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AERODYNAMIC CHARACTERISTICS OF CIRCULAR-ARC AIRFOILS AT HIGH SPEEDS

By L. J. Briggs and H. L. DrypEN

SUMMARY

The aerodynamic characteristies of eight circular-arc
airfoils at speeds of 0.5, 0.65, 0.8, 0.95, and 1.08 times
the speed of sound hare been determined in an open-jet
air stream 2 inches in diameler, using models of 1-inch
chord. The lower surface of each airfoil was plane; the
upper surface was cylindrical. As compared with the
measurements described in N. A. C. A. Technical
Report No. 819 (Reference 1), the circular-arc airfoils
at speeds of 0.95 and 1.08 times the speed of sound are
more efficient than airfoils of the R. A. F. or Clark Y
families. At a speed of 0.5 times the speed of sound,
the thick circular-are sections are exiremely inefficient,
but thin sections compare farorably with those of the
R. A. F. family. A moderate rounding of the sharp
edges changes the characteristics very little and i in
many inslances beneficial. The resulis indicaie that the
section of the blades of propellers intended for use at
high tip-speeds should be of the circular-arc form for
the outer part of the blade and should be changed gradually
to the R. A. F. or Clark Y form as the hub 1is approached.

INTRODUCTION

In the course of the measurements of the aerody-
namic characteristics of the 24 airfoil sections deseribed
in Technical Report No. 319 (Reference 1) of the Na-
tional Advisory Committee for Aeronautics, the authors
found that it was advantageous to move the maximum
ordinate of the section further back from the leading
edge as the speed was increased. A segment of a
circular eylinder with the maximum ordinate at 50
per cent of the chord was found to be more efficient
at high speeds than airfoil sections of the R. A. F.
or Clark Y families of the same thickness. It was
deemed desirable to determine whether this increased
efficiency at high speed is characteristic of circular-
are sections of all the thickness ratios from 0.08 to 0.20
times the chord and to determine the effect of rounding
the sharp edges, which would be necessary in practice.
These were the objects of the work now to be deseribed.
The measurements were carried out at the National
Bureau of Standards with the cooperation and financial
assistance of the National Advisory Committee for
Aeronautics. :

APPARATUS AND EXPERIMENTAL PROCEDURE

Airfoils.—The sections of the -8 airfoils used are
shown in Figure 1. Each airfoil had a chord length
of 1 inch and was 6 inches long. In conformity with
the notation adopted in Technical Report 319 (Refer-
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ence 1), the circular-arc sections are indicated by the
capital letters CA. The number following denotes
the thickness in hundredths of the chord length, and
the small letters following the number refer to the
degree of rounding of the edges. When the leading
and trailing edges of the section are sharp, no small
letter is used. The letter a denotes that the height of
67



68 " REPORT NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

the circular-arc above the lower surface at the leading
and at the trailing edge is 0.01 times the chord length;
the letter b denotes that the height is 0.02 times the
chord length. CAS8 is the airfoil called “circular-arc
airfoil”’ in Technical Report No. 319.

Air stream, balance, nozzles,—The equipment used
is described in detail in Technical Report No. 319.
The airfoils were mounted so as to span the cylindrical
air stream, which was 2 inches in diameter. Measure-
ments were made at speeds of 0.5¢, 0.65¢, 0.8¢, 0.95¢,
and 1.08¢, where ¢ denotes the speed of sound at the
temperature of the jet. At 20°C., ¢ is 1,126 feet per
second, and the corresponding airspeeds were 563,732,
902, 1,071, and 1,218 feet per second.

Reduction of observations.—

NOTATION
Py =gbsolute static pressure inside approach pipe
(velocity pressure neghglble)
Do =gbsolute static pressure in jet (equal to baro-

metric pressure)

pi—Pp,=Iimpact pressure

14 =gpeed of air in jeb

¢ =gpeed of sound at temperature of jet

Co =sgpeed of sound at 0°C

p =density of air in jet

q = Yo V?=velocity pressure

J =mechanical equivalent of heat

C,  =specific heat of air at constant pressure

k =ratio of specific heats

Cr.  =lift coefficient

Cp  =drag coefficient

A =agrea of airfoil taken as chord times exit diam-
eter of nozzle.

L =lift

D =drag

The following relations are derived in N. A. C. A.
Technical Report No. 255 (Reference 2):
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The lift and drag coefficients are defined by the.
equations:
L
=% p VP A
D
o=y, v 4

The quantities V/¢, Cp, and Cp were computed by
means of these equations from the observed lift and
drag, the pressure inside the approach pipe, and the
barometric pressure.

