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NACA ACR No. ILH11
NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

ADVANCE CONFIDENTTAL REPORT

SCALE AND TURBULENCE EFFECTS ON THE LIFT
AND DRAG CHARACTERISTICS OF THE
NACA 655-u18, a = 1.0 ATRFOIL SECTION
By John H. Quinn, Jr. and Warren A. Tucker

SUMMARY

An 1lnvestigation In two NACA wind tunnels has deter=-
mlned the effect of Reynolds number and stream turbulence
on the 1ift and dreg characteristics of a low-drag alr-
foll, the NACA 653-18,. a = 1.0 section, particularly

at low RKeynolds numbers, to glve an 1lndicatlion of the
performance of low-drag wings In low-scale tests. The
results asre correlated with simlilar data for the same
alrfoll section In the NACA two=-dimenslonal low-turbulence
nressure tunrel to provide daga over a range of Reynolds
number from 0.19 to 9.0 x 109,

Large increases 1in minimum drag coefficlent were
found as the Reynolds number decreased. Thlis effect was

particularly marked at Reynolds numbers below 1.5 X 106.

At Reynolds numbers below 1.5 X 106, stream turbulence had

little effect on the drag characteriatics of the
NACA 65;-&18 alrfoll section when compared on the basls

of test Reynolds number but, at higher Reynolds numbers,
stream turbulence hed a detrimental effect on drag.

Large decreases ln maximum 1l1ft coefficlent were
found wlth decreasing Reynolds number; most of this
decrease was encountered at Reynolds numbers above

2.0 x 105, Marked differences in maximum lift were
anparent between the results obtalned at high and low
turbulsnce. When compared on the basls of effective
Reynolds number, however, falr agreement was reached
between the data obtalned under both turbulence condl-
tions,
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Conslderable variatlon of lift-curve slope with
Reynolds number was found. Results at low and high
turbulence differed as much as 6 percent but ylelded
the same wvalue of 1lift-curve slope at a Reynolds number

of approximatzly ;.0 x 10°, At Reynolds numbers higher

than .0 x 10°, no scale effect on the l1ft-curve slops
was observed over the renge tested.

In view of the large variatlons 1n the 1lift and
drag cheracteristics found for the NACA 65,-L18 airfoil

section oveg e range of Reynolds number from 0,19

to 9.0 » 10%, 1t 1s thought that the use nof low Raynolds
number test cdata relating to low-drag alrfoils 1s
unreliable elther to estimmte full-scale characteristics
or to determine the reiastive merits of alrfoll sections
at higher Reynolds nwnbers.

INTRODUCTION

Investlgations of scale effect on the 1ift and drag
characteristics of low-drag airfoil secztions have Zegu-

larly beer made at Reynnlds nurbers ebove 3.0 x 10

and at lcw stream turbulence in the NATA two-dimensional
low-turbulence prezsure tunnel (designated TDT). Il is
well known that other investigations of low-dreg-airfoil
sharacterlstices are carried ont 1n tunnels with higher
turbulence levels st lower Re;nclds numbers than the
Investigations In tke TDT. Prorer Iintermretation of
these data oshtalqed et lov Reynolds numbers and at
various degrecs of stream turbuvlence 1s difficult because
of tbhe unknown stresm turbulsnce c¢ffect and scale etfect
at low Reynolds numbers on the characteristics of low-drag
alrfolla, Extrapdolation of thesa daeta to higher Reynolds
nunbe rs and low turbulence (flight ccnditlons) is
unreliable for this reason.

The purpose of the present investigsation was to
determine the effect of Reynolds number and siream
turbulence on the 1ift end drag charaecteristics of a
low-drag alrfoll section through a range of Rejmolds

number below 3.C x 10°, Models of the KACA 655-h18, a=1.0

alrfoll section having chords of 6 and 2. inches were
tested in the NACA two-dimensional low-turbulence tunnel
(designated LTT}, which has a strsam turbulence of only a
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few hundredths of 1 percent. This turbulence 1s conslder-
ably below the level at which any change would be notice-
able in the critical Reynolds number of a sphere. The
tests covered a range of Reynolds number from 2.77

to 0.23 % 10°, Models of the same section having chords
of 12 and L8 inches were tested in the IMAL 7- by 10-foot
tunnel (designated 7 by 10 tunnel), which has a turbulence
factor of 1.6 as determined from sphere tests. The test

Reynolés numbers ranged from 2.99 to 0.19 x 10".
MODELS AND METHODS

Ordinates for the NACA 65z-418, a = 1.0 alrfoil
section are presented iIn table"I. The models having
chords of 12, 2):, and ;6 Inches were of wooden construc-
tlon and were prepared for testing by the methods described
in reference 1. The 6-inch-chord model wes built of solid
glumlnum alloy and was pollished by hand to give an aero-
dynaicelly rsmooth surface.

