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NATIONAL ADVISORY CO.v1MITTEE FOR AERONAUTICS 

MEMORANDUM REPORT 

for t h e 

Bureau of Aeronautics, Navy Department 

TESTS OF NACA 65(216)-420 AND 66(213) - 420 

AIRFOILS AT HIGH SPEEDS 

By Joseph L. Anderson 

-sm~iARY 

1Hncl- tunnel t .ests of NACA 65(216) - 420, a = 1.0 , and 
66 (21 j )-420, a = 1 . 0 , airfo·ils at speeds up to and slightly 
above t!:1e cri ti·ca l are described . The test Reynolds numbers 
exte·nded from 4 , 000,000 t o 17,000,000 for t he 65-series 
airfoil and from 4 , 000 , 000 to 2~,500,000 for the 66-series . 
Section coef fic i ents of lift, drag , and pitching·-moment and 
extens ive pres sure- distribution data are presented. 

The · crit i cal speed f or t hese a irfoils at their design 
lift coefficient of ·0 . 11. is 8hm,rn to be about lj·60 mile s per 
hour· at sea l evel and apout 415 miles per hour at 25,000 feet 
altitude . T!:1e 66 ( 2l~ )-420 airfoil ·was found to be extremely 
sensj,tive t o ·SLrfaoe i mpe rf e ctions . Throughout t he test 
r ange t he 65- seriesairfoil had no ~ore and even less drag 
t han t he 66- series airfoil , and t he low- drag characteristics 
extended over a greater range of lift coefficients . . , 

I NTRODUCTIO N 

I n oro.er to Drovide data on the characteristics at high 
speed.E' , tests have been made of NACA 65(216 )-1.1. 20, a = 1.0, 
and 66 (21g) - 420 , a = 1 . 0, airfoils of 5-foot chord , and a 
66(2l~)-420, a = 1 . 0, airfoil of g-foot chord . The purpose 
of the latter i,Tas to determine t he separate effects of . 
Reynolds number ano. compr essibility • .. The t ltTO nro fi l es were 
chosen in order t o de t ermine t he effe ct s of rather high 

. camber (0 . 4 i deal lift coe ffici ent) and large t hi ckness 
( 20 percent of t !:1e chord) on t he section characteristics of 
low- dr ag airfo ils . · All t hree wer e t es t ed at speeds up to 
and slightly above the critical. 
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The test results for the NACA 66(218)-420 airfoil of 
5-foot chord have recently been publisheo. (reference I), but 
the coefficients were uncorrected for tunnel-wall effects. 
The corrected results are included in the present report. 

APPARATUS AND METHOD 

The tests vfere conducted in the Ames l6-foot high-speed 
wind tunnel, Moffett Field, Calif. This tunnel has a single 
return and a closed circular test section 16 feet in diameter. 

In accordance vi th the NACA notation,. the first number in 
the d.esignating numbers of the airfoils, NACA 65(216)-420, 
a = 1, and 66(218)-420 , a = 1, indicates that the sections 
are for low-drag airfoils of the 6 family. The second numbers, 
5 ana 6, indic~te that the region of falling pressures extends 
from the leading edge to 50 and 60 percent of the chord, 
respectively. The numbers 'in the parentheses indicB.te the 
basic a irfoil sections from VlThich these airfoils 'i?'ere derived. 
The number 2 incicates that the low-drag range of the basic 
airfoil is for lift coefficients 0.2 more or less than the 
ideal. The numbers 16 and 18 indicate that the basic airfoil 
sections are 16 and 18 percent of the chord thick, respectively. 
The number 4, following the dash , indicates the ideal lift 
coefficient to be 0.4, t he number 20 shows the thickness in 
percent of chord, and a = 1 is the oesignation of the camber 
line Tlrh ich gives a uniform chordTNise l ift distribution. The 
t't'TO airfoils are thus (1 esigned to have the same 1vorking range 
of lift coeffiCient, are cambered for the same ideal lift 
coefficient (0.4), have the same thickness (0.20 chord), and 
are designed for uniform chord1..rise distribution of lift. 

The coordinates for the airfoil sections are given in 
figures 1 and 2 . These coordinates were derived from those 
for symmetrical airfoils by the method explained in reference 2. 
All t hree airfoils were of consta nt chora. They com)letely 
soanned the test section of the wind tunnel, as shown in figure 
~, exceDt for cle ar 2nc e of one-eighth to three-sixte enths inch 
at the tunnel walls. 

