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SUMMARY OF AVATLABLE DATA RELATING TO REYNOLDS NUMBER EFFECTS
ON TEE MAXIMUM LIFT COEFFICIENTS OF SWEPT-BACK WINGS

By Harold H. Sweberg and Roy H. lange
SUMMARY

The available foreign end American data relating to Reynolds
number effects on the maximum 1ift coefficlents of swept-back wings
are summerized and dlscussed.

The data show that at low Reynolds numbers {below ebout
2.0 x 105) higher maximm 11ft coefficients wers measured in most
cases for moderately swept-back wings than for unswept wings of
similar plan form; at high Reynolds numbers, however, increasing
sweepback resulied in deorsasing maximum 1ift coefficlents. A
smaller rate of increase of the maximum 1ift coefficient with
Reynolds number was measured for the swept-back wings than for
similar unswept wings in the critical range of Reynolds number.
Increasing the Reynolds number resulted in decreases in the meximum
lift coefficients of the two wings of a.pprox:ima.tely triangular
plan form that were investigated.

INTRODUCTION

It is commonly accepted that, in the range of Reynolds number
corresponding to the landing and take—off speeds of most aircraft,
the maximum 1ift, the stall progression, and the low-speed stabllity
and control cheracteristics of highly swept-back wings are inferior
to otherwise simllar unswept wings. The recent trend towards the use
of highly swept—back wings for high-spesd aircraft has smphasized
the inherently poor low-sSpeed characteristlcs of these wings. A%
the present time, however, there are little systematic experimental
test data existent relative to the detall characteristics of swept—
back wings when operating in the high-lift region. Furthermore, most
of the experimental deta available have been obtained at very low
values of Reynolds numbers. The maximum lift coefficient, in
particular, is dependent to & great extent on the behavior of the
boundery layer over the wing surface, which in turn ls dependent

i



NACA RM No. L6L20a

on the value of the Reynolds number {roferencs 1). For the swept
wing, premature tip-stalling tendencles may influence the value of
the useble maximum 1ift coefficient when consideration is given to
flying qualitles in the reglon of maximm 1ift.

In order to assist the dssigner in evaluating the resulis of
tests made at low Reynolds numbers untll sufficient date at high
Reynolds numbsrs becoms svallabls, a survey has been made of tho
aveilable foreign and American date relating to Reynolds number
effects on the maximum lift coefficients of swept-back wings. The
data, which represent the accwmulation of results from a large ’
number of wind tumnels, are presented in the present paper, along
with some enalysis. Becauge of the lack of systematic test data,
thig survey is intended meinly to show trends characteristic of the
particular wing plan forms discussed in the present text and figures.
In cases where similar wing plen forms were tested in different wind
tunnels, 1t is possible that small differences in the sectlion contours
of the wing exisgted Dbecause of different menufacturing tolerances
which may have influenced the maximum 1ift values of these wings.

COEFFICIENTS AND SYMBOLS

C maximum 1ift ient
I : 11 _ coeffi_cmnt

A angle of gwoepback of wing leading sdge, degrees

R effective Reynolds number oVom T
eff m

v free~gliream velocity
p . mass density of air
i coefficient of vipcosity of eir |

T turbulence factor of wind. tunml as determined. from
gphers tests :

c wing chord meagured pa.rallel to plane of symme'bry
om mean geometric chord. (S/b)
¢t . wing tip chord . .

¢y - wing root chord

-
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o emeomemed Lt

b ving spen oessivet perpenticular to plate’f ejineidy

A vingemectietio (vfs).- . et
. '“wiﬁlg ara;;ﬂ Vo mT . - : ' ’

Be lending~flap d.eflec’:’fi’oﬁ about hings axis, degrees

8 . .eileron deflection about hinge axis, degress; subscript
Bk R and’L denote right and left aileron, respectively

[T

- PRESENTATION OF DATA .’

