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LOW-SPEED AERODYNAMIC CHARACTERISTICS

OF AIRFOIL SECTIONS WITH ROUNDED TRAILING EDGES IN

FORWARD AND REVERSE FLOW

By WilliamD. Beasleyand RobertJ.McGhee

LangleyResearch Center

SUMMARY

An investigationwas conductedintheLangleylow-turbulencepressuretunnelto

determinethelow-speedtwo-dimensionaicharacteristicsof6-, 12-, and 18-percent-

thickairfoilsections(camberedwithbothleadingand trailingedges rounded).Tests in

, bothforwardand reverseflowwere conductedwitheach sectionorientedinthewind tun-

nelwiththeleadingor trailingedgedirectedtowardthefreestream. The datawere

obtainedover a Mach nun_berrangefrom 0.16to0.36and an angle-of-attackrangefrom

-10° to 24°. Reynoldsnumber, based on theairfoilchord,was variedfrom about

1.0× 106 to12.0× 106.

Each airfoilsectionexhibitednonlinearvariationsinsectionliftand pitching-

moment coefficientswithangleofattackinforward and reverseflowatlowReynoldsnum-

bers. IncreasingtheReynoldsnumber or forcingboundary-layertransitionby applying

roughnessnear the_eadingedge essentiallyremoved thesenonlinearvariations.These

resultsare attributedtodelayedflowseparationon thelowersurfacenear therounded

trailingedge. Boundary-layerflowseparationwas presentnear theroundedtrailing

edges atalltestconditions.Thus, thewake surveymeasurements used todeterminethe

sectionprofiledrag resultedinerraticdrag data,particularlyforthethickersectionsin

thereversedorientation.The largestmaximum sectionliftcoefficientinthenormal

orientationwas about1.8forthe12-percent-thickairfoil.Inthe reverseorientation,the

18-percent-thickairfoilproducedthelargestmaximum sectionliftcoefficientofabout
1.5.

INTRODUCTION

Historically,helicopterrotorbladeshave been comprisedofconventionalsymmet-

ricalairfoilsections,forexample NACA 0012,which have shown generallygood rotor

performance. Hm:'ever,helicoptersoperatewithportionsoftherotordisksubjectedto

bothforwardand reverseflowfields.The extentofthereverseflow,which occurs over

theretreatingportionoftherotordisk,isa functionofvehicleforwardflightspeed and
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rotorrotationalspeed. Ingeneral,helicopterrotorsectionsoperatewithinthesereverse

regionsproducingnegativelift,which consequentlycontributesto limitingperformance

inhigh-speedforwardflight.

One approachto overcome thepenalitiesincurredwithreverseflowsover a conven-

tionalrotoristodesigna rotorthatcan effectivelyperform inbothforwardand reverse

flowfields.Unusualairfoilshapesmay be requiredforsuch rotors;consequently,two=

dimensionalaerodynamicdatawould be desirableover a largespeed rangeon such shapes.

Exploratorylow-speedwind-tunneltestshavebeen conductedto examine thebasic

behaviorand aerody,mmictrendson threecambered airfoilsectionswithroundedtrailing

edgesand ratiosofmaximum thicknessto chordof6, 12, and 18 percent. Allthreeair-

foilswere testedwithboththeleadingand trailingedges alternatelydirectedtowardthe

free-streamflow;thus,bothconventionalaerodynamiccharacteristicsand thecharacter-

isticsoftheairfoilinsteadyreversedflowwere obtained.The investigatiol_was per-

formed intheLangleylow-turbulencepressuretunnelover a Mach number range from

0.16to 0.36(testMach number was constrainedby theoperationalhrnitsofthefacility)

foran angle-of-attackrangefrom about-10° to 24°. The Reynoldsnumber, based on air-

foilch_rd,variedfrom 1.0x 106to 12.0× 106.

SYMBOLS

Valuesare giveninbothSIand U.S.Customary Units. The measurements and

calculationswere made inU.S.Customary Units.

Cp pressurecoefficientPl - P_
' q_c

c airfoilchord,45.72cm (18in.)

cc  oct,onc.orforcecoef.c,e.,J S Sforward aft

(t/C)max (t/C)max

cd sectionprofile-dragcoefficientdeterminedfrom wake measurements,

cd' point drag coefficient, L_2j \_--_j _-_] - \q_j

c z section lift coefficient, cn cos a - c c sin a

2
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c m section pitching-moment coefficient about quarter-chord point: reference_
from point on model that serves as leading edge,

%(0 %(0 c) X)

Cn sect: ,n normal-force coefficient, fl.s. Cp d(X) - fu.s. Cp d(-_)

h vertical distance in wake profile from top total-pressure tube, cm (in.)

M free-stream Mach number

p static pressure, N/m 2 (lb/ft 2)

hPt :otal-pressure loss in wake, N/m 2 (lb/ft 2)

q dynamic pressure, N/m 2 (lb/ft 2)

R Reynolds number based on free-stream conditions and airfoil chord

t airfoil maximum thickness, cm (in.)

x airfoil abcissa, cm (in.)

z airfoil ordinate, cm (in.)

z c mean-line ordinate, cm (in.)

geometric angle of attack, deg

p density, kg/m 3 (slugs/ft 3)

Subscripts:

local point on airfoil

max maximum.Iv

free-streamconditions

t mean thickness

3
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1 tunnel station 1.65c downstream of model

2 tunnel station downstream of model where static pressure equals free-stream

static pressure and total pressure assumed equal to total pressure at

station 1

Abbreviations:

1.s. lower surface

u.s. upper surface

L.E. leading edge

T.E. trailing edge

APPARATUS AND PROCEDURE

Wind Tunnel and Model Support

The Langley low-turbulence pressure tunnel (ref. 1) is a closed-throat single return

tunnel which is normally operated at stagnation pressures from 101.3 to 1013 kN/m 2

(1 to 10 atm) for which the maximum Mach numbers of the empty test section vary from

0.46 to 0.23. The test section is 91.44 cm (3 ft) wide by 228.6 cm (7.5 ft) high. Circu-

lar end plates provide attachments for the two-dimensional models. The end plates are

101.6 cm (40 in.) in diameter and are flush with the tunnel wall. They are hydraulically

rotated to provide for model angle-of-attack changes. The models were mounted so that

the center of rotation of the circular plates was at 0.33c on the model chord line. The

air gaps at the tunnel walls were sealed with flexible sliding metal seals.

