i

@(;Q.‘ Telpruaig \O&%

.« Vought~Sikorsky Aircraft, .
N Div%, United Aircraft Corp.,

7

‘\)
‘Qg

=

<

A

SR- 246

RS i

stratford, Conn.

Att., MroichaSa J.McCarthy
o

‘%
<L
x
4
W g
QLU 1 ?\ﬁ
2% 18]
@0 i <€ v
s ‘gz %
< 32 “itﬁ%
o 8¢ 3 &Y
* ey ®
TEE WL

ON THE MAXIMUM LIFT COEPFICIENT

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

ADVANCE CONFIDENTIAL REPORT'*QZV%

Source of Acquisition
CASI Acquired

T

 YOUGHT- SORSHY ACRAFT Loy

PRELIMINARY INVESTIGATION OF THE EFFECT OF COMPRESSIBILITY

By John Stack, Henry A..Fedziuk, and Harold E, Cleary

Langley Memorial Asronautical Laboratery
Langley Field, Va.

. CLASSIFIED DOCUMENT

This document contains classified
information affecting the National
Defense of the United States within
the meaning of the Espionage Act,
U0 B0:31 and 32 Tta i

tranomi aa

o Unclassified - Notice remarked 4717/09

J vV smipes v

ed only to persons in the military
and naval Services of the United
States, appropriate civilian offi-
cers and employees of the Federal
Government who have a legitimate
interest therein, and to United
States citizens of known loyalty
and discretion who of necessity
must be informed thereof.

February 1943

5



VOUGHT- SIKORSKY AIRCRAFT 1lgRany

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

L Y

ADVANCE CONFIDENTIAL REPORT

PRELIMINARY INVESTIGATION OF THE EFFECT .OF -COMPRESS IBILITY
ON THE MAXIMUM LIFT COEFFICIENT |

By John Stack, Henry A, Fedziuk, and Harold E, Cleary
S s : SUMMARY : . ,'_‘A:'- -

Preliminary data are presented on the varistion of
the maximum 1ift corfficiemnt with .lfach number, - The Agta
were obtained from testg in the 8~foot high—speerd tunnel
of three NACA 16-~series airfoils of 1—foot chord, Meas—
urements consigted primarily of pressure—distribution
measur~msnts in order to illustrate the nature -of the
phenomena., ' ' o

It was -found that the maximum 1ift coesrfficiernt of
airfoils is markedly affected by conmpressibility even.at
lach numbers as low as 0.2. At high Mech numbers pro-
‘nounced increase of the maximum 1ift coefficient was .
found, The magnitude of the effects of compressibility
on the maximum 1lift coefficient and  -the low ,speeds at
which these offects first appear indicate ctlearly that
gonsideration of the take—off thrust for propellers will
give results seriously in.error if these considerations
are based on the ususl low—speed maximum—lift—coefficient
data generslly.used,

-

“  INTRODUGTION

The relative mérits of different sirfoil sections
suitable for propellers are freguently evaluated by consid—
erration of their critical speeds at low 1ift coefficient
‘and their values of maximum 1ift coefficient as determined
from low—spered tests, ~The basis. of such a consideration
is the assumption often made that because the spred is low
in the take—off condition the compressibility effects may
be ignored, Actually, compressibility effects may be of
vital importance in the take—off condition because the pro-—
peller sections are operating at high 1ift coefficients
for which the incduced velocitiers are high and, conseguently,



