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RESEARCHMHMCRANDUM 

AN ~TIGATIONAT~SPEED OFAIARCZF&CAIE 
TUANWUR WING CfF ASPECTRATIO TWO. - II. 
TEEElXFCT~AIKFOIISECTIONMCDIE'ICATIONS 
AND~rlE TERMINATION CE' THE WAKF, DOWNWASH~ 

By Adrien E. Anderson 

SUMMARY 

This report extends the study of the characteristics of a large- 
scale triangular wing to include the effect8 of sectfon modificatione. 
'Ihe characterist~co shown in part I of this investigatfon, NACA RM 
No, ATOG, are for a trisngulsr ting having a symmetrical sharpedged 
double--wedge airfoil section; whereas, those in the subject report 
are for a wing of Identical plan form, but hav3ng variona degrees of 
rounding of the Wang leading edge and cf the wing maximum thiclmess. 
Inaddition, datawere obtained on the dynsmic preesure snddownwaeh 
angle at three stations aft of the wing trailing em (0.48, 0.72, 
and 0.96 M.A.C.) fn the extended chord plane of the wfng. Photo- 
graphs were obtained of the condensation trails resulting fragn VOX'- 
tices formed at the lesding edge of the wing at high angle8 of 
attack. 

ti general it was found that the effects of rounding the aix+ 
foil section were small. Rounding the mum thickness line 
resultedinnegligible changes; roundingthe leadingedge to 0.0025 
chord removed most of the break8 in the force aad moment character 
fstics of the King wfthout flaps but otherwise showed small effect; 
additional rounding of the leading edge had no further effects. 

The condensation trail8 ,+dicated the presence of twc vortices 
springing from the apex of the triangle and trailing downetresm above 
the upper surface of the wing and inboard of the tips, These trail8 
first appeared at about the angle of &tack at which the breske 
appeared in the force and moment characteristics, became shortened 
with increased awle8 of attack. and disappeared at maximum lift. 

At low angles of -attack there was an approximately linear vari- 
ation of downwa8h sngle with angle of attack (0.65). At higher 
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angles of attack the rate of change decreased with 
asd became negative prior to maximum lift. It was 
thils serves to indicate a breakdown in normal flow 
lnent of partially separated flow conditions. 

angle of attack * 
concluded that 
and the eStz%bliSh- 

A gene.ral Study Of triang&irpla~formwings ha8 been under- 

NACA RM No. A?‘H2~ - _ 

t&en to determine their characteristic8 throughout as wide a Mach 
number and Reynolds number r8nge a8 pO88ible. The selection of a 
symmetrical double+@ airfofl section made pO88ible a theoretical 
analysis of the supersonic characteri8tic8 of the wing and thus 
allowed a choice of plan form 8nd section which appeared good from 
the supereonic standpoint. It wa8 recognized, howeVer, that at 
both 8uper8anic and subsonic Speed8 certain improvement5 might be 
eqectedasaresultof roundingtheleadingedge 8ndmaximw.n 
thickness line. 

Beyond this approach it wa8 desired to determine the effect of 
airfoil sectim mcdlfications on certain specific characteristic8 
found during the earlier low-speed inveetigation. Reference 1 showed 
that at some lift coefficient, depending on the flap deflection and 
angle of sideslip, all of the wing Ch8ZTLCteriStiCS underwent a 
markedchetnge.' This was believed to indicate the existence of a 
different type of flaw over the wing at high and low lift cceffi- 
cients. 

During the subject investigation, therefore, itwae desired to 
find, not only the effects of airfoil section modifications on the 
low-speed longitudinal ch8racteristics of the wing, but to find more 
evidence of the two flow types. And in particular to determine the 
effects of nose radius and Reynolds number on the formation of the 
strongly separated type of flow and the accompanying change in force 
CharaCteriStiCS. Finally, it was desired to obtain some indication 
of the problem8 a88ociated with the u8e of a tail as a longitudinal 
control for a triengular wing airplane, throughalimited survey of 
the downwash and the dynamic pressure in the wing wake. 