Models

The airfoil coordinates for the three airfoils are presented in table I. The 12- and

18-percent-thick models were machiaed from aluminum and the 5-percent-thick model

was machined from steel to r,_inimize deflections near maximum lift conditions. All mod-

_ els were polished to provide smooth aerodynamic surfaces. The models had a 45.72 cm

(18 in.) chord and completely spanned the width of the tunnel. Figure 1 shows a sketch of

each airfoil section shape and also illustrates the thickness and camber distributions.

The maximum mean camber of the 6-, 12-, and 18-percent-thick models was located at

0.40c and was approximately 1.3-, 2.5-, and 3.7-percent chord as shown in figure l(b).
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I Figure 2 is a photograph of the 18-percent-thick model mounted in the wind tunnel. The

metal seals shown in the photograph have been partially disassembled. The models were

equipped with both upper and lower s: trace orifices which wel, drilled perpendicular to

the surface with a drill diameter of 0.0813 cm (0.032 in.) and were located at the cilord

stations indicated in tables II to IW'.

Wake Survey Rake

A fixed wake survey rake (fig. 3) was mounted on the tunnel sidewall and located

1.65c aR of the trailing edge of the airfoil model. The wake rake utilized 91 total-

pressure tubes and 5 static-pressure tubes 0.1524 cm (0.060 in.) in diameter. The

total-prersure tubes were flattened to 0.1016 cm (0.040 in.) for a distance of 0.61 cm

(0.24 in.) from the tips of the tubes in order to minimize total-pressure tube displace-

ment effects. The rake static tubes had four flush orifices drilled 90o apart and located

eight tube diameters from the tip of the tube and in the plane of the total-pressure tubes.

Instrumentation

Measurements of the static pressures on the airfoil surfaces, tunnel sidewalls,

and the wake rake pressure.- were made by an automatic pressure-scanning system uti-

lizing variable capacitance-type precision transducers. Basic tunnel pressures were

measured with precision quartz manometers. Angle of attack was measured with a cali-

brated potentiometer with a pinion gear and rack attached to tae circular plates. Data

were obtained by a high-speed data acquisition system and recorded on magnetic tape.

TEST AND METHODS

The airfoil models were tested at Mach numbers from 0.16 to 0.36. Reynolds num-

ber, based on the airfoil chord, was varied from about 1.0 × 106 to 12.0 x 106, primarily

by varying the tunnel stagnation pressure. The geometric angle of attack varied from

about -10 ° to 24°. The airfoils were tested smooth (natural boundary-layer transition);

however, for several test conditions, boundary-layer transition strips sized according to

reference 2 (nominal grit diameter of 0.0211 cm (0.0083 in.) at R = 2.5 x 106) were

installed on both upper and lower surfaces. The transition strips were 0.25 cm (0.10 in.}

_ wide. The grit was sparsely spaced and attached to the surface with lacquer. For sev-
eral test runs, tufts were attached to the models and to the adjacent tunnel walls with

plastic tape in order to investigate the stall patterns and to observe any regions of local

flow separation.

The static-pressure measurements at the airfoil surface were reduced to stand-

ard pressure coe,_ficients and machine integrated to obtain section normal-force and

5
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chord-force coefficients and section pitching-moment coefficients about the quarter-chord

point (referenced from the point on the model that serves as the leading edge).

Previous tests with the existing wake rake have indicated that the static pressures

measured by the rake static-pressure probes were influenced by the rake body and flow

angularities resulting from airfoil-generated downwash. Therefore, the static pressures

used to compute the section profile-drag coefficients were measured at three sidewall

static-pressure orifices. The orifices were alined in a vertical row at the same longitu-

dinal station as the rake total-pressure tubes. One static-pressure orifice was located

on the vertical center line of the tunnel and the other orifices were 0.44c above and below

the vertical center line. The section profile-drag coefficient was computed by the method

of reference 3 and a typical wake profile is shown in figure 4 for the 12-percent-thick
airfoil section.

An estimate of the standard low-speed wind-tunnel boundary corrections, as calcu-

lated by the method of reference 4, indicated that these corrections are within the accu-

racy of the data and have not been applied.

PRESENTATION OF RESULTS

The results of this investigation have been reduced to coefficient form and are pre-

sented in the following figures:

6-percent-thick airfoil Figure

Leading edge forward:

Reynolds number effect ............................... 5

Roughness effect .................................. 6

Mach number effect ................................. 7

Trailing edge forward:

Reynolda Lumber effect ............................... 8

Roughness _r_.ect .................................. 9

Mach number effect ................................. 10

Variation of maximum section lift coefficient with Reynolds number ........ 11

Effect of angle of attack on pressure distributions with L.E. forward ........ 12

Effect of angle of attack on pressure distributions with T.E. forward ........ 13

,_- 12-percent-thick airfoil

Leading edge forward:

Reynolds number effect ............................... 14

Roughness effect .................................. 15

Mach number effect ................................. 16

6

- I - ,I,I II --- - IllII IIIIIIq Iron11Ulil

1974025317-008



Figure

Trailing edge forward:

Reynolds number effect ............................... 17

Roughness effect .................................. 18
Mach number effect ................................. 19

