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LOW-SPEED AERODYNAMIC CHARACTERISTICS
OF AIRFOIL SECTIONS WITH ROUNDED TRAILING EDGES IN
FORWARD AND REVERSE FLOW

By William D, Beasley and Robert J. McGhee
Langley Research Center

SUMMARY

An investigation was conducted in the Langley low-turbulence pressure tunnel to
determine the low-speed two-dimensional characteristics of 6-, 12-, and 18-percent-
thick airfoil sections (cambered with both leading and trailing edges rounded). Tests in
both forward and reverse flow were conducted with each section oriented in the wind tun-
nel with the leading or trailing edge directed toward the free stream. The data were
obtained 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 10° to 12.0 x 10,

Each airfoil section exhibited nonlinear variaticns in section lift and pitching-
moment coefficients with angle of attack in forward and reverse flow at low Reynolds num-
bers, Increasing the Reynolds nuinber or forcing boundary-layer transition by applying
roughness near the leading edge essentially removed these nonlinear variations. These
results are attributed to delayed flow separation on the lower surface near the rounded
trailing edge. Boundary-layer flow separation was present near the rounded trailing
edges at all test conditions, Thus, the wake survey measurements used to determine the
section profile drag resulted in erratic drag data, particularly for the thicker sections in
the reversed 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 airfoil produced the largest maximum section lift coefficient of about

1.5.

INTRODUCTION

Historically, helicopter rotor blades have been comprised of conventional symmet-
rical airfoil sections, for example NACA 0012, which have shown generally good rotor
performance, Hovever, helicopters operate with portions of the rotor disk subjected to
both forward and reverse flow fields. The extent of the reverse flow, which occurs over
the retreating portion of the rotor disk, is a function of vehicle forward flight speed and
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rotor rotational speed. In general, helicopter rotor sections operate within these reverse
regions producing negative lift, which consequently contributes to limiting performance
in high-speed forward flight.

One approach to overcome the penalities incurred with reverse flows over a conven-
! tional rotor is to design a rotor that can effectiveiy perform in both forward and reverse
flow fields. Unusual airfoil shapes may be required for such rotors; consequently, two-
dimensional aerodynamic data would be desirable over a large speed range on such shapes.

Exploratory low-speed wind-tunnel tests have been conducted to examine the basic
behavior and aerodynamic trends on three cambered airfoil sections with rounded trailing
edges and ratios of maximum thickness to chord of 6, 12, and 18 percent. All three air-
foils were tested with both the leading and trailing edges alternately directed toward the
free-stream flow; thus, both conventional aerodynamic characteristics and the character-
istics of the airfoil in steady reversed flow were obtained. The investigation was per-
formed in the Langley low-turbulence pressure tunnel over a Mach number range from
! 0.16 to 0.36 (test Mach number was constrained by the operational limits of the facility)
for an angle-of-attack range from about -10° to 24°. The Reynolds number, based on air-
! foil ch-rd, varied from 1.0 x 10% to 12.0 x 106.

SYMBOLS

‘ Values are given in both SI and U.S. Customary Units. The measurements and
| calculations were made in U.S. Customary Units.
|

e Pe - Py
Cp pressure coefficient,
oC
¢ airfoil chord, 45.72 cm (18 in.)
Ce section chord-force coefficient, S C d(%-) - S Cp d(%)
forward P aft
(t/) pax (t/C)max
cq section profile-drag coefficient determined from wake measurements,
e o 0B
C =
' wake d d(C)
e 1/2 H 1/2 o, 1/2 /q /2
c.' point drag coefficient, 2{-L = 2 -2
) section lift coefficient, c, cos a - ¢, sina