The airfoil s were made of wood mounted on welded steel 
box spars . The a irfoil s ec.tions stopped at the tunnel 1~Talls, 
but the SDars extended through the walls to the trunnions of 
the bB.lance frame, which suonorted the airfoils ano. provided 
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for adjustment of tho angle of a ttack. 

The e.irfoils ~Tere paint er., s a no.l)8) ered , and p olishe Cl. so 
t hat the s urfa c e s were fa~r a nd true a no , during t he t e st s , 
they we r e ma inta ined in this condition . The angl es o f a tta ck 
wer e che cked during the t e sts by means of t or que t ubes 
fa Gt e n ed to t h e airfoils at midspan and ext ende d t o r ~ fe r ence 
fit t i ngs ou tsid e the test section of t~e tunnel. The to rqu e 
t ubes made it p ossible to determine t he t wist of t he airfoils 
under l oad. ano. to com")ensate fo r ce formation so t~at t he ~!i id
span s ection was k ep t at the ~es ired anfl e of a tta ck ; 

In eac~ pirfo!l, 2.5 feet from ~he midspan, t~er e was a 
chord't-Jise r ov·, of 37 static pressure orifices • . The or i fi ces, . 
0. 020 inch in oiameter, were connected to a multipl e-tube 
ma nomet e r which was phot ogr~)hed to obt a in insta ntaneou s and 
permenent rec or ds. 

From meas u r ements of t h e los s of mo mentum i n the wake 
behin0 the a irfoi l s, t he drag coe ffici en t s of t he a irfo i l 
s ecti on '~rere comput ed. The mOr;'len t um- los s me e sur ements it're r e 
made a t the c ent er of t he span by means of ~ rake of to t al
pr essur e and sta tic-p r e ssure t ubes conne cted to a mult i Dl c
t ube manome t er. The me t hod of Si l verstein ~nd Xa tzoff 
(ref er en ce 3 ), a s out l ined by Davi s in r Gf ar 3nce L r ~as 
employed f or com~utin~ the drag coe ff i c ient s ~res ented in 
t hi s r eport. 

The lift coef fic ients we r e der ived by i nt egr a ting p lots 
of t he nres sur e di str i bution t o obta in t h e coe ff ic i ents of 
normR l forc e end ap ? l yin~ t~e f ormul a , r iven ~2 ter , f or l ift 
co effici ent i n t erms of notmal f orc e and dr ag f or vp rl ous 
angl e s of a tt ack . Co effic ients of ~ itching ~ome nt ~er e 
COmDu.t eo by i n t efTratin~ t he iTIome nts of t he !') r OSB :r e a s shm1n 
by p lots par al l el .Rncl norraal to t j.6 chor e .• 

For a f ew of t he t est s , i n or der t o de t ermine t he effect 
of var i ou s s urfa c e condi tions, t he t r ansit i on point wa s Rrbi
t rp ril y f ixed e t 10, 30, 50, or 60 percent o f t he chord a ft 
of t he l e~dinf edge on both t he upp e r ~nd lo~er surfa c e s by 
1/2- 1nch- Hide s9anT~T i se bands of No . 60 CRr'Jorunoum g-r a ins. 
The e f fe ct of flst a nc ard ll rOUlzhnes s, a.s c'lc scr ibed i n 
r e f er ence 5, \':8 S t e st ed on 0;1 ' t he N)_GA 65 ( 21 6 )_ i.J-2 0 a irfoil, 
Sheets of Jo . 60 ca rbor undum 1)8.per ext e ndi ng around t he 
leadi ng edge of t h e a i rfoil f or 10 . 5 i nch e s constituted the 
" s t a ndar d " roug-hne ss for t his t est. 
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COEFFICIENTS AND SYI~OLS 

The coe ffici ents used in t h is reDort a re as foll ows: 

section norma l-force co e ff ic i ent [ l/c {(Su - SL)dx ] 

dy ) section dr ag co e ffici e nt (FI c jH - H~ 

W' q 

section lift coefficient ( c n - c d 
cos a. 

tan a. ) 

sec ti on p itching-moment , co effi6 i ent 
{ 11 c 2 [ , j( Su - SL) (4° - x ) dx + j (Su - 8L ) Y dy J l 
~ c C J 

pressur e coefficient (H '~ Pi ) 
pre ssure coeffici ent (p~ :- p) 

q 

R Re yno l ds number ( p~ c ) 

M ME'_ch number (~ ) 

where 

c a irfoil chord 

8U pressure coefficient, up~er surface 

8L pressure coeffici ent, lower surfa c e 

x dist~nce of pressure st a t ion fro m 
leading edge measured p a r a llel to 
wing chord -