Variation of maximum section lift coefficient with Reynolds number ........ 20

Effect of Reynolds number on pressure distributions with L.E. forward ....... 21

Effect of Reynolds number on pressure distributions with T.E. forward ....... 22

Effect of roughness on pressure distributions with T.E. forward .......... 23

Effect of rounded and sharp trailing edges in forward flow .............. 24

Effect of rounded and sharp trailing edges in reverse flo_v .............. 25

18-percent-thick airfoil

Leading edge forward:

Reynolds number effect ............................... 26

Roughness effect .................................. 27
Mach number effect ................................. 28

T,'._tling edge forward:

Reynolds number effect ............................... 29

Roughness effect .................................. 30

Mach number effect ............................... '.. 31

Variation of maximum section lift coefficient with Reynolds number ........ 32

Effect of Reynolds number on pressure distributions with L.E. forward ...... 33

Effect of roughness on pressure distributions with L.E. forward .......... 34

Effect of Reynolds number on pressure distributions with T.E. forward ...... 35

Effect of roughness on pressure distributions with T.E. forward .......... 36

DISCUSSION OF RESULTS

6-Percent-Thick Airfoil Section - Leading Edge Forward

Reynolds number effect.- The effect of Reynolds number on the aerodynamic charac-

termtics is shown in figure 5 for the 6-percent-thick section with the leading edge forward

(forward flow). Increasing the Reynolds number resulted in a decrease in the s-shape

nonlinear nature of the lift curve and an increase in maximum lift coefficient (figs. 5(a)

and 11). In the low Reynolds number range, the lift coefficient data indicate nonlinear

variation with angle of attack which becomes more pronounced as the airfoil thickness is

7
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increased, as discussed later. Maximum lift coefficients increased from only about 1.0

to 1.10 as the Reynolds number was increased from about 1.0 x 106 to 12.0 x 106 (fig. 11).

Figure 5(a) indicates that the stall characteristics depend on the Reynolds number. In

the low Reynolds number range, the stall characteristics are gradual; however, in Ihe

higher Reynolds number range, the airfoil section reaches maximum lift coefficiem

and then levels out with increasing angle of attack (fig. 5(a)). Tuft data obtained at

R = 7.7 x 106 indicate that the stall characteristics are of the typical thin airfoil types;

that is, the stall is characterized by flow separation from the lea, ring edge with subse-

quent reattachment further downstream. With increase in angle of attack, the point of

reattachment moves progressively toward the trailing edge. Stall occurs when the flow

reattachment point occurs approximately at the trailing edge.

Increasing the Reynolds number had two effects on the pitching-moment data as

indicated by figure 5(a). At t,_,ehighest test Reynolds number, the nonlinear variation

of cm with a is eliminated up to a= 12o and the slope of the pitching-moment
curve is positive.

The profile-drag data (fig. 5(b)) indi, ate considerable scatter and are the results of

drag measurements in an unsteady wake that exists behind an airfoil where flow separa-

tion is present. Increasing the Reynolds number eliminated the laminar drag bucket that

occurred at the low Reynolds number and increased the range of lift coefficient over which

low values of cd occurred.

Typical pressure distributions for this airfoil at R = 2.50 × 106 are sh¢.wn in fig-

ure 12. Approximately flat pressure distribution over the airfoil chord are shown near

= 0°. At a = 8°, most of the airfoil loading is distributed over the forward region of
the airfoil.

Roughness effect.- The effect of installing roughness near the leading edge of the

airfoil is shown in figure 6. At R = 0.93 × 106 (fig. 6(a)), the roughness had no effect

on the maximum lift coefficient; however, a decrease in the s-shaped nonlinearities of

the lift curve was measured. Increasing the Reynolds number to about 2.5 x 106 (fig. 6(b))

resulted in a decrease in both the lift-curve slope and the maximum lift coefficient, com-

pared with the smooth-model results. This observed decrease in the lift-curve slope

with the addition of roughness is similar to the Reynolds number effect with the smooth

model as discussed earlier.

,_ The effect of roughness on the pitching-moment data (fig. 6(b)) was to reduce the

) nonlinear variation of cm with _ over the range of low drag coefficients and to change
the sign of the pitching-moment curve slope.

i
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Utilizing roughness on the airfoil resulted in eliminating the laminar b' _ket v hich

was observed at low test Reynolds numbers (fig. 6(a)) and decreased the range ," cl

over which low values of cd occurred (fig. 6(b)).

Mach number effects.- The effect of Mach number on the aerodynamic characteris-

tics for the 6-percent-thick airfoil section is essentially negligible as shown in figure 7

for the Ma,, h number range from 0.16 to 0.35.

6-Percent-Thick Airfoil Section - Trailing Edge Forward

Reynolds number effect.- The effect of Reynolds numbe" on the lift characteristics

of the 6-percent-thick section (fig. 8(a)) with the trailing edge directed forward to the

free stream to serve as the leading edge (reverse flow) is very similar to the results for

this airfoil with the leading edge forward. Maximum lift coefficients (fig. 11) increased

only slightly (from about 1.0 to 1.03) as the Reynolds number was increased from about

1.0 × 106 to 7.7 × 106; however, the angle of attack for C/,ma x increased about 6°
(fig. 8(a)). The stall characteristics indicate that the airfoil in the reverse flow (fig. 8(a))

is very similar to the airfoil in the forward flow (fig. 5(a)); that is, they are gradual at

low Reynolds numbers and, at the higher Reynolds number (R = 7.7 x 106), the stall char-

acteristics are of the typical thin airfoil type. Figure 11 indicates that in the low Reynolds

number range, the maximum lift coefficient was slightly higher with the trailing edge

forward than with the leading edge forward.

The effect on the pitching-moment data due to directing the trailing edge forward is

shown by comparing figures 5(a) and 8(a). Generally, a small negative increment in cm
is shown for the.,trailing edge forward. Figure 13 illustrates typical pressure data at a

Reynolds number of 2.60 x 106. Comparison of the pressure data of figure 12 (leading

edge forward) and figure 13 (trailing edge forward) at (_ = 8°lilustrates the reduced

upper-surface pressure peaks and change in airfoil loading due to directing the trailing

edge forward.