;.' O v
!
\
i
|
i
Cm section pitching-moment coelficient about quarter-chord point: referenced ;
; from point on model that serves as leading edge,
' X \g/X x\afX
' 25 - X)a(%) - C 0.25--)«1(-)
j gl's. CP(O 25 C)d<0) S‘u.s. P( c/\c
i
c sect: .n normal-force coefficient, g C,d ’5) - S‘ C, d2
n l.s. P (c u.s. P (c)
h vertical distance in wake profile from top total-pressure tube, cm (in.)
M free-stream Mach number
p static pressure, N/m2 (1b/ft2)
Ap, .otal-pressure loss in wake, N/m2 (1b/ft2)
! : 2 2
: q dynamic pressure, N/m“ (lb/ft%)
i
f R Reynolds number based on free-stream conditions and airfoil chord
i !
| t airfoil maximum thickness, cm (in.) !
| |
i X airfoil abcissa, em (in.) 1
| s
' |
; z airfoil ordinate, cm (in.) }
i
Z, mean-line ordinate, cm (in,)
o geometric angle of attack, deg ;
. 3 3 ?
P density, kg/m” (slugs/ft") f
Subscripts:
‘ { local point on airfoil
e
¥ max maximum
© free-stream conditions
t mean thickness




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:

L.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/m2

(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 ir.) 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 machined from aluminum and the §-percent-thick model
was machined from steel to minimize deflections near maximum lift conditions. All mod-

b 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 1(b).




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.rface orifices which wei. drilled perpendicular to
the surface with a drill diameter of 0.0813 cm (0.032 in.) and were located at the ruord
stations indicated in tables II to IV,

Wake Survev Rake

A fixed wake survey rake (fig. 3) was mouvnted on the tunnel sidewall and located
1.65¢ aft 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-precsure 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 90° 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 tne 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 X 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 testec 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 em (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 coeificients and machine integrated to obtain section normal-force and




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 . . . . . . . . . . .. . ... e 5
Roughness effect . . . . . . . . . . . . . . . e
Mach number effect . . . . . . . . . .. e e e e e e 7
Trailing edge forward:
Reynolds wmbereffect . . . . . . . . . . .. o e 8
Roughness cflect . . . . . . . 0 i i i e e e e e e e e e e e e e Y
Mach number effect . . . . . . . . . .. . e e e 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 . . . . . .. ... . .. ... ... 0 Lo ., 14
Roughness effect . . . . . . . . . . . i . i i i i i e e e e e 15
Mach numbereffect . . . . . . . . . . . . . .. e e 16
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Trailing edge forward:

Reynolds number effcet . . . . . . .. . L 0 o oo L 17
Roughness effect . . . . . . . . . . . . . . L s 18
Mach number effect . . . . . . . . . . . L o o s 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 forwardflow. . . . . . . .. ... .. 24
Effect of rounded and sharp trailing edges in reverseflow. . . . . . . .. .. ... 25

18-percent-thick airfoil
Leading edge forward:

Reynolds number effect . . . . . . . . . . . . L. L e e 26

Roughness effect . . . . . . . . . . . . e e e e e e e 27

Mach number effect . . . . . . . . . . . . .. L e e e e 28
Turiling edge forward:

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

Roughness effect . . . . . . . . o 0 i i o i e e e e e e e e e e 30

Mach numbereffect . . . . . . . . . . . . o e . 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
Esfect 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-
teristics 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
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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 108 (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 {ie
higher Reynolds number range, the airfoil section reaches maximum lift coefficiein

and then levels out with increasing angle of attack (fig. 5(a)). Tuft data obtained at
R="1"7Tx 106 indicate that the stall characteristics are of the typical thin airfoil types;
that is, the stall is characterized by flow separation from the leauing 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 the highest test Reynolds number, the nonlinear variation
of Ch with o is eliminated upto a= 12° 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 4 occurred,

Typical pressure distributions for this airfoil at R = 2,50 x 106 are shcwn in fig-

ure 12, Approximately {lat pressure distribution over the airfoil chord are shown near
a= 0% At a-= 80, 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 X 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 cosfficient, 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 o over the range of low drag coefficients and to change
the sign of the pitching-moment curve slope.




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 - ¢
over which low values of cq 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 Mac 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 x 108 to 7.7 x 106; however, the angle of attack for ¢; ... increased about 69
(fig. 8(a)). The stall characteristics indicate that the airfo’il in the reverse flow (fig. 8(a))
is very similar to the airfoll 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 o = 8% 1ilustrates 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 ¢ q asa result of
directing the trailing edge forward. The lift coefficient range where low values of c¢ d
occurred is reduced, and the laminar bucket at R = 0,93 x 106, measured with the
leading edge forward, is eliminated.