RESULTS AND DISCUSSION

The results are given in the form of polar diagrams
in Figures 2 to 9, inclusive. Numerical values of the
lift and drag coefficients for various angles of attack
are given in Table I.

- A comparison of Figures 2, 8, and 4 and of Figures
5,8, and 7 shows that the effect of rounding the leading
and trailing edges is small. The degree of rounding
indicgted by @ produces very little effect, the differ-
ences at positive lifts being within the experimental
error, except perhaps for a slight increase in the drag
coefficient at hjgh lift coefficients. The greater
rounding of the b sections gives a further small in-
crease in drag coefficient at high lift coefficients, but a
perceptible decrease in the minimum drag coefficient.
As a whole the rounding of the edges does not greatly
modify the efficiency.

As with other sections, the effect of thickness is very
great. The thicker sections are much less efficient at
all speeds and the increase in drag coefficient with
increasing speed is greater for the thick sections than

| for the thin.

Figures 10 to 29, mcluswe, show the characteristics
of circular-arc sections in comparison with airfoils
of the R. A. F. and Clark Y families, the data for the

latter being taken from N. A. C. A. Technical Report

No. 319. Each figure contains the curves for a single
speed and a single thickness ratio. Figure 10, for
example, gives the curves for a thickness of 0.08 times
the chord at & speed of 0.5 times the speed of sound.
The circular-arc section is seen to compare favorably
with the corresponding R. A. F. section except at
high lift coefficients. It is not quite as efficient as the
corresponding Clark Y section. Figures 11, 12, 13, and
14 give the curves for the same sections at specds of
0.65¢, 0.8¢, 0.95¢, and 1.08¢. At a speed of 0.8¢ (Figu

12), the circular-arc section is appreciably better over
a large part of the working range than either of the
other two. At a speed of 0.95¢ (Figure 13), it is de-
cidedly better, and at a speed of 1.08¢ (Figure 14),

_the drag of the circular-arc section over a large part

of the working range does not exceed 70 per cent of
the drag of the Clark Y.

Cormparisons for other thickness ratios may be made
in like manner. Passing to Figures 25, 26, 27, 28, and
29 for & thickness of 0.20 times the chord, we find at
low speeds (Figures 25 and 26) that the circular-arc
section is extremely inefficient as compared with the
corresponding R. A. F. and Clark Y sections. At a
speed of 0.65¢ (Figure 26), the circular-arc section
begi.ns to show an advantage at large lift coefficients.

i This is more pronounced at 0.8¢ (Figure 27), and at

speeds of 0.95¢ and 1.08¢ (Figures 28 and 29) the cir-
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cular-are section is the best over most of the working
range. At a speed of 1.08¢, the drag of the circular-
arc section within the working range does not exceed
80 per cent of the drag of the Clark Y section.

These results indicate that it would be beneficial to
use circular-arc sections for the outfer part of a pro-
peller blade intended for use-at high tip speeds, retaining
sections of the conventional type nearer the hub where
the thickness ratio is large and the speed low. The
length over which the circular-arc section should be
used depends upon the thickness of the blade and its
intended tip speed. The results of these tests should
in any case be supplemented by measurements on
actual propellers at high tip speeds, and in such tests
the best length could be determined. It seems not
unreasonable to expect that a circular-arc section can
be used profitably over the outer third of the blade.

CONCLUSIONS

It hes been found that circular-arc sections are more
efficient at high speeds than either R A. F. or Clark Y
sections. A moderate rounding of the leading and
trailing edges is not detrimental. It appears desirable
to use circular-arc sections for the outer sections of
propeller blades designed for use at high tip speeds.
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TABLE I
AIRFOIL CA8

