points, Data, however, from the I'~4 alrcraft where canard exposed ratios
of 0,05 and 0.10 werv evalunted also exhiblt this Incrense {n Vift=to=drag
ratlo with canard exposed arca ratio., Thus, for at lesst up to 20=degrev
angle of attack, a linear 1increase in lift~to-drag ratio with canard ex-
possd area ratio appears to be valld.
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SHAPE

The effects of canard shape on maximum lift-to-drag ratio (L/D)max and
lift-to-drag ratio at 1ift coefficients of 0.6, 0.8, and 1.2 are presented
in Filgure 42. Lift-to-drag ratlv is plotted versus the quarter chord sweep
angle of each canard AZS' Data are presented for both 25- and 50-degree
sweep models, The tanards are located at P3 at O-degree canard deflection.
Also presented in the figure are the correspondivg lift-to-drag ratios of
the individual wing-bodies. Maximum lift~to-drag ratio is lower for the
canard configurations than for the wing-body alone for both sweep models.
This is to be expected since a penalty must be paid for the zero lift drag
increase due tu the canard. The penalty in lift to drag varies from 9
percent to 15 percent for the 25-degree wing model and from 4 to 7 percent
for the 50-degree model. These losses in (L/D)max can be reduced by proper
placement and deflection which will be discussed in following sections. As
angle of attack and thus lift coefficient are increased, the canard config-
uratlons have better lift-to-drag ratios than the basic wing-body. The
lift coefficient where this increase first occurs 1s approximately 0.7 for
the 25-degree wing and 0.4 for the 50-dagree wing model.

At low 1ift coefficients C. < 0.6 the loss in lift-to-drag ratio is

c¢learly a function of the quartﬁr chord sweep angle as shown by the linear
variation, At higher 1iftL coefficients this is not the case because the
amount of variation with canard quarter chord sweep angle is minimal for
the 50-degrev wing model. The canards on the 25-degree model exhibit a
nonl)inear behavior with canard sweep angle at a GL of 0.8 (o v 10 degrees),
L/D increased with decreasing sweep angle up to A25 of 40 degrees and then
decreased, Thls behavior is due to the early stall of the 25-degree canard
C3 when located on the 25-degree wing model.

The improvement in lift-to-drag ratio 1s due to a reduction in induced

drag. Using the definition of drag as
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Figure 43 has been developed for the [our canard shapes on each model as

well s each wing=body, The value of CLU is approuxlimately zero for each
conl fpuration, At the value of CL for (L/I))mux (v v 4 degrees), the in-
duced drapg Factor is higher than the basic wing~body for all configurations,
This ls due to the unfavorable interference of the canard on the wing.
Then the angle of attack is increased, the canards have a lower induced
drag factor than the basic wing=body. This reduction occurs at an angle
of attack of approximately 8 degrees. No strong influence of shape on the
induced drag factor is seen for the 50~degree wing model,

Shupe.dnes influence the induced drag on the 25-degree wing. At low

11ft coefficients, the 25-degree canard C., had the lowest induced drag and

3

the 60-degree canard C, the highest. As angle of attack is increased, their

trends were reversed u;d the C3 canard had the highest induced drag and the
CL canard the lowest.
POSTITION

The eflect of canard position on maximum 1lift to drag ratio (L/D)max
and 11ft to drag ratlos at 1ift coefficlents of 0.6 and l.2 are presented
in Figure 44. Data are presented for buth 25- and 50-degree sweep models.
Shown for euch canard 1s the position where the canard exposed root trail-
Ing edge {nitially overlaps the exposed wing root leading edpe.

