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ABSTRACT

The aerodynamic design of a sailplane is
domindated by its high aspect ratio unswept
wing, which by itself is inherently unstuble
and uncontrollable in pitch and yaw. A tail
assembly of minimum drag and weipght must be
provided which will permit the pilot to regu-
late the wing angles of attack and sideslip
in normal flight, to overcome towline moments
during launch, and to insure recovery from
spins. Acrodynamic constraints upon stabi-
lity and control are examined to determine
mindmum control surface size, and a simple
method, bused on biplane theory, is presented

for ecstimation of the vortex drag penalty for

tailplane trimming loads. It is concluded
that small drag savings can be made with mod-
est weight penalties by adopting longer tail
monent arms and higher control surface aspect
ratios.

L. Introduction

7 The design of a sailplane is dominated
by the acrodynamic characteristics of its
wing. 'The minimum vortex drag of the wing is
given by Munk's well-known formula for ellip-

tic span loading,

(Life) T (1)

o2 2
ﬂiév Y (Span)

D
vortoex

but the rest of the drag is due to boundary
layer ftriction and disturbance of the poten-
tial flow pressure pattern about the airframe
by growth of the boundary layer displaccment
thickness in the downstream direction. Mini-
mization of the total airframe drag requires
airfoil sections and fuselage shapes that
will tend to promote laminar boundary layers
and that will minimize the skin area in con-
tact with the external flow, at the same time
avoiding separation. These requirements have
led to the development of very high aspect
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ratio unswept wings which, by themselves, arc
not only unstable, but also uncontrollable in
pitch and yaw. For this reason it is neces-
sary to provide a tail assembly aft of the
wing which will provide adequate levels of
stability and control with minimum additional
drag and weight.

This paper cxamines some critical Flight
situations to determine minimum acceptable
tail surface sizes uand considers tail geonet-
ries which tend to reduce drag and improve
stability. It will be shown that lateral con-
trol in circling {light tends to establish
the vertical tail moment arm, and that the
trim drag penalties for a downloaded horizon-
tal tail with the same moment arm as the ver-
tical tail are so small as to make alterna-
tive solutions, c.g., swepthback "flying' wings
with clevons,* or forward canard surfaces,
seem unattractive by comparison.

RS

alculation Using Munk's

1CoTren
Let us begin by attacking the "canard!
that trimming with an uploaded foreplane is
inherently better, an intuitive idea of the
Wright brothers which even they abandoned in
1911, We do so by considering the wing-
tuilplane (or wing-loreplane) combination to
be 4 heavily staggered biplane of very small
gap, and calculate its drag with the help of
Munk's Stagger Theorem, Fig. 1 (Ref. 1), which
states that the induced drag of a multiplane
is unaffected by the longitudinal position of
its Jifting elements so long as the clement/
element 1ift ratios and gap/span ratios are
preserved.  Prandtl (Ref. 2} saw that this
would permit the minimum vortex drag of a bi-
plane to be written in the form

#*See Appendix A for an estimate of the in-
duced drap component of the trim drag for a
"flying" wing.
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where Ly oand by oare the 1ilt and span of ele-
ment (1), Lo and by are the gifl angd sgan of
clement (2), and g4 = 1/2 p Voo Ly%/bs= is
proportional to the sclf-induced drag of ele-
ment (2), and 2o(Ly/by) (L2/b2) is the cross
induced drapg of ¢lewment {1} due to the flow
about element (2) plus the cross induced drag
of clement (2} due to the (low about ¢lement
(). Prandtl sct Pohlhausen the task ol cal-
culating the interference coefflicient, o, for
the case of an unstaggered biplane with arbit-
rary span ratios and pgap to average spun rao
tios, assuming that both clements are ellipti-
cally Toaded, ind that the downwash at one
clement is appropriate to elbiptic loading on
the other.  FPor an unstapgered biplane the
cross induced drags of the two elements are
cqual, hence the factor 2 in the formula; but
for a staggered biplanc the fofal cross in-
duced drag is unchanged, that of the forward
clement. being reduced by the upwash ahead of
the ai't element, and that of the aft element
heing increased an equal amount by the down
wash behind the forward element,