Roughness effect.- Generally, the cffect of roughness on the aerodynamic charac-

teristics with the trailing edge forward is "he same as with che leading edge forward.
(Compare figs. 6 and 9.) One additional Reynolds number, 7.7 X 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.




B e e e e e e e e e - e — o e——— —_——— [

i Mach number effect.~ Figure 10 shows that the effect of Mach number on the aero-
dynamic characteristics for this section in reverse flow are small for Mach nuishers
from 0.16 to 0.35. However, a slightly higher maximum lift coefficient is shown for

| M = 0.26.

12-Percent-Thick Airfoii Section — Leading Edge Forward

Reynolds number effect.- The nonlinear variations of both G and Cm with «
in the low Reynolds number range become more pronounced for the 12-percent-thick
section than for the 6-percent-thick section as shown by comparing figures 5(a) and 14(a),
Increasing the Reynolds number above 7.60 % 105 (fig. 14(a)) essentially removes these
effects on “ and ¢ Maximum lift coefficients incxéease from aé)out 1.26 to 1.81 as
the Reynolds number was increased from about 1.0 X 10~ to 8.0 x 10" and decreased
slightly at higher Reynolds numbers (fig, 20). The lift data (fig. 14(a)) indicate that this
section reached higher angles of attack before stall than the 6-percent-thick section
(fig. 5(a)). With increasing Reynolds number the lift characteristics disptayed are typical
of those of a conventional section with this thickness ratio. The stall characteristics
(fig. 14(a)) are of the trailing-edge type; that is, the lift curves characteristically display
a decrease in lift-curve slope near maximum lift and a well-rounded lift curve at stall.
Tuft data obtained on this section also indicate the stall was of the trailing-edge type.

At low Reynolds numbers and small positive and negative ang’es of attack, increases
in lift coefficient and a 1egative increment in pitching-moment coefficient are indicated
when compared with the high Reynolds number data (fig. 14(a)). For example. at
o= 20, a decrease in ¢ of about 0.2 occurs when the Reynolds number is increased |
from 0.93 x 106 to 11.65 x 106. In order to gain some insight for this behavior of the
section data at low Reynolds numbers, selected pressure data are presented in figure 21,
At low Reynolds number (fig. 21(a)) flow separation is indicated near the airfoil trailing K
edge by the approximately constant values of Cp on the airfoil lower surface. i
Increasing the Reynolds number to 11.65 x 106 reduces the extent of separation on the
lower surface near the rounded trailing cdge. Large changes in the lower surface pres-
sure coefficient for this region indicate higher velocity flow around the curved surface.
This delayed separation results in a decrease in circulation over the airfoil which accounts
for the observed changes in lift and pitching-moment coefficients as affected by Reynolds
number. Figure 21(b) illustrates pressure distributions near maximum lift coefficient
for this airfoil at the same two Reynolds numbers. Flow separation is 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 ccefficients, the
expected decrease in Cq with increases in Reynolds number. This drag reduction is
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associated with the relatec decrease in boundary-iayer thickness and accompanying
reduction in skin-friction drag.

Roughness effect.- The effect of roughness on the aerodynamic characteristics
(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
of Mach number on maximum lift coefficients (fig. 7), figure 16(a) illustrates a substan-
tial effect of Mach number on maximum lift coefficient for this section. Increasiug the
Mach number from 0.16 to 0.35, at R = 2.50 x 106, decreases the maximum lift coeffi-
cient from about 1.62 to 1.40,

12-Percent-Thick Airfoil Section — Trailing Edge Forward

Reynolds number effect.- Directing the trailing edge of the airfoil to the oncoming
free-stream flow generally results in the same type of nonlinear variations of ¢ and
¢y With o (fig. 17(a)) as observed for the airfoil with the leading edge forward
(fig. 14(a)). In addition, the lift coefficient at o= 0° decreases from about 0.36 to 0,20
as the Reynolds number increases from about 0.96 x 106 to 7.60 x 106. This is now under-
stood to be due to the decrease in separation over the lower surface near the rounded
trailing edge discussed previously. The effect of Reynolds number on maximum lift
coefficient is almost negligible as shown by coraparing figures 17(a) and 20. Maximum
section iift coefficients are considerably reduced and reach only a value of 1.i7 at
R = 1.60x 106 compared with 1,80 for the airfoil with the 1 1ding edge forward. (See
fig. 20.) Some flow separation is present on the airfoil nea: the aft region as observed
by tufts and indicated by the pressure distribution data of figure 22. Figure 22(c) illus-
trates the pressure distribution over the airfoil chord at maximum lift coefficient
(0= 12% for R = 0.96 x 166 and 7.60 x 106. 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 ¢ q 2s the Revnolds
number is increased from 2,50 x 106 to 7.60 x 106. This result is attrituted to the large
suction region on the lower surface (fig. 22(b)) near the airfoil rounded trailing edge
caused by delayed flow separationat R = 7,60 x 106.