TABLE I—Continued
ATRFOIL CA8b

77

Lift coeffielents, Cr

Lift coeffelents, Cr

Vic | —20° | ~18° | —Ig° | —1d° | —12° | ~10° | —g° [ —g° [ —a° [ —2° Vie | —20° | —18°| —16° [ —14° | —12° | —10° | —8° [ —8° | —4°* | —2°
0. 500—0. 270 -o.m—o.g—o. —0.154/—0.106 —0.056, 0.009, 0.071f 0.132 [} ~0. 318{—0. 204/—0. 268, —0. 2158—0. 147;~0. 077,—0. 015 0.055
. — 197} —. 188 —.133) 091 —otd Lod lom] .138 . — 222 —~.160' —. 100 —.030, —. 0i&f .098
.80 —.135| —.008] —.055 —. 019, . % 148 .80 —.m[ —.081 —. 023 —.043 .107
.03 - . . 060 .96 — 113 ~.047) —.020) .14
10§ - -.oasi 033 L 1 | —.039 —.018, .087
| I
Dreg coefficients, Cp Drag coefficlents, Cp
o5 o.1m o015 0.8 o.mwro. 0.7 &062' 0.037 0.029| 0.025 0.50, o141 0119 o osql o.m! e -o.&# 0. 0.025
. uﬂ .o68l . 02l Loz ﬁ 0o 018 . . .o Loz
. ~080] .073 .058 .04 .033 .028 . 075 . . . .027
. .g%] <048 041 o3 Jo70| . . .037
1.0&I -3 .080[ .051 Ludr .08 . 049
Lift coefficlents, Cr (above table continued) Lift coefficients, Cr (above table continued)
Vie|] o6 | 20 | 4o | 6 | & | 10° | 122 | 140 | 16° | 20° Vie| 0° | 3| 4 | 6 | & | 100 | 12° [ e | 1.0 | 200
0.50 0.181 0.23% O 0.352 0.330 0. 0.471| 0.51% 0.5 0.618 050 0.128 0.104 0. 0.303 0.850, 0.403 0. 0450 0 0.576
.65 .194 .25 .30 .3W .42 413: . s .4 e . g BTN ‘a0 %3 Ciy “im ts CBd &0
.80 .208 . ard el L4l o . .617 . L1590 (2080 . Ja14f (870 .43 L4m . 549 618
o5 U7 e 28 (280 347 .4l a7 m4 L& . o5 150l (ieg 254l a1 .301 o488 (erai .m36l L5e0l (509
108 .08 .10 . 2351 [s03 [s8p . 458 .53 .65 LOE .nsl .ml zrrl 270! am] . ml . 643 .52
| ! _ ]
Drag coefficlents, Cp Drag coafficlents, Cp
0.50 O mm! oo 008 ooue! 0000 ooz u.ose! 0. 115 0.199 a0 0.0l 0.0z7] 0.0l o.ouj 0.05 cum! 134! 0212
. . L0300 . . . .06l .oe . L1168 .203 . . 025 % . .13 L1438 217
.80 . .1 . 047 05T 083 . S008Iz 200 .20 .co8 .o . -0 .nsu 108, .49 .24
.98 038 .03, . 040 038 o71| . (104 .133) (218 .95 . a5 . .047' . 0 095 .12¢ .185 .21
1.08 .mal it T . .0: o063 L0783 . .1% J128 L207 LO&I .04l Lol o4z . 079 L1 127i T
! (I I | —_—
ATRFOIL CA8a ATRFOIL CA12
Lift coefficients, Cr Litt coafficlents, Cx,
Vie | ~207 | —18° | —16° | —14° | —12° | —10° | —~8° | —g° | - [ -2 Ve | —20° | —18° | —16° [ —14° | —12° | ~10° | —8° | —g* | —* | —2¢
0o —o.sx’r—am—o.m—o.mo--o.zzr—o.m—o.m—o.g o 'o.m 0.50,-0. 175 —0. 153/ —0. 1280, 107,—0. 061(~0. 072/ 0. 063,—0. 017 0.047] 0. 1L
. —.207 —.169, — 128 —. 050 . 072, 177 .65 —.088) —.083] — 047 —. 025 —. . .05 082, (118 .205
: —1277) —osal —.041] .or7 .oe0 L142 .80 — 125 —. 108 —.0c0| —.061] —.041) — 028 —. 014 .008 058 111
. — 120 — 009, 072 -98 —.02¢| .036
108 —.091] —. | 040 1L.08 - .007 _
Drag coeffiglents, Cp Drag coeﬂic!snts, Cp
i l . u o 0 2
0.50 0 0166 0142 0110 0096 0.074 O 0.040, 0.030| 0.026 0.50, 0186, 0.1:6 0.15% 0.133' 0.115 0.007] o.o 0.068) 0.085 0.047
.65 Jus| ooed Lord . .030, 029! .26 .65, .15 1ot 18 120! 095, 063 .05 .045
. Jo01l o073 . 048 033l 020 (80, .20& . (84l Tl 108 . .07l L0600 .052
