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clevainr or rudder defli?cticn 

radii of gyration «tout axla 
indicated by subscript 

length of fuselage 

aass of airplane 

.insular velocity in rolling 

angular velocity in pitching 

angular volocity in yawing 

distance along flight path 

airplane axe» 

——» .«,„„ m MmM 

. .«.-..»- portion, 

The addition of a streanline fuseln.-e or nacelle 
causes a forvard shift of the r>erodynacic center, thus ne- 
cessitating n core forward location of the center of grav- 

m 
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Ity.  Figure 2 (-.lotted fr 
shows the r.nvcncat of tho 
caused oy a relatively lar 
the wing.  It •.»•ill to note 
tlon was near the nose of 
•f.i sufficient to nullify 
tho acrodynaaic contor was 
analysis of tho effocts of 
'both tho longitudinal and 
will ho found In a roesnt 

oa data STIVP". In reference 1) 
aerodyr.r'^-.le center actually 
gc fuselage In combination with 
d that, when the wing Intersoc- 
tho fueolago, tho interference 
tho unstaolo aonont; that is, 
not shifted.  A couprohci.sivo 
tho fusolago and r.acollos on 

tho lateral stability paraaotors 
articlo oy Hulthopp (reference 2). 

Tho stability characteristics of a tailless airplane 
diffor froa those of a conventional airplane chiofly In 
tho roducod klnonatie daaping of tho pitching notion. 
Figure 3 shows the cstinatcA daaping cocfficlonts 

"'-•: 
thx »0 r. w 

fnr sovoral Pirfoil nrran-^onents.  It is to ho notod that 
tho addition of tho tail surface Increases tho kinonatle 
daaping nearly 10 tines. 3oth theory and ox;<eriüont indi- 
cate that tho effect of the fusolago on tho daupir.,- is 
not lnportant.  (The value of  AC nD6 

is of tho ordor of 

-0.2 for a fusolago of the proportions illustrated in 
fig. 2). 

If tho'tailloss airplane Is statically stal>lo (that 
Is, has Its contor of gravity ahead of the aerodynamic 
contor), tho froo rotations in pitch will ho coupled with 
notions norr.al to the ahnrd and tho dauping of thoso no- 
tions will ho offoctlvo In roduclng tho pitching, 

Figure 4 shows tho calcuiatod poriods and ratos of 
daaping of the short-period longitudinal oscillations, for 
varying degrees of static stability.  In addition to the 
reduced daaping coefficient  (c;l  = - 1),  the all-wing 

\  36     2/ 
airplane was assuaed to have a reduced nonent of Inertia 
in pitch Mtj = * cj. The curves shown apply to a wing 

chord of 10 feet at a loading of 20 pounds per square foot 
and are typical of the results of an extensive serlos of 
calculations.  The dotted lines indicato locations of the 
center of gravity for aperiodic notion in this node. 
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It Is remarkable that, ->. It hough the notary d-.r-.T-lr..- 
coefficient  "a   of the tailless airplane in only one- 

tenth that cf the conventional airplane, the resultant 
d-i=ping of oscillations ir. flight Is r.e.-.rl;- as  reat.  "he 
addi-.ionr.l dnapinr; is obtained through coupling wit!: tho 
vertical notion. The lack of direct danplag appears to 
alter tho eoqucr.ee of tho notior.s ir. such a way as to Bake 
this coupling noro offoctlve ir. tho case of the tailless 
airplane. 

fllgh 
i s us 
tail 
wlngB 
tri 
tho s 
tends 
locit 
«ill 
Thus 
winfis 
will 
tion 
eonti 
r.rrrn 
verso 

In si 
t spo 
unlly 
suirfa 
'.eta 

lac X 
llpst 
tor 

}•• th 
not v 
if th 

l.av 
lose 
Of th 
r.uo   t 
o:..cr. 
offc 

ew longitudir.nl notior.s involvi 
od, tho stability Of the cor.ver. 
inpaired by the action of tho 

co.  Ir. tho usual srraagonont, 
behind the center of gravity r. 

oad is carried by tho tail surf 
roan.  Sir.cc tho velocity in th 
o:.aln nore nonrly constnr.t than 
c for coo on the «ir.,- and on the 
ary with flight spoad ir. the en 
c nirplano r.osos up and losos f 
ir.f; ::ost of their .Ton outsido 
lift at a rato creator than th 
o downward trlnnlng load and th 
o noso up ir. an unstable nannor 
t affords D dofir.ito advantage 
cts can be easily ellninatod. 