Comparison of figures 5(b) and 8(b) illustrates the effect on cd as a result of

directing the trailing edge forward. The lift coefficient range where low values of cd
occurred is reduced, and the laminar bucket at R = 0.93 × 106, measured with the

leading edge forward, is eliminated.

_ R0u_hness effect.- Generally, the Jfect of roughness on the aerodynamic charac-
teristics with the trailing edge forward is .he same as with _he leading edge forward.

_ (Compare figs. 6 and 9.) One additional Reynolds number, 7.7 × 106, was investigated

with roughness for the trailing edge forward (fig. 9(c)). These data indicate that the effect

of roughness observed at the lower test Reynolds numbers is essentially removed,

9
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Mach number effect.- Figure 10 shows that the effect of Mach number on the aero-

dynamic characteristics for this section in revcrse flow are small for Mach nun_bers

from 0.16 to 0.35. Howe'ver, a slightly higher maximum lift coefficient is shown for

M = 0.26.

12-Percent-Thick AirfoilSection - Leading Edge Forward

Reynolds number effect.-The nonlinearvariationsofboth cI and cm with (_
inthe low Reynolds number range become more pronounced for the 12-percent-thick

sectionthan for the 6-percent-thicksectionas shown by comparing figures5(a)and 14(a).

Increasingthe Reynolds number above 7.60x 106 (fig.14(a))essentiallyremoves these

effectson "l and cm. Maximum liftcoefficientsincrease from about 1.26to 1.81 as

the Reynolds number was increased from about 1.0 x 106 to 8.0 × 106 and decreased

slightlyathigher Reynolds numbers (fig.207. The liftdata (fig.14(a))indicatethatthis

sectionreached higher angles ofattackbefore stallthan the 6-percent-thicksection

(fig.5(a)).With increasingReynolds number the liftcharacteristicsdisplayedare typical

of those of a conventionalsectionwith thisthickness ratio. The stallcharacteristics

(fig.14(a))are of the trailing-edgetype;thatis,the liftcurves characteristicallydisplay

a decrease in lift-curveslope near maximum liftand a well-rounded liftcurve at stall.

Tuft data obtained on thissectionalso indicatethe stullwas ofthe trailing-edgetype.

At low Reynolds numbers and small positiveand negative ang:es ofattack,increases

in liftcoefficientand a _egativeincrement in pitching-moment coefficientare indicated

when compared with the high Reynolds ntunber data (fig.14(a)). For example, at

= 2°, a decrease in cI of about 0.2 occurs when the Reynolds number is increased

from 0.93 x 106 to 11.65 × 106. In order togain some insightfor thisbehavior of the

sectiondata at low Reynolds numbers, selectedpressure data are presented in figure21.

At low Reynolds number (fig.21(a))flow separation is indicatednear the airfoiltrailing

edge by the approximately constantvalues of Cp on the airfoillower surface.

Increasingthe Reynolds number to 11.65 × 106 reduces the extentofseparation on the

lower surface near the rounded trailingcdge. Large changes in the lower surface pres-

sure coefficientfor thisregion indicatehighervelocityflow around the curved surface.

This delayed separationresultsin a decrease in circulationover the airfoilwhich accounts

for the observed changes in liftand pitching-moment coefficientsas affectedby Reynolds

number. Figure 21(b)illustratespressure distributionsnear maximum liftcoefficient

for thisairfoilat the same two Reynolds numbers. Flow separationis present near the

airfoil trailing edge on both upper and lower surfaces at the low Reynolds number and a

large decrease in the upper surface pressure peak is indicated.

The profile-drag data of figure 14(b) show, at moderate lift coefficients, the

expected decrease in cd with increases in Reynolds number. This drag reduction is

10
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:_sociated with the related decrease in boundary-layer thickness and accompanying

reduction in skin-friction drag.

Roughness effect.- The effect of roughness on the aerodynamic characteristics

i (fig. 15) is essentially the same as for the 6-percent-thick airfoil section.

Mach number effect.- While the 6-percent-thick section indicated negligible effects!

l of Mach number on maximum lift coefficients (fig. 71 figure 16(a) illustrates a substan-

tial effect of Mach number on maximum lift coefficient for this section. Increasi_ the

Mach number from 0.16 to 0.35, at R = 2.50 × 106, decreases the maximum lift coeffi-

cient from about 1.62 to 1.40.

I 12-Percent-Thick Airfoil Section - Trailing Edge Forward

I Reynolds number effect.- Directing the trailing edge of the airfoil to the oncoming
free-stream flow generally results in the s_.me type of nonlinear variations of cl and

cm with _ (fig. 17(a)) as observed for the airfoil with the leading edge forward
(fig. 14(a/). In addition, the lift coefficient at _ = 0° decreases from about 0.36 to 0.20

as the Reynolds number increases from about 0.96 × 106 to 7.60 × 106. This is now under-

stood to be due to the decrease in separation over the lowe,' surface near the rounded

trailing edge discussed previously. The effect of Reynolds number on maximum lift

coefficient is almost negligible as shown by con_paring figures 17(a) and 20. Maximum

section tilt coefficients are considerably reduced and reach only a value of 1.17 at

R = 7.60 × 106 compared with 1.80 for the airfoil with the 1" _ding edge forward. (See

fig. 20.) Some flow separation is present on the airfoil near the aft reg!oa as observed

by tufts and indicated by the pressure distribution data of figure 22. Figure 22(c) iltus-

trates the pressure distribution over the airfoil chord at maximum lift coefficient

(_=12 °)for R-- 0.96×166and 7.60x106 . At the lower test Reynolds number, both

leading- and trailing-edge flow separations are indicated by the approximately constant

values of Cp. The observed reduction in maximum lift coefficient for this sectior in
reverse flow is attributed to the interaction of local laminar separation near the leading

edge and turbulent separation near the trailing edge. It is of interest to note that the

nature of the lift curves near stall shown in figure 17(a) appears to be the same as the

6-percent-thick section at low Reynolds numbers shown in figure 8(a).