AV

the critical spgﬁds are very low.. . Because thrust avail—
able for takeidff is generally determined by the magnitude
of the maximum lift coefficient, it is therefore important
.%o know.the variation of the maximum 1ift coefficient with
"Mach aumbaAr, o -
It has beeh shown in Taference 1 and elsewhere that
very large._changes in the characteristics of an airfoill
occur as the fres—strean spead is ‘increased to fairly
large values, It has also been shown that the spered at
which detrimental changes_in.the airfoil charascteristics
occur is a funection of the 1ift cnefficient and decreases
with increase in 1ift cnefficient. Calculation of crit-
ical speeds in the region. of the maximum.lift-ceefficient
glv&S very low’ valups.4 For . nrdinary alrf011s, eriticsl
spereds of the ordar’ nf 150 miles -per hour at saa - level .
are obtained. Thls low - crltical spnnd is,;of eourse, a
’conanunnca of tha vnry high local velocitinrs.over the
leading edge portlnn of an airfoil.at. high angles. of at—
tack, Although shock may not form at the calculatpd value
of the criticsl speed because of the critical form of the
pressure-—distributien diagram, separation is known to
.occur, Because the maxinum 1ift phcnomanon is essentially
a separation phcnommnon, darge changes -in the maximum
1ift cnafflciant mlght ‘be pxpcctcﬁ Detrlmpntal rffects
have Tbeen found for an NACA OQ]B alrfqil at a. Mach ‘number
as low. as 0.2 (rpfnrancp 2). : :

_ Tak@~off on@rﬂtlon of propallﬂrs gonar Lly lnaﬁs to
tlp Mach numbors as .high as 0.9. Hence, even the inboard
soctlons may show important comprns31b111ty affects on
‘the maximum 1ift coefficient, Therefore, the whole take-—
of f performance may be affectel. With such cperating
crnditions, a compsrison of secticns based on low—speed
data is completely invalid,

Some data nn the variation of maximum 1ift coefficient
with Mach number are already .availeble in references 1 and
. 3 and these data indicate that high values of . maximum 1ift
coefficlent may be nbtained in some instances. These data,
however, are rather liuited and .no clear indication cf the
ph@nnmnna is indicated. .The Reynclds number for. these .
data is lower than the opﬁratlng prnolds number for pro—
peller blaﬁﬁ sactions and this factor 1is- 1mportant because
oropeller snctlnns nrﬂlnarlly oporct@ in a criticel .
Reynolds. nunmber range, A furthor ‘limitation is Aue to,
tunn@lawall affrcts becausp nf. the relatively large size
af mndel to tunnal, the ratio of the airfoil chord to the
Aiameter of the tunnpl being approximately 0,18,



Because of the importance nf the sffect of compres—

sibility on the maximum 1ift crefficient and the incoa-—
_plete data available, a detailed investigation of the phe-—
‘nemens has been planned by the NACA, - The general inves-—

tigation will include tests of several airfonils. covering
répresentative thickness and cambar:ranges, - A part of the

investigestion has been completed and a pert of the Eata

g0 far ﬂbt31nod is raportad harpln. - ‘ .

The tests were CGnﬂuCted.in the NACA 8~foot high-—
speed tunnel on mndels of 1—foot chord in crder to abtain
higher Reynolds number and reduced wall effects, The
tests consisted, orincipally, rf pressure—distribution
measurements at one station at the center of the airfoil
mndel, which spanned the tunnel, - The results are ecgsen-—

‘ tially twr—dimensional, Particular ‘emphasis was placed
‘on Drnssura—ﬁlstributinn tersts rather than nn frrce tests
because the type of phenemena that occur is mﬂré'clnarly
illustrated, The Mach number range extended from 0,12 to
0.53. . o

APPARATUS AND METHODS

The NACA 8—font high—speerd tunnel in which the tests.
were carried out is a single—return, circular—section,
-closed—throat tunnel, The airspeed is continuously con—
trollable from about 75 to 550 miles per hour. The tur—
bulence ¢f the air stream as indicated by transition meas-—
urements nn airfoils is unusually low but somewhat higher
than in free air, '

Three models having’NnCA 16-209, 16-509, and 16-515
airfoil sactions of 1-foot chord were investigated. Thirty
- pressure oriflc@s ﬁlstrlbutaﬁ elong the chord were located
at ecssentially thr spanwise ststlon at the center of the

- air strean, . The *rlflcn loeca tlons an?® alrfoil shapes are
shown ‘in flgurn 1, The a1rf01l orﬁlnctps were calculated

by the methods described in rpfprpncp 4’ anﬁ are glvon in

, , Thnhmed@i' whpn mountn@ in thp tunnel, conplatmly
spanned -the jet (fig.. 2) : Excppt for aux1liary streamline

wire bracing, required bﬁcausa of structurel considerations,

"the stancard 8-foot high-spred tunnel nmodel mounting and
‘sctup were employed. Tests at 1low and medium speeds with
and without the Braceé indicated thst interference of the



auxiliary supports on the flow at the ueasurement station
was nnwllglblp.‘j o '