Roughness effect.- The effect of app'ying roughness (fig. 18) gercrally results in the

same type of variations of v and Cm with o as previously discussed. However,
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ficure 18(a) indicates a decrease in cq hear ¢, = 0 when roughness is utilized at

R =096 <« 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 illustratcd 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 laminar flow separation is susgpected over the
| aft region of the airfoil. Utilizing roughness near the leading edge results in a turbulent
; boundary layer over most of the airfoil chord and, hence, less flow separation and lower
values of <4 It is of interest to compare the pressure data of figure 22(a) for ¢ = 0
and R =7.60 x 106 for the smooth model with figure 23 for ¢ = 0 and R =0.96 x 106
i with roughness. 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 rourded trailing-
edge airfoil of this test and a symmetrical sharp trailing-edge airfoil in both forward and
reverse flow at similar test conditions are iilustrated in figures 24 and 25. In forward
flow, the most predominate aerodyramic effect is the large increase in Cq 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 changes in Cm and c¢ q oceur (fig. 25).

18-Percent-Thick Airfoil Section — Leading Edge Forward

Reynolds number effect.- The nonlinear variation of v and Cm with « inthe
low Reynolds number range is 1lso present for this airfoil section as shown by figure 26(a).
Increasing the Reynolds number to 7.6 x 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 trailing cdge and results in a pronounced
decrease 12 the lift coefficient, This effect is attributed to a decrease in circulation
around the airfoil at the higher Reynolds number (discussed earlier for the 12-percent-
thick airfoil), Maximum lift coefficients increase from 1,38 to 1.73 as the Reynolds num-
ber increases from 1.0 x 108 to about 8.0 x 106 and, at higher Reynolds number: the
maximum lift coefficient decreases somewhat (fig. 32). Tuft studies indicate that the
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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 105 and
11.80 x 106. Comparisons of the pressure data near maximum lift coefficient for the
12-percent-thick airfoil (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 the larger leading-edge radius.

Roughness effect.- The effect of roughness nezr the leading edge of the airfoil
{fig. 27) is generally the same as that observed for the 8- and 12-percent-thick sections
(figs. 6 and 15, respectively). Comparisons of the r ‘essure data of figures 33(a) and
34(a) (at «a = 49) 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 coefficient.

Mach 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 f.-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

Reynolds number effect.- The effect of Reynolds number on the aerodynamic char-
acteristics for this airfoil in reverse flow is generally of the same nature, and even
magnifiec. under certain conditions, as observed for the 12-percent-thick airfoil. How-
ever, large differences in the nature of the lift characteristics for these airfoils near
maximum lift coefficient are ohserved. (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 x 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
18-percent-thick airfoil does not display the loss in upper surface leading-edge pressure
peak that was ohserved 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 x 105,
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The low Reynolds number data for this airfoil near o =49 indicate what appears
, to be a local region of flow separation with reattachment occurring at a higher angle of
f 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.%0 x 106 results in delayed separation 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), @ = 49) of about twice
that observed for the 12-percent-thick airfoil in reverse flow (fig. 17(a), a = 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 i
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 o= 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 increase in Mach number results
in a decrease in V) and Come The effect on 4 is to reduce the lift coefficient at which
a sudden drag increase occurs and to increase ¢4 at lower lift coefficients. These
¥ results are attributed to changes in flow separation on the airfoil lower surface near the

rounded trailing edge.
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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 airfoil sections (cambered with both leading and trailing edges rounded)
in forward and reverse 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 Aeron..itics and Space Administration,

