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NACA RM No. L6K20 .
NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCE MEMORANDUM

FULL-SCALE INVESTIGATION OF THE MAXIMUM LIFT ARD
FLOW CHARACTERISTICS OF AN ATRPLANE HAVIRG
APPROXIMATELY TRIANGULAR PLAN FORM .

By Herberi A. Wilson, Jr. and J. Calvin Lovell

SRIMARY

An investigaetion of the IM-1 giider, which has approximately
triengular plen form, airfoll sections similar to the NACA 0015-6k,
an espect ratio of 1.8, and a 60° swept-back leading edge, has been
conducted in_the Langley full-scale tunnel, together with auxillary
studles of 11;3 -scale model trianguler wings, carried on Iin

the __—%-scale model of the full-scale tunnel. The M-l glider was

designed as part of a German research program directed toward the
development of & supersonic airplane. The glider hsd a maximum 1ift

coefficient of 0.60, whereas the —l%-scale model tests gave a maximum

11ft coefficient of approximately 1.0. The addition of sharp leading
edges to the DM-1 glider increased its maximum 1ift coefficient

to 1.01. Removing the vertical fin from the glider, sealing the
large control-balsnce gaps, and installing a semispan sharp leading
edge increased the maximum 1ift coefficlent to 1.2k. It is concluded
from these tests that the airfoll sections having sharp leading edges
or small leading-edge radii, which are believed to be desirable for
supersonic f£light, will also have acceptable and perhaps superilor
low-speed characteristics when used in highly swopbt-back wings.

The flow over trilengular wings of low espect ratlo at low scale
is characterized by vortices sbove the uppser surfece of the wing,
inboerd of the tips. These vortices ald in obtaining high meximum
1ift coefficients, and they can be produced at large scale by using
airfoll sections having sharp leading edges.

It appears that with triangular winge of aspect ratio of about 2
meximum 1ift coefficlents of the order of 1.2 can be obteined. The
corrssponding angles of attack, however, are likely to be considerably
larger then those for existing conventional elrplanes. Furthermore,
since the lift-drag ratic approaches 1, the angles of descent without

{ N "+
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power are likely to be prohibitive and airplanes using thia type of
wing probably will not lend safely without power.

INTRODUCTION

Research dirccted towerd the attaimment of supersonic flight has
led to interust in the high-speed characteristics of wings of high
aweep and of low aspect ratic. At prosent, however, there 1s only
limited full-scale data on the maximm 1ift and etelling charac-
teristice of such wings. An investigatlon of the IM-1 glider, which
was designsd in Germany as a part of a regsarch progrem dlrected
toward the dovelopment of & supersonic alrplene, wes made in the
lLangliey full-scale tunnel to obtain information on the characteristics
of an eirplane configuration having an approximately triangular plan
form. The first tests of the DM-1 glider in the Lcongley full-scale
tunnel disclosed that the maximum 1ift coofficlent of the glider
was considerebly lowsr than had becn indicated by previous small-
scale tests of similar configurations at DVL in Germeny and in
sevoral tunncle in the United States (sse reference 1). The program
wag therefore interrupted and an investlgation to determinc ths
cauge of the low maximum l1ift was undertsken. Tho present paper
includes & deteilod account of the steps lecading to tho uss of a
sharp leading edge to lmprove the maximum 1ift coefficlent, a
discussion of the assrcdynemic phenomens involved, end curves showing
the acrodynemic characteristics of séverel modifications of the
IM-1 glider:

CIMBOIS
o angle of attack, degress
Gy, 1ift coefficient
Chn pitching -mcment coefficient
CD. drag cocfficlent

A aspect ratio
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EQUIPMENT AND TESTS

IM~1 Glider and Modifications

The DM~1 glider was designed as one step in a German research
progrem directed toward the development of a superscnic airplene.
The eventual airplane wes to have been powered with e jet engine.
The DM~-1 glider had no power and was intended primarily for the
investigation of the flying characteristics at high angles of
attack.