The etand8rd RACA coefficients and Symbol8 used within this 
report are defined below and in figure 1: . 

aspect ratio (b2/S) 

a free-stream angle of attack, degrees 
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increment of angle of attack due to Hnd-tunnel w&l 
interference, degreea 

wing apan, feet 

wing chord; measure dpaxallelto air etPeam, feet 

mean aerodynaic chord, meamred pmallel to air stream, feet 

wind-tunnel teat-eecticm area, normal to air etream,.8quaxe feet 

lift coefficient (1ift/qs) 

drag coefficient (&ag/qS) . 

increment of drag coefficient due to vind--tunael~ interfbrence 

pitchbg+mmnt coeffic fent (pitching mcmnt/qSE) 

dounwashan@,degreee! 

increment of d oumashangledue 
ference, degreee 

split+f'lap deflection, meaeured 
degrees 

towind-tunnel+allintelc 

wind-tunnel-wall-inbrference correotim factor at position 
of ving 

wind-tuxmelrall-intetierence correcti* fa43tor at position 
ofaurveyapparatmi 

kinematic vlscoeity, square feet per eeccmd 

dynamic preeeure, pounds per aquaxe foot 

~icpreamre Invake ofulng,pwndaper squaxefoot 

Reynolds nmiber (VF/V) 

wing area, equaxe feet 

free-&remm velocity, feet per second 
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The plan form of the wing vas that of an isosceles triangle with 
an apex angle of 53.13O, which made the angle of sweepback of the 
leading edge 63.43O and the aspect ratio two. The basic wing design 
had a symmetrical double-wedge airfoil section with a maxImum thick- 
ness of 5 percent at 20 percent chord. 

The split flaps were of constant chord (16 percent of the M.A.C.) 
with the hinge line located parallel to the trailing edge of the wing. 
!Ihe span was terminated at the line of maximum airfoil section thick- 
ness: (86 pe rcent of the wing spsn) thus establishing a flap area 
equal to 18.5 percent of the wing area. 

Figure 2 is a line drawing describing the general arrangement of 
the basic wing, while the modifications sre shown in the 'photographs 
and sketches of figure 3. Part (a) of figure 3 shows the basic wing 
with the split flaps deflected. The rounded maximum thickness, 
psrt (b), twisted of sn arc of sufficient radius to be wnt to 
the surface of the double-wed- section at 15 and 25 percent chord. 
Both the top snd bottom surfaces of the wing were rounded. To this 
configuration was added a 0.0025~ nose radius in the chordwise plane 
(part (c)). The resultant rounding reduced the wing chord, and hence 
reduced the wing srea approximately 1.7 percent. 

'Ihe psrtisl+apan sharp leadIng edgss wsre simulated by placing 
dural. caps over the 0.0025~ noBe radius 80 that the airfoil section 
varied fran the original doubtid& section at the apex of the 
triangle to the 0.0025~ radius nose at 25 percent of the span fn 
one case and 50 percent in the other (fig. 3(d)). 

Ihe two large+radiusles.dingedgeswers constructedbybuild- 
ing up the front wedge rather than by cutting back on the wedge as 
was done in the case of the EQWU nose radius. Eence the wing with 
the l-percent nose radius in the chordwise plane and the l.l+ercent 
nose radius normal to the leading edge (part (e) of the figures) has 
the asms wing area as the basic wing. For convenience in construc- 
tion in these two cases the maximum thickness was not rounded; that 
is, the shsrp doubleqdge maximum thiclmess contour was restored to 
the wing profile. 

The instrumentation used in making the downwash and dynamic- 
pressure surveys in the wake of the wing consisted of a survey rake 
comprising eight combined pitch, yaw, and pitot-static tubes. Details 
of a tube and the orientation of the rske are described in the line 
drawing figure 4, while figure 5 shows a close-up of the rske. It 
willbe notedfromfigure 4 that the survey rake wasmounted onan 
extension of the tail bocan, hence, it pitched with the wing as the 
angle of attack vrtried. 

? 
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Force md mcmentdatawere obtaimd through the angle-of+ttack 
range at zero sngle of sideslip for the plain wing aud the various 
split flap configumtimls. Ihe force-test investigation was cons 
ducted at dynamic pressures between 5 and 40 pounds per square foot 
which corresponds to a Reynolds number range cf approximately 
6 ~10s to 19xIOe as basedonthemeanaerodynsmk chord. 
Dcwnwash surveyswere obtainedatadynsmic pressure of 25pctmds 
per square foot for stations 0.48, 0.72, and 0.96 M.A.C. behind the 
trailing edge of the wing with symmtrical double-wedge airfoil 
section. An additicmal run was made at 15 pounds per square foot 
pressure w-ith the survey apparatus in the middle position and with 
the split flaps deflected 22'. 

The dats are presentedaboutthe stabil.Ityassswith their origin 
located at 50 percent of the root chord, which corrssponds to the quartep 
chord station of the mesn ae WC chord of the basic plan form. 

