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STUDY OF THE CANARD CONFIGURATION WITH PARTICULAR
REFERENCE TO TRANSONIC FLIGHT CHARACTERISTICS
AND LOW-SPEED CHARACTERISTICS AT HIGH LIFT

By Charlies W. Mathews
SUMMARY

Pesults are presented of a brief study of the flight characteristics
of the canard conflguration st transonic and supersonic speeds. Known
problems concernlng the low-speed characteristices of the canard are also
investigated.

Previous experimenteal resulis of free-fall tests have shown that for
e sweptback wing in combination with a body of high fineness ratioc, reduc-
tion in the interference drag can be cobtained at tremnsonlc and lowaguper—
sonic speeds by locating the wing aft of the body maximum dlameter.” The
rresent study indicates that such a relatlve location of wing and body
is better suited,to the canard errangement than to the tall-aft arrange-

ment, although the effect on over=-all drag of a forward horizontal tail

1s not known. Forward location of the horizontal taill also avolds
stabllity and trim chenges at high Mach numbers due to the proximity of
the taill to the wing wake, but similar changes will occur at the wing of

a canard due to the tall weke. The results of this study are thought to
indicate that wake effects might be less serious for the cansrd srrange-
ment, although few exXperimental data are avalleble to confirm this
opinicn. Stability and trim changes due to wake effects can be.ellminated
with a tailless alrplane, but experimental data show that the large shifts
“in wing eerodynanmic center which occur at transonic and supersonic speeds
Produce large changes In stablility and trim of tailless configurations.
This study shows that the effect of aserodynsmic-center shift on the
stebility and trim of a canerd alrplane should be relatively smell.

Past experience wlth cansrd alrcrsaft indicates that satisfactory
stalling characteristice are difficult to obtain. A study made by J- Foa
shows that satisfactory stalling characteristics may probably be obtalined
by placing the allowable center-of-gravity range far enough forward so
that the horizontel tall stalls prior to the wing. Although this limita-
tlon on the center-of-gravity range reduces the maximm 1ift of the wing,
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a simplified analysis indlicates that the large 1ift i1ncrement produced
by the horizontal tall should roughly compensate for thils reductilon.

The gpenwlse varlation of tail wash over the wing may further reduce the
meximum 11ft obtalnable, and this effect was not Included in the afore-
mentioned amalysis. Advantagecus use of high-11ft devices on a canard
alrplane can be attalned only if the pltching moment due to flap deflec~
tion can be compensated by use of flaps on the horlzontal tall or by
suxiliary 1lifting surfaces. The analyses of high-11ft characteristics
indicate that 1f swept wings are used, maximum 11ft coefflclents
compearable to en alrplene with a conventional tail location can be
obtained for a canard alrplene over a reasonable center-of-gravity range.

IRTRODUCTION

Many serlous problems are created by the occurrence of marked
changes in the flow about an slrplene as the speed of sound is approached
and exceeded. Conslderable research effort has bheeri placed upon both
theoretical and experimental lnvestlgations to determine means for
solution of these problems, in particular the reductlion of drag and the
provislon of satisfactory stability and conmtrol characterilstics. Results
of these investigations Indicete that, in arder to obtain practical
transonic and supersonic flight of man-carrying alrcraft, some departures
fram the conventional alrpleme configuration mey be werranted.

One type of conflguration which has been given some conslderation
for use as & misgsile ls the canard arrangement. In order to evaluate
the possibilities of the canard a&s an airplane, a study has been made of
its high-speed-flight characterlstics. At the seame time, some of the
known problems comnected with the low-speed characteristics of the canard
were Investlgated. Results of this study are presented herein. A three-
view drawing of a conflguration which embodies the features dlscussed is
rresented 1n figure 1.

HIGH-SPEED CHARACTERISTICS OF CANARD AIRPLANE

AS COMPARED TO OTHER ATRPLANE TYPES

On approachlng the speed of sound an alrplane may exhibit a number
of unsatisfactory characteristice. First, large increases in drag occur
which preclude efficlient operation and, with exlisting power plants,
seriously limit the range of the alrcraft; second, unsteady flows may
occur about the airplane, even in level flight, which may cause structural
demage; and, third, large and/or abrupt changes in trim and stability may
take place. In =same cases adequate control may be maintained throughout

=
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these stabillity and trim changes, pprtlicularly 1f the changes occur
glowly and 1f the associated astick-force veriations are small. Changes
in stability and control, howsver, are always unsatlsfactory from =&
hendling-quelities standpoint and at high speeds may be very dangerous.

Reduction of drag.- Both theoretical and experimental investigatlons
have Ilndicated means for appreciably reducing the drag of airplanme campon-
ents at tremsonic and supersonic speeds, that 1s, the use of bodles of
high fineness ratio and the use of wlngs swept well behind the Mach cone.
If sweptback wings are used, a problem exlsts concerning a practical
arrangement of the components of an airplane. For the tall-aft arrange-
ment, the wing-fuselage Juncture must be located relatively far forward
on the body 1f a reascnsble tail length 1s to be provided. Although the
relative positlon of the wilng and fuselage of an airplane is ususlly not
important from the standpoint of drag at low speeds, tests of two free-
fall models reported In reference 1 indlicate that at tremsonic speeds the
total drag of a.wlng-body cambination varies apprecisgbly with the relas-
tlve location of the wing and body. These results, which are presented
in part in figure 2, show that the total drag of the tested cambination -
was lowest when the wlng root was located In a position aft of the body
maximum dlemeter, that thls drag difference resulted chiefly fram a
difference in body drag, and that the body drag with the wing in the aft
position was appreciably less then the drag of the body wilthout wings.