The 2l -inch-chord model was tested at tunnecl pres-
sures of 2, 3, and |, atmospheres in the.TDT at Reynolds

numhers of 2.77, 3.1, 6.1, and 9.0 x 106°. The same

model vias tested at atmospherlic n»ressure in the LTT at
Roynolds numbers from 0.68 to 2.77 x 10°. The 6-inch-
chiord rn:odel was sglmllarly tested in the LTT for a range

of leynolds rnumber from 0.23 to G.£6 x 10° and in

the TDT for & range from 0.3%8 to 5.0 x 106.

In tke TDT and LTT, drag was measured by the wake-
survcey;” method end 1ift was obtained by integrating the
pressures along the floor and ceiling cf the tunnel test
sectiocn, DRecause the TDT and LTT have test sections of
the same size, the tunnel-wall corrections to 1ift and
drag for each model were the same in both tunnels. The
tunnel-wall corrections for the 6-inch-chord model were
obtained from the same baslic conslderations that were

used bto determine the corrections for the 2lj-inch-chord
model.

In the 7 by 10 tunnel, the models spanned the test
section except for a small clearance at each end. They
were rigidly attached to the balance frame by torque tubes
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extending through the tunnel walls. This installation
1s thought to approximate closely two-dimensional flow
and therefore to make 1t possible to obtalin section
characteoristics,

In the 7 by 10 tunnel, 11ft characteristics were
obtained from force measurements on the tunnel balance
system, Drag characteristics were obtained by the wake-
survey method. Lift coefflclents have been corrected
for effects of tunnel-wall lnterference by using the
experimental corrsaction explained in reference 2. The
drug coefficlents were corrected for tunnel-wall inter-
ference by using the same conslderations from which the
correctlions were obtalnod for the TDT and LTT data.

RESULTS AND DISCUSSION

A comparison of 1ll1ft data obtalined in the LTT and

TDT at a Reynolds numbar R of 2,77 X 106 1s presented
in figure 1. The LTT data were obtalnad at atmospheric
pressure and & Mach number of 0,194, whereas the TDT data

2
wore obtalned at a tunnel pressure of 13 atmospheres and

a Mach number of 0,150, The curves are In good agreement
both 1n respect to slope and maximum 1i1ft coefflcient; 1t
is therefore improbable that any Mach number effect on
maximun 1ift coefficlent, which might have been expected
from the results nresented 1n reference 3, exists in the
L7T data at thls Reynolds number,

Lift data from the LTT and TDT are presented 1in
figures 2 to L, and from the 7 by 10 tunnel, in figure 5.
It may be noted in figure l; that tests of the 6-inch-chord
and -inch-chord models in the LTT at Reynolds numbers

of C.66 and 0.68 x 106, respectively, are in good agree-
ment,

At values of the lift coefflclent above 0.9, a jog
in the 1ift curve (figs. 2 to L) is encountered. This
Jog 1s due to a region of laminar separatlion on the upper
surface just downstream of the leading edge. The jcg
becomes more marked as the Reynolds number decreases and,
at tho lowest Resynolds number, the Jog in effect determinss
maximum 1lift. It may be seen In figure 5 that no jog In the
11ft curve is found iIn the results from the 7 by 10 tunnel,
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The absence of the jog in these curves indlcates thet,
at the polnt on the alrfoll where laminar separation
occurs in the LTT, the flow 1s already turbulent in the
7 by 10 tunnsel because of the high turbulence level.

A detalled investlgation of thls separation effect 1s
reported in reference l.