For all configurations maximum 1ift to drag ratio occurs at a position
forward of the exposed overlap pusition., In general the maximum value oc-
curred at P2. however, the 60-degree delta canard had a maximum value at P6
for the 50=degree wing model. Lowerlng the canard reduced (L/D)max except
L the case of the 60-degree canard asp mentloned above. A comparison with
data for the baslc wing~body shows only small losses in (L/l))max for each
cannrd If the canard ls at the optimum position. These losses in (L/D)max
wore on the order of 3 and 7 percent for the 50- and 25~degree sweep models,
respect ivaly, As Lift coefficient 18 increased, canard configurations have
Less dray than the basle wing-body for the 50-degree wing model. Lift to
drap ratio ls stlll optimized at positions forward of the canard wing over-

lap,  Ax with (L/D)mnx' towering the conard reduced the 1ift to drag ratio,
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Figure 44 (Cont*-ued)
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Figurce 44 (Continued)
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At CL = 1.2, only slight changes occur in the lift-to-drag ratio, the loca-
tion for maximum value of L/D has, however, moved aft of the overlap junc-

ture. Lift-to-drag ratio at this CI tended to be lcwer at the forward and

low positions.

The effect of position on the minimum drag coefficient C is presented

%

in Figure 45, Position has a minimal effect of CD but moving the canard
and downward increased minimum drag. 0

As stated earlier the major effect of the canard on drag is to reduce
the induced drag component of the total drag. The effect of canard posi-
tion on the induced drag factor Kl’ is presented in Figure 46 for the 50-
degree model. The influence ot canard position on induced drag is somewhat
dependent on canard geometry. The 60-degree delta canard C1 has the small-
est change in K1 due to position., Minimum Kl cccurred at P2 over most of
the angle of attack range.

Moving the canard aft increased I{nduced drag. The three other canards
show a greater dependence on canard position. Maximum induced drag occurred
at the most forward pusitions P1 and PA' Minimum induced drag occurred at
P2 for the 45-degree sweep canards CO and C2 and P3 for the 25-degree canard
C3. For all canards lowerlng the canard increased the Induced drag factor.

Figure 47 presents simlilar data for the 25-degree wing model., Mote
variation of K, with position ig evident for the canards on the 25-degree

1

wing model than for the 50-degree wing model., At low 1ift coefficients K1

did not vary significantly for the 50~degree model, whereas for the 25«

degree model these differences are more evident. At low CL PZ clearly has

a lower iInduced drag factor for all three canards. As lift coefficient is

increased the induced drag factor at P, increases to larger valuaes than

2
those obtained at Positions 3 and 6 for the 45~ and 25-degree canards, C,

and C3. and Position 3 for the 60-degree canard Cl. This increase in Kl

was relatively latge for both 02 and 03 indicating a large loss in ceffec-
tiveness of the cuanard at Pz. The increase in Kl for the 60~-degree canard
was reclatively small. Over most of the angle of attack range evaluated,

lowering the canards to position P6 increawed the induced drag factor.
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Figure 46 = I[nduced Drag Factor Variation with Canard
Position for the 50-Degrev Wing
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Figure 46 (Continued)
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Figure 48 indicates the mintmum level of induced drag obtainable for
cach canard.  The fivure is a locus of the minimum induced dray factor
based oa all! canard positions, Mininum induced dray s obtained for the
25-degree cunard at |ow lirt coefllicients for both research models regard-
less of canard position,

The 60-degree canard nad the highest value of induced drag at low lift
covfficients and the lowest value at lift coefficients near (C,) The

Limax”
Intermediate canards C, and G, have values between the 25- and é60-degpree

canards. .Thus, for gogu low flft performance characteristics, i.e., range
and endurance, the low sweep canard Ls best. When maneuvering capability

is the dominant design factor, the highly swept canard generates the best
performance. The {ntermedliate canards are good compromises having lower
tnduved drag *han the 60-degrec delva at low lift coefflclents and slightly
higher values of induced drag near maximum Jift. Examination of the figures
inaicates that while the range of induced drag between the 25~ and 60-degree
vanards is not large for the 50-degree swecop model, large ditfferences in
induced drajp plus the puar stall characteristics ex: 'bitud by the 25-degrec

canard preclude {ts use on the 25-depree swept wing model.,

DE: LECTLION

Pogltive carard deflections reduce (L/D)max significontly, whereas
small nepative deflection improves (L/D)ma . This behavior s {llustcrated
in Figure 49 which presents the variazion of lift-to-drag ratio versus ca-
nard deflection., Data are presented for Positionr 3 and 6 tfor a canard
deflection range from =10 to +10 degrees in S-degrec increments for the 50-
degree cweep wmodel and at =10 and 0 degrees for the 25-deogree sweep model,

