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NATIONAL ADVISORY COMMITTEE FOR AERONAUl'ICS 

TECHNICAL NOTE NO. 1406 

HIGH -SPEED WIND-TUNNEL TESTS OF AN NACA 16-009 AIRFOIL 

HAVING A 32 .9-PERCENT -CHORD FLAP WITH AN OVERHANG 

. 20 .7 PERCENT OF THE FLAP CHORD 

By David B. stevenson and Robel~ W. Byrne 

SU1~Y 

An investigation was conducted to determine the effects of 
compressibility upon the aerodynamic characteristics of a 5-inch-chord 
NACA 16-009 airfoil section having a 32.9-percent -chord flap with 
a 20 .7-percent flap-chor d. nose overhang and a 1.8-percent-chord 
unsealed gap . Airfoil lift and pitching moment and flap hinge 
moments were obtained over an 80 angle-of-attack range and a 
flap angl e r ange of 140 from a Mach number of 0 . 4 up to the maximum. 
( choking) Mach numbers that could be at tained for each model 
configuration. 

The results showed that the el evator effectiveness decreased 
wi th increas1n,g Mach number and that flap balance increased rapidly 
wi th increasing Mach number. Addi tional data obtained wi tIl the 
airfoil leading edge roughened indicated a serious los s in the 
rate of change of airfoil Hft wit h flap angle for small flap 
deflections at all subcritical speeds and a large increase 1n 
the flap overbalance . Beyond the critical Mach number abrupt 
chnnges occurred i n the aerodynamic effects produced by deflection 
of the flap . 

INTRODUCTION 

Reports on the performance of high - speed fight er airplanes 
and recent wind-tunnel investigations at high Mach numbers have 
indicated large adverse changes in control characteristics due 
to the effects of compressibility . The tests on a 5-inch-chord 
two-dimensional flapped NACA 16-009 air foil reported herein are 
the first of a series of tests being conducted in the Langley 24-inch 
high-speed t unnel to investigate t hese Gffect8 . 
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·~i+foil sectiop lift coeffic~ent 

airfoil section ])i tchiI1G-?lomynt coefficie:1.-'c about the 
quarter-chor~ ~oint 

flap section. i nge -moment coeffici -nt.; b a sed on cf' 

flap o.eflectionj negative d.efl ection is u:;?vard 

8.-ngle of attack 

fla:p chor d behind the hinee line 

chorJ. of airfoil; zero flap.deflection 

f l ap trailing- edp.;e a.'1gle 

When 0." 5f , anci c 1. are used as subsc:dpt. s ou s ide the 

p8:cent~eses l they sicnify that the quantity is 1 eld constant . 

APP A."qATUF AND TEST'S 

The tests .Tere conducted. in the Langley. 24 - inch hig.'1 - speed 
tunnel, a c l os6d.-throat tUTmel described. in reference 1. Recent 
modification to this tU.rmel .Thich reduced the model span exposed 
to the air stream from. ;:~4 to 18 inches is described in reference 2' . 

The mod.el, which was made of steel, I,ras a sy.nnnetrical airfoil 
vTith an NACA 16-009 profil e modified to haye a 32 . 9 - percent - chord 
flap wit h an overhang of 20 .7 percent of the fla::? chord . The 
1.8 - percent·- chord Gap lIas unseale~ . . A C:'088 section 'of the model 
i s Shown 'as:figtrre 1 . The ai~foil 0rQinates , . except for the part 
affected by t ... e f lap nose sha:p6., may be f01)nct in r eference 3 . The 
airfoil completel y spanned t he test section, ~Jas sing through 'hol es 
in t he end plates in the ' tV.ll.'1el l{allS . (See f'i g . 2 . ) These h oles 

.. had t he same shape as the ail~foil profile, but VTeTe slightl '- larger 
than the model in .order to provi <ie' cl earance . 
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Airfoil lift and pitching moment vere obtained by means 
a spring- type balance simil ar to that described in reference 
Flap hinee mome~ts were neasured by means of an el ectrical 
strain-gage system mounted on the balance. 

of 
4 . 

The fo:-eces ano. moments ,·rere measureet '~YAr an anel e - of-attac.k 
range extcndj.:ng from _20 to 60 and a f l ap defl ection ra."18e from 
-9 .70 to 4 . ]0 . 