Pohlhausen's values of ¢ arc presented
in Fig., 2. 1t should be noted that o becomes
equal to bp/by for by < by as the gap ap-
proaches zero, corresponding to the aft wing
being close to the wake of the forward wing,
as might be the case for a wing-tail, or a
foreplane-wing combination., Fig. 3 presents
a comparison of the minimum vortex drag of
two wing-trimming plane conbinations,

A o downloaded trimming surface for
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Substitution into LEq. 2 yields the identical
results
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showing that the penalty tor carrying a por-
tion of the total Fift on a surface of reduced
span is independent of the sign of the addi-
tional load for a "biplane' of zero gap, a
result related to Glaucrt's harmonic analysis
ol the lifting line problem in which the to-
tul 1ift is entirvely due to the Mrst har-
monie, but all harmonics contribute to the
vortex drap.

A study of F[gs. 3a and 3b shows that to
receive the full favorable effect of the nega-
tive cross-induced drag of an uploaded wing-
downloaded tail combination, it necessary
for the eflective pap to approach zero; on
the other hand, the unfavorable clfect of the
positive cross induced drag of an uploaded
wing-uploaded foreplane {or tailplane] com-

s

bination can be reduced by increasing the gap
to average span ratio.  Two recent digital
L‘.l_.‘]‘;ll.!Ut'(‘I' based finite element models of alr-
cralt acrodynanics have conlCirmed these ideas:
Coldhamuer [Ref. 3) has indirectly veriflied
Pohthauscn™s values of o by calculating the
reduction ot induced drag with increasing gap
on an wupstaggered biplane having identical
wings of elliptic planform, and Tulinius [Re =,

4) has caleutated the reduction in trim drag
for a canard airframe due to increasing the
foreplane span and the vertical spacing be-

tween the foreplane and wing surfaces.®

. 2 can be rewritten in a form suitable
for coleulating the minimum induced drag of o
wing-tailplone combinalion
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where the quantities in the square braces are
seen to correspond to tail drag coctficients
hased on tail To the extent that o
cquals /by, the Cavorable cross induced drag
of o downloaded tailpltane is unaffected by in-
creasing the tail spon, but the self induced
druyg of the tailplane is reduced, leading to
lower induced drag penalties for trimming.
Fig. 4 summarizes the results of calcu-
lations miade to comparce the tail drag and
stability ol o typical 15 m span sailplane
whicho might alternatively be fitted with tail-
planes having aspect ratios of 5, 6, and 9, the
It that the
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aspecl ratio 3 horizeontal tall has an cxces
sive additional induced drag penalty, parti-
cularly at low aircraft lLift coctfficients
where appreciable tail lead must be carrvied
for trim. ALl tailplane aspect ratios give
about the same drag at high airframe 1ift co-
officients where the tatl load is smaller,
but the reduced induced drag of the high as-
peet ratlo tails tends to be offset by the un-
Favarable ceffect of the tailplane chord
Reynolds number which ncets to increase the
profile drag.

At constant tall volume the high tall-
plane aspect ratios give a notable increasc
in static stability, which tends to offset
the loss of perceptible aerodynamic control

forces with narrow chord tailplanes. The as-

*After this paper was given at NASA Langley,
Mclauphlin (NASA Technical Note D-8391, May
1977} made a comprehensive study of trim
drag for canard and conventional alrframes
by the method discussed here which showed
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the superiority of the downloaded aft tail
with various practical constraints and also
showed pood agreement with Tullinus® ela-
borate vortex lattice theory.
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pect ratio 9 tallplane, for example, would
have a chord of only 333 mm for a spun ol 3
m, and might well be constructed like a sce-
tion of helicopter rotor blade, pivoted about
its guarter chord and mass balanced through-
out its length., Such a tailplane would un-
doubtedly require a centering spring which
might he biased for longitudinal force trim
together with a controel linkage bobweight to
insure "g' feel,

To sum up this study of tail drag includ-
ing the cffects ol trim drag, it would uappear
that the additional drag of downloaded aft
tailplanes of normal size is rather small,
amounting to somcthing like 20-30% of the pro-
file drag of the wing. There is no real ad-
vantage in trimming with an upload.  Some
small gains are available at high speeds and
low 1ift coctfficients for downloaded tail-
planes of high aspect ratio mounted low so as
to be close to the wing wake at Llow and mode-
rate angles of attack, i.e., a high wing, low
tail configuration.