At both positions and (or all canard shaypes, o lO-degree deflect ton
causcs a1 loss in (IL/D) of approximatelr 40 percent,  The intluence of

max

negative canard deflection on (L/D)mux varied somewhat with canard posi-
tion and shape. For nearly all confipurations on the S50-depree wing model,
a canard  flectlon of -5 dueprees increased (L/”)mnx' The sole vaception
Lo thils was a slivht decrease iu (L/U)m”‘ when the 45-deprece high aspect

ratie vianard C, was at l}l'
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L/D, LIFT TO DRAG RATIO

Figure 49 -« Lift-to-Drag Ratio Variatlon
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Figure 49 (Continued)
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A deflection of =10 degrees caused a reduction in (L/D)max for all

canards with the exception of the 60-degree delta canard Cl. On the 25-
dugree moduel, negative 10-degree deflection cnused reductions in (L/D)qu

tor the 29=degree canard at both pusitlons.  The 45-degree high aspect ratlo
canard c, and a slight increase in (L/D)max at the low position P6 and a

decrease at the high position P The value of (L/D)max was increased for

both positions of the 60-degree3canard with negative deflections.

With increasing lift coefficlent the effect of canard deflections be-~
comes less dramatic, Positive deflections still cause reduction iIn 1lift-
to=drag ratio yet the magnltude of these losses 1s reduced. Lift-to~drag
ratio wis Improved by a negative 5~degree canard on the 50-degree swept wing
model. Canard deflection hud only a small effect on lift-to~drag ratio at
mancuvering lift coefficlents (CL>1.O). Slight losses do occur, however,
due to positive deflectlon. Negative deflections had little effect on L/D
at € = 1,2 on the 50-degree¢ model, Negative deflections had a detrimental

L

effect on lift-to-drag ratio for canards Cl and C2 on the 25-degree model.

The Lift-to-drag ratlo way slightly Increased for the 25-degree canard C3

on this model.

The losses 1n (L/D)max and L/D occurring at positive deflections are
due to an Increase in minimum drag and an increase in the Induced drag fac-
tor Kl' The slight gain in L/D veccurring at negative duflections ls due to
e The variation of CDO with canard deflection is shown 1in
Figure 50, The curves are roughly parabolic in shape and the minimum value

a decrease in

in general occurs at O-degrec deflection. The curves, however, have a
slight bias in that the drag coefficient for negatlve valuevs of deflection
18, In general, slightly less than that of the corresponding positive de-
flectlon, Thle bias may be due to the downwash of the vanard when posl-
tively deflected causing an Increase in drag of the wing.

The effect of canard deflection on the induced drag factor (Kl) is
presented in Figure 51 for deflectlons of ~5, 0, and 5 degrees (n the 50-
degree sweep model and -10 and O degreem for the 25-degree sweep model. As

Indlcatod {n the flgure a positlive S5-degree deflectlon increases induced

drug signifleantly over that of the basic wing=body at low Lift coueffliclents.
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Figure 51 ~ Fffect of Canard Deflection on Induced Drag Factor 3
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Figure 51 (Continued)
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The canard Ls carryfng much of the load at these 1lift coefficlients and
thus has significant Induced drag of Its own. In addlition, the downwash
from this high loading Is modifying the load distribution of the wing fn an
unfavorable manner, Lift Ls belng suppressed on the inboard position of
the wing causing a nonelliptical distribution. With increasing angle of
attack the favorable effects of the canard become evident and tche induced
drag factor is less than that of the basic wing-body.