The DM~1 glidsr had an approximately triamgulsr pian Torm,
airfoil sections similar tc NACA 0015-64, an aspect ratio of 1.8
and a 60° swept-back lesding edge. It was constructed almost
entirely of wood; the ekin was 16 -inch three-ply birch plywcod

and the spars and ribs were of conventional box-beam construction.
The principal dimensions of the glider are given in figure 1l(a)

and table I... Geperal views of the glider mounted on the full-scale~
tunnel balance Suppofte for tests are shown in figure 2. The glider
as received was eguipped with & rudder for directionzl conirol and
elevons for lateral and longitudinal control. Details of thess
surfaces are also shown in figurs l(a) and table I. The balance

on the control surfaces was simllar Go other elliiptical overhung
control balances. The balance gap was relstively lerge, however,
and the shape of the wing Jjust asheed of the balsnce gap wae elliptical.
A typical section through the control surface and the TeAr parir

of the wing is shown in figurs 1(b}. )

The basic configuration for the investigation was the original
DM-1 gllider, which had the control-balance slots open and the large
vertical fin on. The first mocdification made Lo improve the maximm
1ift characteristics was the addition to the wing of the semispan
sharp leading edge shown in figure 1({b). Next, the verticasl fin weas
removed which left the glider as shown in figures 2(b) and 2(c). The
three configurations tested with the verticsl fin removed were:

(1) Glider wing with control-balance slots open

(2) Glider wing wilth control—balance slotm sealed te prevent air
flow through them end feilred over on the upper surface

(3) Bame as configuration (2) with the sharp leading edge added
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Small -Scale Models

As s further aid in the study of the characteristics of the

flow over the IM-1 glider, two trianguler-wing models, cne having
airfoll sections 15-percent thick and the other having very thin and

sherp-edme soctlons, were conetyucted for tests in the j%-acale modsl

of the Langley full-scale tunnel (reference 2). There models were
not exact scale models of the IM-1 glider, but had the same aspect
ratio, the same ratio of model size to tummel size, and slightly

greater sweepback.

Tegts

The asrodynamic characteristics of each glider configuration
were determined throughout the angle-of-attack range at zero angle
of yaw. The tunnel alrspeed for the full-scale tests was limited to
approximately 45 miles per hour, becauss of the light structure
ingide the glider that was avallable for connecticn with the model
supporting gtruts. This airspeed corresponds to a Reynolds number

of 4.5 x 10" based on the mean geometric chord of 10.97 feet. For
each of the glider and model configurations investigated, thev di-
rection of the flow and the progression of the stall, as indicated
by wool yarn tufts sttached to the wing, were determined. Obser~
vations of the flow were also made by use’ of zin¢ chloride emoke.

The direction and naturse of flow over the model wings weres observed
with a single wool streamer sttached to the end of & hand-held probe.

MAXTMUM-1.IFT INVESTIGATION AND FIOW STUDIES

The varletions of the pitching-moment coefficient, the drag
coefficlent, and the angle of attack with 1ift coefficisnt for the
basic canfiguration ars shown by the curves jsbeled 'Originel DM-1
glider" in figure 3. The maximum 1ift coefficient was approximately
0.6 and the accompenying stall, as indicated by the tuft surveys
(fig. 4(a)), progressed inwerd from the tips in much the same
mennexr as the stall of conventional wings of high tapzr ratio.

The maximum 1ift coefficient was about 0.3 less then was indicated
by low-scale wlnd-tunnel tests of varlous trisnguisr wings and
trianguler flat plates having ebout the same espect ratio. (See
references 1, 3, and 4.) Moreover, the wing stalled at an angle of
attuck of 18Y, whereas the low-scale tesis Indicated that the stall
engle would be about 40°. Some fundemental difference between the
flow over the full-scale wing and the flow over the medel wing
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appeared to exlst.

The investigation of the flow over the ?fk-ﬂcale models in the

model tumnel showed, in agreement with refereéies 1, 3, and k, that
the wings stalled at angles of attack near 40°, and there was no
particular evidence of tip stalling at engles of aitack below
meximum 1ift. Furthermore, there was no significant difference in
the flow for the sharp-edge thin sectlon and for the 15-percent
thick wing. The flow for these model wings was characterized by
two vortices, which originated at the apex of the triangle and
increased in size as they passed downsitream, with their cores
located sbove the upper surface of the wing and inboard of the tips.

