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AERONAUTIC SYMBOLS 

I. FUNDAMENTAL AND DEIHVED UNITS 

Length __ ___ _ 
Time _______ _ 
Force _______ _ 

Symbol 

l 
t 
F 

Metric 

Unit 

meter _____ _____ ___ ____ _ 
second ____ ____________ _ 
weight of 1 kilogram ____ _ 

Abbre1 a­
tioa 

m 
s 

kg 

English 

Unit 

foot (or mile) __ ______ _ 
second (or hour) ______ _ 
weight of 1 pound __ __ _ 

Abbrevia­
tion 

ft. (or mi.) 
sec. (or hr.) 
lb. 

Power ______ _ p 

V 

horsepower (metric)_____ _ _ _ _ _ _ _ _ horsepower __________ _ hp. 
m.p.h. 
f.p.s. 

Speed ______ _ {
kilometers per hour__ ____ k.p.l 
meters per second_______ m.p., 

miles per hour_ ______ _ 
feet per second _______ _ 

2. GENERAL SYMB ~LS 

Weight=mg 
Standard acceleration of gravity=9.80665 

m/s2 or 32.1740 ft./sec.2 

w Mass=­
g 

Moment of inertia=mk2
• (Indicate axis of 

radius of gyration k by proper subscript.) 
Coefficient of viscosity 

11, Kinematic ~iscosity 
p, Density (mass per unit volume) 
Standr d density of dry air, 0.12497 kg-m·4-s2 at 

15° · ~- and 760 mm; or 0.002378 lb.-ft.-4 sec.2 

Specifi weight of "standard" air, 1.2255 kg/m3 or 
0.071 51 lb./cu. ft. 

3. AERODYNAMIC SU BOLS 

Area 
Area of ,ving 
Gap 
Span 
Chord 

Aspect ratio 

True air speed 

D . 1 T 72 ynamic pressure=2p Y -

Lift, absolute coefficient OL= {s 
Drag, absolute coefficient OD=; 

Profile drag, absolute coefficient ODo=~s 

Induced drag, absolute coefficient OD,=~s 

Parasite drag, absolute coefficient ODp=~s 

Cross-wind force, absolute coefficient 0 0 = q~ 

if/), 

Q, 
n, 

Vl 
p-, 

µ 

'Y, 

l~gle of setting of wings (relative to thrust 
line) 

~ngle of stabilizer setting (relative to thrust 
line) 

tlesultant moment 
Resultant angular velocity 

Reynolds Number, where l is a linear dimension 
(e.g., for a model airfoil 3 in. chord, 100 
m.p.h. normal pressure at 15° C., the cor­
responding number is 234,000; or for a model 
of 10 cm chord, 40 m.p.s., the corresponding 
number is 274,000) 

)enter-of-pressure coefficient (ratio of distance 
of c.p. from leading edge to chord length) 

rngle of attack 
rngle of downwash 
illgle of attack, in.finite aspect ratio 
illgle of attack, induced 
~gle of attack, absolute tmeasured from zero­

lift position) 
!?light-path angle 

R, Resultant force 
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TE T OF A. C. A. 0009, 0012, AND 0018 AIRFOIL' I THE FULL-SCALE TUNNEL 

8 lli\1 I A It\' 

. l1t i11r1stigatio11 /l'a8 c1J1uhu·t11/ i11 t/11 .\ .• l. ( ' . • L 
]111/-scalt ll'ind 1111111(/ _to di11nfli111· flu· a1roily1111111ic 
clwracltristics of t/11 .,· .• I. (' . . I. 000!), onu, /llltl 00/S 
ai,joif.s, icith t/11 11//i,rw/1 p11rpo.w <!l 11roriili11y c/a/11 to 
b'" usu! as II ba,,i.,Jor c<11111111riso11 1ri//1 utlar ll'i111l-t111111d 
data, 111ai11l11 in t/11 stw/11 of ,,c11/1 am! t11rb11/i 11c1 1 /{1cls. 

Tltr11 sy11111;1 trical U- b/.-Jr,:-Jout 11ctu11r11dar ai1.foil.:· 11'/n 

11.,u/. 1111 R1y11olds .\'11111bu "lll!Jl Jo, 111i11i11111111 dmfi 
was from 1,800,(HJO to 7,000,000 and.for 1111ui1,uu11 /(ft, 

jro111 1,700,000 to //100,(JOO. 'l'/11 t.f/11'1 <d ruu11dul ti11s 
u·a.s d1tu-111i1111/ .f/J/ Ille/, 1d t/11 11i1foi/.,. T1.,ts ll'tr< also 
made of t/11 X. ,- \. C . • l. 00U ui,joi/ l<J.Uipp1d with a 
0.20c Jull-.,p1w split jiap hi11!J11I Ill U.SUc. 'J'ujt .,urr, ys 
Wll't inc[ll(/td to sl,ow f/11 proyn.,sin bual-i/011•11 v.f /loll' 
near lf1<ui1,rnm l,Jt . 