Inasuromonts conszst@ﬂ principally, of the chordwise
pr@ssurQ ﬁlstrlbw tion at tha nidspan region., The surface
orifices’ in the 8irfoil were connected to a wultiple—tube

- manpmeter locatéed ruts1fe the test spction,- The pressure

tubing conhecting the nrifices was vasmallediamoter anc
was 1located within-the wing. Simultaneous recording of the
pressures at all orifices in thﬁ_w1ng was«madn by photo—

~graphing: tho multiplﬁ—tubﬁ manﬂmotﬁr.

ThﬁiMach.numbPr range extenﬁ@ﬁ fr6m40;12't010.53.

i:The Reynnlds number range nf4the_tasté;and~thc-variatinn

of the Reynolds ‘number with the Mach .number are.shown in
figure 3. There is also included in figure 3 a curve
shawing the relatinn bétween thHe Reynolds number rand the

- Mach nunber for unpublished tests of an NACA -0012 amirfoil
“-made in the 19-fdot pressure tunnel, data for: which are

includef  in this repnrt for purpose of comparison,. .
RESULTS

The maximum llft coeff1c1ent .C c o was determlned
Lmax

as the hlghest value obtained "in the- p031t1ve anglp of—

attack range. .The angle of attack -at- which maximum 1ift
"occurrpd varlpd with the Mach number M. "The maximum 1ift
for the 16— 209 airfoil  was found ‘to 6ccur at angles of at—
‘tack between 8% .and '10° with no congistent trend with Mach
" number, For the 16-509 airfoil, the maximum 1ift occurred

at 10° at low Mach number and decreased with increase of
Mach number to 8% at a Mach number of 0.53, For the 16-515
airfoil, the angle of attack for maximum lift was 15° for
Mach numbers up to 0,25 and decreased to 12° at & Mach num—
ber of 0,53, The values of the maximum 1ift coefficlent

as presented in this report are approximate values, having
been determined as the product of the integrated normal-
force coefficient and the cosine of the angle of attack,
The drag component has not been included, Néglact of the
drag component generally involves small effects ‘and does
not influence the character of the variation of the maximum
1ift coefficient with Mach number to any great degree,

The variation of the maximum 1ift coerfficient with Mach ¢
nunber ig given in figure 4, ‘Pressure—distribution diagrams
for angles of attack in the maximum—1lift-—coefficient range
are given in figureg 5 to 8? In these figures, the presgsure



corfficiernt P -is defined as Ap/q whers Ap 1is the
difference between local static pressure and fréas—stream
static pressure and q i% the dynamic pressure of the-
free stream., For the higher spereds, only.partial préssure
distributions are shown., Outside of the regioéns shown;
the results are the saume as for the lower speed, '

‘There is also included in figure 4 the variation of
the maximum 1ift with Mach number for zn NACA 0012 airfoil
as found from tests in the NACA 19-foot pressure tunnel,
Thesn data, which were taken from referenee 2, were froéom
forces tests of a wing heving an aspect ratic of 6 and the
tip effrects are therefore included; whereas the data
obtainsd in the present investigation are essentially
two-dimensional. ©Other unpublishrd data indicate the
effrct of the tips may slightly increase the critical
Mach number, It is not believed likely, howewer, that the
character nf the variation of maximum lift with Mach num-—
ber will be seriously altered by the tip »ffect.