F proDortionality f e ctor (re f erence 4 ) 

w thickness of wi nr wake 

H = p+ (l+~) q tot al pressure in fre e stream 



H~ 

q 

p 

y 

a 

p7, 

p 

V 

I..L 

a 

The 
the form 
locally, 

Since 

S = 

and 

P = 

total pr essure in wing wake 

fr ee- str eam dynamic pressure (-~pV2) 

free- stream static pressur e 

the com9ressibilitY .factor (reference 6) 
rl }.,2 . ~4 1'.16 i.18 

(1 + J-. + ~ + ~ - + 0 • 

!. '+ Ll-O loCO 80 , 000 

ordinate of pressure station 
measured fro~ win~ chord 

angle of attack of airfoil , degrees 

local static ~ressure on airfoil 
surface 

densi ty of air in free stream 

velocity of air in free stream 

viscosity of air in free stream 

velocity of sound in fre e stream 

eauation for the critical uressure coefficient of 
(p, - p ) / q , at "Thich the sl)eed of sound is reached 
is v 

P cr = 1 0 ~~{[0 0 834 (1 + 0 . 20 11 2 ) J3 05 _ l} 

(reference 7 , page 6 , eouation(6A)) 

H- p1, 

q 
p + q(l + ~) - p~ (P~ -q P) = = (1 + ~) -

a . 

5 
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then 

S = (1 + 1'1) -P, 

ana, therefore the va.lue of S at 'Hhich sonic velocity is 
r eached is 

Of use in this re~ort is a theoretical equation for the 
r ate of cha nge of oressure coefficient with Mach number. An 
equ~tion of von Kt.rman' s (reference 3, page 347, equ8.tion (62» 
is used. T!li th von Karman's symbol not8.tion changed to that 
usea in this report, the equation is 

P, .- = 
Po 

L Yf Po .)1 - 1,,12 + .-, Jl MZ 2 1 + -

PM pressure coefficient at a Mach number of M 

Po pressure coefficient at a Mach number of zero 
von Karman's eauation in terms of S is then . 

== 
./1 - M2 

M2 
+ ~-----

1 +'/1 _ lVf2 

CORHECTIONS FOR TUNNEL=-- -TALL EFFECTS 

The re sults present ea in this r eport have be en corrected 
for tunnel-wall effects by a methoo. developed at the Ames 
AeroneuticRl Laboratory. The followi ng equations give the 
corrected section lift, drag, and moment coefficients, angle 
of attack, Mach number, aml Reynolds number for these airfoils 
in terms of uncorrected values of these quanti -ties, ~!hich are 
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indicated by the subscript u. 

For the 5-foot-chord airfoils: 

c1::: ( 1 - ~ (0 . 02~2 + (2 - Hu Z ) 0.OOg 46 ]\ C1
u 1 - !'lU a 0 j 

!01 = [ 1 + 0.00Ei46 (1 + 0. 2 £II .2 ) ll1 
.2 u ! U 

1 - r'1u -

For t he $-foot-ch ord airfoil: 

c1 = 

[ 1 
_ 

(
012 _- M 2 1 + O. L~ i .o- Z l 

cd = u + ··u \ 0. 0 2165 I Cd 
Hu 2 0'/1 · - .2 ) j u 

- ! O" u 



a = au + 0.628 
(C1,u + 4 cmC / 4 u) J l - Mu4 

[.1 + 
0 . 02162 .'1 = (1 + 02 1'[ 4)J£1 

1 - 1'1 z • u · u 
u 

R = (1.022) Ru 

The pressure coefficients presented herein were corrected for 
tunnel-\vall effec ts by the applicati on of analogous equations. 

RESULTS AND DISCUSSION 

The data presented fall naturally into five sections . 
The first three sections include the lift, dr8.g , and pitching
moment characteristics, as well as the criti cal Mach numbers 
of the individual airfoils . These resul tr appear in the 
following order: ~TACA 66 (215 )-420 , 5-foot chord (figs. 4 to 
10); lTACA 66 (21~ )-420 , 0-foot chord. (figs . 11 to 17); and 
KACA 65(216 )-420, 5-foot chord (fi gs. 18 to 25). In the 
fourth section, comparisons of the section characteristics of 
the three airfoils for various concH tions are shov.m (figs. 26 
to 35). The last section contains pressure-distribution data 
for the three airfoils at several angles of attack and for 
Hach numbers including the critical 1'-lach number (fi gs . 36 to 
51) . 