Conslideration of the geometry of an alrplane having a sweptback
-wing located behind the body maximum dismeter Indlcates that such an
arrangement ls not well adapted to a rearward location of the horizontal
tall, not only from the stamndpoint of providing adequate tail length but
from the standpolnt of balance. The center of gravily of such an alr-
plane would have to be well behind the body midpoint In drder to provide
& reasonagble variation of pitching moment with angle of attack. Because
of this requirement, a light forwerd sectlon of the fuselage would be
necessary and much of the fuselage volume could not be used for payload
end fuel.

Geometrically, the wing-aft arrangement is well suited toc use as a
canard-type airplane. The stabillty requirements alone dlictate that the
center of gravity must be a reasonable dlstance shead of the aerodynamic
center of the wing-body combinatlon. Thie requlrement places the center
of gravity near the body midpoint and insures a large tail length. The
effect of a forward location of the horizontal taill on the fuselage and ‘
wing drags is not known. )

Reduction of buffeting.- Another high Mach number problem assoclated
with a rearwasrd location of the horlzontal teil l1s the occurrence at
transonic speeds of severe buffeting of the alrplane or l1ts controls
which results fram the ungteady-flow conditions at the horizontal tail
caused by flow fluctuations due to the wilng wake. In several designs
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for high-speed airplanes the horilzontal tail has been located high on

the vertical tall for this reason. Thlsg type of tall location not only
presents structural difficulties but may not eliminate buffeting in
accelerated maneuvers where the tall may move into the region of flow
fluctuations. With the horlzontal tail located ahead of the wing the
effect of the wing wake on the horlzontal tall 1s eliminated, but effects
of the tail weke are present at the wing root. It 1s thought that the
buffeting should be lese serious under these conditlions, however, because
only the wing root would be affected, and the tail should produce a
smeller disturbance than the wing. No experimental data are available,
however, to conflrm thls oplnion. The wing 1s alsc a better structural
member than the horilzontal tail for the absorption of buffeting loads,
and the shaking of the longltudinal control caused by the flow fluctuations
due to the wing wake would be eliminated. '

Longltudinal stability and control.- The chief causes for the
changes in longltudinal trim and stabllity near and above the speed of

gound may be itemlzed as follows:

(1) Chenges in the variation of 1ift coefficlent with angle of
attack of the lifting surfaces

(2) Chenge in angle of zero 1lift of the lifting surfaces
(3) Shifts in aerodynemic center of the wing

(4) Varistions in the dynamic pressure at the taill

(5) Variations in downwash at the tail

(6) Loss or reversal of elevator 1lift effectiveness

The first two changes listed above mey be minimized through proper
selectlon of alrfoll plan forms and sections, such as thin symmetrilcal
sections with plan forms swept well behind the Mach cone. Item 3, the
shift of the wing aerodynamic center, 1s important when consldering the
possibililities of a tailless configuratlion for transcnic and supersonic
filight. BSuch a conflguratlion has & definite advantage over the tail-aft
arrangement in that trim and stabllity changes at the tall sre eliminated
completely; but because & very small static margin is essential toward
providing adequate control, use of wings with large aerodynamic-center
shifts 1is precluded. Most wings willl have large aerodynamic-center
shifts through the transonic speed range. As an example, results of
tests by the wing-flow method of a 35° sweptback airfoil-flap combina-
tion (reference 2) show that a 1l7-percent rearward shift in aerodynamic
center occurred between Mach numbers of 0.85 and 1.10. An aerodynamic-
center shlft of the same magnitude was obtalned from other wilng-flow
tests of a semispan modfl of a tallless airplane. Since flaps
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are generally used as & longitudinal control for tailless airplanes,
additional adverse effects on longitudinal control characteristics msay
be expected from the losses in flap effectiveness which occur at tran-
sonic speeds. : :

The effects of aerodynamlc-center shift end loss 1n flap effectlve-
ness on the longitudinal stabillty of a tallless conflguration have been
camputed Prom the results of reference 2. TIn this case the major
changes in stability result from the aserodynamic-cemnter shift. 'The
conflguration assumed in this computatlon consists of a 35° sweptback
wing of constant chord amnd aspect ratio 3.04 with a 25-percent-chord
full-span flap. The results of this calculation &are presented in
figure 3 where the varlatlion of flap deflectlon with trim 1ift coeffi-

as
clent E—-c— is plotted as a function of Mach number. The
Ltrim
as,
parameter T is an indication of the airplane's longltudinal
Lbrim

stabllity and should be nesrly constant at low subsonlic speeds. The
center-of-gravity posltion of the tallless conflguration was selected
das
c

dCLtrim
which represents a reasconsble value of stabllity. As shown 1In figure 3
ddq
the value of ——— for the tallless airplene increasses raplidiy and
4Crtrim

in a somewhat irregular mamner to sbout seven and one-half times thse
low-speed value at a Mach nwmber of 1.1. This Iincrease means that at a
Mach number of 1.1, seven &nd one~half tlmes more conbtrol deflection
would be required to produce a given change in 1ift coefficient than
would be regquired at a Mach number of 0.55.

so that the value of was 0.1 radlan at a Mach number of 0.55,

Results of a coarresponding celculatlon are shown In figure 3 for a
canard configuration. The same wing was assumed as for the tailless
alrplaney but an all-movable tall, geometrlcally similar to the wing
and having the ssme area as the flap of the tailless ailrplane was placed

3% chord lengths ahead of the wlng. The effect of tall wash on the wing

18 neglected in ﬁhis calculation and neglect of this effect may make the
calculation silghtly optimistic. Again the center-of-gravity position

ds,
was chosen to make the value of —=———— 0.1 at a Maech number of 0.55.
40 trim
a8
For the canard, the plot of agalnst Mach number has & slow
trim
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increase to one and one-halfl times the low-speed value at a Mach number
of 1.1. This result indicates that the control characteristics of the
canard are only slightly affected by the aercdynamic-center shift of
the wing.