-.g changea of 
tior.nl airplane 
slipstronr. or. tht 
th« lift of the 
r.d •> downward 
aeOt •••hieh is in 

slipstror.a 
the flight vo- 
t-il surfaces 
o proportion. 

lying spood, tho 
the .lipotronn, 
rato of redue- 

o airplane nay 
The t-.illoss 

in that such ad- 

ln tho ;~lidinf- condition, the dnnping of tho phu^old 
notion of a tailless airplane is loss than that of a con- 
ventional nirplano and thero is, in general, sonewhat 
Crontor likelihood of phugoid instability with the tall- 
IOBB alrplr.no.  (Sco fi.~. 5.)  With power on, the conven- 
tional airplane is noro unstable because of the destabil- 
izing influence' of the slipstroan.  Inasmuch as tho period 
of this oscillation is very long and the dnnping slight in 
any Crcc, the differences shown arc cor.sidorcd unlr.portr.nt. 

i.  docidod chango In tha character of the lon.-itudi- 
r.nl r.ction will occur if tho center of gravity is allowod 
to shift to a position bohind tho aorodynnr.ic eonter.  In 
this condition the rate of dlvergenoo of the tailless 
nirplano is i.iuch noro rapid than that cf the conventional 
type and nay becono uncontrollablo at rclativoly snail 
nogatlvo values of  x.  Pi -uro 6 chows tyri£nl variations 
of th  danplng factors at snail v.-luo£ cf  x.  Ac tho con- 
c'ition of neutral static stability  (x = 0)  is approached, 

. 
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tho couplcx roots aro roplaoo^ Try re"l roots, or.o of wblih 
ooeoncs positive it  i • 0,  indicating 0 rapid divers, r-.ec 

tailless airplane ir. the rj^lon of static lr.staail- 
ity. 

It should Be pesslTjleto neeuro satisfactory longitudi- 
nal control wifr. a strnii-ht wing oitiply By utilising fr.o 
pitching action of narrow flaps.  Because trin at high» 
angles of attack would Be attained By raiting the flap ar.d 
thus reducing the canhor, the arrangement would entail soce 
reduction in naxir.ua lift, the amount depending on the de- 
gree of static stability.  Tirure 7 shows the elevator an- 
gles and corresponding reductions lr.  0T     for several 

flaps with a Straight wing.  The curves wore aasod on the 
roductions in CL  (oolow 0^   )  and the pitching nonents 

ohtalnod In oxpurli.'.ents with flaps.  It is to he noted 
that tho narrowor flap is thu r-.orc efficient (though less 
poworful) elevator.  The computations vcrc '.ado for a roc- 
tr.ngulnr wing of aspect ratio 6. Tory high lift coeffi- 
cients could ho attains! only with the aid of so.io devleo 
that did not displaeo the center of proscurc. 

Tlguro 8 shows elevator deflections necessary to pro 
duee a specified curvature of the flight path and lllus 
tra lees air. 

e a specified curvature of the flight path ar.d 
until the ir.crear.ou ..aneuverahlllty of the tallle«» .J..- 
plar.c.  Tho olevatorr. are designed to give eoual pitching 
•orients in order that ooth tho conventional and the tail- 
less airplanes would require the sane elevator deflections 
to produce OTual char-gos in trin. The increased path our. 
vaturo or nornal acceleration possible with tho tailloss 
airplane is a cor.uoqucr.co o:' the snallcr danping In pitch- 
ing. 