A negative 5~degree deflection of the canards reduced the induced drag
factor to values below the basic wing-body and O-degree deflection canard
confilgurations throughout most of the angle of attack range. Positlve de-
flection configurations had higher values of induced drag than the O-degree
canard configurations. At high lift coefflelents only small differcences iIn
Ky

O~degree deflectlion canard configuration,

occeur for either pusitive or nepatlve deflections when compared to the

Negative 10-degree deflections on the 25~degrec¢ sweep model reduced
Kl at low 1ift voefflcilents. Negative deflection caused un increase (n K

at high Llift coefficients when the canards were located at P The Increase

X
in KL did not cccur to any extent when the canards were located at the lower
g0 A possible

explanation of this behavior is that the canard trailing edge gap may he

position nor did it occur to the 25-degree sweep canard C

too luatge and thus the favorable interference effect from the wing may be
diminished somewhat,

WING LEADING BDGE CHANGES

In the earller section on 1lift, it was stated thut wing Teadluyg vdpe
mod LFicatfons can have a benefilclal effect on alreraft performance, The
Increases In performance, In genoral, take the form of an lucrease In J{ft-
to-drag ratlo and increases in lift and stall angle of attack. Increases
in 14ft and stall angle of attack did occur for the 25-degrec wing model,
howavar, leading edge droop and radius changes and little offect on the
50=degrece wing, [lweading edge droop lncrvased |lft~to=drag ratio Tor both
the 25 and SU-degrec swept wing models. The variation In L/D with ¢, s
presented in Figure 52, Dato uare presented fur a =9=degree droop with and
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Figure 52 - Effect of -9~Degree Droop on Lift-to-Drag Ratio
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without the close=coupled canard {installed., The data for the H0~degree
wing are based on the 45-degree truncated delta canard CO at O=degree de-
flection Toeated at “3'

The 60-degree delta canard Cl’ located u P3, was used for the 25-degree

wing, 7The data are for deflection angles of -10 and 0 degreas.

Adding the droop to the 50~degree wing increased lift~-to-drag ratio
for both canard on and off configurations throughout the angle of attack
range evaluated 4 < a < 33 degrees, The incremental change in /D due to
the addition of the ~9-degree droop 18 shown In Figure 53, At low 1lift co-
effilcients the droop improved the lift-to-drag characteristics of the bhasilc
configuratlon by AL/D 1.5 or approxlmately 14 percent. The gain {n L/D
for the canard confilguration with droop was approximately L0 percent,

These improvements in lift-to-drag ratlo remalned falrly constant with in-
creasing CL for the canard conflguratlon but were reduced for the wing-body.

The gains in lift-to~drag ratlo due to the droop are far more impres-
sive on the 25=degree wing model than those Increases noted for the 50-
degree model. Maximum lift-to=-drag rutlo was lncreased from 12.5 to 14.8
when the droop was lnstalled. The value of 11ft coefficlent where (L/D)mux
occurred was lnercased for GL from 0.3 to 0,54,

The amount ol {ncrease in L/D due to the droop of the canard conflg-
urntlon was dependent on the canard deflectlon nngle as can be seen in
Figure 53 which presents the change ln L/D due to the droop for the tlhireo
conflgurations, As shown, the gains in L/D exhiblted by the -10-degrec
canard configuration are aimilar in shape and mugnitude to those of the
hasle wing=body. The zero degree canard configuration data has the same
goneral shape as that of the -10=degree cnnard confipuration but the map-
nitude of the increase 18 saignificantly smaller. A posslble expluanation
for these differvnces 1o that the comblnation of the droop and downwash
from the canard are having u detrlmentol effect on the tmproved [low cre-
nted by the droop. Similar results were seen on the I'~4 when the Inboard

slat and canard were both lnstalled,  Deflecting the canard negntively,
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however, will not change the wing flow significantly at low angles of at~-
tack--hence, the similarity of improvements in lift-to-drag ratio for the
basic wing-body and the -10-degree canard configuration.