Unpublished data from the Ames Aeromauticsal Leboratory present
ancther means for reducing the adverse effect of wing aerodynamlc-center
shift. Thls arrangement, which comblnes some of the characteristics of
the canard and the tailless airplane, incorporates a forward-located
trimmer surface that 1s allowed to float with the wind at subsonic speeds
and ies locked rigldly at supersonic speeds. The trimmer dces not affect
the longitudinael stabllity of the aircraft while free to float, but
produces a forward shift In neutral point on belng locked. Thils errange-
ment can be designed so that the forwerd shift in neutrel point compen-
sates the rearward shift due to change 1n wing serodynemlc-center
location. This trimmer arrangement shows promise for aircraft having a
smell center-of-gravity renge. With the trimmer locked, the configura-
tion has the cheracteristica of a tallless airplane and, therefore, large
center-of-gravity movements during flight cannot be tolerated. It is
also Important to note that locking the trimmer prior to the aerodynamic-
center shlft would, in general, produce longitudinal instebility. Thus,
considerable discretion on the part of the pilot would be required
in use of the device. The foregolng consideration indlcates further
that the trimmer must float in the transonic speed range. 3Because of
the possibility of unsteady flows at transonlc speeds, the trend has been
toward irreversible flight controls for high-gpeed alrcrafi. In the
transonlc range the floating trimmer would not lmprove the control
characteristlics of this arrangement over that for a tailless airplane,
but locking the trimmer should appreclably lncrease maneuverabllity at
supersonic speeds.

The largest trim and stabllity changes that occur for an airplane

- with a rearward teil location are usually caused by changes in the flow
at the horizontal tail or by changes in the aerodynamic characteristics
of the horizontel tell. Large verlations in wing downwash cheracteris-
tics may occur in the transonic speed renge due to changes in the load
distribution on the wing and other changes In 1ts 1ift characteristics.
Supersonic theory indicates that for unswept wings large changes in the
downwash variation with engle of attack de/da occur with changes in
Mach number. (See reference 3.) Experimental evidence confirms this
result and also shows that de/da wlll be appreclably affected by
variations in 1ift coefficlent at a given supersonic Mach number. (See
reference 4.) A typical theoretical varlation of the downwash parameter
de/da in the region of the horizontal tail of a conventional airplane
with unswept wings 1s shown as a function of Mach number in figure k.
The theoretical varlastlon of de/dm shown for the superscnic range does
not account for the effect of variations In 1ift coefficient. Since
supersonic downwash theory for swept wings is very complicated,
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computations have not been made for this case, and few experimental
data are available. It is belleved thet simller veriations of de/da
wlth Mach number might be expected for a sweptback wing since an Ackeret
type flow exlsts 1n the vicinlty of the wing root.

A possible means for reducing downwash amd other weke effects, as
in the case of buffeting, is to place the horlzontal tall forwerd of the
wing. Again the effects which produce the undesirable changes are
removed from the tail; and although these effects are then present at
the wing root, it appeears that they should be smeller because only a
small portion of the wing area would be affected. The effect of tall
downwash on the wing would be further reduced because of the counter-
acting presence of the upwash from the tall over the portion of the wing
outboard of the tall tlps.

The functions of the horlzontal tall differ, depending on whether
the canard or the rearward tall locatlion 1s consldered. The horizontal
tall of the canard serves only to regulate the trim of the aircraft, and
the tall actually produces an unstable variation of pltching moment wilth
angle of attack. A necessarlly large stable pltchlng-moment variation
1s supplied by the wing. In the case of the talil-aft airplane, the
horizontal tail not only regulates the trim but must aiso supply & large
stable variation of pliching moment, and the aerodynemic characteristics
of the horizontal tail are chiefly governed by stabllity requirements.

Conslderation of the unstable pitchlng-mament varilation produced by
the tall of the canard indicetes the desirsbllity far keepling this varia-
tion small while keeping the maximum Increment in plitching moment pro-
duced by the tall large. In this manner a more rearward usable range
of center-of-gravity posltions may be posslble, which would serve to
reduce the required taill area. This conditlion can be resllzed through
uge of a tall of low aspect ratio. Trianguler plan forms of low aspect
ratio are well adapted for use as tail surfaces for high-speed flight.
These plan forms are structurally and aserodynemically sulited to use as
gll-movable teil surfaces which would elimlnste the possiblllties of
large trim and stablllty changes due to loss 1n elevator effectiveness.
From a structural standpolnt, the low aspect ratlio enables a large depth
for & monospar even for low values of sectlon thickness ratlo. From an
aerodynemic standpolnt, the trlangular plan form has little aerodymemic-
center shift and no large changes In lift-curve slope in golng fram
subsonic to supersonic speeds. By way of camparisgon, a tail of high
aspect ratlio 1s advantageous for a tail-aft airplane, at least from the
standpoint of st&blliity.

At present there 1s very little experlmentel evidence to confirm
the pointe set forth in the preceding dilscussion. German wind-tunnel
tests have been made of a small-scale model (0.035L4) of a canard-type
missile known as the Rhﬁ‘g_s}l‘ltochter IIT. This missile employs a sweptback

»
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wing and an all-movable tall. Although the Rhiémtochter III does not
represent a deslgn intemded for a men-carryling alrcraft, the resulis of
the wind-tunnel tests, which are reported 1n reference 5, show only small
changes in trim and stabllity for the lnvestigated Mach numbers of 0.6,
0.8, 0.9, and 1.45. This result qualitatively confirms the features of
the canard discussed In the preceding parsagraphs.