Hampton, Va., June 17, 1974,
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: TABLE I.- MEASURED COORDINATES FOR AIRFOIL MODELS
i —— e —— - - = o~ - - e _—_— e e - (RS — - m———
: v-percent thickness J 12-percent thickness 18-percent thickness ]1
.; e (Z',C)u.s. @ ’(.)l.s, X (Z'IC)u.s. ,' (= /C)l.s, (@ /c)u.s. (= IC)I.S.
4 - - - [ - . . . e——— PR —_
: 0.0 0.0 " 00 Y © 0.0 0.0 0.0
0010 .00336 -.00305 00663 | -.00629 .00858 -.00867
.0020 00466 -.00416 | .00914 -.00854 01245 -.01173
.0030 00571 -.00505 | 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 l -.02165 03964 | -.03136
i i 0250 01524 o, 02933 -.02328 04419 . -.03396
: .0300 01658 -oust .03219 -.02468 04827 -.03609
0350 01781 -.01243 03475 -.02590 05200 | -.03792
.0400 01894 -.01296 03709 -.02693 05557 | -.03947
0450 .02002 -.01343 ! 03924 . -.02782 05885 | -.04081
0500 07105 -.01386 04126 -.0rg62 | 06190 | -.04202
0550 02203 -.01422 $ 04314 | -.02928 06476 % -04311
: .0600 .02295 -.01453 04492 -.02988 06748 | -.04412
' .0650 .02383 -01477 04663 ° -.03042 07009 | -.04501
; .0700 .02466 -.01499 ! 04829  -.03091 07257 | -.04581
- .0750 02547 -.01519 ! 04986 & -.03133 07493 -.04652
i .0800 .02622 -.01536 05135 | -.03172 07721 -.04714 .
i 0850 02695 -.01551 05281 | -.03208 07933 -.04770 i
! .0900 02767 | -.01564 | 05417 §  -.03239 08138 | -.04822 :
; " 0950 .02836 -.01576 105551 E -.03267 08335 ] -.04869
: .1000 .02900 -.01587 05680 | -.03293 08525 1 -.04908
! .1100 .03027 -.01606 05917+ -.03239 08885 | -.04983
: .1200 03144 -.01622 . 06135 . -.03378 09213 . -,05044
} .1307 03951 -.01636 ! 06337 . -.03411 09513 | -.05098
L1460 03349 -.01653 ! 06524 ©  -.03438 09799 [ -.05142 |
.1900 037144 -.01706 07281 -.03518 10958 | ..05276 f
2400 .04008 -0 07811, -.03534 a5z | -.0s307
.2900 04186 -.01703 08162 | ..03538 12273 * -.05321 !
23300 04283  -.01703 08352 | -.03538 .12570 1 -.05323 f
‘ ,3900 04324 -01708 08424 -.03542 112679 -.05332 i
: 4400 04311 -01720 .08394 -.03543 112632 -.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 -.03395 | 11182 -.05077
b .6900 .03638 -.01647 | .06997 -.03296 .10512 -.08002 | '
L1400 03416 -.01619 06481 * -.03157 { 09701 | -.04678 :
7900 03143 -.01597 ! 05850 |  -.03003 | 08723 -.04377
e 8400 .02799 -01542 05103 -.02775 07555 -.03998
. .8900 .02383 -.01432 i 04157 -.02486 06149 -.03511
14 I .9200 ,02059 -.01338 | .03481 -.02244 ! 05138 -.03122
D .9450 01736 -.01210 | .02808 -.01964 | 04143 | -.02704 ;
;9700 ‘ 01287 | -.01014 } .01959 -.01535 02013 | -.02109 f :
9950 | 00460 ,  -.00494 | .00638 -.00720 01128 -.00044
R T I oo
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[ TABLE II.- 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 .001769 .00566 -.00673
.00868 .00959 .00886 -.00786
01571 01251 .01609 -.00956
01927 01367 .02009 -.01031
02441 01517 024717 -.01106
.03686 01828 03743 -.01267
.04959 .02:20 04970 -.01382
07438 02556 07512 -.01519