Thus it appears that it Is possible to overdo the canard interference
at low angles of attack and the full performance potential of the canard
wing interaction will not be attained.

FLOW VISUALIZATION

The previous discussion presented in this volume has been based pri-~
marily on force and moment data. A limited amount of flow visualization
data has also been obtained on the 50-degree sweep model in the angle of
attack range between O and 20 degrees. Tufts were installed on canards
and wing and photographed with a motion picture camera. Results from these
motion pictures, at angles of attack of 10, 15, and 20 degrees, are shown
in the accompanying figures. The canards were, in general, located at Pb‘

Sketches of the tuft directions for the basic 50-degree wing with
canard off are shown in Figure 54 for o = 10, 15, and 20 degrees. At 10
degrees the basic wing has a region of flow near the body where the tufts
are in the streamwise direction (unseparated) and a leading edge vortex
which starts off the body. Increasing the angle of attack to 15 degrees
reduces the streamwise fluw area and causes the wing leading edge vortex
to break down at approximately half the semispan. The outboard portion of
the wing is stalled. At 20-degree angle of attack the region of streamwise
flow 18 very small and most of the surface of the wing is in reverse flow.

The primary influence of the canard is to increase the area of stream-
wise flow (unseparated) and move the point where the wing leading edge vor-
tex begins outward. This increase in unseparated flow is seen in Figure 55.
Figure 55a shows the boundaries of unseparaced flow for the 60-degree canard
located at P6. Data are shown for canard deflection angles of -10, 0, and
10 degrees. Also shown on the figure are the corresponding boundaries for
the basic wing~body. As indicated, the area of unseparated flow is greatly
increased when the canard is installed; iu addition, the vortex initiation

point is moved outward. The line of flow is approximately at the location
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of the canard tip for deflections of 0 and 10 degrees. Negative deflec-
tions moved this location inbvard, whereuas a positive deflection moved the
line outhoard, The region of unseparated flow {8 relatively constant with
angle of attack for the 600-degree canard.

The same trend with deflection occurred for the 45-degree high aspect

ratio canard C2 and the 25-degree canard C, as seen in Figures 55b and 55c.

3
The separation point 1is, again, at approximately the canard tip but moves
rapidly inboard with angle of attack. Both of these canards exhibited early

stall on the upper surface and the region of unseparated flow tended to move

inboard as the canard stall progressed towards the root. The 60-degree
delta canard did not exhibit any pronounced stall and the reglon of unsepa-
rated flow did not change to any great extent,

A comparison ol the three canards at zero~degree deflection 1s shown
in Figure 56. At 10-degree angle of attack the largest reglon of unsepa-
rated [low is due to the 25~degree canard with the 60-degree canard having
the smallest region. At 15 degrees there is little difference bctween the

3 canards. At 20 degrees the 60-degree canard had the greatest influence

e s i o

on increasing the area of unseparated flow,

The 60-degree canard was also evaluated at Pz. Data from P2 are com- 3

pared with data at P6 in Figure 57. Moving the canard upward and forward

to P2 moved the vortex initiation point inwards, however, the surface area
of unseparated flow is relatively unchanged.

The limited flow data are in agreement with the results obtalned from
the force data in that the effectiveness of the higher aspect ratio canards
declines with Increasing angle of attack, and that the 60-degree canard

has only minimal loss in ¢ffectiveness with increasing angle of attack.

SUMMARY
In the preceding analysis it will be noted that the presence of a
cloge=coupled canard modifics the aerodynamic characteristics of the basic
wing-body on which tt {s mounted. These changes, which are due to favor-
able Interference, occur regardless of canard shape, size, position, or

wing planform. The aerodynamic changes consist primarily of an increase in
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stall angle of attack and maximum 1ift coefticient, and a decrease in drag
at angles of attack greater than approximately 8 degrees. The extent to
which these aerodynamic lmprovements occur is & function of ~anard size,
shape, position, and deflection. A summary of the effects of -~he sbov-.

parameters is given below:

S1ZE

1. Changes in 1ift and pitching moment at low-to-moderate angles of
attack (o £ 20) are proportional to canard exposed area ratio Sc /Sw and
exposed volume coefficient Sc /SW*EC/E, respectively, for canards of geo-~

e
metrically similar planform.