LOW-SPEED CHARACTERISTICS OF CANARD ATRPLANE AS

COMPARED TO CONVENTIOKAL AIRPLANE

Application of the canard-type arrangement to subsonic alrcraft has
been considered in the past. The abgsence of downwash and sllipstresm
- effects at the horizontel tall enables more accurate prediction of
stablillty and control characteristics, and for a time some designers felt
that the canard could be made to have maximm-11ft characteristics
guperior to the tall-aft alrplane. One reason that deslgners have
favored the tall-aft arrengement is that simpler installation of the
usual englne-propeller cambinstion 1s afforded.

There 1s no evidence to indicate that the handling qualities of the
canard at low 1ift coefficlents should be unlike a tall-aft alrplane
having about the same proportions although the canard might require a
somewhat greater verticel-tall area 1n order to provide adequate direc-
tional stabllity. If a high-fineness-ratio fuselasge 1s used, & reasonable
taill length willl be provided even with the center of gravity slightly
back of the fuselage midpolnt, and 1t does not appear that the required
increase in vertical-tail area would be enough to affect appreciably
the over-all drag of the configuration.

Another agpect of flight at low 1ift coefficlents that msay merilt
conglderation concerns the behavior of a canard airplane in gusts. Gust
loads on a canard have been lnvestligated and the results of this .investi-
gation are presented in reference 6. The results indicate that the
pltching moment caused by the tail entering the gust before the wing 1s
important and thet normal accelerations in a gust are somewhat greater
for a canard than for the tail-aft slrplane due to the pitching tendency
and due to the large tall loads. Comparison of test results for a canard
model having an unswept wing with results for an equivalent tall-aft
model shows that the hlgher accelerations for the canard were chiefly
due to the tall load end that the wing loads of the two models were about
the same. Thls result indicates that gust loads would have to be
consldered 1n the structuwral design of the tall of a cansrd alrplane.

S
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Spin-tunnel tests of a canard (reference 7T) showed good. recovery
characteristice because the verticel tail 1s not blemketed by the
horizontal tall in the spimning attitude.

There eare several lmportant stebillity and comtrol problems assoclated
with the operation of the cesmard at high 1ift ccefflcients. These
problems are ag follows:

(1) The difficulty in obtalning satisfectory stalling charac-
teriasticse

(2) The difficulty in obtaining a design sulteble for use of high-
lift devices

(3) The possibility of encountering very stable trim positions
beyond the stall

Stalling characteristics.- The analysils presented in reference 8
ghows that & canard alrplane will have unsatlsfactory stalling character-

1stlcs for any center-of-gravity position at whlch the wing stalls prior
to the horizontel tail. Under this condition, & nose-up chaenge in trim
wlll occur at the stall and the variatlon of pltching mament with angle
of attack beyond the stall wlll be unstable. Because of these unsatis-
factory charsacteristics, a conclusion In reference 8 was that the aft
center-of~gravity 1imlt of the canard alrplane should be dictated by the
condition of similtaneous stalling of the wlng and horlzontal tall '
rather than by the conditlon of neutrel stick-flxed stability. For
center-of~gravity positions forward of this aft 1imit, the stalling
characteristics of the canard should be satblsfactory, at least from the
standpoint of trim change and stabllity. The horizontal tall will stall
mrior to the wing, resulting in a nose-down trim change, and positive
longltudinel stability willl be maintained. By camparison, a tall-aft
alrplane will have a nose-down trim chenge and, usuelly, positive
stabllity when the wing stalls before the tall, as is slways the case,
although instability may occur at the stall 1f sweptback wings are used.
In general, the aft limit of center-of-gravity positions for the tell-
aft alrplane will be dlictated by neubtral stick-fixed stability.

The statements concerning the behavior of the canard at the stall
when the horlzontal tall stalls before the wing are substentiated by
flight tests of the Focke-Wulf Fl9a "Ente," & German taill-first alrplane.
Results of these tests are reported In reference 9. This airplane was
flown with large static margins (10 to 1% percent of the mean wing chord).
The stall of the "Ente” was characterized by a gradual pitching in a
nose-down direction until a slight nose-down attitude was attalned. If
the stick was held back throughout the stall, the alrplane again pitched
to a high angle of attack and the cycle was repeated. Gradual applica-
tion of rudder at the stall resulted in spiraling of the alrplene in a

—
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slight nose-down attitude. At flight speeds where the horizontal taill

of the Focke-Wulf Fi9a airplane was at high 1ift, tall stelling was -
produced by gusts which resulted in large-emplitude oscillations in

pltch when flying in rough air at low speed. Thilis characteristic may have

an Importeant bearing on the handling quelitles of a canard during

landings under gusty conditions but can possibly be remedied through

uge of a horizontal teil having a flat-topped curve of normal force

ggeinst angle of attack.

The canard mey have unsatisfactory stalling characteristics even
though the tall stalls before the wing. This type of stell 1s charac-
terized by a very rapid pltching of the alrplane in a nose-down direction
caused by the horizontel tall remaining in a stalled condltion due to
the pitching velocalty. At present it 1s not definitely established
whether thls cheracteristic is severe enough 1n the camard ‘o be unsatis-
factory, and further experimental investigatlions are necessary. If this
stalling characterlstic does present & serlous problem, 1t also might
be remedled through use of a horizontel tall with a flat-~topped curve of
normel force agalnst angle of attack. The triangular tail plan forms
which have been suggested hereln as sultgble for use at high speeds have
this characteristic type of normel-force variation. If thls normal-
force veriation can be incorporated into the horizontal-tail design, the
canard airplane might be made effectively stallproof. .