3 Vert ic: 11__ T Lnl Loads in Turn Reversals

TAs a genot ral Tule, the tail moment arm
ol 4 sailplane is sct by lateral stability
and control considerations.  One of these,
which is simple to calculate, is the vertical
tail load needed Lo reverse a coordinated
turn, Fig. 5 (Refs. 5 and 6). Since the air-
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craft £ axis cemponent of the rate of turn is
proportional to the sinc of the roll angle,
it follows that during a turn reversal a yaw-
ing acceleration must be imparted to the
aircraft which is proportional to the product
of the cosine of the roll angle and the roll
rate. As the aircraft rolls through wings

24

level at constant angular velocity, the 1ift
vectors are rotated forward on the down going
wing and aft on the upgoing wing through the
local helix angle, giving rise to an adverse
vawing moment due to rolling (which is indis-
tinguishable from aileron drag). Assuming
that the swn of the adverse yawing moments
duc to rolling and aileron drag is given by
resolving a distorted elliptic 1ift distribu-
tion onto the XY plane, it follows that the
tail load required for turn reversal is given
by

vo_ b 9 ¢ 2y o, 1 b dé] £
A il e e B

where (b/2V) (d¢/dt) is the helix angle des-

cribed by the rolling wing tip in space, and

k_ is the radius of gyratioo about the Z axis.
' Alternatively LEq. 5 can be rewrittlen in
terms ol the alrcraft 1ift coefficient () and
the vertical tail lift coefficient Cp_ Lo

give a convenient expression for the " re-
quired vertical tail volume cocflicient
C - X
L | f\z)z L b de Fsr)
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which clearly shows that the minimum permiss-
ible vertical tail volume is asseociated with
turn reversals at high 1ilt coefficients. lor
example, 1f full aileron deflection will muin-
tain a helix angle of 0.1 radian, k. = b/4,
and (_,L/(JLV =

¢S , N
vy _L.4 2 {i._)“ "

hs 2

=1 (0. ) = 0.02017
and for ly/b = 4/15, 5,/5 = 0.10917 lg. 5
reassures us that 1f the tail structure is
large enough and strong enough to perform
coordinated turn reversal at minimum speed,

it is also strong enough te perform a turn
reversal at high speed since the aircraft will
always roll at the same helix angle if the
ailerons can be fully deflected.

It is clearly desirable to increase the
vertical tail arm on the basis of this analy-
515 since the same yawing moment tends to bhe
required independent of the tail length, the
inertia in yaw being dominated by the wing
contribution, and the adverse acrodynamic yaw
being entirely duc to the wing. A longer tail
arm allows the vertical tail size to be re-
duced with benefits in surfuace weight and
drag. From the structural standpeint it would
be desirable to connect the vertical tail boom
directly to the wing structure since this re-




duces the length ol the load path. A long
vertical tail arm also [avors spin recovery,
and promotes resistance to spin entry. My
teacher, Professor Koppen, always maintained
that a vertical tail arm equal to the wing
semispan was cssential for satisfactory lat-
eral control of propeller driven airplanes, a

rule which no current sailplune mects.
4. . Drag in Circling ¥l
Another reason for a longer vertical

tail arm lies in the Inherent tendency to-

ward inward sideslip angle during cireling
Might, i
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primarily controlled by the roll angle, ¢,
In the absence of rudder deflection the
craft tends to assume an inward sideslip
anple {yvaw string blown outward) so that the
vertical taill, rather than the tforward fusc-
lage, is aligned with the flight path. The
resulting inward sidestip anele of the wing
operates on wing dihedral ungle to offset the
overbunking moment duc to the rate of turn,
and thereby reduces the aileron deflection
that must be held against the turn. At the
same time the sideslip of the wing-body com-
bination tends to produce outward sideforce
and o certain amount of vortex drag. For
cvery sailplane there s an optimum sideslip
angle that ought to be held during cirvceling
{licht which function of roll angle, di-
hedral angle, and drag penalties for aileron
deflection, rudder deflection, and vortex
drag due to sideforce. Drag due to rudder
deflection and sideslip is reduced by in-
creasing the depth of the fusclapge. The