. .o7d .047| Co39 .85, 058l .077
L . L0891 050 108 .101] .06
| 3 -
Lift coeflicients, C', (above table contlnued) Lift coefficlents, Cr (above table continned)
Viep o [ | e | e | & |10 | 120 | 140 | 16° i 20° Vi | ¢ | & | 6 | & | 1o I e | M | 160 | 200
0.50 0.161f 0.213 .28 0.385 0.869; 0.418 0.460) 0.52¢' 0.562 0.687 0.50 0175 0230 G281 0.337| G408 0.458 0.G820 0.593 C.580] 0.648
.6y 18y .28 s0g .38 .41l _dsol .83l .57l .e20 .65 .33 .a21 383, . 448 509 .55 .ge4! _por] 676
.. 248 .31 . . oy .54 % .62 .80, .18 . 206, L3471 .408] .48 _ges) &7 628 .70
i .18 . . 2 [ .98 L0sd | . . .00 l3s5 (442 (615 %] .658
L 0931 .m] 208 ml . . 422] ml .5a5l 603 Los| .060, . T . 306, .358 .45¢ 504! .632
| , | } [ IO T |
Drag coefficients, Cr Drag coeficlents, Cp
i ] | - ] ] ] I oosel |
050 0.026 0. 0.035 0.040 0.040, 0.062 0.078 0.095 0.116 0.202 0.50; 0.045 0.048 0.051 0.057] 0.085 0.078, 0.087; 0. 0.116, 0.159
.68 . . . . . 060" .079 ﬁ -2 28 .e8 . 047, . 071! .085 .093, . JIM 170
. . . 038 . 053 . . X T T . (4600 Loy .08y .0 .03 .1 .ub % .08
. . .038 % .05} .os8 Co7ef . J113) 148 223 . .07 .06 .089 .074 .oe2l .osil |1 142 204
Log .04 . o o8y o7 09 mi 18 L Log . o, tmﬁ (0EH 060, .1011 .nui BT I
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TABLE I—Continued TABLE I—Continued
AIRFOIL CAl2a AIRFOIL CAl6
Lift coefliclents, Cr Lift coeficlents, Cr
Vie | —200 | —18° | —16% | ~1° | —120 | —10° | —8° | —6° ' -4 | g0 Vie | ~20° | —18°§ —16° | —14° | —12° | —10° | —8° | ~6° | —4* | —2°
0. 50| —0. 217} —0. 204]—0. 1551 —0. 144 —0. 1091 —0. 090} —0. —o.ooo? 0.069{ C. 187 0. 50{—0. 084{—0. 084]—0. 082 —0. 089]—0. 1211 —0, 110{—0. 110} —0. 678{—0. 019 0. 067
.85 —.164) —. 123} —. 00T| —. 060} —. 045 —.0l7} .Q27! @ L1171 L1886 66| —.03% —. 025! —. 001 —.(ml —.033] —. 048] —. 057 -.‘&12, . 087
. —. 118} —. 0850 —. —.028| —. 003 . . 154 80, ~,102' —,089] ~.085] —.076) —.078] —, 08L| —. (85 —.077) —. .038
.95 ~.121 —.011] .049 .95 —, 118, 004
1.08] - . 013 108 —. 078]—. 010
Drag coeffictents, Co ’ Dreg coefficients, Cp
o o.zg%' mwr ¢.185] 0.188! 0,113 o.m‘- 0.076 o.oeo‘ 0.047] 0.040 0.50] 0.234] 0.216) 0.197 0.181 0.181 0.14¢{ O. (%3] o.ooalo.osz
. .1 L1809, 147 . L1 oeg| . 073 % .048] 042 .ol .21 .21 .19 178 . STV 1070 003 .08L
. : -6y . Jig .09 . . . 047 . .28 ;e8| .217] 108 .1 L5 L1420 L126]  .108] 008
. B : ooo‘ .83 .o72 .95 .134) 123
1 4oc R ( .0e5] 085 1.08[ 154 139
Lift coefficients, Cr. (above table continued) Lift eoem-cient, Ci {above table continued)
Vie| o 2° © 6 g | 10° | 120 | M° | 16° | «° Vie| o° b 4° 8° 8° | 10° | 12° | 14° | t1e° | 20°
0.50 0.186] 0.251} 0.3200 C.301] 0.450] 0.528 0. 0.658 0.588} 0.674 o 0131 & 0.251| 0.313 0.402, 0.493 0.674| 0.872
. . .807] .358] .408 . .5 .523] . 566 .sgj .678 . L1400 L1 L2885  .39%  .360 409{ LATHBl4] .097) 087
. .28 270, .326 .863} . .78l .54 o78]  .elS] .71 . 1300 .18 . a1 . 42U L4 . .008 035