• \/0111(1t//(lfl .Sl/lt'I/IS 11'1/f llt(/1/1 in 1·011j1111ctio11 ll'itli 
Jorc1 mrn.s11ru11n1ls at ;;1/u lift 11.s a11 air/ i11 1·0111·11/iny 
fo,c1 t,.~t da/11 lo .wd,011 c111 (licit 11/s. 

I TnOO UCTJO ' 

Since thr inception of \\incl-lunnd [<•sling, the prnh­
lem of cot'l'N'ting 1111d applying lest n•stilts lo full-s<"nlc 
flight conditions hns exi,;t <•<I. Tlt<•ory i 11dic11 t <'s thn t 110 
<'OIT<'<'Lions nrr 1H•<·c•ss111',\ whc•11 nil Lh<' c•o11ditio11s of 
dy1111 mic sin1ilitudr nn• sn t isfi<•cl . Otw of t ht• condi­
tions of ,;i111iln ril_\ , Hrynolds '\111nlwr. \\HS 111c•t by the 
~- A. C'. A. varinbl e-dc•nsily t11111wl, i11 \\hil'h tests 11re 
eonduc·ted nt Rc•ynolcls \'umh(•r..; in the lmH'r llight 
n.111gt•; ho\, t'\ t'r, ('\ peri llll'll ls st i II n•n•u I Pd d isn1•pn1wit•s 
due in pnrl lo dissimi l11 1·ities i11 l11rbulrt1 ('<' bet\\ PC'n 
\\·ind lunnc•ls and free nir. T11rb11lc•n<·(• J1H'nsuremc•11ts 
in llw N'. ,\ . C' .• \ . ,,ind l11n1wls rC's1tll1•d in 1hr use• of 
the "pfl'eeli\'c H<'ynolds Numht•r" (rdc•re11c·c•s I and ~) 
in 1111 nttc111pt lo impro, c the• precision of ,1pplyinl! 
datu obtnirH'd in \I ind tunnels with high lurhulenc·1• to 
night condition;;. The clatn· upon "hith th<• pffeC"t i\ l' 
Reynolds ); umber c·o1-rccl ion \\ 11s hnsPd 1\·c·n•, ho" C'\ <'r, 
limilc•cl lo c·om·rn lion11I uirfoils of lll<'clium tltick11rss 
nnd did not incluclc llll' \'arintion of thl' l'fft•et of 
l urbulC'nCc with I hiekrH•ss nit io 11 nd oll1t•r ni rl'oil 
C'lrnmcleristiC's. In ordl•r to pro\·idc• dutu th:it \\ Ould 
nfford n bronder basis for rompurison 1111d nssist in im­
pro\'ing the turbulence ('orrection, tlw prcsPnt invt'sli-

~11liu11 \Ins <·01111<l11elPd 011 s.\ 11111wl riC"11I 11irfoils of N. A. 
('. ·'-· OOOH, 0012. 11nd 001\ sc•c·tio11,. Tiu• tl'sls \\('I'(• 

111:1dc• in the:,. ·'-· ( '. ,\ . f11ll-senlt• \\ incl t111111el, "hirh Js 

I l-110\\'11 to 1111, P lo" t11rbulc•11c·c 1111d to pr·o,·idP 11 clos,, 
11 ppro11cl1 to f1·1•c•-llight <'ondit ion,-. 

In nddiLion to fore·(• tr~ls of lite plain airfoils, ll1i­
::,_ . \ . (' .• \ . CH)I'.? airfoil \\1h ((•stl'd ,1ith ,1 0 ~01' f11ll-sp1111 
spl it flap. The HP) nold,.; .\' unil)('r r.111g-<' \\ ih from 
1,700,000 lu 7,000,000. ,\l onw11l11111 111c•ns11n•111e11t,.;, 
111aclc• in thr \I :tkc•s of 11II thrre nirfoil,-, \\ c•n• usrd to 
<'vnlu,1tl' the dn1g t111r,;c•d h_y tltt' airfoil tips nnd thus to 
ohtn in section drng d1:1rntl<•ristic·,- The• data obtai1wd 
in this i11\·e-,t ig-ation nre p1·p-;c•11tPd in order to 111ul,1· 
them i1111 il11hd<• fo1· c·ompnrison nnd nnnlysis. 

I~(} lPM ENT AND ArnFOJLS 

.\ d<•-.c'l'ipt ion of the· full-s<"nle \\ ind l111111d 1111d of its 
tt'-;L l'C(ll iplll<'ll( is gi\ <'II in rl'fc•n•1a•t• :L ' l'hl' turh11lc11<·<• 

f11dor of the• t 111111C'l 11s dc•tc•r111i1wd h_, spht•rc• tP,ts is I . I 
( rt>f<'l'l'Jll't' I ),. 