At an angle of attack of 00 and at flap deflections from 
-1. 70 to -9 .7° acidi tional tests were mad.e vli til cm~boruncJ.v..m partJ.cl es 
(0.003 to 0 . 005 inch maximum dimension) embed.ded. in a coat of 
shellac which ~1ad ·oeen a2=lplied to t.he trppel" a."1Q 1 0t,Ter surfaces over 
a width extending from the leacling edge to approxl111atel y the 8-:;>ercent 
chord station. These tests ve:ce made to sjJnul 2.te an operatil1g 
condi tion in \-Thich boun~ary -layer t::'8nsi tion OCC'LU'S near the 
leaQing 6Ci.gO . In feill-scale install ations this conci.i t i on frequent l y 
exists eithc;:t' as a result of air-streem cw:'bulenco or surface 
irregular ities or Doth . 

The Bach number raTJ.ge for \-Thich the tOE,its ,-mre made extend.ed. 
approximately from 0 .40 to 0 .85 corrospond.lng to Reynol ds nUlllbers 
from approxime.tely 1 ) 100,000 to 1 ,900,000 . 

FACTORS JI.FFECTIHG TEST I'CSlJLTS 

Ttul.nel -lIall Effects 

S:~nco turmel-'_rall corrections a't'o knO'lm fl'om b oth t.heory· 8J1d 
Gxperinent to be SlJ1E!ll in the su-Dcri t ical SI)(; 0Cl range for the small 
ratio of model to tunnel oize of thio investigation and since no 
rigorous cOl'rection has a'" yot been determined for the (mpercri tical · 
spoed range, the forco test data are prosenc,od uncol':;:ectec:. for the 
effects of the turulel "(·ralls . As sho':-TIl in reference :::, an important 
constrj.ction effect in tho supcTcritical 8l100(1 rango i s an increane 
in tho effective Mach munbar to a value eroato1" tnE'..D that used. 
heroin, 'tlhicll is the ~12.Ch numbe!' of the twl.nol air stream just 
ahead of tho model. Ncar tne lind ting, or cho!::ing, Mach numbol') 
however, even mora sorious constrJction effects OCGu,:;:'} as discussed 
in reference 2 . In tho prosent tests surveys (similar to those of 
reference 2) of tho static ilrcssuro along tho tmmol ':lall indicated 
the anse+, of thoso of:f'ccts at Mach nmuoo!'s approximf.lt c.ly 0 . 02 to 
0 . 03 bolo, .. the chokin-e, Mach ntnubol' . Tho &.ata -oycscntcd heroin 
a:re ) therefore , cfi . .lOstionable vithi::l. thi ,J S},)06d- ran[,0 . In Genor8~ , 
the highest Mach nUI/ibm' for each modol coni'iGUl"ation shoTtTl1 in the 
figuxos corresponds to the chokin:~ conclition . 
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Effect of End-Pl ate Gap 

During the present tests leakage occurred bet1.feen the test 
oection and the surl~ounding test chamber through the end-plate gaps 
at the juncture: bet"Teen the mOMl and t he tunnel wall . The effect 
of this leakage upon lift and pitching-moment coefficient is shown 
in reference 1 by a comparison of force test data vTi th end-pl ate gaps 
and essentially t "ro - ctimensional pressure - distribution dat a obtained 
in the Langley 24 -inch high- speed tl~el. Although the absolute 
values obtained by the two method.s dif ··er to some extent, the results 
are in agre~ment as reGards the effects of compressibility and 
therefore no correction f'or end l eakage 11a8 been ap_lied to the 
d.ata presented herein . 

Hurnid.i ty Effects 

At the higher tunnel speeds the relative hU1l1idity of the 
atmosphere , from i·Thich the air in the tunnel is d:ca"rn (reference 1), 
Has found to affect bhe lift and moments under cex't ain conditions . 
HOvTever, a value of relative hllmidi ty has been determined belo", 
which no measurable effects exist . The high - speed data cont ained 
herein vere obtainerl ,·,i th relat i ve hU1l1idi t i es l ess than this value . 

P~SULTS Pu~ DISCUSSI ON 

Lift 

The effect of compressibility on the lift characteristics for 
consta."'1t angle of attack and f l ap angle is p:cesentecl. in fi glU"8 3 . 
The radical changes in lift characteristics 8hown at supcrcritical 
lvlach numbers undoubtedly include tunnel -wall effects) s ince the 
Mach nU1l1oers involved are near the choking condition . The ,ge effects , 
hm-lever) 8J."e believed t o be illustrative of the type of phenomenon 
likely to occur at high supercri+ ic E'~ speecls . Effects of this 
nature are caused by rapid pressure chansos accompanying the 
rem"YTa:rd illovement of the shock over thE: airfoil . 