air-

is i
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author has estimated the civeling drag of
hypothetical sailplane as a function of side-
slip angle for onc roll angle in Ref, 5. The
drag contributions arc pletted as a function
ol sideslip angle in Fig., 7.
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6. 7 LAECT OF Sroesu on Gecews Deas
5y Fail Desipn for Minimum Drag and Other

A briet examination of tall drag penal-
has shown that increasing tall
aspect ratio is desirvable hecause of
trim drag penalties, hoth in pitch and yaw. A
vertical tail volume requi rement is more apt
to critical than u horizontal tail volume
reguirement because of a simple need to over-
come the large inertia of
during turn reversals, and the absence of a
similar requirement for pitching mancuvers,
Inappropriately located tow hooks may very
well determine the horizontal tail volume re-
quircment , but this situation can always be
itmproved in principle by location of the hook
so that the extended towline axis passes
through the center of gravity.?

Somewhat longer tail arms appear to be
desirable, particularly from the standpoint
of lateral control and drag during circling
flight. longer tail moment arms have reduced
torsional rigidity for a given bending
strength and raise the possibility of flutter,
particularly for T tail configurations. V
tail configurations are perhaps more accep-
table from the flutter standpoint, but they

tics

surtace
reduced

e

the wing in vaw

*Appendix B describes the dynamics of a typi
cal winch Tlaunch and provides some typical
vialues for towline loads.




TECHNICAL SOARING, VOL. ¥V, NO, 1

probably should be constructed with dihedral
angles of less than 909 between their upper
surfaces to improve the yawing moment capa-
bility. Both T tails and V tails (but not
inverted V tails) lead to larger induccd drag
penalties in high speed flight for the typl-
cal case of tailplane download tor trim. The
principal justification for T tails and V¥
tails would appear to be minimization of tail
surface damage in off alrport landings.

Fig, 8, finally, shows a pair of tail
asscmblics appropriate to 15 m sailplanes. In
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cither case the horizontal tailplanc 1s an

all moving surface constructed like a heli-
copter rotor blade and pivoted on the quarter
chord linc with a hinge fitting external

to the surface. Control feel and force trim is
provided by springs. The horizontal tail
should be cambered to favor downloads.

The vertical tail has a symmettical scc-
tion with a 45% chord rudder. It would be
desirable to center its area on the tersional
axis of the aftairframe structure, an arrange-
ment which leads to the pod and boom configu-
ration shown. In the pod and boom configura-
tion, the boom is attached with structural
bolts to the rectangular center section of a
three piece wing, and the pod is separately
bolted to the wing-tail boom assembly. The
pod pylon is mainly designed to take landing
gear sideloads, and might be bolted to the
wing-tail boom assembly with bolts of limited
lateral strength. ‘the pylon mounting permits
the development of unbroken leading codge suc-
tion at high lift coefficients, thereby im-
proving the maximum 1ift coefficient and re-
ducing aivframe drag at the 1ift coefflicients
for minimum sinking speceds.
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APPENDTX A

Estimation of the Trim Drap for a Sweptback
CHlying Wing  AdrErame
The sweptback "Flying' wing aivlrame
a perennial weed in the garden of applicd
aerodynamics (c.f., J.K. Northrop's YB-35 and
XB-48; ualso various experimental sailplanes
and research airploncs by the Horton brothers
in Germany). The absence of a vertical tatl
capable of providing strong yawing moments on
the verge of stall is the principal short-
coming ol the type. [t also has a trim drag
penalty with an casily caleulated induced

'

drug component.