2, Neutral point shift at low angles of attack 1is proportional to
exposed volume coefficient.
3. Incremental changes in lift-to-drag ratio are proportional to

canard exposed area ratio.

SHAPE

1., Lift is maximized by high sweep canards A " 60 degrees.

2, The incremental moment characteristics of each canard shape were
similar in shape and magnitude to the isolated characteristics of each

canard.

3. At low lift coefficients, incremental changes in lift-to-drag ratic

are proportional to the quarter chord sweep angle of the canard for canards

of equal exposed area.

4, Induced drag factor is reduced by the canard

5. 1Induced drag factor was lowest for low sweep canards at low lift
coefficients and hlighest at high 1ift coefficlents. High sweep canards
exhibit opposite trends.

POSITION
1. Mouving the canard longitudinally forward and downward reduces

maximum 1ift increments.
2. Maximum 1ift increments occur when the canard exposed root trail-

ing edge isg slightly forward of the exposed wing root leading edge.
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3, At low lift coefficients, moving the canard forward increases
fncremental moment. Maximum incremental moments, i{n general, occur at the

same position where maximum 1{ft occurs.

Ja(AC,,)
4. At low angles of attack, incremental pitching slope T is a

linear function of isolated canard 1ift curve slope multiplied by the ca-
nard exposed volume coefficient.

5, Lift-to-drag ratio was maximized at the same location where 1lift
was maximized.

6. Moving the canard forward and downward increased uinimum drag.

DEFLECTION

1. Neither positive ncr negative deflections of the canard have any
significant effect on Llift if the gap between canard tralling edge and wing
surface divided by canard span is greater than 0,1, Reducing this gap ratio
by positive canard deflection caused large reductlons in maximum 11ft.

2, Simfilar reductions in incremental moment occurred if the gap was
reduced. The reductions in incremental moment were not as correspondingly
large as the reductions in 1ift. These characteristics indicate a loss of
effectiveness of the canard on delaying wing stall.

3. Positive deflections cause a large increase in drag and a reduc-
tion Ln maximum lift-to-drag ratio.

4, The increase in drag with positive deflection is due to an increase

in minimum drag and in the induced drag factor.

5. Small negative deflections (6C = ~5) can increase maximum lift-to-
drag ratio and reduce the induced drag factor when compared with zero-
degree deflection configurations.

6. The gains or penaltics in lift-to-drayg ratio at large 1lift coeffi-

clients GI > 1.0 are small for cither positive or negative deflections,

WING LEADING EDGE CHANGES

1. Increasing the canard-off stall characteristics of the 25-degree
wing by 4 degrees, delayed the ravorable influence of the canard by a simi-
lar amount. Maximum incremental 1lift due to the canard was the same for

both basic and improved configurations.
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2. Incremental improvements in lift-to-drag ratio due to installation
4 of a -9-degree droop were approximately the same for both canard on and off
configurations of the 50-degree wing.

3. A similar -9-degree druop on the 25-degree wing model required a
~10-degree canard setting to obtain the incremental improvement due to the
%: droop.

4, Neither droops nor wing leading radii change significantly modi-
fied the benefits in lift, drag, or pitching moments due to the canard.
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APPENDIX
MODEL GEOMETRY

The data presented in thls report are based on two research models.