. Ourves showing thée veriations of maximum 1lift coefficient with
effective. Reynolds number for several swept wings of verious taper
- ‘ratios and aspsct ratios e¥e given in figwes 1 to 3... Data for
similer unswept wings are' included on the figurss.whersver possible
for purposes of -cémparisén. The effects of changes of wing-tip
thickness and of wing camber on the variation of maxlmum lift
coefficient with Reynolds number for one swept-back wing is given
in figwe 4. The results of separate investigations, to determine
the effects of sweepback on maximm 1ift, each made at a constant
valus of Reynolds mmmber, are glven in figure 5. These results
include tests mads at low, moderate, and high Reynolds numbers. In
a few instances, data were avallable to show the effects of various
lending aids and of wing-fuselage interference on the variations of
maximum 1ift coefficlent with Reynolds number; these results are
shown in figures 6 and T, respectively. For convenience, the plan
form of the model tested, the most important geometric parame ters,
and the source of the date are glven on sach figure. The airfoil
sections noted in the figures are all NACA profiles, taken parallel
to the plane of symmetry of the wing except where noted. All the
data were obtalned at Mach numbers below about 0.25. In the few
cases in which data were obtained at Mach numbsrs sbove 0.2 {data
for wings 3,4,5,6, and 12 at high Reynolds numbers) ;s 1t is possible
thet the values of the maximum lift ccefficients were influenced by
Mach number effects. These effects will probably be most pronounced
for the wings which employ mirfoil sections that exhibit high leading-

edgs pressures. O e
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In order to provide a basis for comparison, effective Reynolds
numbers besed on a turbulence factor for each tunnel have been
used for all the tests. The turbulence factor is defined, according
to reference 1lh, as the ratio of the critiocsl Reynolds number of a
sphere in a nonturbulent air streem to the critical Reynolds number
1n a wind tunnel. The turbulence factor for sach wind tunnel from
which data for the present paper have been obtained is given in
tableo I. The turbulence factor of one wind tunnel wag not known
and, in this instance, the effective Reynolds number was assumed
equal to the test Reynolds number (fig. 2; wings 7, 8, end 9).

DISCUSSION

Effects of Reynolds number on Cr .+~ The data of figure 1

11lustrate the importance of Reynolds number on the attainable
maximum 1ift coefficients for similar swept and unswept wings. For
the wings shown 1n figure 1 1t appears that the meximum 1ift
coefficients will be higher for the swept wingg thaen for the unswept
winge et Reynolds numbsrs below about 2.0 X 10° and will be lower
at higher Reynolds mumbers. The data for wings 10 and 11 (fig. 2)
show an opposite effect at low Reynolds numbsrs inasmuch as higher
maximum 1ift coefficlents were measured for the unswept ging_than
for the swept wing at Reynolds numbers of about 1.0 X 10°. The data
for wings 7, 8, and 9 show higher meximum 1ift ccefficlents for the
swept wings Then for the unswept wing within the rapge of Reynolds
number investigated (between 1.1 X 10° and 4.2 x 10°). The swept
wings illustrated in figure 1 show & small decreass in Clupax

with increases in Reynolds number above 4.0 X 105, In the case of
wing 3, the decreases in (., Wwith incresses in Reynolds number

above 4.0 X lO6 may be associated with Mach numbsr effects (Mach
numbers above about 0.2). '

-In each case in which data for comparable swept and unswept
wings were available (figs. 1 and 2) a smaller rate of increasge of
the maximum 1ift coefficient with Reynolds number was measured for
the swept wings then for the unswept wings in the critical range of
Reynolds number. 'For wing 12, an increase in Clmax ©Ff only about