In addition to these previous consideratlionsg, another effect which
may have an important bearing on the behavior of the canard at the stall -
i1s that produced by the variation 1n tail wash at the wing. Premature
tip stalling could result if a large upwash exists near the wing tips
and downwash is present at the root. Tip stalling can result in severe
rolling or in longltudinel instability of & sweptback wing. If a low-~
agspect-ratio tell i1s used, the reglon of large upwash from the tail will
be well inboard from the wing tips, a condition which might Improve the
stalling characteristics of swept wings.

In order to eliminaste the previously mentlcned restriction on the
usable center-of-gravity range of the canard alrplane, the use of a
free~-floating horizontal tall with servotab control was suggested in
reference 10 as a method for obtalning satisfactory stallling charac-
teristics. As no varlation of pitching moment wlth angle of attack is
produced by thils tail, the longitudinal stalling characteristics are
dependent only on the pltching-mament verlation produced by the wing-
body combination. This arrangement for landing shows considerable
promise. As mentioned previously, the floating tall probably has
unsatisfactory characterlstics at high speeds.

Maximum 11ft.~ With the usable center-of-gravity renge restricted '
in the proposed manner (in order to give the canard stability at the
stall) the wing meximum 1i1ft is approached only at the aft

% 5
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center-of -~gravity 1limit. The loss 1n wing maximm 11ft 1s compensated
to scme extent by the large 11ft loads on the horizontal taill. The
maximum Lift of the wing of & tail-aft airplane ususally can be safely
attained throughout the ussble center-of-gravity range, but the 1ift
comtribution from the horlzontal tall 1s small and mey be negative for
forward center-of-gravity positlons.

Another factor that may affect the 1ift capabilities of the cenard
alrplene is the effect of tall wesh in the vicinlty of the wing. Although
this effect is difficult to evaluate quantitatively, the discussion which
follows serves to indicate its nature. As 1s well known, downwash will
be present directly behind the tall of the canard while camparatlvely
large values of upwash wlll exlist behind the tall Immediately oubboard
of the tail tips. This upwash diminishes rapidly with distance outboard
of the tall tips. ZFor & cenard of usual geametry the wing span is fairly
large compared to the tail gpan. In this case, the part of the wing near —-
the root 1s in a region of downwash, a comparatively large upwash region
exlsts near midspan, and small values of upwash are present nesar the wlng
tips. The magnitude of the tail wash 1s dependent on tall geometry and
decreases wlth dlstance behind the trailing edge. The effect of tall
wash on wing maximum 1ift is not only dependent on 1ts magnitude at the
wing but also on the spanwise progression of the wing stall. TFor
example, if the wing stall progresses from tlp to root, the presence of
tall wash will transfer some of the 1i1ft load inboard from the tips
which may prevent flow bregkdown at the tips and thereby increase the
meximum 11ft of the pert of the wing outboard of the root downwash
region. The downwash present near the root, however, decreases the 11ft
contribution ln that region. Similar reasoning indicates that the
presence of tall wash 1s most undeslirsble from the standpoint of mexi-
mum 11ft when the 1nitial flow breakdown on the wing occurs neer midspan
while tail wash 1s less serlous if the Initiel stalling tendency occurs
neer the wing root. 1In general, the presence of tail wash would appeer
to result in some reduction In maxImum 1ift. Gabes 1n & study made in
Great Britien of the high-1ift characteristics of the canard conciuded
that this effect should be small.

In order to campare the maximum-~1ift characteristics of the camard,
when restricted by the proposed aft center~of-gravity 1limlit, wlth those
for the tail-aft alrpleme (without regard to high-1ift devices), the
firgt-order equatlions for meximum trim 11ift coeffilicient G'['ma and the

variation of CIm& wlth center-of-gravity position have been

a(x/c)
derlved for both configurations. Linear variations of aerodynemlc
parsmeters are assumed and the wing pitching moment &t zero 1ift is
neglected (symmetrical section). Differences in the dynamic pressure
at the tall and In the free stresm are neglected in the case of the

TR,
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conventional alrplane, and the effect of tail wash on the wlng is
neglected in the case of the canerd alrplane. As Indicated previously,
the equations for the canard mey be scmewhat optimistic because the tail
wash is neglected.

For the canard, these eqguations were determined fram the equatlon
for equilibrium of pitching moments at the stall for an arbltrary
center-of-gravity position. The equations were developed so that the
position of the arbltreary center of gravity is expressed in chord
lengths from the center-of-gravity positlon at which the wilng and hori-

sontal tail stall simultaneously (the assumed aft 1imit). These
da

equations for and ——— &are
2 CLmﬁ a(x/c)

Sg 7
Clmb S ¢
C =
Ly |
m‘h S
x t 1
c * <CLm) S ¢
e/y_o
acy Cr
= -
a(x/e) = c
x Img 84 ¢
e _C_TI s ¢
< x=0
where
) S e 3
<Clma x=0 me B8
and
x/c center-of-gravity position 1n wing chord lengths fram

aft limit (positive forward)

y =
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1 /c distance in wing chord lengths hetween aerodynamlc
center of horlzomntal tail and aerodynamic center
of wing-body cambinetion