. .09973 02922 .09999 -.01586

i .14980 03437 .15008 -.01655

i .19993 .03806 .20044 -.01699
.24954 04046 .25017 -.01699

| .29977 04208 .30033 -.01695

3 .39989 04325 40017 -.01696

! 49982 04228 .50022 -.01699 |
.60055 .03970 .59967 -.01658 ;
70023 03594 69969 -.01637 ‘;
.75035 03361 .714980 -.01606 i
.80002 .03081 .79995 -.01581 ;
.85020 02727 84972 -.01511 §
.89987 02292 .89998 -.01400 :
.92493 .02009 .92483 -.01305
.95020 01656 .94994 -.01158
.96235 01436 .96184 -.01069

j .97531 01150 .97584 -.00923

& .98018 01017 .97967 -.00871

v .98561 00842 .98554 -.00767

.99036 00666 .98998 -.00658
.99519 00447 .99529 -.00472
.99859 .00029
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TABLE III.- ORIFICE LOCATIONS FOR 12-PERCENT-THICK

AIRFOIL MODEL

Upper surface

T

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 -.021766
i .05015 04107 .04985 -.028179
| 07461 04958 .07500 -.03156
f .10017 05673 .10019 -.03308
| 14897 06674 .15052 -.03472
| 19933 07392 .20007 -.03537
| .24985 07882 25029 -.03552
| .29879 08197 .30019 -.03554
f .39895 08421 .40099 -.03558
| 49973 08228 .50057 -.03560
59860 07718 60107 -.034173
| .69962 .06899 70074 -.03284
; 14992 06356 15067 -.03142
f 79993 05698 .80089 -.02977
! 84908 04931 85056 -.021751
89910 03947 .90100 -.02433
92411 03361 .92599 -.02216
.94933 02664 .95060 -.01917
55194 02248 .96293 -.01706
_ 97487 01738 .97606 -.01421
* 97944 01536 .98123 -.01282
v .98520 01247 .98566 -.01146
.98978 .00982 .99051 -.00964
99511 .00603 99471 -.00737
99934 .00131
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f TABLE IV.- ORIFICE LOCATIONS FOR 18-PERCENT-THICK
! AIRFOIL MODEL

Upper surface i 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
g .04997 06172 .04982 -.04169
i .07502 07484 .07488 -.04616
g .09992 .08515 .09938 -.04870
| .15002 .10055 .14969 -.05131
i .19946 11128 .19968 -.05238
; .24987 .11870 .24986 -.05266
i .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
.04873 03977 .94951 -.02577
96217 03329 .96233 -.02283
.97469 02634 .97492 -.01914
.97994 .02306 .98024 -.01719
.98483 .01969 .08494 -.01518
.98989 01577 .98984 -.01273
.99488 01126 .99443 -.00941
.99995 0
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;' REPRODUCIBILITY OF THE
| ORIGINAL PAGE IS POOR

4 o ' L-72-5981

Figure 2.- 18-percent-thick airfoil mounted in wird tunnel with trailing =dge forward.
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(b) R =2.50 x 10,

Figure 6.~ Continued.
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Figurc 21.- Effect of Reynolds number on pressure distributions for 12-percent-thick
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(a) ¢ and Cm as a function of a.

Figure 26.- Effec! of Reynolds number on section characteristics for 18-percent-thick

airfoil with leading edge forward. M = 0.26; smooth model.
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(@) R= 094 x 105,

Figure 27.- Effect of roughness on section characteristics for 18-percent-thick

Grit located at 0,05¢; M =0.26.

airfoil with leading edge forward.
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0.94 x 108, Concluded.

(a) R

Figure 27.- Continued.
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(a) Low angle of attack.

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 0.05¢; M = 0.26.
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(b) High angle of attack.
Figure 34.- Concluded.
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(a) Low angle of attack.

Figure 35.- Effect of Reynolds number on the pressure distributions for 18-percent-thick
airfoil with trailing edge forward, M = 0.26; smooth model.
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(b) High angle of attack.
Fi~ure 35.- Concluded.
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(a) Low angle of attack.

Figure 35.- Effect of roughness on pressure distributions for 18-percent-thick airfoil
with trailing edge forward. R = 0.95x 10%; grit located at 0.05¢; M = 0.26.
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Figure 36.- Loncluded.

102

NASA-Langley, 1974 L '9327