Drag data are presented in figures 6 and 7. It may
be noted in figure 6 that the extent of the low-drag renge
lnz2recases progressively as the Reynolds number 1s decreased.
The high values of the drag coefflcients at low Reynolds
numbers appear to be connected with a region of laminar
ceparation Just downstream of the point of minimum pres-
sure. Little is known of ths laws governing the extent
and quantitative effect of this local region of sseparated
flow except that both the extent of the reglon and the
drag lncrease as the Reynolds number 1s decreased.

It may be noted in figure 7 that, for the higher
test Reynolds numbers, minimum drag occurs in the 7 by
10 tunnel at a 11ft coefficlent of about 0.55 Ilnstead
of at the design 1lift coefficlent of 0.l.. Beceuse of the
difficulty of measuring drag by the weke-survey msthod
in the 7 by 10 tunnel, drag data were obtalned for only
a linmlted range of 1ift coefficlent.

Curves that show the scale effect on maxirum 1ift
coefflcient are presented in figure 8. The test results
from the 7 by 10 tunnel are vlotted against both test and
effective Reynolds number. (Effective Reynolds number =
Test Tevnolds number % Turbulence factor.) The LTT
and TDT results are rlotted aegeinst the test Reynolds
number which, of course, would be eaual to the effectlve
Reynolds number since the stream turbulence 1s only a
few hundredths of 1 percent. Large decreases in maxlimum
1ift coefficlent are apparent with decreasing Reynolds
number, partlicularly above an effective Reynolds number

of 2.0 x 10°., Figure 8 indicates that, below a Reynolds

number of 106, the data from the 7 by 10 tunnel are in
fai= agrcement with the data from the TDT end LTT when
plotted agaizst test Reynolds number. Above a Reynolds

nunber of 10®, the data from the 7 by 10 tunnel are in
geod reement with the data from the TDT and LTT'when
1otted against effective Reynolds number, It la seen

hat thes rate of increase in meximum 1lift coefficientisé
%reatest at a Reynolds number of approximately 3.0 x 10°%
or other low-dreag alrfolls, neither the value of the
Reynolds number at which this rapid Increase takes placs
nor l1ts gquantitative effect 18 known. It 1s therefore
thought that extrapolatlon of low-scale data or data which
do not determine this characteristic shnuld be avolded.
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Various curves of drag coefflclent agalnst Reynolds
number are presented in figure 9. The results obtalned
for the NACA 655-u18 section in the LTT and TDT show that

for thls alrfoll the drag does not follow the law for the
varlation of either laminar or turbulsnt skin friction
over a flat plate. Iii:lmum draz roz2:iclent increases
progressively as Rey.>lds number Jdecrandes; this effect
1s particularly marked at Reynolds numnbers bslow

1.5 x 10°.

At Reynolds numbers below l.5 X 106, LTT and TDT
results are In fair agrecment wlth results from the
7 brr 1C tuwnal when ccmpured on the basia of test

Reyrnolds number. At a Reynolds runber of about 1.5 X 106,
at which local seopuretion effectz are dacreasing and
reascmably low drag is found on tha HACA 655«41L section
in the LT™ and TI'™, the results frrom t2 7 by 10 tunnel
as plotted eagulns® test Neynnlés nimber ars 3turting to
diverge froa “ne LT and TT re3uiva, As the [leynolids
number fnerwnsoes. che 'lia™ o oo a9 level of the

7 by 10 tuznuce novesd L.y Lra.*ision point tcward the
leading edge and 1increszes the draz over the valuses
obtained in streens of low turbulsnce,

A curve of drag cosfflcient at the deslign 11ft coef-
ficient for the NACA 0012 alrfcll section is presented in
figure 9 fcr zcompz:ison. Thls curve vrooresents the
average of several test results in the LT, It may be

noted that,et Heruolds nubars below 1.5 X 106, the low-~
drag section 1o longer shows a lower drag than the con-
ventlonal s=ction.

Scale effect on lift-curve slope and on the angle
of zero 1lift s shown la fizure 10, Data obtained in the

LTT at Reynclds numbers of 0.96 and 1,57 X 198 are not
presenti siace saficlent data were not teken to define
the slone encurately. Although the scale effact on the
angle of zero 1ift 1s small, considerable varietion of
lift-curve slope with Rewvnolds number 1s found. In the

fiomolds nurber range from 0.20 to 5.0 x 106, there 1s

at 'irst a divergence and then a convergence of the data

obtained under ths two turtulence conditicns; the maximum
difference botween the two curves is approximately 6 per-

cent at Reynolds numbersof approximately 105. At Reynolds
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numbers above l .0 x 106, the slopes appear to be the same
under thé different turbulence condltlions, and there
seems to be no further scale effect for the range tested.