If sufficlc: 
siDlo to uso cant 
designed to lncre 
tho wing. In sue 
tho flap or fcy th 
to offsnt tho pit 
portion of tho wl 
to orlng tho cont 
gravity, tho flap 
(Sec fig. 9.) Do 
lncroaso tho lift 
a« illustratod in 

t swucptack is ocployod, it Bcconos pos- 
orod -soetlor.s or coctlonB with flaps 
aoo tho lift over tho center sections of 
: an arrar.r'cnont tho lift ievolopod hy 
o canhor Is placed sufficiently far ahead 
chin?: c.oarnt» ?urthcrr.ore. If tho flappod 
T.C  is placod sescwhat farther ahead, so as 
rold of Its load forward of the center of 

ay BO used dlroctly as ar. elevator, 
wnward deflection of the flap will then 
and tho angle of attack 3ir.ultancously, 
figure 10. 

If the angle of sweepeack lr- small, it may Be assumed 

•~: 
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that the apanvlco lo-\dir.r ll net "ltorod Vat is :.;erely ro- 
tated backward through the .-.n.;le of sweep.  The pitching 
noner.t due to a snail anour.t cf sweep thus depends or. tho 
spnnwisa location of the load ccntroid of the otr.-.l 
vine. Tlra.ro  11 shove the calculate*.', locations of this 
control;! corresponding to flaps of various length! extend- 
ing fron the alddla of the wing, "ho eentroi;'. fcr a flap 
of ICO—percent span is tho sane as '.hat for a change in 
ar.glo of attack of tho win.; as a vholo and thus locates 
tho spanvise position of tho aorodynanle center.  It is 
preferable to nosuno thr.t the lift loads act along tho 
quartor-chord lino and to toko account of tho backward 
displr.coraont of the flap lift load by calculating tho in- 
tegrated pitching aonont of the flapped sections, bncauso 
this Conent is acre independent of nspoct-ratlo effects 
than is the lift,  Tor rough estimates, the lift added by 
the flap aay be assunod to .-.et at about 45 percent of the 
chord of those sections Inboard of the flap tip and along 
the quarter-chord line outboard of the flap tip. 

A sr.r.ll daaping coofflcier.t 

vantage In that tho ;i 
gusts are scalier, Ac 
Küssr.cr (rcfjronco 3), 
creasing guat will oxp 
ovor about tho quarter 
oxpoctod that tho nose 
gronter velocity than 
floctcd upward, thora 
atlon of tho nvorago n 
which will lend to .-. 
tho 50-porcont-chord p 
is just sufficient to 
dynaaic center.  Ihe o 
any arbitrary variatio 
path of the airplane. 

'nD6 
Is a definite nd- 

tehlng disturbnncos produced by 
cording to calculations nado by 
a straight wing noving into an in- 
orlenco no pitching aonont what- 
chord lino. Although It night bo 
of tho wing, boing In a roglon of 

tho rert of tho wing, would be de- 
wlll bo at tho sane tino an aeecler- 
oir.al volocity ovor tho entire chord, 
aorodynnnic inertia force acting at 
oint and which, calculations show, 
bal-nco tho nouonts about tho aero- 
rgunent Cfiy be extended to include 
n of vertical volocity along the 

Because the wing will actually have lte eontor of 
gravity ahead of tho aerodynamic center for stability, it 
follows that tho action of a rising -rust will be to reduce 
the angle of attack and thus automatically to dlr.ir.ish the 
forco of tho gust.  In figure 12 oro plottod soao curves, 
cnlculatod by tho nothod ai  reference 4, to show tho of- 
fect of a rrust on tailless and conventional airplanes. 
The gust was assunod to havo unifor;:.ly Increasing volocity. 
In tho case of tho convontional nirplano, the initial 
pitching notion Is in a direction that incroasoa tho angle 

i -: 
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of attack because of the difforcneo In the r?UBt volocl- 
tios .-it tho wing and at tho tall. 

IATZ.-.AL STABILITY AI:D co::raoL 

With careful design, tho tailless airplane should JO 

ablo to approach tho conventional r.irplnnc In Its latoral 
3t,-.ülllty and control characteristics. Tho Mia diffi- 
culty 1B undoubtedly In tho provision of sufficient weath- 
ercock stability and damping In yaving.  The required de- 
gree of euch stability is essentially tho aa.ro  as that for 
a conventional airplane and in either case is greatly re- 
duced if the adverse yaw of the ailerons Is olicir.-ted, 
For this reason It soor.r. dor.lrr.blo to use a latar.il con- 
trol having a zoro or ,1 slightly favorable yawing action. 
Favorable action is probably best achieved by a linkage 
between tho aileron and the rudder controls or by a link- 
age between the ailerons and a servo tab on the rudder. 
Kith the aileron yaw compensated, the fin area required 
will be about In proportion to the size of the nr.eellos 
baoause the wing alone hns marginal weathercock stability 
and damping.  The unstable no:.'.cnt of the nacelles may bo 
ostlnatod by Hunk's foraulas (reference 6). 