St/S ratio of horizontel-tail area to wing area

c - maximum 1ift coefflclent of wing-body combinetion
Lol

Cr maximm 1ift coefflcient of horlzontal tall

The foregoling eguations show that the maximum trim 1ift coefficient
of the canard alrplane will decrease with forwerd movement of the center
of gravity, but that the rate of decrease becames less as the center of
gravity moves forward. For a glven value of O'me'b the maximm 11ft

_coefficient of the canerd airplane for the center-of-gravity position
where the wing and tail stall simulteneously may be increased by
increasing clmt or the ratio S¢/S, and the rate of change of Cj

with center-of-gravity position may be reduced by increasing the -
ratio 1/c and, to a lesser extent, by increasing either CL:u.t or St/S-

These equations also show that, with the aft center-of-gravity limlt as
specified, the maximum trim 1ift coefficient is independent of the 1ift-
curve slopes of wing and tall. Variation of these lift-curve slopes
gerves only to change the location of the aft center-of-gravity limit
with respect to the stick-fixed neutral polnt, and these paremeters may
be used to adjust the amount of long;l.tudifzal stabllity. The specified
aft center-of-gravity 1limit will be shead of the stick-fixed neutral
point when the ratio of maximum 11t coefficlent to lift-curve slope for
the horizontal tall is greater than this ratlio for the wilng-body combina-
tion. The lift-curve slope of the tall may be governed to same extent
by the desirability of obtaining a high maximm 1ift coefficient of the
tall. .

For the tail-aft alrplane where the aft center-of-gravity limit
is determined by neutral stick-~fixed stablllty, the equations for C
a Ta

and were obtalned from the equation for equllibrium of pltching

a(x/c)
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‘moments at the stall for sn arbitrary center-of-gravity position amd fram
the equatlon for neutrsl staebllity. The equatlona for CI'ma

(o]
and are
a(x/c)
1
C —
Cry Lm ., ©
) X cL“wb 1
et ©
Laa
dc Cr
Ta - ;
d
(x/c) x cid‘w‘b 1
c c
CLCLa
where
o, + Oty (1 )7
®Lag = Loy, * Loy ia) B
CL, variation of 1ift coefficlent with angle of sattack
b for wing-body cambinatlon
Cr, variation of 1ift coefficlent with angle of attack
ot for horizontal tall
de veriation in downwash angle at the horizontal tail
da - with angle of attack

Caomparilson of these equetiocns for the tall-aft airplane with the
foregoing equations for the canard shows that the length parameters x/c
and l/c produce simllar effects in both cases, and at the aft center-
of-gravity limit the ratio S4/S also produces a similar effect. How-
ever, lncreasing St/S decreases the variation of CLma with center-

of-gravity position for the canard arrangement, whereas the opposite
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effect on this variation occurs for the tail-aft srrangement. A further
indicetion from these equations 1s that the 1lift-producling capabllities
of the canard may be superior to the tall-aft airplane when the center

of gravity 1n both ceses is at the aft limit, but the varlation of ch.a

with center-of-grevity position will be larger for the canmard than for
the tail-aft arrengement. The equations for the tall-aft alrplane show
that a high 1lift-curve slope of the horizontal tail is beneficial and
that the presence of downwash at the tall 1s detrimental from the stand-
polnt of maxlmum-11ift characteristlcs.

In order to obtain a more quantitative comparison of the canard and
the tail-eft airplane with regard to meximum 11ft, typical values of the
aerodynamlic parameters have been substituted in the precedlng equations
and velues of CLma have been computed as a function of center-of-

gravity position for verious values of the ratios St/S and 1/c.
Experimental data taken from reference 11 for a wing-body camblnation
having a 42° sweptback wing of aspect ratlo 4.0l were used as a basis

for the computations for both the ceanard and the tall-aft arrangement.
This wing-body camblnation had a lift-curve slope of gbout 3.6 per radian
and & maximum lift coefficient of 1.1. Slnce the equations show advan-
tages for using a high lift-curve slope of the tail for the tall-aft
aelrplane, the ssme aerodynemic characteristics were assumed for the horili-
zontel tall as for the wing. For the canard conflguration, experimental
data from tests of triangular plan forms (reference 12) were used as &
bagis for the aerodynamic characterlstlics of the horizontal tall, and an
aspect ratio of 2 was selected beceuse 1t provlided the highest maximum
1ift coefficient (1.25). A velue of de/da of 0.4 was used in the
computations for the tall-afi alrplene.

Results of these computbations are presented in figure 5. A decidedly
superlior maximm lift coefficient is indicated for the cenard at resrward
center-of-gravity positlons, but because of the rapid decrease in Cp

wlth forward center-of-gravity movement, the usable center-of-gravity
renge may be limited. The magnitude of the range of superiority of the
canard over the tall-aft airplane increases raplidly wlth increase 1n the
ratio st/s and Increases at a somewhat lesser rate with lncrease 1n

S
ratio 1/c. For typicel velues of Sy/S and 1/c <§t=o.2 and —=3.5),

these computetlons show that the canard has superlor maximum-1ift charac-
teristics over & center-of-gravity range of about 8 percent of the wing

5]
chord. TFor high values of tall length and tail area (E-t = 0.3

1
and i 4.5), this range of superior 1ift characteristics is greatly

S,
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extended to 24 percent of the wing chord, whereas for amall values of
S 1 \
tall length and tall area <?§ = 0.1 end 3 =2.5  +this range is

1 ’
limited %o lﬁ-percent. In consideration of the use of sweptback wings,

the foregoing dlscussion on high-speed flight Indicates that large tall
lengths are possible for the camard, whereas the tall-aft airplane may
be limited to comparatively short tail lengths. TFor example, 1f a value
of ‘1/c of 4.5 were possible for the canard, whereas the tail-aft
arrengement was limited to a value of Z/c of 2.5, a camparison on this
basls shows a range of superior lift-produclng capebllities for the
canard of 1lh4 percent of the wing chord with a typlcel tall-wing area
ratio of 0.2.