All of the force data have been corrected for air-stresm 
inclim.tion and for wind-tunnel-vail effect, the-latter correction 
betig thatforawingcf the ssme spanbutwithrectmgularplsn 
forms. The following corrections, based cn the theory of reference 2 
for a wind tunnel with oval cross section, were applied: 

‘XL’ = s, 8 x 57.3 = 0.732 CL (0 

CDT= thrg CL2 = o.olm7 CL" (2) 

where 

C =2856 squsxsfeet 

Consideration of the forces acting on the tail boom indicated that 
its tare effect would be negligible. Drag and pitching+mms nt tams 
resultingfromstrutinterference, based on tares obtainedwitha rectan- 
gularwing,were applied tc the data. Auyalterationsto the plesIpfonn 
area except changes in monabnt centers were also taken into account in 
computing the coefficients. 
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Corrections were applied to the doumash data for wind-tmnel- 
wall effect. Equation (1) above was used to correct the angle of 
attack, CL being based on the values obtained from the force tests 
of the wing. In the same mmnerthe dounwashangle s was corrected 
by the foIlowIng equation: 

cT = 6t Q CL X 57.3 

This correcticm varied with the three different positions behind 
the wing as follows: 

I 
M.A.C.*s behind 

trailing edge % ET 
of wing 

0.48 0.1658 1.040 CL 
.72 ~853 1.162 CL 
-96 l 2022 1.268 CL 

, r 

Ihe values of 'E were adjusted to go through zero at zero angle 
of attack (CL = 0) to account for a slight misalinement of the 
directionsl pitot tubes. For the case with the flaps deflected the 
corresponding increment of E frcm the flap zero run at 0L = 0' was 
applied to the values of e. 

Ihe value of free-+&mu dynamic pressure used in the wake 
survey investigation was based on a survey (without the presence of 
the wing) of that portion of the test ssction occupied by the survey 
ra3re. 

Ihe basic results of the investigation of the effect of airfoil 
section modification me presented in figures 6 to 15 end sre sunma- 
rized in figures 16 to 18; figure 19 is concerned with the visual study 
of vortices on the ting, while figures 20 to 22 are concerned with the 
downwash data. Table I, a smmary of the configurations investigated, 
should also serve as sn index to the figmes containing the basic 
results. 
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Rffects of AirPoil Sectlou Modifications 

. 

Negligible changes in the force characteristica of the wing 
wars measuredfollowingmodificatim of the wingto have arounded 
maximum thiclmsss line. cunpmison of figure 6 (characteristics of 
ths basic wing reproduced frm reference 1) kith figure 7 shows.that 
the only discernible effect was a slight reducticm in the abruptness 
of the force breskwiththe flspsundeflected. Itwas concluded, 
therefore,.thatthe smximn~ thicknf3ssroundingwasnotanimportsnt 
parsmeter frcan the standpoint of l-peed force chsmcteristics 
and no further investigation of its effects was made. 

T%.e effects cm the longituknsl+t%rce characteristics of 
roundiug ths section leading edge to a radius equal to 0.0025 of 
the local stresmwise chordare shown throughcmpmismof figures 6 
and 8. 'Fhismodificationproducedasmall change inths force 
characteristics. However, the change in the mment chamcteristics 
of the wing was appreciable at lift coefficients greater than that 
for which the breaks appeared In the basic wing chaxacterfstics. 
The ma&tude of the breakwas reduced,resulting inalmostcmplete 
eliminatim for the flap uudeflected case, and it appeared at slightly 
lover values ofliftcoefficient. Further, the stability of the wing 
asmeasumdby d&/dCL showedlessvariation throughthe lift- 
thou was found with ths shsrp lead&g edgs -talled. With the flaps 
undeflectedthisp- termxiedfrcm~J2to -0.09 for the ahasp 
edgedwing;uhereas with the roundlsadlngedge the variationwas only 
from -0.14 to-O.l2far the same C~mnge. 

!Bis change in aerodynamic characteristics brbught about by the 
change in nose rsdius supported the conJecture that the break in the 
force curves was related to achangs in the tspe of flow over the wing 
possibly induced by a sudden increase in the separation of the flow 
smundtheleadingedge. It was believed that if this were true end 
in view of the fact that Reynolds number as well as nose radius affects 
the force characteristics of unswept wings in which separated flow 
exists (reference 3), a variation in Reynolds number should have a 
powerful effect on the force chszacteristics, Hence data were obtained 
throughout the Reynolds nlnnber range for which it was possible, struc- 
turally, to cover a lift-cmfficient raa~ including the break. HOW 
ever, as is shown by figure 9 a threefold variation in ths Reynolds 
number of test had no appreciable or systematic effect on the force 
or moment chszacteristics. 