At a Reynolds number of approximately 106, 1t may be
cbserved that the varlation of lift-curve slope with
Reynolds number becomes amall under the high-turbulence
condition, It seems reasonable to expect, however, that
the Reynolds number above which the changes in 1lift-
curve slope become unlmportant depends consliderably on
tte particulasr alrfoll section and turbulence character-
istics of the alr stream. The data presented in flg-
ure 10 further emphasize the unrelliabllity of using data
at low Reynolds numbers to predlct full-scale character-
istics,

CONCLUDING REMARKS

Large increases in minimum drag coefficlent were
found as the Roynolds number decreased; this effect was
rarticularly marked at Reynolds numbers below 1.5 X 106.
At Reynolds numbers below 1.5 X 106, stream turbulence
had 1little effect on the drag characterlstics of the
FACA 653=418, a = 1.0 airfoil section when compared on
thn basls of test Roynolds number but, at higher Reynolds

nunbors, stream turbulence had a detrimental effect on
drag.

Large decreases Iin maximum 1ift coefflclent were
found with decreasing Reynolds number; most of thls
decrease was encountered at Reynolds numbers above

2.0 x 106, Marked differences in maximum 1ift were
apparent between the results obtained at high and low
turbulence, When compared on the basls of effectlve
Reynolds number, however, falr agreement was reached
between the data obtalned under both turbulence condi-
tions.

Conslderable variation of lift-curve slope with
Reynolds number was found., Results at low and high
turbulence differed by as much as 6 percent but ylelded
the same value of lift-curve slope at a Reynolds number
of approximately 4.0 x 106. At Reynolds numbers higher

than 4.0 x 108, no scale effect on the 1ift-curve slope
waa observed over the range tested,
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In view of the large varlation in the 1ift aend drag
characteristics found for the NACA 653-h18 airfoil

sectlon gver a range of Reynolds number from 0.19 to

2.0 x 107, 1t 1s felt that the use of low Reynolds number
test data rsleting to iow-~drag airfolls 1s unreliable
either to eatimate full-scale characteristics or to
determine the ralativa merits of ajrfoll sections at
higher Reynolds numbers,

Langley Memorisal Aercnauntical ILaboretory
National Advicory Committee for Asronautics
Langley Fleld, Va.
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TABLE I

ORDINATRS FOR THE KACA 653-418, a = 1.0 AIRFOIL SECTION
' Ile stations and ordinates given in percent choré}

Upper surface Lower surface
Statlion Ordlaate Statlion Ordinate
0 0 0 0
.278 1.418 .722 -1.218
«595 1.729 « 997 ‘1'“3
.953 2'282 1.527 -1.7381
2.131 ﬁ.l ; 2.619 -2.360
Lh.639 J81 s.gél -3.,217
7.125 5.566 T.877 -E.870
Q,619 6.ﬁ78 10,361 -.110
1L.636 7.942 15 . 261, -5.250
19.671 9.061 20.32 -5.877
2&.716 9.91% 25,28 -6.33
29.568 10.5? 30.2%2 -6.6 3
530 .825 10.90U; 5.175 -6.82
33.884 11.1)0 0.116 -6.852
Ji o903 11.091 45.057 -6.711
50.000 10.77k 50.000 -6.362
55.051 10.198 Sip .ok -5.818
60.09! 9.'08 59.90 -5.124
65.12? R.L5 olLe 87k =33
70.1146 7.35 69.8 % ~-3.450
5.1pu 6.133 74.83 -2.60%
0.147 L.927 g .653 -1.743
85,127 3.5638 .873 -.946
90,092 2.350 89,90 -.232
95,046 - 1.120 9l . a5l AL
100,000 0 100,000 0
L.E., radius: 1.96. 3Slope of radius through end of
chord: 0,168,

NATIONAL ADVISCRY
COMMITTEE FOR AERONAUTICS
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