Different static yawir.g— moment characteristics nay be 
obtained by altering the plan and elevation shapes of tho 
wing.  Changes of plan form alone do not, however, have a 
pronounced effect on the lateral-stability characteristics 
exoept 'nsofar as they modify the stalling behavior of tho 

'  '.  -• ' •'::• ret.-',: .-' :T. ill'.;- . • ;.- V- ••CUTad  ;- ::.•• US* Of 
swoepback combined with nogativo dihodral or with end 
plates at tho tips.  The nogstivo-dlhodral arrangement re- 
sults In a favorable combination of rolling and yawing 
moments if the control Is made to act or. tho turnod-dov.-a 
tips.  The yawing moment due to the rolling ..-.otlon produced 
is adverse, however, and of such magnitude as to counter- 
act the favorable effect, unless extromo nogativo dihodral 
is employed.  If oxtremo nogativo dihedral is used, tho 
eontrolloro on th? tips net primarily as ruddors and sep- 
arate ailerons must be providod on tho main v;ir.g surface, 
Tho tips thon correspond to or.d platOS on tho under olio 
of thu wing. 

End platos on the undor side of the wing will expe- 
rience an outward force as a continuation of the lift of 
tho wing.  It might be thought that the outward lift of 

J 
• --•: 
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luah end plates would bo unfavorable to wea 
Sty, because a sideslip would increase the 
the drag, on the down-wind plate.  In the t 
of forcos, however, it is found that the re 
to turn, ealntainlng a direction nearly eno 
angles to the wind to outweigh the drag inc 

, "i-erefore, actually a favorable weather 
shown in figure 13.  Slnilnr considerations 
temlning the yawing nonent of a wing with 
this case the customary setting, which incl 
inward, results in adverse weathercock actl 
corslets analysis of the Irtcral-stablllty 
tics of wingB, the ronder is referred to ro 

thorcock stobll- 
11ft, and hence 
ruo resolution 
sultant tends 
a^h at rieht 
rease.  There 
cock action, as 
apply in de- 
dihedral.  In 
ir.es the lift 
on.  For a DO.'O 
chr.ractcris- 
foroncc 6. 

?'..o   requirement of dihedral for stability is essen- 
tially the sar.c for a tailless airplane as for a convon- 
*lcn-l -irrln:-.o.  If spiral stability is not considered 
or.-.c:.;lal at all spoods (as Is usually theci:)), it sco-s 
advisable to Unit the dlhodral to 1° or z''   in order to 
reduce lateral oscillations In rough -ir. 

As in the er.ee of pitching notion, elimination of the 
t-il greatly reduces the rotational danping.  Figure 14 
shows the e^tlmntod d-.n-ning coefficients of yawing notion 

Ö0„ 

.••:•• 

for cono typical arrar..~er.cnts.  The dacplng of 

a wcll-Ftrenalined fuselago of round or oval cross section 
will be very snail.  One set of oscillation oxperlnents 
er.ve a valuo equivalent to  0r -0.005  for a fuselage 

having a length equal to two-thirds the wing span.  In 
this case, however, the fuselage tornir.ated in a vertical 
wedge, a feature which nny woll have accounted for the 
groater part of its danping.  "ho damping of the wing is 
duo to the distribution of drag along the span and bocones 
grcat.-r at highor lift coefflcionts.  Within the usual 
Units of dihedral and wonthcreoek e.'fi-cts, tho dar.ping of 

:'r:o lateral oscillations is invariably greater than 
is indicated by tho daspine ot  pure yawing notion alone 
Cn .  The additional damping is provide.*, by  Cy,  and  C; 

r 3        p 
and is introduced through the coupling ef these notions 
(sldecllrpir.g and rollin») with the yawin.- notion,  Be- 
cause both  C« and as well as the -coupling between "Ye, ilp 

yawing and rolling notions tend to dlninish at lower an- 
gles of attack, the lateral oscillation is noro likely to 
be troublesome at high spec1'.  Figure 15 shows calculated 

-JJ 
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rates of dr.splr.g of tho froe lateral oscillations for typ- 
ical values of the stability derivatives.  Tho valuo of 
C,   use* corresponds to B dihedral angle of approximately •ft 

with c, 
Ar. indication of the variation of Literal stability 

and at low values of Cr.   :..ay be ob- 

tained fron the charts given in reference 7. 