The section l ift coefficient is shovm as a fl,'1lction of angle 
of attack for various Mach munbers j.n fiBure· J+ . The variations 
with Mach nU1l1ber in these lift curves are cons idered normal for 
this airfoil section . 

For ~mall flap deflections (t2C) no:mal decrease in ( 0C ~/d6f)a 

occurred at very hieh speed . (See fig". 5(a) . ) An increasing l oss 
in sl o}?e a s the rla::? is deflected further at t hese speeds is evident . 

I 

J 
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With still greater defleotion of the flap, however, the slopes becbme 
even greater than the low-speed values . These effects might be 
partly attributable to the peculiarities of the section at the low 
Reynolds numbers of these tests, but a deorease in slope for small 
flap angles followed by an increase in slope at higher flap angles 
has been found in other instances at supercritical Mach numbers. 

The data of figure 5(b) show that the leading-edge roughness 
resulted in marked reduction in the (deddof) for small flap . a, 

deflections in the subcritical speed range . The rapid drop in 
(dCddDf)a, that occurred for the smooth model above a Mach number 

of 0.7 near 'Of = _50 (fig. 5(a)) did ·not occur for the roughened 
model in the same fla~-angle range. Also, the forc e changes at high 
Mach number were less severe for t.he rough model than for the smooth 
model as a result of the thicker boundary layer. How·ever, due to 
the difference in the values of the local skin friction coefficients 
in turbulent flow at high and low Reynolds nlJ.mbers J the flap boundary-
layer conditions were possibly ,;</'Orse than those which exist at flight 
Reynolds number . 

The lift-curve slopes of figure 6, which are for small 
angle-of·-attack and flap-angle ranges, resulteo. in a flap effec
tiveness (dajdof)Cl=O of only 0.46 at a Mach nunilier of 0.40 

(fig. 7). The d.ata of reference 5 indicate that tMs low value is 
the result of the combination of a large trailing-edge angle and an 
unsealed flap nose gap . With increasing speed serious loss of flap 
effectiveness occurred ( fig. 7); (da/dof)C7,=O falls to 0 . 22 at a 

Mach number of 0. 80, about one-half of its lo'¥r-speed valUes. 

Inc luded in figure 7 for c om:parison with the results of the 
subject tests is the value of (da/do~)c -0 obtained by an empirical 

- 7,-

method based on data from tests at Mach numbers near 0 . 1 and. at 
Reynolds numbers which were higher than those obtained i.n the present 
investigation. (See referenoe ,6.) 

Pitching Moment 

Variations in the ~uarter-chord moment co~fficient with Mach 
number for constant angular cond.i tions are shown in figure 8.. The 
curves of moment coefficient aga.inst ·lift coefficient at constant 
flap deflection (fig. 9) indicate large center-of--pressure shifts 
for small lift increments near c], = 0.3 even at 1m., speed. In 
order to show the center-of-pressure shifts, at least ~ualitativelYJ 
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the values ot: pl otted f or three lift coefficients 

in figure' 10 . 

The cl.uarter - chord moment coefficient is shovn1 as a function 
of flap d.eflection in figure ll ( a) . Thcr'e i 16 a larG<& difference 
betWeen -1:.11e moment coefficients f or of = -6 !IDcL -8 at a Mach 
numbor of 0 .8 . The difference is prOdUCEd both by a change in 
lift .J"oofficj.ent (.fiG. 3(h)) aTld by a rearvTard shift in the 
center of Ul'eSS1U'O for this ~~o flap - anglo incroment . This trend, 
together v71 th t cc; fact "L11at relatively l:ighvaluf.)s of ( dc 1 / Ol)f ) a, 

were attained at f l ap def lect i ons beJ-ond. -6 ') (fig . 5( a) ) , indicates 
that marl'\:ed im: royement in tho flov1 over the flap occurred as it 
.Tae deflected. ·to t he higher e.n.v:l es . 

A comparison of parts (a) and. (b) ' of figure 11 8hm-1s t hat the 
effect of the roughened l e a 6.ing e dge 'was to clocrcase t e moment 
coefficients a"'ld to rc;c!.uce the soveTi ty of t l10 cilOnges in em /l 