During tl11• Ip,{-,, till' :1irfoils \\l'l'C' moun(l'd \\ ilh tlll' 
11111in s11ppoll'I 11tltt<"IH'd :ti thl' (Jll:ll'(l'J'-('honl point or 
lht• airfoils ( fi~. J ). 'l'IH· angle• of :rttuek ,u1s C"hn11gcd 
ll\ n n•rtir:11 lll1l\e11w11l of the lu\ll'I' ends of the• re11r 

I • 
supports. 

1 
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Thrct' G- by :3G-foot rectangular airfoils having 
N' .• \.. C. A. 0009, 00 12, nm! 0018 s:rnirnetr-icn l sections 
were ro11structed fo1· tht'se tests. Tl1e r1 irfoil:,; wcrr of 

rtto t·Rt;~. l),t:.rhi.hlt•rouMhdtit:.forllll'~. \ .C .\ .UV ... 1ai.rfoil. 

steel-spnr constrnction with ribs sp:icrd :ll 12-inrh in­
tennls. Tht' ro,·rring w11s !{6-inch nluminum shrcts, 
nttnchNI 11·itl1 countersunk sc..-rws. Tlir Sl'ams nnd 

FIGl'Ht; :J. Till' X. _\. ("' \ . 001:? nirfoil \\ ii h o.:.~r rull-sp:111 SJ1li1 lbp. 

tllC' screw slots "·erl' fillrd 1111d the entire surface wns 
thrn s11nded , contrd ll"ith painl primer, a nd polishrcl to 
a glossy, wax-like finish. Tolerances on the section 
ordinates were kept " ·itlii.t1 ± %2 inch. 

Detnclinhlr rounded tips were provided for c11eh 111r­
foil. Thrsc t ips, shown in figure 2, formed onr-h,ilf of 
a solid of rcl'olution , the rndius nt each cl1ordwise 
sh1tio,11 hein~ equ11l lo one-li11lf of the locnl nirfoi l tli.ic-k­
ncss . 

. \ f11ll-sp1111 0.20c split flap consLrutLNI of 1r inch 
plywood 11·11s proYidrd for the:~ .• \ . C . • \ . 0012 airfoil. 
Figure 3 .~hows t he flap mountNI on thr flirfoil. 

Th,e rack used fo r the momentum rne11sureme11Ls 
(rig. 4 ) consisted of 11 comb of tobil-he:1d lubes nnd n 
comb of stat ic t,ubes. These combs wrre plnccd G 
i11chc•:-; 11p:1rt nJHI Lhr entire 11ssembly w11s mo1111ted 011 

tlH' su JTC_y c·a1T111ge. The det11ilccl spncing nnd th<' 

F tnt·ut: J. \ yit.•·,\~ of lh1• r .<"~ 1:~·•11 ror morrwn111:n rnt':L-"t1n•11,r111~. 

clim!'11sio11s of both combs 11rr shown in figurr 5. Tl1e 
tot:1l-J1cnd comb c-clllsisted of :rn tube's of 0.00ii-inch 
outside dinmeter b_\' o.o:rn-inc-h inside dia111eler; the 
sl:1t ic· comb c·onsist<'cl of 1:3 tuhC's of 0. 12i>-i11c-h outside 
dinmetcr. Each tube was conneclrd to lhc multipl<'­
tube, Jpbotog raphic-n•rording m:1nomelt'r e11 rried in thr 
Sll l"l' e_\ .. (',U-1"1:lge. 

TESTS 

T,11·,r and inlerfen•11c·e 1rrre e1·ahwtcd b_\' pl'climi111u_v 
tests of the ;1irfoils. The tnre tests to detC'rmine Lhc nir 
forc-<'s on Lhe ,;upports ll'Pr<' m,1de ll"ith the ail'foil s up­
))OJ"le<II independently of the balnnc<' by cnhb,. Thr 
interfNence of lite su pports on the :tir lloll" w11s meas­
ured by 11eld ing tll"o d ummy support stru ts, shown in 
figure G, 1d1ich wel'C fr-ee from contact wilh the airfoils. 
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Lift, clrttg, and pitching moments of the nirfoils with 
sq uare tips were mcnsured i1t test, vclocitie:,; from 25 to 
11 miles per hour over a rnnge of nngles of attack from 
- 7° to 27°. Sinular runs were made with the rounded 
tips on the 11ir foils at a. sufiicicnL number of speeds lo 
afford comparison "·iLh the tests of the airfoils \\-ith 
sqi1a re tips. The N'. A. C. A. 0012 airfoil was also 
tested with a 0.20c full-span split flap deflected 15°, 
30°, 45°, nnd (j(l 0

• \Yool tufts were used to i11clin1te 
the progress ion of the s!nl l on tlH' upper s11rf11c-es o f till' 
airfoils. 