Use of high-1ift devices.- The adaptability of the canard airplane
to the use of high-1ift devices has been investigated by S. B. Gates,
and the results of his analysls are presented in a British report. Gates.
concluded that considerably higher 1ift increments due to flap~deflection;
could be handled by the taill-aft airplane than by the canard alrplane.
The ccmperatively poor charecteristicse of the camsrd in this respect
result from the large nose-down pltching moment caused by the flap deflec-
tlon because the center of gravity must be well shead of the wing aero-
dynemic center in order to provide stabllity and even further ahead of
the center of pressure due to flap deflection. A canard alrplane having
usual geametric proportions and serodynemic characterilstices would require
an appreclsbly higher Increment in tail 1ift coefflclent to balance the
pltching moment due to deflection of the wing flaps than the increment in
wing 1ift coefficient obtained from the flaps. Gates felt that the best
high-11ft device would be used on the wing, and, therefore, the power of
the tail could not be made large enough to teke advantage of the highest
1ift increment possible-

Several features of & high-apeed alrplane may influence these con-
clusions. These features, favoreble to the canard, are as follows:

(1) The use of bodies of high fineness ratio and sweptback wings
mekes very large tall lengths possible for the canard airplane.

(2) High-11ift devices sulteble for use on swept wings produce
comparatively small increments in 1lift. (See reference 13.)

(3) One of the most pramising high-1ift devices for swept wings, a
cambination of & leading-edge and a tralling-edge flap, has a center of
pressure due to flap deflection near the wing aerodynemic center. (See
reference 13.)
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(4) Use bf & horizontal tail of low aspect ratioc positions the stick-
flxed neutral polnt nearer the wing sercdynamic center, which would reduce
the nose-down pitchlng moment for usual values of static margin.

When these possibllities are consldered, the design charts prepared by
Gates show that for reasoneble magnitudes of airplsne steability a hori-
zontal tall of conventional size would be sufficlently powerful to handle
the 1ift Increments due to deflection of high-1ift devices that are
probable with swept wings.

The preceding analysls of stalling characterlstlcs, however, places
a further limltation on the canard ailrplane with regard to use of high-
1ift devices. Stalling characteristics were not considered in the
analysis made by Gates, and therefore usgble center-of-gravity positlons
back to the stick-fixed psubtrel polnt were assumed possible. The aft
center-of-gravity limit proposed hereln willl genersally result In greater
. than usual vaelues of longltudinal stabllity. If the aft center-of-
gravity 1limit 1s dlctated by simultaneous stalling of wing and tall, the
problem relating to high-1ift devices may be stated more simply. The
problem is that the cenard alrplane should be designed so that the 1ift-
roducing capabllities of the horlzontal tall are never greater than
those required to balance the pltching moment of the wlng-body cambine-
tlon at maximum 11ft of the wing without high-1ift devices. With this
stipulated condition, increasing the lift-producing capebilities of the
wing does not increase the meximum 1ift coefficlient of the alrplane.

Even though the aft center-of-gravity position is limited In the
proposed menner, it may be possible to use high-1ift devices to advan-
tage, provided a nose-up pitching mament can be applied simultaneously
with deflection of the high-1ift devlice. The equatlion expressing the
requlred magnitude of thls nose-up pitching moment (expressed in terms
of a tail 1ift increment) has been developed fram the equations for
equilibrivm of pltching moments at the stell with the high-11ft device.
retracted and deflected. At the proposed aft center-of-gravity limit
this equeation 1s '

Lo, mIﬁwb( y/c)
iy, (T

where

y/c distance in wing chord lengths fram aerodynamic
cenber of wing-body combination to center of
rressure due to deflectlon of high-1ift devlce
(positive rearward)
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d/c distence in wing chord lengths from aft center-of-
gravity limilt to aerodynamic center of wlng-body
combination (positive rearwsrd)

AC increment in wing-body 1ift coefficient due to
b deflection of high-1ift device

AOLmt Increment in tall 11ft coefficlent requlred to
balance pltching moment due to deflection of high-
1lift device

The parameters C and are as previously deflned, and the
= Cme'b

ratio d/c may be defined further as

4_ e
c C

b S

Ly, St

The foregoing equatlon indicates that at least a proportional increase
in tail 1ift would be required to balance the 1ift lncrement on the wing.

Actuelly the tail 1lift Increment wlll have to be greater than proportional
for high-11ft devices whose center of pressure is behind the wing aero-

1+

dynamic center &s indiceted by the term involving the ratio iﬁg- The

c
relation expressing d/c indicates that large tail lengths and tail-
wing area ratlos are advantlgeous when use of high-11ft devices 1s
considered. :

The best high-11ft device indicated for swept wings from the tests
of reference 13 had a value of y/c of about 0.08. This device was &
cambination of a leading-edge flap over the outboard portion of the wing
gnd a split tralling-edge flap over the inboard portion of the wing.
Assuming that the high-speed camard would have values of 1l/c of L.5

c
and st/s of 0.2, the ratio Eé; would be of the order of O.l. There-

fore, 1f thls device was used, the lncrement In tall 1ift coefficient
required would be slightly greater than the corresponding increment in
wing 11ft coefficlent obtained from the high-1ift device. The increases
in 11ft coefficlent obtalned from this high-1ift device, however, are
of the order of 0.3 to 0.5, depending orn the vertical locatlon of the
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wilng on the fuselage. Attempts to obtaln higher 11ft lncrements result
in unsatisfactory characteristics of the wing ltself, that is, longi-
tudinal Iinstability or poor lateral cheracteristics at high coefficients
due to flow bregkdown near the wing tips. In view of the low values of
wing 1ift lncrement supplied by high-11ft devices on swept wings, it
appears posslible to obtein the required increase in tall 1ift by simnl-
taneously deflecting flaps on the tall. The necessary nose-up pitching
mcment might also be applied by a retracteble auxiliary 1lifting surface
located ahead of the center of gravlity.  Such a device would &lso reduce
the longltudinal stabllity of the alrplemne causling a reduction In the
required magnitude of the nose-up increment in pltching moment.