Of the NACA 6~ (21 6) -420 and 66(21~ )-420 airfoils of 
5-foot chord, at 0 an~le of attack and with the surface 
smooth, the NACA 65(21 6 )-420 had an equal or lower drag coef
ficient throu~hout the range of Mach nuulbers of the tests. 
Figure 26 shows that at a Each number. of 0 .15 the t\vO airfoils 
had the same drag coefficient 0.0041 and at 8. IvIach number of 
0.55 the 65(216) -420 airfoil had a arag coefficient of only 
0.0043; whereas that for the 66 (21g)-420 airfoil was 0.0049 . 
The raDid drag increases shown in figure 27 at Reynolds 
numbers of ap3roXimately. 17,000,000 and 2b,000,000 for the 
5-foot-chord and 5-foot-chord airfoils , respectively, are due 
primarily to compressibility shock r~ther than scale effect. 

Fig:ure 33 shows tha.t the minimum dr2.g co efficient of the 
NACA 651216 )-420 airfoil was 0 .0002 les8 Ehan for the 

~ 

~ 
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66(21g)-4~0 a irfoil . Also , the 65- series a irfoil maintained 
it s l o'·!-dr?g cha r Rcteristics' over p r!.'ngc of lift cDe f fici ents 
gr c8 t e r by 0 . 2 . tha n t he '66- ser'i as [L irfo i1. The r o suI ts in 
figur~ 3~ a r e f or p Mach number of 0 . 4 ; compari son of 
fi gur e 7 with fi gur e 21 shows t hat the 65- s ori es ai r f oil had 
t he lowe r drag co e fficient for most · of th e Rnf les of a tt a ck 
pnd MC'..ch numbers included in the tes t s . 

' Figure 30 ShOv.fS tha t t he ACA' 66( 21g) - 4-20 h EtS a slightly 
higher critica l M~ch number (0 . 015 ) ~t t he d es i g n lift 
co effici en t of "0 . 4 thqn the NACA 65 (216) - 420 , 5- foot-chord 
? irfoil . The smel~ aiffo renc e , 1 088 t~an 1 p ercent , between 
the criticRl l~f1 ch numb el~8 of t he NACA 06(218 )-420, 5- foot
and g- fo ot-chord pirfoils is well u ithin the limit of 
exp eriment Al accur a cy . The criticpl Mach number is about 
0 . 60 at t he design lif t co e ffici ent an~ corre sp onds to 
460 miles per hou~ at s ea l ev el or . 415 miles per hour a t 
25,000 f eet alt itude . 

In figur e s 6 , 1 3 and 20 von K~rm~n l s theor etical 
r el e tion (ref er ence g ~ for the r a t e of incre a s e of pr e ssure 
co e ffic ient ~ith increase of ~ach numbe r is shown. The 
r e sults f or t hese t hree a irfoil s indica te t hat von K~rm&n l s 
t heo r y o r edic ts the critical speed of t he a irfoils t o be 
h i gher t han i~ ~ctua1 l y is . 

For }~ach nl)mbers beloN t he cri tic?l , fi x ing t he transi
tion point r e sult ed i n an a l mos t constant increpse of drag 
coeffici ent for each a irfoil and roughne ss condi tion (figs . 4 , 
5 , 11, 1 2 , l~ J and 19) , ex c eo t for t he roughness a t 60 percen t 
of t ne chord on the iACA 66 ( 218) - 420 , 8- f oo t-chord air foil . 
With this air fo i l the incrc.o s e of dr?g cooffici ent with spe ed 
indiceted t h8 t t he transition point w~s probnbly moving 
f or ;,TE'rd (fig . 12( a )). The apt::). ed so sho", t hE'.t for Reynolds 
numb ers from 2~ , 000 , 00a t o 28 , 000 , 000 t he drag coeff i ci ent 
for t his con~ition WPS gr eat er th~n wi t h roughness a t 
~O perc en t of t _,.e cho re . The rouFhness at 60 -percent of 
t he chord mqy have contributed to - separation o~e r the r ear 
Dortion of t~e airfoil Rfter t he tr~nsiti on point mov ed 
for "prd , 1t!hich mi ght hpve been t he cpuse for the l arger drag 
Co efficient . 