13.v rnet111s of tlir rnck preYiously dc•s(' ribrd , s im11lln11 r­
ou,; measurr111cnts were mnde of I lie total nnd the 
static pressures in Lite wakes of the a irfoils fort Ile zero-

To multiple­
tube 
manometer 

-,.-- ,;-

' 3• 
) 

3• 
~ 
4" 

24· 1· 
I 

l" i H /;W 
:,t<> 

. 065' DD. x .036' I.D. 
Comb of toto/-heod tubes 

To mulfrple­
tube 
manometer 

.!ZS' O.D 
Comb of stotic tubes 

FIGURE o.- Combs of tolal·hefid tu hes and stali c luhs. 

lift condi tion. The measurements were made lf> per­
cen L of the chord behind the trnil ing edge at 27 span­
,vise locations . 

Uf,l) l1CTIO1 OJ' DATA 

The measured wind-tunnel dnta were corrected in 

the following manner: 
Dynnrnic pressure was det,ennined from the difference 

in static pressure between two points in the Lunnel. 
This di ffe rence was correhlted w ith the free-stream 
dynamic pressure at Lhe airfoil locn Lion (jet empty); 
the correlation was then modified for the blocking effect 
of the airfoil, as outlined in reference 4. 

In the computation of the coefficients fo r the airfoils 
"-ith. rounded tips, the added area of the tips was not 
included. All coefftcients are thus based on the original 
rectangular nreil o f the square-tip airfoils . 

T are and i11lerference coefficients were deducted 
from the g ross coefficient . Owing to the small por- I 
tions of the supporting struts exposed to the air stream, 

JOSi:\!J ;;(I - 2 

the tare drag is 011 ly abou t 7 percent of the llCl minimum 
drag of Lltc uirfo.ils at n test, speed of 100 miles per hour. 
The in terference conertion was larger; for the thickest 
air-foil, interference dn1g was equal to 13 percrnt of tl1c 
net, drng fol' Lhe test speed of 100 miles per hour. A 
smn ll tare nnd interference correction was required 
for the pitching moment, but 110 correction was required 
fo r lift. 

PiLeh-n11gle sun't'.Ys i11 the region of t,hc• jl'L occupied 
by thr ai rfoil s showed :1 11 ,n-ernge strN1111 d01rnflow o f 
(J.G0

• This Yal11c w11s rorrobo rn led by the fore<' trsls 
in lhal the :lllg le of ZC'l'O lift was 0.(i 0 wilh resped to 
IIH' tu1111cl axis. 13c(':t\lse t,he scnks 111t•a:wrcd force 
con1po11e11ts per pend icular nncl pnntllcl to l11c Lunnel 
ii:,is, lbesc ,components were corrected to obtnin true 

Pio1·nr. 11.-l)ummy supports added lo the K . . \ . C. A. 0000 nirloil set-up for the 
intrrforrncl'.' tests . 

Jjft and dr.ng componenls with reference to the mT 

stream. 
The jet-bou11dary corrections, ns end LIil ted for tbe 

full-sc11le tunnel in reference 4, were npplied. 
Coefficients for infinite aspecL ratio were cleri ved from 

t,110 correded results of the tests of Ll1e rounded-tip 
nirfoils of aspect ratio 6 by the formulas: 

a0 = a - CL] ( I + r ).57.3 
'If L' 

0 
is angle of ottack for infini te aspect rntio, 

degrees . 
Cv , profile-drng coefficient. 
A, aspect ratio. 
r, a fncLor correct ing the induced angle of attack 

to nllow for the change from elliptical span 
loading to a span londing for nn airfoil with 

rectangular plan form. 
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u, 11 facLor C'orrecting the induced drag to nllow 
for 1,he rhange from elliptical span loading 
to a span loading for au airfoil with rec­
tangular plan form. 

\ 'alues of r = 0.176 and u=0.051 for aspect ratio 6 
were obtained from figure 7 of reference 5. 

A deduction for the tip drag obtained from tbe 
momentum measurements was also made lo obtain tLe 
true section drag. (The varinlion in this correction 
wj th tbicknes::; rnLio for both rouncled-t,i p and square-ti p 
nirfoils is shown in fig. 17 .) T his C'nrrcction is s( rict ly 
niliJ onl_y at, thr angle of zero lift but is .1ssumcd r·rn1-

sLn n l, t..liro11gliout the <'nlirc anglc-of-uUaek rn ngc. 
~o <·01-rection is required for sl11tic-pressu re grnd icnl 

in tho stream jct bc<'nusc it is so small LliaL Lhc• resulting 
dcC'rement iu drug is within Lhe precision of the scnlcs. 

No effective Reynolds N umber correction is applied 
because (1) maximum lift, coefficients obtained on air­
planes in tlight and in the fu:1-scnle tun nel nre in good 
ngrcemcnt (references 2, 3, nod 6); uncl (2) there nro no 
know11 corrections to bo applied to pronJe clrng for the 
smnll nmount of turbulence existing in the jct of the 
full-scale ,\-iud tunnel. .1m investigation is now being 
mndt' in which it is planned to compote the section pro­
file-drug coefficients obtained by the mom en ( um method 
in flight and in the tunnel. 