4

DISCUSSION -

~0f the factors affecting variation of the maximum
1ift coefficient’, the effects of Reynolds number are gen—
erslly understood except when an increase of Reynolds
number is accompanied by an increase. of. Mach number:
With increase of Mach number, compréssibility effects Dbe—
come pronounced and, in genersl, -lead to separation phe—
nomena with consequent decrease in the value of the maxi-
mum 1ift coefficient, As has previously been shown, conmn—
pressibility effects on the maximum 1ift coefficient may
prodominate sven at a Mach number as low as 0.2 (reference
2)., For data obtained in this investigation both the
Reynolds number and the Mach number very, At very low
sperds the Reynolds number offects predominate but at
higher speeds the compressibility eoffects predominate, The
camber and the thickness ratio, particularly as the nose
shape may be affected, can also have a large effect on the
maximum 1ift coefficient snd its varidtion with either
Reynolds number or Mach number,

The voriation of the maximum 1ift cosfficient plotted
against the Mach number is shown in figure 4 for the thres
sirfoil sectinns, NACA 16-209, 16-509, and 16-515. The
character of the veriation of the maximum 1ift co~fficient
is indicated tn be a functiocn of the camber and the thick-



ness ratios For the NACA 16~209 airfoil the maximum lift
coefficient is essentially constant, This result is in
-accord with previous results which have demonstrated that
thin airfoilg, because they generally have small leadinge-
‘edge.radii; have- essentlally fixed separation points. An
inerease ef camber markedlv alters both the value of the
maximum l1ift coefficlent and’ the’ varlatlon with Mach number,
as is shown by the results for the FACA 16-509 airfoil,.
’For this alrfoil the. maximum 1ift coefficient increases
"until a Mach numbder. of approximately 0.25 is obtalned.
Between Mach. numbers of 0,25 and 0,40 the maximum® Fift
cogfficient. is essentially constant but increases’ markedly
as the Mach number exceeds 0,40, An 1ncrease of thickness
increases to .a wvery. great extent the magnitude 0f the gen-
eral effects observed .for the thinner 16~509 eirf011 as is
1nd1cated by the data for the 16—515 alrf011 o
; The 1ncrease in the max1mum lift coefficient dbserved
Cat lew speeds «is similar to the Reynolds number effect
commonly - observed for alrf01ls 0f medium thickness."An
increase of the Mach number, however, leads to larger
adverse pressure gradients back of the peak pressure points
and, hence, to the tendency toward earlier separation,
With continued increase in Mach number, the separation
tendency becomes greater until finally any favorable effect
due -to -increase in- ‘Reynolds number is so counteracted that
there-is.either no.increase or,.as in the cagse of the NACA
16~b15; alrf01l, .a falrly large’ decrease in the ‘maximum lift
cocfficient The fundamental mechanism of thesé phenomena
is-not: clearly understood and cOnsiderable further investi-
gatlon is.necessary.

The large 1ncrease.1n the maximum 1ift coefficicnt at
hlgh Mach-numbers is due to rearward movement of thoe peak
negative: pressure, as is illustrated by the data in figures
5, 6 :and- 7, . At a: Mach number of 0,40 the shape of the
pressure distribution diagram ‘is typical for the maximum
lift coefficicnt region at low speeds whare a high negative
pressure peak occurs slightly aft the leading cdge. With
increase of speed compression sheck ocecurs, whieh resduces
the pressure peak at the nose, and with further incrcase
ia speed the shock moves rcarward giving rise to more ex-—
tensive regions of high negative pressure., The loss of
1ift resulting from the decrease of the local peak that
occurs at the noss at low speed is then offset by the more
extcecnsive low-pressurs region. The effects of compressibile"
ity are similar to thosec found at lower 1ift coefficients in
recgard to the formation and rearward movemsnt of shock and
the location of the peak negative pressure (reference 5),



The fallure of the NACA 16-209 airfoil t» show this
idererase in maximum 1ift ccefficient cannot be inter—
preted tn mean that a different phencmenon occurs, An
~xamination nf the pressur~—distribution data presented
in figura 8 for this airf~il ‘shows that .the maximum nega-—
TEive pressures coefficdient is slightly :less than 2.0,

The critical Mach number corresponding to this pressure
cenfficient is slightly absve the higherst Mach number

" regcéhad in-these tests and, heénce, the shdck 'phafirmennn

leading tr~ the increase of .the maximum lift-cdafficient
is net encounterrd. At higher speeds where shnck phe—
‘nAmena would Ye “éncountered; tha maximum 1ift enifficirnt
‘fAr this ‘airf4ail shauld bs Pxpmctnd t.6 ‘show:the sharyp