Tuft surveys and emoke-flow studies made of the full-scale
IM-1 glider showed that no vortex flow such as that for the-%;—scale

model existed ebove the upper surface of the wing. The only vortices
present were the usual cnes origineting at the wing tips. Diagrams
for the flow patierns over the full-scale DM-1 glider end the

iﬁ;scale models ere shown in figure 5. The reason for the fundamental

difference hetween the flow patterns is belleved to be as follows:
According to the theory of reference 5, the flow about a triangular
wing can be represented as the sum.of & crose ccmponsnt, which at

each transverse section is spproximately the theorctical two-dimensional
flow about the section (see fig. 5(b)), and the longitudinal component.
In general, such a two-dimensional transverse flow cammot exlist,
because of the boundeary-layer separation around the highly curved
cdgss; however, when the longitudinal velocity component is combined
with the trernsverss component, the boundary layer follcws an easy

curve around the leadingz edge as indicated in Ffigure 5(a) and is

not necessarlly forced to separate. For either the actual lider or
the small modeles, it is expected thet, e¢ven at low angles of atteck,
the boundary layer in this flow around the leading edge could not
withstand the adverse pressure gradient Jjust behind the leading edge.
For the full-scale glider, any sepsration of the laminer layer would,
however, merely induce transition to & turbulent layer, which

eventually would separate near the trailing edge. On ﬁheé%~-scale

model, however, such trensition does nct occur, because of the low
Reynolds mumbers. (Sce refercnce 6.) Hence, the flow siparates
campletsly near the leading edge, and the cross component takes on
the eppeerance of figure 5(d). When the lonzitudinal component of
the volocity ia superimposed, the tralling vortices are formed
ebove the upper surface of the model wing, as indicated in

figure 5(c). Similer vortices have been observed st the side of

a rectanguler flat plate by Winter (reference 7). The actual stall
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possibly occure at the angle of attack for which a stream line of
the flow off the leading edge fails to curve over enough to meet
the upper surface of the wing agein befare it tralls downstreem.

It appeared that 1f the vortex action could be preduced on the
full-scale glider, large gains Iin the maximum 1ift coefficient
would result. Inasmuch as the phencmenon was attributed to a
goperation et the leading edge of the wing, 1t was decided to force
this separstion by providing the full-scale wing with e shaxrp leading
edge. Preliminery invesiigations indicated that a 3-inch strip or
sheet metal projecting outwaerd from the ving leeding edge and
extending half wey along 1t (fig. 1(b)) would produce the desired
results. Smoke-flow observations and tuft surveys indicated that
the large vortices originating at the apex of the triengle which
wors obaserved at low scale were then present over the full-scale
gllder. The acrodynamic characterlstics for thls configursation
are shown in figure 3. The maximnm 11ft wvas increased to a value
of 1.01 at an angle of atteck of 31 . The dreg coefficlent was
not increased any appreciasble amount at low 11ft cecefficlents.

The stable slope of the plitching-moment curve was reduced by the
sharp leading edge, and the tuft surveys (fig. 4(b)) indicated &
tendency toward tip stalling.

The results obtained with thls configuraticn, together with the
exploratory work done at low scale had accomplished the origlnal
obJective of determining the reason for end corracting the low
maximum 1lift. Howwver. inasmuch as both the unusually lerge cantrol
balance gaps and the large original vertical fin mey slso have been
affecting the maximum-1ift characteristica of the alrplane adversely,
a further investigation was made to determine their e¢ffvcts and also
to determine the influence of sherp lsadinz edges on the maximum 1ift
of the wing elone. The resulte of this investigation ere shown in
figurs 6. The maximum 1lift coofficient., based on the wing arce of
the basgic configuration increased to 0.92 when the vertical fin
was removed. The lift curve still begine to break at a 1ift ccef-
ficlent of about 0.6 and an angle of stteck of about 180, a8 was the
case with the fin on. Closing the elevon contral-belenco elots
increased the maximum 1ift coofficient to 1.05. With the addition
of the sharp lesdling edges, the highest maximm 1ift coefficient
(1.24) was obtained. Tuft photographs for the threc fin-off
configurations are shown in figures 4(c) to #(v). Ap was the case
with the vertical fin on, the increasees in drag coefficilcnt at the
low angles of attack due to the sharp leading edges do nct eppeor
significent. The sharp leading edges attached to the wing for these
tests were not falred into the wing, end it is probcble that a wing
having sharp-leading-esdge airfoil sscuions would have lcas dreg.