The computation of the section profile-drag coeffi­
cients from the momentum datn, was bused on the 
tbeoq given in the appendix. The formula used was 

\Yherc 
His the total pressure in the wake. 
P, static pressure in the wukr. 
Il0 , free-stream tolal pressure. 
P0, free-stream sLatic pressure. 
?I, vertical displacement from the tro iling edge of 

t.hr nirfoil. 
c, uirl'oil chord. 

Tl1c mctl1o<l of computation was as follows: 
l. The values of II and P wer e detcrrni11ed from 

fai1·ed curves of totnl and static pressures across the 
wake pro6lc, to which a correction was applied to 
allow for t li e vertical gradients e>.;sting in tb e tmrnel. 
The Yalues of H.0 nnd P0 "-ere determined Crom total­
heacl- nnd static-tube readings taken well outside tbe 
" ·ake \\~itb a proper calibrntiou applied to obtain the 
free-stream val ues of these quantities. 

2. The quantity 

was then plotted against y/c. This cm·ve was inte­
grnted, the sunuuation being the section profiJe-clrog 
coefficient at the station of measurement. 

ACCUIIA CY 

An ,estimnte follows of the precision of tbe fi.nal re­
su lts, based upon a considerotion of the accurucy of the 
measurements of 1tir-stream Yelocity, balance readings, 
nnd angle-of-n.ttack setting: and lhc probable errors in 
the applied corrections. 

a, ± 0.1 °. 
(',~max' ± 0.03. 

dC'1., - ± 0.00 I 5 per degree. 
cla ' 

Cn,
1
, L0.0(10'.2 (r',. O). 

( '"11' j_ ()_()() 15 (C',, - 1.0) . 

r 1,,,,1 1• ± o.no:t 
RES 1,TS AND OJSC SSJO 

'I'bc principnl aerodynamic chnr11cteristics of tbe 
N. A. C'. A. 0009, 0012, and 001 square-tip nii·foils of 
aspect ratio 6 nro gi,~cn in figures 7, , and 9 for 011 

.wcruge Rey11olds Number of 3,400,000. Lift and drug 
coefficients for the airfoils wiLb rounded tips are also 
giYen. The corresponding section chn.racteristics are 
presented in figure 10. Tnhlc 1 gfrc a surnmury of the 
resu lt, · for the square-tip airfoils o\·cr a. Reynolds Num­
ber range frolll 1,700,000 to 7,000,000. 

TABLE I 
l:\!POH'l'.\N1' CIJAHAC'J'ERli:''l' l CS OF SQU.\HE-'1'11' .IIRFOTLS OF 

.\ SPE('T RATIO 6 

Reynolds a n l 
dC1, le~)~., 1' .• \ . C .. \ . airroll Number Cl~., c,.,,uu ,I;; cl>,.u•,. (mfllions) (deg.) --------

~--······· · ··· { 
1.8 1.09 16. 2 0,071 O.OOG6 
3, 0 1. 20 Ji. I . Oil .0002 2-1. 0 
5. l) 1. 2f\ l7. 7 . Oil . 0000 
'i.ll ------ -·-··---- ,072 • 00/J~ 

I u, 1. :?2 Ii. 6 .072 . 0071 
oon .......... 3.0 1.33 IK!J . Oi2 . 0009 24. i .. I fi. 0 --. -. ·---- .. -- ----- . 073 ,0066 

7. 0 . 074 . 000,1 

··:{ 
1.8 1. 1r, 17. 6 .Oio .0091 

001~ .•...• · ·-- 3.11 I. 26 IK4 .,m .0085 ··2i:o 
.5.0 I 30 rn. l't . 072 .OOS2 
7. (l ---- --- ---. ---- . Qi;! .007$ 

0012; uo•. 0.20c J{ 
I. 7 2.10 1,.; ~- 1 2:! 2.11 IK1 ... 5. 2 

split Jin/>.. ..... 3. 0 2.;tl 
I 

lVU ! ... . 074 1··· ······1 fi.'l 
-l.11 2. ~b 20. 1 . ----- -------- - 3. 2 ---

Figlllres 7 Lo 9 show a marked dcercase in the sharp­
no of the stc1U of the N. A. C. A. 001 airfoil as com­
pared with the Lhi1mcr sedions. Figures JI, J 2, and 
13, which shO\\. tho history of the flow in the region of 
l be stall for the three airfoils, ofler an explo 1111 tion of 
this phenomenon. It will be no Led that, for the N. A. 
C. A. 001 airfoil, the initial breakaway of flo\\' precedes 
the angle of attack aL maximum lift to a gre:1ter e,tc11L 
Lhan it docs for t.l1e N. A. C. A. 0009 and 0012 airfoils 
and that the spread of the stnlled region is much morr 
gradual. The lurk of a "h_ystercsis" loop for the N. A. 
C. A. 001 airfoil may also be explained by the fart 
lhat tbe unstnlled J1ow is more readily reestablished on 
an airfoil which stalls "gradually." Comparisons of 
force tests wit.h and without tufts show negligible dif­
ferences, justifying the assumption Lha t the tufts muse 
no importllnt cbn.nge in the charncter of the flow. 
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FIGURE i. Chnraetcristics of llw X. A. C . A . 0009 airfoil of aspect ratio 6. 
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FJGtJRF. 8.-Clulracleristfcs of the :-J . . \. C . .\. 0012 airfoil or aspect ratio G. 
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FIGURE 9.- Characterislics or the N . .\. C. A. 0018 airfoil or aspect ratio 6. 
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F1GVRE 10.-Section characteristics of the N. A. C. A. 0009, 0012, and 001 airfoils at a 
Reynolds Number or 3,400.000. 