The profile-drag data of figure 17(b) indicate an increase in cd as the Reynolds
number is increased from 2.50 × 106 to 7.60 x 106. This result is attributed to the large

suction region on the lower surface (fig. 22(b)) near the airfoil rounded traiting edge

caused by delayed flow separation at R = 7.60 x 106.

Roughness effect.- The effect of applying roughness (fig. 18) gerx:rally results in the

same type of variations of cl and cm with _ as previously discussed. However,

11
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figure 18(a) indicates a decrease in cd near el = 0 when roughness is utilized at !
R = 0.96 .: 106. The wake profiles for this test condition are also sketched in the figure. [

With the grit off, large regions of flow separation are suspected as illustrated by the

much broader wake profile. The pressure distr:bution data at this same lift coefficient

and Reynolds number are shown in figure 23. Favorable pressure gradients are shown

over much of the airfoil upper surface and lan_inar flow separation is suspected owr the

i aft region of the airfoil. Utilizing roughness near the leading edge results in a turbulent

sl boundary layer over most of the airfoil chord and, hence, less flow separation and lower
I

values of cd. It is of interest to compare the pressure data of figure 22(a) for cl -'-0
and R='7.60x 106 for the smooth model with figure 23 for c l-'0 and R=0.96×106
with rou..,hness. Either increasing Reynolds number with the smooth model or applying

roughness at low Reynolds numbers produce similar pressure distributions over the air-
foil chord.

Mach number effect.- Whereas the results of the 12-percent-thick section with

leading edge forward indicated a substantial effect of Mach number on maximum lift coef-

ficient (fig. 16(a)), directing the trailing edge forward resulted in a negligible effect

(fig. 19(a)).

12-Percent-Thick Airfoil Section - Rounded and Sharp Trailing Edges

The aecodynamic differences of the cambered 12-percent-thick rout.tied trailing-

edge airfoil of this test and a symmetrical sharp trailing-edge airfoil in both forward and

reverse flow at similar test conditions are illustrated iu figures 24 and 25. In forward

flow, the most predominate aerodynamic effect is the large increase in cd for the
rounded trailing edge compared with the sharp trailing edge (fig. 24). In reverse flow,

the sharp trailing edge (serving as leading edge) induces complete flow separation at all

angles of attack except near 0° and large cbRnges in cm and cd occur (fig. 25).

18-Percent-Thick Airfoil Section - Leading Edge Forward

Reynolds number effect.- The nonlinear variation of cI and c m with a in the
low Reynolds number range is _tlso present for this airfoil section as shown by figure 26(a).

Increasing the Reynolds number to 7.6 × 106 removes this nonlinear effect. The pressure

data of figure 33(a) illustrate that increasing Reynolds number results in decreased flow

separation on the airfoil lower surfacc near the trailiNs cdge and results in a pronounced

decrease _n the lift coefficient. This effect is attributed, to a decrease in circulation

_' around the airfoil at the higher Reynolds munber (discussed earlier for the 12-percent-

thickairfoil).Maximum liftcoefficientsincreasefrom 1.38to 1.73as theReynoldsnum-

ber increasesfrom 1.0× 106toabout8.0× 106 and, athigherReynoldsnumberL the

maximum liftcoefficientdecreasessomewhat (fig.32_,.Tuftstudiesindicatethatthe
J
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stall characteristics are of the trailing-edge type. Figure 33(b) illustrates the pressure
distribution over the airfoil chord at maximum lift coefficient for R = 0.94 x I06 and

11.80 x 106. Comparisons of the pressure data near maximum lift coefficient for the

12-percent-thick airfo._l (fig. 21(b)) and the 18-percent-thick airfoil (fig. 33(b)) illustrate

the reduction in upper surface leading-edge pressure peaks for the 18-percent-thick air-

foil associated with tbe larger leading-edge radius.

Roughness effect.- The effect of roughness neP.r the leading edge of the airfoil

(fig. 27) is generally the same as that observed for the 6- and 12-percent-thick sections

(figs. 6 and 15, respectively). Comparisons of the F :essure data of figures 33(a) and

34(a) (at a = 4°) indicate that increasing Reynolds number or appLying roughness at low

Reynolds number produce similar effects; that is, lower surface separation is reduced
as well as a reduction in lift coefqcient.

Much number effect.- The effect of Mach number on maximum lift coefficient for

this 18-percent-thick section is considerably less than that for the 12..percent-thick sec-

tion (compare figs. 16(a) and 28(a)); for example, increasing the Mach number L-om 0.16

to 0.35 only decreased maximum lift coefficient from 1.48 to 1.43. Figure 28(b) simul-

taneously indicates that increases in section drag coefficient are observed as the Mach
number is increased from 0.16 to 0.35.