The models consist of steel wings and a steel central core. Fuselages are
wooden falrings surrounding the central core. The canards and horizontal
tall are wood and fiberglass failrings built up around a steel spar, Attach-
ment of the canards and horizontal tail is provided by steel plates flush
with the fuselage. Seven canard and three horizontal tail mounting posi-
tions are provided. Each canard can be rotated through a deflection range
from =10 to +25 degrees In 5-degree increments, Horizontal tail deflection
range {8 from =25 to +10 degrees. Rotation point for both canards and hori-
zontal tall 1s 40 percent of the exposed surface root chord. Moment refer-
ence polint for both research models s 0,27 c.

Derailed dimensions of the wings are given in Table 1. Table 2 pre-
sents dimensions of the four canards. Figure 58 shows the common fuselage
shape for both models. Wing planform geometries are given in Figure 39.
Canard geometry is given in Figure 60. Canard locations are presented in
Figure 61. A photograph of the various model components is shown in

Figure 62.
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TABLE 1 - GEOMETRIC CHARACTERISTICS OF THE WINGS

Alrfoil Scetion (NACA)
Projected Area, square inches
Span, inches
Chord, inches
Root (centerline)
Tip
Mean Aerodynamic Chord, inches
Length

Spanwise Location from
Body Centerline

Aspect Ratio

Taper Ratlo

Sweepback Angle, degrees
Leading Edge
Quarter Chord
Trailing Edge

Incldence Angle, degrees

Mhedral Angle, degrees

Twiat Angle, degrees

W1(A = 50 Degrees)

W2(A = 25 Dogrees)

*~

304
35.50

15,138
1.90

10.30
6.70

4.15
0.12

50.0

45.5

23.5
0
0

64A008
295
42,00

12,20
1.90

8.30
7.90

6.00
0.16

25,0

20.0

-1.5
0
0

0

0

*64A008 Airfoil swept 25 degrees around 0.27c chord line.

i Bk

o i i et 3




TABLE 2 - GEOMETRIC CHARACTERISTICS OF THE CANARDS

U“ Cl Cz C]
Afrtoll Seetion (NACA) H4A008 H4A006 H4A008 f14A008

v Expusued Area, square Inches 39.8 39.8 47.2 49.1
E Projected Area, square inches 76.0 89.5 76.0 76.0
E’ Exposed Semi-Span, inches 5,74 4.79 7.60 7.60
E : Total Span, inches 16.28 14,18 20.00 20. 00
: Chord, inches
g Root (centerline) 8.73 12.45 6.70 6.12
% Root (exposed) 6,33 8.30 5.31 5.00
: Tip 0.59 0 0.90 1.48
4 Agpect Ratlo 3,50 2.31 5.26 5.20
Taper Ratio 0.07 0 0.13 0. 24
E Sweepback Angle, degrees

1 Leading Edge 45 60 45 25

i' Trailing Edge 0 0 22.8 0

% Dihedral Angle, degrees U 0 0 0

i
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|
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NOTE: VERTICAL TAIL WAS NOT TESTED WITH THE
25-DEGREE LEADING-EDGE SWEEP-WING (W2)

A = n
— . —
———————
A -
(a) ‘top View
SECTION A-A

D ALL DIMENSIONS ARE IN INCHES (CENTIMETERS)

WIDTH = 4,76 {12.068); HEIGHT = 4.15 {10.54}
UPPER CORNER RADIUS = 1,00 (2.54)
LOWER CORNER RADIUS = 0.25 {0.64)

2512 -
(63.80) j
e o ]
S —— ] —
. 4562 _
{115.87)

(b) Side View

Figure 58 - Research Alrcraft Fuselape
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Figure 539 - Planform View of the Wings :
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A = 46 DEGREES
AR = 350

A =007
AIRFOIL:

NACA 84A008

A = 60 DEGREES
AR = 2.1

A=0

AIRFOIL:

NACA 64A006

BODY CENTERLINE

BODY SURFACE

A = 456 DEGREES
AR = 5,26

A =013
AIRFOIL:

NACA 64A008

A = 25 DEGREES
AR = 5,26

A =024
AIRFOIL:

NACA 644008

Figure 60 - Planform View of the Canards
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Figure 62 - Wind Tunne!l Model Components
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