6 REPORT NO. 647-NATTONAL ADVISORY CO MMITTEE FOR AERONAUTICS 

lOl---j'---,L.J.-1--+--< 

G. 
.8f---7'l---l--~_._--l 

6a 12 16 20 
a. deg. 

cL = /6.8° G. • I. /40 

ct - 20.5° c,. - 0.678 

~'IGUI< >: 11.- 'l'hc N. ,1 . C. ,\ .()()()9airfoil. 

/.4 

l.c 
c;, 

IO 

.8 
I/ 

I 

V-
I 

I'.... ,.._ 
........_ 

., 
·68 le 16 20 24 28 

d. ,de9. 

C{ G /6.8° c;_ - /. I 76 

d = 17.7° c. - /.232 

d a 202° c;_ = 0.8-50 

FIGUR>: 12.- Thc N . A. C. A. OCll2airfoil. 

I 

1.2( 

t.of 
C, 81 

·6a le 16 20 24 28 
d ,deg. 

\" .. . .. . . . . .... . . ..... . . ) . . ........ ... . . . .. ...... 
. . . . . . . . . . . . ' ...... ' . .. . 
. . . . . . . . . . . . . . . . . . . . . . . . 

Ci = 15.0° c;_ a 1.020 

\ . .. . . . . . .. ...... .. ...... ) . .................... ... 
: : : : : : ;;-;0?;,%~ : : : : : : 

d • 15.9° c,_ = 1.073 

c( s /87° C. • f.Z/0 

F IGl' RR 13.- Thc N. A. C. A. OOIS airfoil. 

Fm UR>:,; 11 T'> 13.- Stallillg coll lours or tl1rcc N . A. C. A. airfoils with rounded tips. .l pproximatc test velocity . •I r. D. s. Cross-hatched areas illrticatcs lalh-d r!'gion. 
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The efre<:t of Reynolds Number on lite maximum lift 
and t..!1c minimum clr11g corfficicnts of tlw tl1ree 11irfoils 
1111d 1>f the N .. \.. . C. A. 0012 airfoil \\'ith Ll1e 0.20/' full­
sp1rn split, Jlnp <lellccted 00° is sho1rn in figures l..J. :1ud 
15. It will be noted thrtt the addit ion of the rounded 
tips to lhe :1i.rfoils C',rnses a dccn•ase iu the rnaximurn 
lift coefficient varying from about 2.:"> pcrrcnt for the 
~- A. C. A. 001 nirfoil to :tbollt l.5 pcn.·<•nt for the 
~- A. C. A. 0009 nirfoil. 

Tue 1·11 ri11 t ion in sccl iou profilc--drng cocflieic11l ncross 
tlic spu n of ll1c three rounded-tip airfoils, 11s mct1surcd 
11t 7.Cl'O lift by the moniC'nLum method, is s bowll in 
flgu1·0 16. The 01·er-nll prnfile dmg obt:1inrd b? iln 

in lcgnition fl Cross t,he spnn of Lhc 11irfoils ton1pnrcs witl1 
Ll1n,t meiH,urrd b.v for<'<' tests, r1,; shown ill la hie TI. 
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This agreement is within Lhe experimental accuracy of 
the momentum method and is su fficienL to wanant the 
conclusion thaL this met.hod sa Lisfnctorily measu1·es 
profile <lrng oL z:cro lift. The maximum rnrinlion of 
± 0.0002, whiclt will be noted in the individual section 
c·ocfiicients across Lhe span of Lbe airfoils (fig. 16), is 
nttributcd Lo a c-ombination of experimental error and 
untwoidahle difl't>rences that existed in the surfaces at. 
U10 various sli1Lio11s. Des igners should nofo tlrnt Uic 
airfoils used for t,his i11vcstigatioo , :1s i11 nll wiud-tuunel 
irwcsLigations olf 11irfoil chnracterist ics, were appre­
ein bll smo0Ll1c1· Lhnn wings commonly used in airplane 
construction. 