18-Percent-Thick Airfoil Section - Trailing Edge Forward

Reynotds number effect.- The effect of Reynolds nmnber on the aerodynamic char-

I acteristic. _, for this airfoil in reverse flow is generally of the same nature, and even

magnified, under certain conditions, as observed for the t2-percent-thick airfoil. How-

ever, large differences in the nature of the lift characteristics for these airfoils near

maximum lift coefficient are observed. (Compare figs. 17(a) and 29(a).) The results of

the 12-percent-thick section indicates little effect of Reynolds number on maximum lift

coefficient (fig. 20), whereas the result for the 18-percent-thick airfoil indicate a substan-

tial effect (fig. 32). For example, maximum lift coefficients increase from about 1,23 to

1.53 as the Reynolds number is increased from about 1.0 × 106 to 7.7 x 106. This improve-

ment in maximum lift coefficient for the 18-percent-thick airfoil can be explained by com-

parison of the pressure data for the 12-percent-thick airfoil near maximum lift (fig. 22(c))

with the pressure data for the 18-percent-thick airfoil near maximum lift (fig. 35(b)). The

_L- 18-percent-thick airfoil does r_ot display the loss in upper surface leading-edge pressure

_, peak that was observed for the 12-percent-thick airfoil. This result is believed to be a
reduction in leading-edge flow separation associated with the larger leading-edge radius

for the 18-percent-thick airfoil. The stall characteristics for the 18-percent-thick airfoil

are of the trailing-edge type as indicated by the lift data shown in figure 29(a) and observed

by a tuft study at R '7.7×106 .

13
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The low Reynolds number data for this airfoil near o_= 4° indicate what appears

to be a local region of flow separation with reattachment occurring at a higher angle of

attack {fig. 29(a)). The lift coefficient reaches a value of about 1.0 and then decreases,

the pitching-moment coefficient indicates a sudden nose-up change, and the drag coeffi-

cient (fig. 29(b)) indicates a rapid increase. Figure 35(a) presents the pressure data for

these test conditions. Flow separation at the low Reynolds number is indicated on the

airfoil near the trailing edge, and in particular on the lower surface near the large

rounded base. In addition, some local upper surface leading-edge flow separation is sus-

pected. Increasing the Reynolds number to 7.70 × 106 results in delayed separatmn on

the lower surface near the rounded trailing edge as indicated by the large suction pres-

sure peak (fig. 35(a)). A reduction in lift coefficient (fig. 29(a), a = 4°) of about twice

that observed for the 12-percent-thick airfoil in reverse flow (fig. 17(a), ot = 2°) occurs.

This result is similar to that which occurs by an up flap deflection for a conventional
airfoil.

Figure 29(b) indicates large erratic variations in the profile-drag coefficient at

positive lift coefficients. This result might be expected because of the large region of

flow separation present on the airfoil, particularly at the lower test Reynolds numbers.

Roughness effect.- The effect of roughness on the aerodynamic characteristics for

this section is shown in figure 30. Generally, the effect is the same as discussed for the

12-percent-thick section. Comparison of the pressure data of figure 35 (smooth model)

and figure 36 (grit on) illustrates that both increasing the Reynolds number or applying

roughness at a low Reynolds number produce similar pressure distributions. This result

is associated with the delayed separation on the airfoil lower surface near the rounded

trailing edge.

Mach number effect.- The effect of Mach number (fig. 31(a)) on maximum lift coeffi-

cient is also more pronounced than was observed on the 12-percent-thick section (fig. 19(a)).

For example, figure 31(a) indicates a decrease in maximum lift coefficient from about

1.47 to 1.30 by increasing the Mach number from 0.16 to 0.35. In addition, at cJ= 2°, a

large Mach number effect on the aerodynamic characteristics is observed on this

18-percent-thick section (fig. 31) which was not observed on the 6- and 12-percent-thick

sections (figs. 10 and 19, respectively). This Mach number effect is analogous to the

Reynolds number effect previously discussed; that is, an _ncrease in Mach number results

in a decrease in cl and cm. The effect on cd is to reduce the lift coefficient at which

_b a sudden drag increase occurs and to increase cd at lower lift coefficients. These
•_ results are attributed to changes in flow separation on the airfoil lower surface near the

rounded trailing edge.

14
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CONCLUDING REMARKS

An investigation was conducted in the Langley low-turbulence pressure tunnel to

determine the low-speed two-dimensional aerodynamic characteristics of 6-, 12-, and

18-percent-thick mrfoil sections (cambered with both leading and trailing edges rounded)

1 in forward and rever_e flow. The airfoils were tested in the wind tunnel with the leading

edge and the trailing edge directed toward the free stream. The data were obtained with

the airfoils in both orientations over a Mach number range from 0.16 to 0.36 and an

angle-of-attack range from -10 ° to 24°. Reynolds number, based on the airfoil chord,

was varied from about 1.0 x 106 to 12.0 '< 106.

All three airfoil sections exhibited nonlinear variations in section lift and pitching-

moment coefficients with angle of attack in a normal or reverse flow at low Reynolds num-

bers. Increasing the Reynolds number or forcing boundary-layer transition by applying

roughness near the leading edge of the airfoils essentially removed these nonlinear vari-

ations. These results are attributed to delayed flow separation on the lower surface near

the rounded trailing edge.

At all test conditions, some flow separation was present near the rounded trailing

edges of the airfoils. Thus the wake rake measurements used in determining the section

profile drag for the airfoils resulted in erratic drag data, particularly for the thicker

sections in the reverse orientation.

The largest maximum section lift coefficient in the normal orientation was about

1.8 for the 12-percent-thick airfoil. In the reverse orientation, the 18-percent-thick air-

foil produced the largest maximum section lift coefficient of about 1.5.