. 0.10 was measured for an increase in Reynolds number from 1.7 to
9.3 x 106, Section data showed a similarly small chenge in Clyay
with Reynolds number for the NACA 6L4j-112 airfoil which is used on

wing-12. The differences in the variations of maximum 1lift
coefficilent with Reynolds number for wings of epproximately similar
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plan form are attributied to differences in the airfoll gection
employed, to differences in surface conditions, and to differences
in wing-tip shapes. The important effects of airfoil thickness amd
alrfoll camber on the nature of the variaticns of maximum 1ift
coefficients with Reynolds number are discussed in detail in
reference 1. More rapid changes in Cr with Reynolds number, in

the criticel range of Reynolds numbsr, are shown in reference 1 for
thin symuetrical airfoil sections than for airfoil sections of
moderate camber and thickness. The effect of increasing the
wing-tip thickness and changing the camber of wing 5 on the veriatich
of- C.Im:a.x " with Reynolds number for this wing is shown in figwre L,

Incrsesing the wing-tip thickness from 0.15¢ ‘to 0.18¢ cé_a‘iiséd,‘fé §
redustion in Of, but hed no eppreciable effect on the variation
of Orp,, with Reynolds numbsr except at the highest Reynolds
numbers itested. A leas pronounced increase in Orp,, Wwith Reynolds

number was measured for the cambered wing 'bha.n_fp'rfthe two wings
with symmetrical sections. The cambered wing section, wkich is
described more fully in referencs &, is considered.to give approxi-
mately the same characteristics as an NACA 65,;3-618 airfoil section
with & 0.20c flap deflected ~10°. . T

The variations of Cf wlth Reynolds mumber ‘for two wings of

approximately triangnlar plan form are given in figwe 3. In both
cases, decreases in maximum 1ift coefficient with Reyholds numbexr
wore measured. . ST '

Effect of sweepback on Cr___.- The results of systematic tests,

made at low Reynolds numbers (below 1.0 _x_lbé), of four series of
wings of increasing sweepback are given in figure 5(a). The data
includs tests of both tapered and rectangular wings. JIncersases in

... Ghe.maximum 1ift coefficient with increesing engle of sweepback

(up to _gbout 500) were measured for the tapered winge at these low
Reynolds numbers. For the rectangular wings, increases in the
meximum 1ift ccefficients above "those messured for the unewept wings
. were obtained with increasing angle of sweepback up to 35° for wing
series 20-23 and up to-U45° for wing series 28-31. Pesk valuss of
the maximum 1ift coefficient were measured at sweeptack angles of
10° and 30°, ‘respectively, for wing series 20-23 and 28-31. Thess
results appear to substantiate the results shown in figure 1 in which
1t may be seen that, at very low values of the Reynolds number,
higher values of .the maximum 1ift coefficient were obtained for

the tapered swept wings than for the gimiler. tapered unewept wings.
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The results of systematlo tests mage at moderate Reynolds
numbers (betwsen 1.1 X 10° and 4.1 X 10°} to determine the maximum
1ift coefficlents of tapsred wings of increasling sweepback are glven
in figure 5(b)}. In this range of Reynolds number, small increases
in the angle of sweepback (belowr sbout 20°) gave considerably

lerger increemes in GImax than those messured for the approximstely

similar tepered wings at very low Reynolds numbers (wing series

15-19 of fig. 5(a)). Thle comperison is made for wings employing
different airfoll sections and therefore may not be conclusive.
Further increases in the angle of sweepback ebove 200, at moderate
Reynolds numbers, resulted in appreciable reductions in the maximum
11ft coefficients attainable (fig. 5(b)), This result 1s the opposite
of that obtained for the tepered winges at very low Reynolds numbers
(fig. 5(a)) where epprecisble inoreases in maximum 1ift coefficlent
were obtained at high angles of sweeptack.

The resulte of tests to determine the effects of sweepback on
CL .y &t & high value of the Reynolds number (8.2 x 106) 1s given

in figure 5{(c)e. At this high Reynolds number, lnoreasing sweepback
caused large reductlions in the attainsble meximum 11ft coefflolent
even for small angles of sweepback, It should be remembered that
at moderate and low Reynolds numbers small increeses in sweepback
resulted in inoreases in CrLp. .. '

Effects of varlous landing sids,.,— Tests were made of two swept—
back wings (wings 3 and 12) to determins the effecte of Reynolds
number on CI-max wlth and without different landing alds attached to

the winge (fig. 6), The addltion of a 20-percent~chord 50-percent—
span split flap (B, = 60°) to wing 12 had little effect on the rate

of change of Cg with Reynolds number for Reynolds numbers between
%425 x 105 and 7.90 x 105, At lower Reynolds pumbers (between
1.7 X 106 and 4.25 x 106), however, & more rapid increase in Cp

with Reynolds nurber wes measured for the flapped wing than was
measured for the unflapped wing.