The increase in drag caused by tho rounded tips, 
shown in figure 16, indicates that something in excess 
of tbe section drag is measmed by the force test. A 
comparison between the over-nll profile-drag coefficient 
of the tlirfoil of aspect ratio 6 and t.he section profile­
drag coefficient is shown in table III. The section 
profile drag was considered t lt e aveni.ge across th e air­
foil inboard of tho arna affected by tho tips. The cor­
rection for tbc tip drng is thus derived from the differ­
ence bct,wcen the sect>ion and the oYer-all profile-drag 
cocfficie11ts. Tb e section drag is obi a ined by <led ucting 
the tip correction shown in figure 17 and given in table 
JJJ from the force-test results obtained for the rounded­
Up airfoil. No appreciahJo variation in Lip drag was 
not-cd OYer o rnnge of Reynolds N LU11bcrs bef,wecn 
3,000,000 and 5,000,000. 

TA Bl.Ji; 11 l 

' I'll' CURHl~CTl(J,'\ $ ~'0 1( ' !'Ille H.OllNDVilJ-'l'IP AtllFC111,l; CJI,' A~l'E<'T 
RA'r 10 6 I' Rlli\l J\10.\l El'<TllM TJ':~T . U- MOO,oon 

P' C ' 

c"o c,, HnundNI-~ 
ir(oil dmg. t,,C0 

0009 O.OO(il 0.0000 0.0001 
0012 • ()OOf, • 0005 . 0001 
001' .00i5 . 0073 .0002 

l◄' igure 17 also s hows t,he vuri.1t,io11 of Lhis l,ip <'OJTec­
t.io11 with prnf:ilo thickness for the sq11a.re-lip 11irfoils of 
aspect ratio 6. 'I'IJ.c supplementary dr11g caused hy the 
square tips varies from zero for the airfoil of 9 per­
cent thickness to 13 percent of the rni11imu111 <lrag for 
lhe oirfoil of 1 pcrcon t thickness. Th us the results 
for square-Lip airfoil., when uncorrected for tip drog, 

gretLtly magnify U1c iucrcnse of dn:ig with profile 
thickness. 

Fig me l gi res tl10 rnriatio11 of scct.iu11 ii rng :1 L 1.crn 
lift with Reynolds Number, obLnined by applying tho 
proper tip correction to tho resul ts given in figure 15. 

The acrody1iamic charncLcristiC's of the r . A. C. A. 
0012 airfoil with tlie J'ull-spall 0.20c split flap for flnp 
deflections of 0°, 1::;0

, 30°, 45°, and 60° 11l, n Rey11nlrls 
Number of :1, 100,000 a rc gi,·en in figure Hl. Figun' 

c.O 
~ • 

~~ /.8 

/.6 

1.4 

ti, 
~ 2/ 

~20 

~~ 19 
c:, 

IB 
~ . 0 

~·1r.11c<tc 21. - \ ·nrialion 11( maximu m lilt am! angle or aUnck at mnxim111n lrrt " 1th 
flap ctellrC'tloo els He)noids N111nll<'r or~,100,(lOO for fho srprnrc•l ip X. A. r. \ . 
IXH2alrfoii of nsp1~•1 ru l io Ii. 

20 gives the corresponding section c lrnrnclcristics u11d 
figure 2 L shows t]JO vnriution of tho maxirnum lifL 
coefficient and of the angle of attack at nrnxirnum lift 
wi.th flnp deflection. 

At L110 present ti.me, the datit herein presented aJ1d 
those available from other sources arc being compared 
wiLh a view towa rd determining the cause and mogni­
Lude of exist,ing dis('l'epnnrirs. 

LA1"'Gl, l~Y ~h: MOHIAI, J\.t,;HUNA U'l' l f'A I, J.,ABOHATOin, 

N A'rrox Ar, Aovrs o1tY Co.:.1:.11TTEE Fon ABRON A UTICS, 

LAKGLEY FIELD, YA., J illy 28, 1988. 
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APPENDIX 

The cornputntion of drn.g ri-om the 111ome11tu111 d11t:1 
was mndc• by the met hod drYelopC'd hy B. ).frh·ill(• 
,Tones (l'cf,el"ence 7 ). /\. compiuiso11 wns mucle heh,·ec,n 
the drag vnlurs gin•n b_v this method :1.nd those gi,·en 
by the nwthod developed b_v Betz (rcferrnce ). The 
nm xinrnrn difl'crr11cc i11 the profile-cl rng cocfficien t wris 
found to he no g reater thnn ± 0.0001 , wh en the 
computations wrrr bnscd on lhc snme di1ta. The .Jones 
method wns usrd bl'c1111sc of the greater s implicity of 
the computntions rrquirrd. 