Assuming high-11ft devices can be used adventageously on a canard,
several features of wings employing large angles of sweep mey limit thelr
use even though gbod longitudinel and lateral stability characteristics
of the wing itself can be meintained, For large angles of sweep, the
lift-curve slope of the wing may be very low at high 1ift cosfficients
necessitating large changes in angle of attack for small increases in
1ift, and the ratlo of 1ift to drag may be very low at high 1ift coeffi-
clents which results in steep glide paths and high vertical velocities
under power-off conditions. Furthermore, operatlon appreclably below
the maximum 1ift-bto-drag ratio 1s shown in reference 11 to result in
undesirable longltudinal control .characteristics.

Trim positions beyond stall.- A third problem In connection with the
low-speed characteristics of the cenard alrplane derives from flight tests
of this type configuration in which & very steble trim positlon was
encountered near 90° angle of attack. Thls occurrence is described in
‘reference 1lk. Because of the high stabllity of this condition, recovery
to ordinary flight conditions after this attitude ls attalined is very
difficult. In the subJject case thls problem was ellminated by freelng
the horizontal taill so that 1t could float with the relative wind when-
ever this attitude was encountered. Recovery might aiso be made by
application of power. The foregolng dlscussion of stallling characteris-
tice suggests that thils problem might be eliminated without special
devices or techniques if the usable center-of-gravity range is selected
on the basls outlined hereln. Stable stalling characteristics meke it
unlikely that such high angles of attack can be attalned; and because
the canard would have high longitudinal stebility at low angles of attack,
the possibility of a trim position at high smgles of attack 1s more
remote. Model tests would have to he made, however, to confirm this
point.

CONCLUSIONS

A study has been made to determine the high-speed-flight charac-
teristice of the canard airplane. This study shows that:

- N
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1. The canard configuration 1s well suited to the geometric arrenge-
ment of a wing-body combination wlth sweptback wings and a high-fineness-
ratio body, particularly 1f the wing 1s mounted aff of the body maximum
dlameter in order to reduce the interference drag between wing and body.
The effect on drag of the forward tall loceation 1s not known.

2. It is thought that the problem of buffeting might be reduced by
locating the horilzontal tall ahead of the wing although experimental
evlidence 1s needed to confirm this opinion.

3. Those changes 1n the longltudinal stability and control charac-
teristice of an sirplane in the tranmsonlc and supersonlc speed ranges
that are assoclated with changes 1n the flow at the horizontal tall can
be avolded through use of the canard arrangement. Although flow changes
produced by the tail of the canard will be present at’'the wing, general
consideration of the effects would indicate that these effects should
be amsller. At present there ere not sufficlent experimental results on
canard conflgurations to verify this conclusilon.

k. The large changes Iin longitudinal stability and trim of a tailless
alrplane which are caused by shift of the wing aercdynamlc center are
materially reduced for the canard configuretion.

Several known problems assoclated with the low-speed characteristics
of the canard were #lso investigated. The following conclusions were
obtained:

1. The flying quelities of a canard airplamne 1n rough air will .
probebly be inferior to those of a conventionel airplane. _'}

2. In order to obtaln satisfactory staelling characteristics for a
cenard uairplane, the usable center-of-gravity range must be forward of
the center-of-gravity position at which the wilng and tall stall simul-
tanecusly. With this limltation, a simplified anslysis indicates that
the canerd should have maximm-11ift charsascterlstics comparable to a tall-
aft alrplene at resrward center-of-gravity positions, but the decrease
in maximum 1ift with forward movement of the center of gravity will be
large and msy limit the usable center-of-gravity range.

3. With the proposed aft center-of-gravity limlt a reapld nose-down
pltching motion may occur when a canard aelrplane stalls if the horizontal
tail remains stalled due to the pliching veloclty. If necessary, the
severlty of this motion mlght be reduced through use of a horizontel
tall with a flat-topped normal-force curve. .

4. Adventageous use of high-1ift devices on the wing of the camard
ls possible only if the nose-down pltching moment due to the high-1ift
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device can be campensated by simultaneous deflectlon of flaps on the
horizontal tall or a retractable auxlliary control surface located ahsad
of the center of gravity.

5. This study suggests that the possibility of encountering stable
trim positions beyond the stall might be minimized if the usable center-
of-gravity renge is selected in the mammer previously indicated.

Langley Aeronautical Laboratory
Natlonal Advlisory Commlttee for Aeronaubtlcs
Langley Air Force Base, Va.
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Figure 1,- Three-view drawing of canard configuration which embodies characteristics favorable to
flight at transonic and supersonic speeds.
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Figure 2.~ Variation of total drag coefficient (based on wing plan ares) with Mach numper for two wing-
body combinations differing only in location of wing.
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configuration and for canard configuration.
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Figure 5.- Comparison of maximum trim lift coefficient of canard and con-
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same for both configurations.
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