Compf' rison of fi gure s 4 Etne" 16 sho"!s the NACA 65'( 21 6 )-420 
5-foot-cho rd @i rfoil t o be l e ss Rffected by roug~ness than 
t he NACA E6 (21S )- 42 0 . This char a cteristic "[8S broug"ht out 
very mar kedly dur ing t he t ests . Minut e imDerfe ctions in the 
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surfpce of the 66-series Rirfoil cp.used an appreci .qble increase 
of drp~ co efficient ( pbout 0.0005), while the 65-series eir
foil V'TR s much less sonsi ti ve to surfp.ce imperfections. 

Figure 27 ShOHS thpt of the NACA 66(21S)-420, 5-foot-f1.nd 
S-foot-chord ~irfoils , the 5-foot-chord airfoil h.qd a lover 
drpg coe ffici ent thpn ·the 8-foot for Reynolds numbers of 
1 2,000 ,000 to 17,000,000. A Reynolds number of 15,000,000 
corresponds to p 11ach number of 0.465 for ·the 5-foot-chord 
.qirfoi1 pnc to 0.27 for the ~-foot ~irfoil. Figures 36 ~nd 
37 ShOT;IT thFl.t at these Ma.ch numbers the 5-foot-chord airfoil 
has a more favorab10 , ressur s gr8~ient than the 8-foot airfoil 
anc'l th ere for ::; is more favorabl e to lemi na.:r fl01,r ov er the for"lftrard 
wing surface . This ste ener ry r e ssure gradient on the 5-foot
chord a irfoil mi ght ha ve cc'llisea more 0xtcnsi ve laminar flC\lr 1 

t hus r educing tl:e (l,rp.g coefficient in comparison to that for 
the S-foot-chord airfoil . 

The ·!ACA 65(21 6 )-420, 5-foot-chorcl airfoil a t angles of 
attack of 2 .1°, 3. 10 , and 4 .2 0 , and for Mach numbers just 
beloH tho cri tic? l vB.lue (fig . 21) is another exam;)le of 
bene fici ~l comJr e ssibi l ity effects on t he drag coeffici ent. 
For the s e angles o ~ a ttack, the uressure di stribut ion over 
the uppor 8urfe.c e of t h 1.. s airfoil (fig's . 4S anc. 49) 1'7as 
r13ther fl a t f or rV1p.ch numbers 1..1.r) to about 0.4(. .n th the 
~mall ur e ssure gradient, t he transition poi nt urobably moved 
for"t-mrd 1vi t h increasing speed but 1 .a t Mach numbers above 
about 0. 4· , com!) r ess ibility made the gradient more favorable 
to lami na r fl0 1. 

Bec.ause of the l a r ge size of the a irfoils relative to 
the wind tunnel, the maximum normal-forc e coe fficients shown 
i n fi gure s 10, 17, 24, 25 , 24 , a nd 35 nrobably do not aCcu
r ately r ep r esent fre e- ai r conditions . 

CONCLUSIONS 

The result s of t es ts pr e s ented in this r enort lepd to the 
foll oT·'in€ conclusions : 

1 . For most of t he pngles of p.tta.ck pnCl Mach numb ers of 
the s e t es ts, the NACA 65(21b)_420 , 5-foot-chord. El irfoil he.s a 
10·tTor c r ag' co efficient th8.n t he NACA 66( 2H~)-420 5-foot-chord 
a.irfoil, anc the 10v.T- o.ra.g chp r a ct eristi'cs of the 65-series air
foil ex t end over a rre~ t G r lift-coefficient r enge than for the 



66- series a irfoil. 

2 . The NACA 66 (2lg )-420 airfoi l is mor6 se ns it ive to 
minute 8urf2ce imperfections t han the NACA65( 21 6.)-420 
<? i rfqil . 

3 . The NACA 66(21S)-420 airfoil has a slightly higher 
critical Nach number (PTeater by 0 . 015 ) t han t he NACA 
65(21E )-420 a irfoil . 

4 . For t hese a irfoils , von K~rm&n' s relation f or the 
r a te of increaso of Dr essur e co effi cients i/,;i th Mach number 
leads t o over es timati on of t he crit ica l speed . 

Ames Aeronputical Lnborator y , 
National Aovisory Committe e for AeronautiCS, 

Moffe tt Field, Calif . 
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L.E, RAO. 2,83 NATIONAL ADVISORY 
CO .... ,TTEE FOR AEHONAUTICS 

FIG VR£ 1. - C o o ROINA T£ S OF TIfE NA CA 66(218)-9.20, a;:0 
AIRFOIL IN PERCEN7 O!=' CI70RL). 
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In the wind tunnel with the momentum rake in place. 
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