- rise, The need far further anﬂStlgﬂti”n of thin-low-
'cambornd alrfﬂils 1s indieat~d.,

- The incrﬁasb“in tho'valuo ~f the maximum Yrift coef-
ficient ~f approximately 0,25 with inerecase nf airfoil
6931gn 1ift cnefficisrnt (cembnr) as shrown by thm data

frr the 16—-209 and 16-509 airfoails in figurs 4 is nete—
werthy, This ~ffeet is important, practicslly, in rela-—
tian tn the take—n~ff prablem fnor properllors, The blade
shctinns may be dersigned with slightly higher cambsr than
would be dictated by the design high—spred 1ift coneffi-
cient to nbtsin improvement in take—off., This improve-—
ment can be ~ffeacted without enecountering any serious
crmpressibility 1loss at high spereds because this class nf
airfoil has a range of 1lift coofficients about th~ design
value for which the critical Mach number is sensibly con—
stant. Thus, through the us~ of slight overcamber, =
higher blado~snctlon maximum 1lift cosfficient can b@ ob~—
tained with the conseguent imprcvement in the thrust for
the take—off condition without materially affecting the
high—spered operation,

Crmparison of data for an NACA 0012 airfoil taken
frem unpublished tests made in the 19-fnot pressure tunnel
shows the same genersl variation of 1lift coerfficient as
do the NACA 16-515 »nd the 16-509 airfoils in the low and
intermediate speerd Tange. The Reynolds number e~ffect is
countaracted by the compressibility rffects at a Mach num—
ber ~f approxiumately 0.20, The higher values of maximunm
1ift co~fficiont in the lrw—speed range are due preodbadbly
to the higher Reynolds number (fig, 3) at which the tests
nf this airfoil were mades, The large variation encountered
may indicate more critical compressibility effects for
this type nf airfeil section.



SUMHMARY OF RESULTS

1., The nagximum 1ift corfficient of airf011s is af—
feeted by cnmprn351b111ty to a m?rknd d@grpn at chh nu-
bers as low ag 0.2, ’ . .

2. At hlgh Mach nuabers prornouncad 1ncroasps in ma Xx-—
imum llft enefficiernt cccur,

3. Tha low spood for which compressibility effects
‘an the maximum 1ift crefficient may be enconuntered indi-
cates that the maximum thrust available for take—nff nay
b~ marksAdly affacted, Selecetinn ~f sections suitadle for
propellers nust, therefore, . be made with fues considersticn
nf the offect ~nf compressibility en the maximum 1ift co=f-—
ficiernt, s o '

4, It is indicated that, for mangimal take—nff thrust,
sone ipprovement nmay be effected withnut serious loss at
high spred by use nf design camber slightly higher than
would be dictated by high—speed consideratinns alnne,

“Langley -Memorial Aeronauticel Laboratoery,
- Natirnal Advisory Committee for Aeronautics,.
Langley Field, Va,
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TABLE I
ATRFOIL ORDINATES

()1

NACA 16-209 NACA 16509 NACA 16-515
UPPER SURFACE LOWER SURFACE UPPRER SURFACE LOWER SURFACE UPPER SURFACE LOWER SURFACE
X Y x ¥ x vy X T x T x ¥