Except for minor clw ngcs in not.1 Lion , t hl' cleri vn tio11 
of the ,Jones momcnt11m equation, as dc,·clopcd in 
re l'ercncc T, is as follows: 

Consider nn airfoil in a frre st ren.m ol' ,·l'lociLy l ·, 
with a dr:1g D and no forcr comporlC'nt peqwndieulnr 
to C. The drng cxpC'l"irncccl by t·hc bod~, \\·ill he 
caused hy thr change in momentum that the body 
imposes on the free stream. Thus in o plane AA 
(fig. 22), f111· brliind t he bod_v where thr stn tic prc:-1s111·c 

8 A 

is rqual to that of t he free t t·cnm and Ll1l' velocity is 
pan1llcl Lo U, the mag11iLudc of Lhc velocity is c,·cry­
whrrc equal to 7 • except in a well-defined wnke region 
where it is. less than C. If da is 1111 clrnwnt of area in 
Lltc pla nc A A in thr ,,·11 ke wherr the oi r veloci Ly 1s 11. 

t,he drag n is gi,·cn hy the cquatio11 

IJ= pf fu (C-u)da ( ]) 

Tl1C' net.ual mcasurcmc11ls arc Lo bt' 111.1de in tbe 
plnnc BB, whcl'c t he stnl ic pres urc is in rxcess of llrnt 
of the free strram. 'l'hrn the 111t1ss llow across 1111 

clcmrnt d<I' 1 , in lbc ph111e BB, where the vclociL_v is 11 1, 

is pu 1rla1 (ncglceting L11c effect of ang11l:iril_r, whidi will 
hr small). lf the symhol 11 is retained for tire vclueily 
of flow in this tube wher-c it passes through plnnc AA, 
l,he drag, which is equal to Lhc defect of 111omr11tum 
rros ing ll1c whole pl1rne AA in unit time, is gi,· cn by 

(2) 

Tbe assu1mpLion tltnt 110 loss of l1>ial prMsure occurs in 
the tubes td fl/Jw belwren BB and AA permits the final 
velocity n Lo be dctrrminecl from the Lotnl pressure Ht 
section BE3 and the free-stream static pres 11rc. ln 
the nct,uol flow. there is a, m_i_Xi11g !lrnt rnusc n widening 
out of the wake us the distance from Lho trailing edge 
mcJ·eases. The method presmnes thot this difference 

betwec11 the rral and the ima,gi11cd now docs not 
influc11cc U1c drng. 

[n order to use cquatio11 (2). it must be rxpres;;c•d in 
terms of the total- ,u1d thr statiC'-prrssurc 111e,1sur·e­
mcnts thnt ,,-ill nctunll? be mt1dc. Th rse measu rements 
,,-ill br: 

fl, ioLal prcssurc in wake at plnne BB. 
P, stntit pressure i11 wukr nt plane BB. 

Il0 , free-stream tob1 I prcssu re. 
P 0 , free-stream st11 I ic pre s111·,c. 

y, vcrtienl clispl11ccme11t frnm lrnili111='. edge of 
11irfoil. 

ThC'll 

/1 - P - l pH~ 
0 •) 

Substituting for L', 111, 11ntl Ii 

Hrduc<•tl tu cocffi<'i<'r1l form, l'qt1<11lion (3) hctoml'<' 

(4 ) 

This equation ,ms used in !.he compu tntion of drng 
from the momentum dntn. 
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Positive directions of axes and angles (forces and moments) are shown by arrows 

Moment about axis Angle Velocit cs 

Linear 

Design ion 

Force 
(parallel 

Sym- to axis) Designation Sym- Positive 
bol symbol bol direction 

Designa- Sym- (compo- ngular 
tion bol ncnt along 

Longitudi aL _ _ _ _ X 
Lateral.. Y 
Normal._ Z 

X 
y 
z 

Rolling_____ L 
Pitching____ M 
Yawing.___ N 

y.._z 
z-x 
X-~-Y 

RolL__ __ q, 
Pitch._ __ o 
Yaw_____ ,/, 

axis) 

u 
V 
w 

p 
q 
r 

Absolute coefficie1 ts of moment 
L M 

O,= qbS Om= qcS 
N 

O,.= gbS 

Angle of set of control surface (relafre to neutral 
position), o. (Indicate surface by pro :>er subscript.) 

D, 
p, 
p/D, 
V' , 
v., 
T, 

Q, 

(rolling) (pitching) 

Diameter 
Geometric itch 
Pitch ratio 

(yawing) 

4. PROPELLER SYMBOLS 

P, 

0., 

1/, 

Power, absolute coefficient Cp= A ~D5 

5/pV6 
Speed-power coefficient=-y Pn2 
Efficiency 

Inflow velc city 
Slipstrea, elocity 

Thrus,, •:i olu•• coofficion, OT-,s D' 
n, Revolutions per second, r.p.s. 

Effective helix angle=tan-1
( 2 V 1rrn 

5. NUMERICAL RELATIONS 

Torque, a] olute coefficient CQ= pn9D5 

1 bp.=76.04 kg- /s=550 ft-lb./sec. 1 lb.=0.4536 kg. 
1 metric horsepo er= 1.0132 hp. 1 kg=2.2046 lb. 
1 m.p.h.=0.4470 .p.s. 1 mi.=1,609.35 m=5,280 ft. 
1 m.p.s.=2.2369 .p.h. 1 m=3.2808 ft. 