The addition of leading-edge tip slats to wing 3, as shown in
figure 6, had no apprecisble effect om the rate of change of Crpax

with Reynolds number. For wings 3 and 12 small increases in CIpax

were measured with increasing Reynolds number from 2.0 to sbout
k.5 x 106 ; & further lncrease in Reynolds number %o 5.3 X 106 caused
a decrease in Oy, in both cases. With partial—span split fleps

and allerons deflected and with the slats extended no ohange in

i
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Cr was measured with incremssing Reynolds number from 2.0 x 106 to

sbout 4.5 x 106 for wing 2; increasing the Reynolds number to
563 X 106 caused a small decrease in Clmax' The decrease in

Clyay 9ue to an increase in Reynolds number from 4.5 X 106 to

5.3 X 106 for wing 3 mey be associated with the Mach number effects
previously mentioned.,

Effects of fuselage.— The variations of Ol wlth Reynoldse
number for wings 3 and 12 with and without fuselages are given in
figure 7. For wing 12, no apprecleble effect on CI—ma.x was

measured at Reynolds numbers of 2.95 X ;1.06 and 7.95 X 106 as & result
of the addition of & fuselage to the wing. The addition of a
fusslage to wing 3 caused small reduction 1ln Ci at Reynolds

numbers of 2.0 X 106, 2.65 x 106, and 4.65 x 10° but had no effsct
on CImax at Reynolds numbers of 3.3 X 106 and 4.0 X 106.

SUMMARY OF RESULIS

An analysis of availsble foreign and Americen datea relating to
Reynolds number effects on the maximum 1lift coeiflcients of
swept-~back wings showed the followlng results:

1. At low Reynolds mumbers (below about 2.0 x 10°) higher
maximm 1ift coefficients were measured ln most cases for moderately
swept—back wings than for unswept wings of similar plan form; at
high Reynolds nurbers, however, increasing sweepback resulted in
decreasing maximm 11ft cosfficlients,

2. A smaller rate of ifcrease of the maximum 1ift coefficient
with Reynolds number was measured for the swept-back wings than for
similar unswept wings in the critical range of Reynolds nuiber.

3. Decressses in the maximum 1ift coefficient with increasing
Reynclds number were measured for two wings of approximately
triangular plan form,

L, The addition of fuselages to two swept—-back wings had
1ittle effect on the variations of maximum 1ift coefficilent with
Reynolds number for these wings. Similar results were obtalned
vwhen various landing aids such as split flaps were installed on
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the same two swept-back wings and when leading-edge tip slats
were installed on ome of the two swept-back wings.

Langley Memoriel Aeronauticel Laboratory
National Advisory Committee for Aeromautics
langley Fleld, Va.
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TABIE I,- TURBULENCE FACTORS FOR

WIFD TUNNEILIS

Wind tunnel Turbulence factor
T. H. Hannover 1.5 meter 1,17
VL 5 by 7 meter 1.04
Chalais Mecuden & by 16 meter 1.43
United Alrcraft Corporation 18-foot 1.00
IMAL 19-foot Pressure 1,00
RAE High Speed 1.00 (assumed)
DVL 2,15 by 3 meter 1.03
IMAL Full Scale : 1.10
IMAL %—scale model full scale 1.20
AVA 1.25 meter . 1.37
Braunschweig 1.2 meier 1.19
IMAL VDT . 2.60

NATTONAL ADVISORY
COMMITTEE FOR ATRONAUTICS
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