If sweepbaek. Is er.ployed, the fact should bo borne in 
nir.d that a pronounced rollir..- or pit chin; instability --a-j 
dovelop at high angles of attack beeau.-e of pronaturo  tip 
stalling associated with a lateral flow of the boundary 
layer.  The effoct of swoop Is to introduce a conponont of 
the rolatlvoly groat chordwlsa prossurc .-radiant into a 
diroctlon at rieht anglos to tho nain stroan velocity over 
the wing.  Tho viscous drag of tho atroan then Oannot act 
to provont flow of tho boundary layer laterally into ro— 
glons of lowor pressure ovor tho forward portions of ad— 
jaoont wlr.g sections.  Tho result is that tho boundary 
layer flows toward tho tipa of a sweet-back wir..- r:id pronn- 
ture separation occurs.  F1 rare 16, plotted fret; data riven 
in reference 8, shows this effect on sections near the tips 
oT two rectaitgular wines with sweep.  The existence of this 
effect r.ay also be Inferred fron the testa of reference 9, 
in which the swept-back wings tended to nose up when 
stalled.  (See fig. 17.)  With 30  sweepbnek this tendency 
persisted evrn «V.p:. the win-; was given 6.5° washout.  little 
is known about tho variation with angle of sweep, although 
the testa of reference 9 showed ar. appreciable effect at 
an angle of 15°.  Fror, thama indieari or.s, it would soeu ad- 
visable to incorporate so:;o auxiliary boundary-layer con- 
trol device, euch as loadin--odt:o slots, in the dosign of 
a tailloss airplane having sonaidorablo sweepbaek. 

C0KCLTJS10H8 

1. With careful design it should be t-ossible to se- 
cure satisfactory stability and control in a tailless -.ir- 
pline.  The ci:all rotational dar., in- hardly affects the 
short-period longitudinal oocilla4ior.s, although the lanp> 
ir.g of the stable lateral oscllla'ion is lively to be re- 
ducod 10a«what, particularly at high speeds. 

2. Although tho da-.pl:'..- in pitching has n sr.all ef- 
fect on the stability vlth r.or.~al center- -f-.-rnvity loca- 
tions, the tailless alrpla-.o is in greater danger of in- 

 D 
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stability due to an abnornal backward shift of the cantor 
of gravity beoauta this instability baoones r.crc serious 

as the Anoplng It reducod, 

3. As the weathercock stability or the da^piv-G i» 
yawlr.g 1B reduced by elimination of tho tail surface.-! It 
•become» "ore l^T-ortar.t to evercono tho -ilcror. yaw »~.d 

-..• due to rolllr..-, 

4, A considerable roduetlon of tho disturbances prr- 
duccd by vertical ,~usts Is j.oüslblo In tho Case of a tall- 
loss airplane without sweepback.  This effect, which is 
due to a favorable pitching notion, depends or. the static 
stability and the nouont of Inertia of the airplane. 

5,  The use ef svnepbnek Maies It lossiblo to onploy 
a partial-span flap ns a hlßh-lift device  It also sim- 
plifies the problu:-. of securlr.c weathercock stability a::d 
dv.ipin,- In yavlnt-.  Wlnd-tunr.ol torts of "ln^s with swoop- 
back show, however, thnt it is r.ecossary to i.rur.rd against 
a pronouncod rolling and riltchir-s Instability niar tho 

stall, 

Ia:if-loy llemorlal Aaronauticä.l Laboratory, 
national Advisory Qonalttae for Aeronautics, 

Langley Field, V.-.., October 2, 1941. 
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»lag. Wing span. 1.5. Data from reference 1. 
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