The additional 1ift due to an increasc
in anele of attack may be assumed to be ap-
proximately cliiptic and to be centered Tongi-
tudinally on the local yuarter chord lines;
the center of gravity location must he
slightly behind a line joining the centroids
of the half elliptic lift distributions on
the port and starboard wing halves at 42.4%
of the semi spun for 8C,/3a to be negative.
Now assume 2 combination of wing twist and/
or clevon deflection giving rise to the third
harmonic of a Glauert Fourier series lift
distribution as shown in the figure, which
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can be used to trim wing section pitching the glider pilot, who can regulate the sail-
moments and 11ft at hl}_},]l .‘_iﬂg{lt“ﬁ of attack. 1_)1;3_1}0_ ;1[1:,__!,'1(3 of attack and lift coel{icient b>
The third harmenic 1ift distribution produccs means of clevator deflection, and the winch
an aerodynamnic moment on cach wing hal{ per- operator, who can control the cable tension by
pendicular to the quarter chord line which regulating the winch speed.  The cuble tension
can be resalved into components parallel (M) is limited by a length of reduced tensile
and perpendicular (MHy) to the divection of strength cable near the sallplane, and by the
flight. In this way a relation is found be- power-speed characteristics of the winch
tween the pitching moment and the size of the engine-transmission combination., These rela-
third harmonic: tions arce summarized in Fig, 1,
e . hZ 2
Al = (tan 4) ( k;--_) (-0.188225 A;]
) i mfdritt) - D g b Teasige ]
This gives rise Lo an increase in induced ) A S ) - E m;,m___y- i V)
d rag \:\ 4 oL B T 1
T 2 A E: gl s s Ee ol
;‘l{:“-l = ﬂj_l.'} { l};; ) {\3)_ # =:-m"'i’-'r,-.&"-j,| e
_ ) B s Oyl e
where & 15 the sweep angle of the quarter Fairot]
chord lince. T O] Fasirei sins)
For a typieal cvasc of = .1 re I '
quired on a wing ol aspect ratio b=/5 = 20 2 .
and o quarter chord sweep angle of & = 209, ‘ -
the third harmonic coefficient Ay is calcula- _}

ted to be -0.00365 giving rise Lo an increase ' ' ) G
of induced drag of AC), = 0000628, This is

to he compared with the typical induced drag
increments lor a downloaded tail of about )
0.0005 shown in lFig. 4 for the same pitching

moment coctficient.
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In this launch the pilot is assumed to
hold the saillplane trimmed at maximum lift
coefficient., The sailplane accelerates ra-
pidly and pulls up at a steep angle. After
1.47 scconds the flight path is almost per-
pendicular to the cable, and the winch opera-
tor must slow the winch appreciably to limit
the wing lift load to 2.9 times the sailplane
weight.  Thercafter modest winch speeds keep
the sailplane rising like a kite with appreci-
able line tension. From 40 to 80 seconds into
the launch the cable tension approaches its
limit value of 600 daN (approximately 600 Kg
"force"). As the trajectory rounds over the
sailplane is allowed to decelerate to its
stalling speed in level flight and finally
the pilot releases the line after 200 scconds,
practically over the winch.

The ratio of cable tension to dynamic
pressure times wing arca, T/q5 has large
values both at the beginning of the launch
and at the end, The trimming 1ift coeffici-
ent that has to be supplied by the tail is
proportional to T/qS and the ratio of the tow
hook arm about the center of gravity to the

: hook arm ;
tail veolume, —=w——— . A common compromisec

115

is to place the hook on the landing gear SUD-
port structure where it is near the center of
gravity longitudinally but not vertically.
This may lead to uncontrollable stalling mo-
ments at lift off with a careless winch opera-
tor, and it should be a concern of the sail-
plane designer to give the sailplane pilot
cnough nose down pitching moment authority to
limit the sailplane lift coefficient to rea-
sonable values at lift off. The problem
disappears as soon as the sailplane becomes
normal to the winch cable, soon after lift
off. This time-history represents an extreme
performance winch tow with the emphasis on
gaining altitude quickly. The trajectory in
this cxample 1s obviously not recommended for
routine flying because safety considerations,
eg, altitude and airspeed margins in the event
of cable break, were not taken into account,
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