The maximum 1ift coefficient obtained for tho opitimmm
]
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configuretion ig in good agreement with the model reaults, and
with the low-scale results of referencesl, 3, and k. It is of
interest, also, to note that according to the thecry of reference 5

i P gA or 2.83 for the present case; whereas the experimental

da : o : i .
value 18 only abcut 2.26. As pointed out in reference 5, the simplified

acy

theory overestimates E;;--for agpect ratios above 1.0; the value

given for elliptical winge by the more exact theory of Krienes 1g 2.39
for an aspect ratio of 1.8 (fig. 5 of reference 5). The slope of the
1lift curve (fig. 6) incresses from 1.8 at low angles of attack to
approximately 2.26 and then decreases to 1.2 for angles of attack

above 28°. The value of 2.26 was used in the preceding comparison,
gince it covere the straisht-line part of the 1i1ft curve.

In order to detcrmire the usefulness of the maximum 1ift
obtained, the values of the 1lift-drag retio must be considered since
this relationshlp determines the power-off rate of dsecent. At a
1ift coefficient of 1.0, the lift-drag retio 1g 2.5, which
corresponds to an anzle of descent of about 22 and o rate of descent
of 0.37 timos the flight speed. At a 1ift coefficient of 1.2, the
lift-drag retioc is 1.5 and the corrssponding angls and rats of descent

are 3h° and 0.56 times the flight speed,respectively. It is

concluded that if any reascnsble rate of descent 1s to be maintained
for alrplenes with wings similer to that of the DM-1 glider, 1t will
be necessary eslthur to use power for landing or to restrict the design
to relatively low wing loadings.

CONCLUDING REMARKS

The original IM-1 giider, which had approximetely triangular
plan form, sirioil scctions somewhat similar to the NACA 0015-6k,
an espoct ratio of 1.8 end a 60° swopt-back leeding edge, had a
maximum 1ift coefficient of 0.60. whereasiz;--scale tosts of a similar

configuration gave a maximm 1ift coefficient of sppraximatsly 1.

The eddition of sharp leading edges to the criginsl IM-1 glider
increascd the maximum 11ft coefficlent to 1.01. Rewmoving the vertical
fin from the glider, sealing the large control-belance gaps, and
installing a semispan sharp leading e¢dge, increesvd the meximmm

1ift coefficient to 1.2h. It is concluded from these tesis that the
alrfoil sections having shorp-leasding edges or small leeding-edge
radii which are believed to be dvsirable for supersonic flight, will
also have zcceptaeble and perhaps superior low-spwed characteristics
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when used in highly swept-back wings.'

The flow over trianguler wings of low aspect ratioc at low scale
is similar to that which H. Winter (see NACA T™ No. 798) observed
over rectangulsxy flat plates of low aspect ratio and is characterized
by vortices above the upper surface of the wing lnboard of the tips.
The actlon of these vortices 1s favorable in meintaining ordsrly flow
over the upper surface of the wing to very high angles of attack and
thereby alds in obtaining relatively high maximum 1lift coefficients.
At large Reynolds mumbers thls vortex flow can be produced by ueing
airfoll sectlons having sharp leading edges, or very small leading-
edge redii.

With triengular wings of aspect ratio of sbout 2, maximum 11ft
coefficients of the order of 1.2 can be obtained. The corresponding
angles of attack, however, will be considerably greatsr than those
for conventional airplanes. Furthermore, since the lift-drag ratio
is approaching 1, the angles of descent without power are likely
to be prohibitive and airplasnes using this type of wing probably
will not land saefely without power.

Langley Msmoriasl Aeronautical Labor&tofy
Natlonal Advisory Committes for Aeronsutice
Langley Field, Va.
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TABLE I
DIMENSIONS OF THE DM-1 GLIDER