Langley Research Center,

National Aerom,'_tics and Space Administration,

Hampton, Va., June 17, 1974.
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TABLE 1.- MEASURED COORDINATES FOR AIRFOIL MODELS

o-percent thickness ] 12-percent thickness 18-perct, nt thicknesst 4

x,, c (z/c) u,s. (z 'c) l.s. i (z'lc)u.s. (z 'c) l.s, (z/c) u.s. (z 'e) l.s.
.......... t

0.0 0.0 0.0 _- 0.0 0.0 0.0 0.0
.0010 .00336 -.00305 .00663 -.00629 .00858 -.00867=

.0020 .00466 -.004_6 I .00914 -.00854 .01245 -.0U73
i.0030 .00571 -.00525 .01103 -.01029 .0153_ -.01414

.0050 .00731 -.00653 .01386 -.01272 .01996 -.01768

.0100 .01006 -.00814 .01904 -.01677 .02814 -.02387

•0150 .01207 -.00928 .02300 -.01961 .03440 -.02809

•0200 .01375 -.01028 .02633 -.02165 .03964 -.03136

.0250 .01524 -.01111 .02933 -.02328 .04419 -.03396

.0300 .01658 -.01181 .03219 -.02468 .04827 -,03609

•0350 .01781 -.01243 .03475 -.02590 .05209 -.03792

•0400 .01894 -.01296 .03709 -.02693 .05557 -.03947

.0450 .02002 -.01341 .03924 -.02782 .05885 -.04081

.0500 .02105 -.01386 .04126 -.07862 .06190 -.04202

.0550 .02203 -.01422 .04314 -.02928 .06476 -.04311

.0600 .02295 -.01453 , .04492 -.02988 .06748 -.04412

.0650 .02363 -.01477 .04663 -.03042 .07009 -,04501

.0700 .02466 "-.01499 L .04829 -.03091 ,07257 -.04581

.0750 .02547 -.01519 i .04986 -.03133 ,07493 -.04652

.0800 .02622 -.01536 .05135 -.03172 .07721 -.04714

.0850 .02695 -.01551 .05281 -.03208 .07933 -.04770

.0900 .02767 -.01564 ! .05417 -.03239 .08138 -.04822

.0950 .02836 -.01576 .05551 -.03267 .08335 -.04869

.1000 .02900 _.01_87 .05680 -.03293 .0_525 -.04908

.1100 .03027 -.01606 .05913 -.03339 .08885 -.04983

.1200 .03144 -.01622 .06135 -.03378 .09213 -.05044

.1303 .u39_1 -.01636 06337 -.03411 .09513 -.05098

.1460 .03349 -.01653 .06524 -.03438 .09799 -.05142

.1900 .03_44 -.01706 .07281 -.03518 .10958 -.05276

.2400 .04008 -.01711 .07811 -.03534 .11752 -.05307

.2900 .04186 -.0_703 .08162 -.03538 .12273 -.05321

.3400 .04283 -.01703 .08352 -.03538 .12570 -.05323

.3900 .04324 -.01708 .08424 -.03542 .12679 -.05332

.4400 .04311 -.01720 .08394 -.03543 .12632 -.05330

.4900 .04244 -.01716 .08267 -.03544 .12462 -.05309

.5400 ,04143 -.01692 ,0806F -.03526 .12162 -,05270

.5900 04028 - 01694 .07762 -.03474 .11732 -.05204

.6400 .03839 -,01678 .07426 -.03399 .11182 -.05077

,6900 .03638 -.01647 ,06997 -.03296 ,10512 -.04902

.7400 .03416 -.01619 .06481 -.03167 .09701 -.04678

.7900 .03143 -.01597 .05850 -,03003 .08323 -.04337

;_, .8400 .02799 -.01542 ,05103 -.02775 .07555 -,03998

.8900 .02383 -.01432 .04157 -.02486 .06149 -,03511

,9200 .02059 -.01338 .03481 -.02244 ,05138 -.03122

.9450 .01736 -.01210 .02808 -.01964 .04143 -.02704

.9700 .01287 -.01014 .01959 -.01535 .02913 -.02109

.9950 .00460 _ -.00494 .00638 -,00720 .01128 -.00944

1.0000 .0 ]_ -.00001 .00001 .0 .0 -.00001
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TABLE H.- ORIFICE LOCATIONS FOR 6-PERCENT-THICK