To determine to what spauwise extent the leading edge must be 
rounded, testswere made with the leadingedge roundedover portions 
of the span. (See de scripticm under equipment.) Pigures 10 aad 11 
show that as the sharpness was progressively restored across the 
span, the wing chsracteristics reverted to those of the wholly 
shsxp+dgedwing. It csn be inferred from this that the breaks in 
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the force characteristics result from the flow conditiane at the root 
sections of the wing and that the installation of a fuselage will 
have a great effect on wing characteristics. A summary of the 
effects of these modifications on the wing pitching moment is given 
in figure 16. 

Since a small nose radius produced some change in the force and 
moment characteristics, it was felt that a larger nose radius would 
produce further change. The leading edge of the subject wing wss 
thus modified to have a 0.010~ radius in the stresmwiee direction 
and then a 0.011~ radius normal to the leading edge. The results of 
these modifications are shown in figures 12, 13, 14, and 15. !Cheir 
effect on the pitching-moment snd force characteristics is seized 
in figures 17 and 18. These data show that the very large amount of 
leading-edge roundness produced no greater effect thsn the smallest 
on pitchin~ament characteristics and that, as before, a threefold 
chsngs in Reynolds nlmibor had no significant effect on the wing 
characteristics. St ie noteworthy that, although there was no 
significant reduction in C~, there was a reduction in the drag 
due to lift as the nose radius was increased. These results would 
seem to indicate, therefore, that the m amounts of rounding did 
not produce a msrked change in the flow around the leading edge. 
It is possible however, that the lack of further effect of leading- 
edge rounding may be due to the very thin airfoil section. 

Visible Wailing Vortices 

During the investigation of the wing with the sharp leading 
edge, condensation trails appeared revealing the presence of two 
vortices originating at the apex of the triangle and extending - 
downs tress above the upper surface of the ~3% and inboard of the 
tips. 

Figure 19(a) is a sketch showing the orientation of the 
vortices, while parts (b) and (c) are photographs of the vortices. 
They first became visible at angles of attack slightly above that 
at which the breaks in the force and moment characteristics appeamd. 
The trails then decreased in length with increasing angle of attack 
until they disappeared at the angle for maximum lift. It was noted 
that, as they shortened, the trails appeared to maintain the same 
direction of flow over the upper surface of the wing when considered 
in plan view and an angle approximately equal to me-third the angle 
of attack above the surface when viewed from the side. 

no ccmdensation trails were ever noted at the lower angles of 
attack, although rather humid atmospheric conditions existed during 
some of the teats.. In contrast, condensation trails were always 

.’ 
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noted at the higher sngles of attack even when the tunnel had been 
running for several hours with consequent unfavorable. air condit5m.s 
for the forlnatim of condensatim trails, with the flaps deflected 
these trails also appeared but their. Initial appearsme was so 
indefinite thatitcouldnotbe detem3neduhethertheyappeared 
at su earlier or later angle of attack than that for the case of 
the plainting, that is, as to whether theirappearauce was afunc- 
tion of angle of attack or circulation. no evidence of the exist- 
ence of these tmils was seen with the rounded leadhg edges. 
However, it was not known to what extent this was a function of 
a-hnospheric conditions. 

A possible reasm for the existence of the vortices over the 
wingmaybe seenfromananalysis ofthetype of flowarounda 
-&3-r wing. According to the theory of reference 4 the 
components of flow in planes normal to the axis'of symmetry of 
alowwspect-ratiowingcanbe considered Mimensicxzal. Eow- 
ever, in accounting for ths type of flow over the actual wing, 
certain variatious to this theory are believed to exist. 5e two- 
dimsnsionsl flow about the section is altered, according to M3ssrs. 
Wilson and Lcwell (reference 5) to the form shown in figure 19(d) 
becausoof the boundary4ayer sewtim s~ound the sharp leading 
edge. When the longitudinal component of velocity is added to the 
trsusverse ccmrponents, the trailfns vortices result. (See fig. 
19(e) .I 

As previously stated, no condensation trails mre ever noticed 
at the lower s&lee of attack. This lack of trails does not neces- 
sarily indicate ths nonexistence of the two vortices, but mther 
thattheywere much weakerand of amuchmorelimited extent than 
at the higher angles of attack. 