Wing:
Span, feebeereon.- Ceesecens Ceeececeas ceeienes terienen cee. 19.6
Wing arce, B8QUATYe £OChL..ccv e ettt trrrtsescacscoccans eer. 215.0
Aspect Tatloeccicerecneenne 500000000000 000080000C ceeseers 1.8
LirToll BeChlon.cerececcccrcanses . ,-pproximtely HAC.A 0015-6k4
Thiclmess, percent chord.......... tesessresannettenaserans o 15
Point of greatest thickness, porcent chord...... 50000C veees U0
Root chord, feet..ceccenees 0000 000a0C 5o 000a0C 50000000000 20.75
Mean gsometric chord, feet........ 5000000 a80000006aC e ovs  10.97
Wing twist, degreses.......cocuvvvnnn 55000 806000063000G6a 3000000 L0
Dihedrel, degrees ................ o00BC0GEE00000000000000000 Q
Sweep'bach (L.E.), GegroeBecececcceensss ceeenns Ceeressaenens o)
Sweepforverd (T E. ), 36GreeB.sccecaanes beeecnecaseans eeee 15
Vertical locetion of center of gravity, porcent root chord

from choxd 1ine .c.icevcieveannss. 5000000008000 a0000a080¢C 0

Horizontal location of center of gravity, percent root chord 50

Borizontal control suwrfaces:

Total elevon area, BQUATE Fulb-..ceciriecrrersesccrnecres 23.3
Elevan chord, feot.e.voeecearenensn 0GB 0G0006a00006aa000a0 1.95
Elevon hinge location, percent chord..cce-ceieerceccacenens 27
Elevator angle range, eg@reo8..c.ceeceescrsncecccnes . 28 1o -2h
Ailecron angle rangs, 43gro€S...cccoe.e. 0000000000060 21 to -21
Total trim flap arec, square feet............ tetiienians . 6.97
Trim flep chord, fect...... 5006 0a00090808600a080800 80 ve. 1.38
Vertical tail:
Hoight, Feoteeceicireerrnereanseoceccnccocosanssasessannns 8.58
Arce, (to chord line of vlng) aqua.rc feoteeieanrroannns ... 8.6
Y= T = v - 5 1 S .3
RirPoll Boctioni.ceeeroecenieenennen. Approximtely KACA ©015-64
Thickness, percent chord ............ BSOSO 0EaG0 505000000000 175
Point of greatest thickness......cc.cvceeun.. 000000000 P s}
Root chord, feeb.e.iceivinirirenennnnns 08a0d0aa0a0a00c ves 107
Angle of sweepba.ck (L.E.), d.e,grces ............ PP S 65
Angle of sweepforward (T E. Y, degrees..ccveeenns tereteneann . O
Rudder arse, square feet.......... eSS 500000000800 8.01
Rudder chord, feet.rioe.... 0000000000 08000000 sestacenns e 1.32
Hinge location, porcent....ceceeecevencens R T 27
Rvdder angle, AegreoS:ccceeceeaccnn. ercertienstctan e eeee 323

NATTONAl, ADVISORY
COMMITTEE FOR AERONAUTICS

10
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(A) Principal dimenstons of original  glider.

Figure /.- Dimensions of the DM-I glider. (All dimensons
are in inches.)
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&) Dimensions of the sharp leading edges
and of the elevon contro/ s/ofs.

Frgure [~ Concluded.
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(a) Original configuration; three-quarter side view,
Figure 2.- The DM-1 glider mounted on the Langley full~scale-tunnel
balance supports,
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(b) Vertical fin removed; side view.

Figure 2.- Continued.
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(¢) Vertical fin removed and semispan sharp leading edge attached;
top view.
JA

Figure 2.- Concluded,
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. a = 20.1
(a) Original DM-1 glider.

Figure 4.- Tuft surveys of the flow over the DM-1 glider.
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a = 3l.4

(b) The DM-1 glider with semispan sharp leading edge
installed.

Figure 4.- Continued.
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(c) Wing of the DM-1 glider with elevon control slots open.

Figure 4.~ Continued.
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a = 34.5

(d) Wing of DM-1 glider with elevon control balance
slots sealed.

Figure 4.- Continued.
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(e) Wing of DM-~1 glider with elevon control balance slots
sealed and semispan sharp leading edge installed.

Figure 4.~ Concluded, <N
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@ E/ements of flow over
Q Triangular wing
having a rounded
leading edge. at hugh
Keynolds rumbers.

(c) Elements of flow over
a trangular wing at low
Reynolds numbers or
over a lriangular wing
having G sharp fleading
edge.

<

Fig. 5

I
I

(b) Elements of the
vertrcal component
of flow over
section AA.

(d) Elermnents of the
verfical cornponent
of Flow over
sectron BB.

NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Figure 5.— Diqgrams of Ihe flow over friangulor wings.
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