AIRFOIL MODEL

Upper surface Lower surface

x/c z/c x/c z/c

0.0 0.00051

.00298 .00586 0.00185 -0.00427

.00539 .00769 .00566 -.00673

.00868 .00959 .00886 -.00786

.01571 .01251 .01609 -.00956

.01927 .01367 .02009 -.01031

.02441 .01517 .02477 -.01106

.03686 .01828 .03743 -.01267

.04959 .02:30 .04970 -.01382

.07438 .02556 .0q512 -.01519

.099q3 .02922 .09999 -.01586

.14980 .03437 .15008 -.01655

.19993 .03806 .20044 -.01699

.24954 .04046 .25017 -.01699

.29977 .04208 .30033 -.01695

.39989 .04325 .4001q -.01696

.49982 .04228 .50022 -.01699

.60055 .03970 .59967 -.01658

.70023 .03594 .69969 -.01637

.q5035 .03361 .74980 -.01606

.80002 .03081 .79995 -.01581

.85020 .02q2q .84972 -.01511

.89987 .02292 .89998 -.01400

.92493 .02009 .92483 -.01305

.95020 .01656 .94994 -.01158

.96235 .01436 .96184 -.01069

.97531 .01150 .97584 -.00923

_ .98018 .01017 .97967 -.00871

.98561 .00842 .98554 -.0076q

.99036 .00666 .98998 -.00658

.99519 .00447 .99529 -.00472

.99859 .00029
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TABLE IH.- ORIFICE LOCATIONS FOR 12-PERCENT_THICK

AIRFOIL MODEL

Upper surface Lower surface

x/c z/c x/c z/c
0.0 0.00096

.00298 .01069 0.00308 -0.01019

.00533 .01410 .00567 -.01333

.00904 .01801 .00903 -.01610

.01602 .02354 .01572 -.01990

.02029 .02645 .02055 -.02191

.02487 .02924 .02571 -.02362

.03728 .03560 .03774 -.02766

.05015 .04107 .04985 -.02879

.07461 .04958 .07500 -.03156

.10017 .05673 .10019 -.03308

.14897 .06674 .15052 -.03472

.19933 .07392 .20007 -.03537

.24985 .07882 .25029 -.03552

.29879 .08197 .30019 -.03554

.39895 .08421 .40099 -.03558

.49973 .08228 .50057 -.03560

.59860 .07718 .60_.07 -.03473

.69962 .06899 .70074 -.03284

: .74992 .06356 .75067 -.03142

.79993 .05698 .80089 -.02977

.84908 .04931 .85056 -.02751

: .89910 .03947 .90100 -.02433

.92411 .03361 .92599 -.02216

.94933 .02664 .95060 -.01917

.8G194 .02248 .96293 -.01706

.97487 .01738 .97606 -.01421

_ .97944 .01536 .98123 -.01282

.98520 .01247 .98566 -.01146

.98978 .00982 .99051 -.00964

.99511 .00603 .99471 -.00737

.99934 .00131
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TABLE IV.- ORIFICE LOCATIONS FOR 18-PERCENT-THICK

AIRFOIL MODEL

I

Upper surface Lower surface

x/c z/c x/c z/c
0.0 0.00044

.00296 .01548 0.00304 -0.01402

.00579 .02159 .00579 -.01858

.00902 .02665 .00893 -.02247

.01601 .03527 .01564 -.02831

.02002 .03941 .01981 -.03096

.02503 .04406 .02492 -.03363

.03752 .05372 .03736 -.03833

.04997 .06172 .04982 -.04169

.07502 .07484 .07488 -.04616

.09992 .08515 .09938 -.04870

.15002 .10055 .14969 -.05131

.19946 .11128 .19968 -.05238

.24987 .11870 .24986 -.05266

.29986 .12343 .29942 -.05276

.39973 .12674 .39934 -.05288

.49992 .12410 .49987 -.05258

.59987 .11623 .59972 -.05133

.69984 .10358 .69979 -.04819

.74977 .09516 .74970 -.04582

.80006 .08491 .79974 -.04261

.84960 .07293 .84985 -.03868

.89974 .05844 .90006 -.03357

.92489 .04957 .92433 -.03022

.94873 .03977 .94951 -.02577

.96217 .03329 .96233 -.02283

.97469 .02634 .97492 -.01914

_ .97994 .02306 .98024 -.01719

.98483 .01969 .98494 -.01518

.98989 .01577 .98984 -.01273

.99488 .01126 .99443 -.00941

.99995 .0

2O
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airfoil with leading edge forward. M = 0.26; smooth model.
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Figure 7.- Effect of Mach number on section characteristics for 6-percent-thick

airfoil with leadlng edge forward. R = 2.50 x 106; smooth model.
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Figure 9.- Effect of roughness on section characteristics for 6-percent-thick

airfoil with trailing edge forward. Grit located at 0.05c; M = 0.26.
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Figure 10.- Effect of Mach number on section characteristics for 6-percent-thick

airfoil,with trailingedge forward• R = 2.60 x 106; smooth model.
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Figure 12.- Effect of angle of attack on pressure distributions for 6-percent-thick

airfoil with leading edge forward. M ffi0.26; R = 2.50 × 106; smooth model.
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Figure 13.- Effectof angle of attackon pressure distributionsfor 6-percent-thick

airfoilwith trailingedge forward. M = 0.26; R = 2.60× 106;smooth model.
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Figure 15.- Effect of roughness on section characteristics for 12-percent-thick

airfoil with leading edge forward. Grit located at 0.05c; M = 0.26.
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Figure 16,- Effect of Mach number on section characteristics for 12-percent-thick

airfoil with leading edge forward. R = 2.50 x 106; smooth model.
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Figure 19.- Effect of Maeh number on section characteristics for 12-percent-thick
ai_oit with tratU_ edFe forward. R = 2.50 x 106; smooth model.
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F;gur_, 21.- Effect of Reynolds number on pressure distributions for 12-percent-thick

air{oH with leading edge forward. M = 0.26; smooth model.

63

1974025317-070



-15

=,deg cl R
o 12.09 1.26 0.95x106

- I 2 n 18,04 1.78 II .65

Uppersurfoce
-I I .... Lowersurfoce

I

I

-6 •
! •

Cp
--5 •

;LL 2
0 .I .2 .5 .4 .5 .6 .7 .8 .9 1.0

x/c

(b) High angle of attack.

Figure 21.- Concluded. [

69

i °
t

1974025317-071



.8

d

1.0
1
1 I

1"20 .I .:_ .3 .4 .5 .6 .7 .8 .9 1.0
x/c

_ (a)a " -2°.
.@

Figure 22.- Effectof Reynolds number on pressure distributionsfor 12-percent-thick ,;

airfoilwith trailingedge forward. M = 0.26; smooth model,
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Figure 23.- Effect of roughness on pressure distributions for
12-percent-thick airfoil with trailing edge forward.

R = 0.96 × 106; grit located at 0.05c; M ffi0.26.
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Figure 26.- Effect of Reynolds number on section characteristics for 18-percent-thick

airfoil with leading edge forward. M = 0.26; smooth model.
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Figure 29.- Effect of Reynolds number on section characteristics for 18-percent-thick

airfoil with trail'_ng edge forward. M = 0.26; smooth model.
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7igure 30.- Effect of roughness on section characteristics for 18-percent-thick
airfoil with t'.'ailing edge forward. Grit located at 0.05c: M = 0.26.
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Figure 31.- Effect of Mach number on section characteristics for 18-percent-thick

aic[oil with trailing edge forward. R = 2.50 >"106; smooth model.
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Figure 33.- Concluded.
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Figure 34.- Effect of roughness on pressure distributions for an 18-percent-thick airfoil
with leading edge forward. R = 2.50 x 106: grit located at 0.05c; M = 0.26.
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Figure 35.- Effect of Reynolds number on the pressure distributions for 18-percent-thick
airfoil with trailing edge forward. M = 0,96; smooth model.
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Figure 36.- Effect of roughness on pressure distributions for 18-percent-thick airfoil

with trailing edge forward. R = 0.95 × I06; grit located at 0,05c; M = 0,26,
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