o5t 004 .41} L1010 251} . .887 . .58 .e81) 708 951 L0500 L . L2040 (284 (8200 .39 .4 .510, 620
L .07 .12 .msi Jo18 . . 300 .4oo| .468) .613 .617 1.08) (083 . L8y .17 . .88 . .8 .ml . 570
Drag coefflclents, Cp Drag coefficlents, Cp
0.5 0.0411 0.043) o 0.057 Q. (i) o.azm,l 0.008{ 0.116] 0.151 0.50 0. o.u'z;,ro. 0.080] o 0.005] 0.1 | 0.125! 0.1:#0.100
.86 L0410 .048] .08l . L0761 .086] .08, .108| .124] 171 .66 .ot4 .o72l .o074| .o78| 001 Lal L1280 . .1
gl - .ol lom| voss| .oes! 08| .1zm| 178 = . oﬁ . o) 00| Tusl Cne (1l et 180
.95 .o67] .068| .oes| .07 .08 . L1100 .22 (146 L2168 . .18 18 L1 .1 000 (119 L1300 L1480 .213
1 .0 074 07 .0784- . . A1 127 L1490 L2318 L .ml .nel Jus Lng 1190 L2 .13 mol .1 l 216
AIRFOIL CAl2b AIRFOIL CA20
Litt coefficlents, C, Lift coeffielents, G,
Vie | —20° | —18° | —16° | —14° | —12° | —10° | —8° | —6° 1 —4 | ¢ Vie | —20° | —18° | —16° [ —~14° | —12° | —10° | —8° | —8* | —4° | —3*
0. 50| —0. 208]—0. 189} —0. 163{—0. 131/ —0. 105]—0. 079 —0. 043, o.oo4!' 0.078} 0. 185 0. 50,—0. 11, —0.115—0.109i—0.1u—0.t1)£|—0. —0. 151{—0. 136/ —0. 081 0.002
.68 —.177| —. 146] —. 128 —. 083, —. (82} —. L0420 092 LB 208 gg: —.002; —, 090 —. 087! —~, 085 —.000, —. 101} — 120, —. 1101 —,087| 03¢
Iy —.148] ~.115] — 093] —.054) —.011] .022 .08 .104] .185 —120) —. 112 ~, 113 — 112 —, 125 —. 133] —. 116} —. 067} .0l1
.95 —.1211-—.021 . 044 . —. 030
108 l—.oao .008 —.
Drag coeficlents, Cp . Drag coefliclents, Cp
0. 50 o.igg% o.17ol 0.14 0.128! c.108 0. ! 0.072 o.osal 0. 045] 0. 040 0.5, 0.207, n.sz o.gél 0. 0.215 0198, 0181 o.ml ¢.142 0.127
gg] . .67 .1 1241 . . 071 Lossl ods| Loai .65 .97 .2 . .83 . L4l L1760 .usa 42 (124
. B (S 136 .18 . .o .06 .08l .045 .80, .319 .30 .2rM] . . .218] L1009 .17¢] .165| .13
. - 094 .o .070 .95 ! 173
1 : .004] .084 Los'r .91
Lu’!:r coefflclents, Cr (above table continned) ) Lilt ccefficlents, €7, (abave table continusd)
Vie| 0° 2 | e 8° 80 | 100 | 120 | M° | 18° | 2° Ve o * 4 & g | we | 1| 140 | 160 | 20°
0.50 0.217 0.260 0.883) 0.384) 0.453) 0.487: 0.511} O. 0. 603} 0. 680 0. 0.075] 0.141 0.10% 0.241] 0.80L 0.3¢1 Q 0.443, 0.497} 0.703
. o240 .313] .B56] .414F .452 .472] .513| .%60| .613} .650 I B 5 { . .264] .17, 360, .413) . 505 792
. .28 .272 .38 .878 . . G608l .5es . .83 . .1 .1 . .20, 344 . .4 .518] .620
o8l oot .47 L2100 .81 .421l 487} .52t .579) .614 98 .0 gzgi ST 7 .36 413 .407) 008
1 . 123 .1 .31 .8y ml .8 . 5120 .638 108 —. . .10 L1 ST O ml .3 L402] .514
1 _ ! ! !
Drag coefficientis, Cp Drag coefficlents, Cp
0. 50 o.o:ml o.oa:zl 0.048 @ u.om' 0. [/ 0. o.uelo.'iw 0.50 0.118 0.110] o 611y 0.117] 0.128 0,137 O.15L 0.167 0198
.esl .oal. .o48 .06l .o8m .wE . .1 128 L1e7 . a7 Ly Ly L4 ey 129 L .1 L171 . 208
. . . 058 .06l ,073] .0f . .1 L1800 (214 . J48) L1 .1 7 ! 60 .1 J .87
. . . .06l o700 082} .09l .1 . L1580 (221 .98 .66 .1 L1471 148 .1 . L .1 . %S
z.osl- 077 .o74l  .074] . 037 .00 .13 .13 .usai .92 108 .17 .1 S1se| .1s3| .1s8] .10 167 .18 .19§ .