e 4 

which occurred at v e:cy high spoeds for mcdhUl1 fla:;? deflection, 

Hinge Moment 

Tho effc' et s of cem:;lTessibility on t he fla:p seC"Glon hip..go -moment 
cocfftciont fo:,:, cons1j2-Tlt angulex cendi tions a:;.'o presented in 
fiGuro l~ . Pre ssure-distribution data and chli e:c-on flc,·, 
photocraphs obtained in the Lanble rc;::te.rl[ju.lar hi£::h-s:900d tv.nnel 
in invostigations of other ' flappeo_ ai:!:'foils have f3ho,-7ll that abrupt 
changes in hingE:: -momont coofficient occvrred i-Then the; criti cal speed 
¥Tas excoedod. . Those effects vrore found to ari se from "eho passage 
of shock waves across t:!1o f la:!? Tho variations of 11ingc -momont 
coofficicmt wi t h anGle of attack for a 1'10.:::> anGlo of 0 . 30 a.ild "lith 
flap G.oflcction for an a.ll£,lc of attack of 00 m'o s h 01m in -F'igl1.TOS 13 
and 14, respectivel y . Comparison o~ figuros 14( 2.) 0..."'10. 14(b) shOYTs 
that the <..21i tion of roubn.'1.cSS -to the, airf oil l eo.cLine:· e dge r esulted. 
i n a lax'eo incroaso 5_n t he balance for all speeds . In this case , as 
. las b.·ue for the lift and. pi tchinE; moment, a l ess abrupt chanGe 
in slope in passine; from tho loW" to hiCh f lap QOl1 ect ions (-4 i) to -So) 
was obtained . 

The variations 1.,rith Mach Ill.unD O:C of (OChfJcx,)o. and. (0Cn/00f)a 
.l 

cu·o given in fie;UT€ 1 5 . These a1o:;:)E~s , each of ,'Thich i s t he valu.e 
for 0, := 00 and 0 := 0 . 30 , . a-pply oYo.;;r a very limited range of 8Jlglo 
of attack aDd. f lap def l ection as is evident £"l'om fi[;lU'os 13 and 14 . 
Et:ltimatod. vo..lu.cs of (dCh/do,) Of cmd (dChfo5:t ) a, . obtained. :from 

emph'ical method3 presented in reference 6 are includod. in figure 1 5 . 

1 

1 

I 
I 
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Reference 6 shows that a small part . of the total aerodynamic balance 
,-las d.ue to the small nose overhang; the g::ceatE"r part vas due to the 
high trailiYl..g - ecige angle in the presence of an lJ.1lSeru.ecL gap . The 
tendency for the f l ap balance to i ncrease Inth increasing Ma ch nLuuber 
at subcritical speeds is bel ieved to be a characte:o.'istic .of flaps 
with relatively large trailing- edge angl es, . although a lElX'ee "flap 
nose gap probably aU@llent s this tendency . M;;tch less increase aTJ.d 
even a d.ecrease in balance vi th Mach numbe~c has been found for 

. models having various amounts of nose overhang with smaller trailing
edge ang~es . neferences 7 and 8 , which present results of tests of 
three -dimensional moclel s , shovT that,' for elevators havi~: overhangs 
of 30 and 48 ~6rcent of the chord behind the hinge . center line aDd 
t:railing- edge ar .. gles of 1 2° and. 130

, respectively; a decrease in 
balance with Macn number ',vas found..· 

CONCLUSI ONS 

The results of the present hig.'1. - speed vlind- tu,nnel investigation 
of a 5-1nch- chord NACA 16- 009 aiYfoil having a 3c. . 9 - percent - chord 
flap ,vi th a 20 . 7 - percent flap - chord nose ove::chang, ar..d a 1.8- percent 
chord unsealed gap can be su:mrn.ari zed as fo11ovIs : 

1 . The elevator.effectiveness factor ( d ~/Q5f ) C l=0 for small 

angle-of - attack antl f lap - angle increments for the Si.1J.ooth model 
,'ras 0.46 at a Mach number of 0 . 4 but had decreascc). to a value 
of 0 . 22 at a Mach number of 0 .8 . 

~~ . The ae:i. ... odynamic balance for the flap testec1_ incx~eased -yn tl1 
increasing Mach numbers in the subcri tical speed. rar...ge . Beyond the 
critical Mach number abr'..lpt changes tn the hinge-moment characteristiics 
occu.:::'red . 

3 · The presence of roughness on the leaciing edge produced (a) a 
marked decrease in the rate of change of lift and quarter - chord, 
moment coefficient wi t h flap angle for small f l ap defl ections, and 
(0) a large increase in the aerodynamic balance of the flap . 

La~ey Memorial Aeronautical Laboratory 
National Advisory Committee for Aeronautics 

Langl ey Field, Va., J une 9;J 19L!7 
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Figure 1.- NACA 16-009 airfoil with a 0.329c flap having a 
O.207cr nose overhang. 
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Figure 2.- Langley 24-inch high-speed-tunnel test section 
with access door removed. 
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