(percent)i(percent )| percent)/(percent) {percent)|(percent){{percent)|(percent) (percent)i{ percent){(percent}{(percent)
0.256 0.512 0.344 -0.448 0.192 0.550 0.408 ~0.390 0.120 0.861 0.480 -0.701
545 #1733 +655 -.615 »465 810 735 -.514 375 "1.253 .825 - 957
1.183 1.074 1.317 -.860 1.084 1.223 1.416 -.687 +973 1.859 1.527 =1.323
2.421 1.538 2,579 -1.166 2.305 1.8056 2.695 |- -.875 2.174 2.699 2.826 -1.769
4.912 2.196 5,088 ~-1.564 4.781 2.659 5.219 -1.079 4,635 3.907 5.365 -2.327
7.409 2.696 7.591 -1.848 7.274 3.323 7.726 -1.203 7.123 4.831 7.877 -2.711
9.909 3.109 10,091 -2.,075 9.774 3.876 10.226 ~1.202 9.624 5.598 10.376 | -3.014
14.914 3.772 15.086 -2.426 14,787 4.775 15.213 -1l.411 14.644 6.838 15.356 3474
19.923 4.293 20,077 -2,701 19.807 5.483 20,193 ~1.503 19.679 7.811 20.321 -3.831
24,933 4,708 25.067 -2.918 24.833 | 6.048 25.167 =1.572 24.722 8.588 25.278 -4,112
29.945 5.035 30.055 -3,091 29.863 6.491 30.137 -1.631 29.772 9.197 30.228 -d o 337
34.958 5.285 35.042 =3.225 34,895 6.829 35.105 =1,679 34.825 9.664 35.17¢ -4,514
39,972 5.461 40.028 ~3.319 39,929 7 .067 40,071 -1.711 39.882 | 9.995 40,118 «4.639
44,986 5.568 45,014 -3.378 44.964 7.211 45,036 | =1.735 44.941 10.193 45.059 -4 .717
50.000 5.803 60,000 -3.397 50,000 7,258 50,000 |  =1.742 50.000 10.258 § .50.000 -4,742
55,014 5.566 54,986 -3.376 55.036 7 .209 54,964 | ~1,733 55.089 10.189 54.941 -4 ,713
60.028 5.447 -59.972 -3.3086 60.071 7.053 59,929 -1.697 60.118 9.969 59.882 -4,613
65.041 5.237 64.959 -3.177 65.104 6.781 64.896 -1.631 65.173 9.584 64 .827 -4,434
70,053 4.924 69.974 ~-2.,980 70,133 5.380 69.867 ~-1.520 70.222 { - 9.014 69.778 -4.154
75,063 4,497 74,937 -2.707 75,157 5.838 74.843 -1,362 75.262 8.237 74,738 -3.761
80.069 3.943 79.931 -2.3561 80.173 5.133 79.827 -1.153 80.289 7.230 79.711 -3.250
85.071 3.263 84.929 -1.909 85.178 4,257 84,822 -.893 85.296 5.973 84.704 -2,609
90,066 2.404 89.934 ~1.370 90,164 3.173 89.836 =589 90.274 4.428 89.726 -1.844
92,061 2.017 91.939 -1.129 92.1562 2.677 91.848 -o457 92.254 . 3.720 91,746 -1.500
94.054 1.598 93,946 -.876 94,135 2.133 93.865 -.329 94 .224 2.952 {1 93.776 -1.148
95.050 1.375 94.950 -.743 96.123 1.843 | 94.877 -~ 263 95.2086 2.546 | 94.794 -.966
96,049 i.145 95.956 -,611 96.110 1,540 95.890 -.204 96.184 2,121 | 95.816 «.785
98.031 .651 97.969 - 339 98.076 880 97 .924 -.100 98.127 1.208 97.873 -.428
100,000 .089 92.989 -.089 100.000 .000 {100.000 .000 100.044 +045 ;. 99.956 -.045

Slope of radius
through end of chord = 0.124
L.E. radius = 0,396 percent

Slope of radius
through end of chord = 0.312
L.E. radius = 0.396 percent

Slope of radius
through end of chord = 0.312

L.E. radius = 1.10 percent
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Figure §.- Variation in pressure oistribution over the forward 50 percent of *he

wpper surface with rMach number for the NACA /6-5/15 ot an angle

of attack of // degrees.
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Figwe 6.— Variatiorn in presswré orstribution over forward 50 percer? of thHe
upper Surface with Mach numéber for the WACA /(6-515 at an angle

of attack of /2 degrees.
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Figure l-Variation in pressure d1stribution over the Torward 350 percern?¥ of
the wpper surface with Moch number for the NNACA /16-509 ot on angle
of aftack of 7 odegrees, : :
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Figure 8,

Variotion in pressqre déstribution over the forward SO percer? of 7he
upper swface with NMach number for the NACA /(6-209 or an angle
of attack of 8 oegrees, . s
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