Furthemore, the over-sll flow pattern is not believed to 
be the same throughoutthe mgle-of+ttackrange. Atthelow 
angles of attack, the flow pattern is chsxacterized by lsmines 
separation a$ the leading ed@le followed by -sitian to turbulent 
flow which reattsches to the surface; Whereas at higher angles the 
separation is of such titensity and extent that the flov reattach- 
ment did not occur over part af the wing. 5is failure of the 
separated flow at the leading edge to reattmh to tie wing could 
accountfortheforce sndmcment curvebresksand the change in the 
variation of force snd mcanents above the break. At present these 
theories concerning the flow phencaaenon lack expw3nental 
verification. 

. 
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Surveys inExtended Chord Plane I 

Downwash angle and totaLhead surveys were made at three positions 
in the extended chord plane -0.48, 0.72, snd 0.96 M.A.C. aft of the 
wing trailing edge. 5e results are presented in figures 20 and 21 
snd the downwashsnglemeasurements ummarized in figure 22. 

An almost linear variation of dowmvash sngle with sngle of attack 
was found to exist up to sngles of attack frcsa 14' to 16O. Ihe slope 
of the linear portion of these curves is stsnmarized in figure 22 where 
it can be seen that for almost all of the longitudinal and spanwise 
stations, the value of de/& lay between 0.6 and 0.7. For a wing 
of aspect ratio two, Prandtl'a wing theory would give a value of 1.00 
for da/da. 

Above sngles.of attack of 14O to 16O it was found that the value 
of de/da decreased rapidly snd, before Qmax was reached, became 
negative. It was also found that, above 16' angle of attack, the 
total head returned to and remained close to the value for free- 
stream total head, while the downwash angle began to decrease. In 
the case of a rectsn@lex wing it would be expected that the dowI+ 
wash angle would increase up to the stsll. 5e fact that both the 
dounwash angle and the total head chsnge at approximately the sams 
angle of attack and, in this case, at an angle of attack considerably 
below that for C~ is indicative of a breakdown in the normal 
flow pattern. It would also appesz that these results concur with 
the force tests wherein breaks appesz in the force and mmnt curves 
at approximately 16' ptngle of attack. If this is so thsn ths flow 
at higher angles of attack may be partially separated as noted under 
the discussion of the condensation trails. Itbeccglss pertinent, 
therefore, to question the possibility of obtaining acceptable flight 
characteristics where such flow exists to any extent. Further research 
into this problem is indicated to detennfns whether the characteristics 
of low~spect-ratio wings at high lift coefficients warrant further 
study or are of academic intmxmt only. 

Fram the results of the investigations reported herein the follow- 
ing observations can be made: 

1. Rounding the maximum thictiess line of the double-wedge 
section hsd no significant effect DP wing characteristics. 

2. Roundingthewing.leadingedgetoavalue of 0.0025 of the 
local chord removed the breaks in the force curves with flaps 
undeflected but not with flaps deflected. 
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3. Rest6rizlg the lead-d@ sharpness at the wing root rea&ed 
inrestoringthebremks tithe force uurves. 

4. Increasing the le-dgs radius from 0.0025 to 0.011 of 
the'local chord had no signiffcsnt effect. 

5. At point6 0.48, 0.72, and 0.96 M.A.C. behind the wing trail- 
inged~,therateofc~ofd ownwash with angbzt of attack was 
about 0.65 at low lift coefficients. 

6. 5e change*in dowmash sngle with angle of attack at high 
lift cosff%cieats below CL indicatis a breskdom in tie normsl 
flow pattern. 
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FfCW= Cmfiguration Split Reynolds 
flape number Data Presented 

-22.00 
6 Basic wing: sharp O.OO 22.0° 15.4 x 18 

leadtigedge 
44.5O 

Rounded msximum 0 .o" 
7 'thickness: 22.00 14.0 x 18 

0.15~ t0 0.25~ 44.5O 

0.00 
8 22 .oO 14.6 x lo* 

Round leading edge: 44.5O 
0.0025~ l-aaiu8 6.8 x lo6 

9 chordwise 0,0° to 
19.0 x lee a 

Partial-span shsrp 9.3 x lo6 CL va CD 
10 leading edge: 0.00 to c, 

0.2Tb 18.3 x lo6 

Partial-epan @ax-p 
3.3. leading edge: O.OO 14.7 x lo6 

0.5Ob 
0.00 

I.2 22.00 14.5 x 10" 
Roundleadmedge: 44.50 

0.010~ radius 
chordwise 6.2 x 10” 

13 o.o" t0 
17.6 x lo0 

-22.00 
14 0.00 

22 .oo 
14.6 x log 

Round lsading edge: 
O.Ollc redlus 

44.50 

normal to leading 6.3 x lo6 
15 edge o.o" t0 
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