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SUMMARY

The effects of a systematic variation of trailing—edge thickness
of a symmetrical, circular-arc airfoil on the aerodynamic force, moment,
base—pressure, and wake fluctuations have been investigated using the
transonic—bump testing technique. An investigation of the effects of
one boattail modification was also made. The airfoils were 4 percent
thick, of rectangular plan form, and of aspect ratio 4., The testing
covered a Mach number range from 0.60 to 1.10 with a corresponding
Reynolds number range from about Lo EoR 2 2Emisil Fons

At subsonic Mach numbers, the results show a beneficial effect on
the lift—drag ratios with no measurable increase in minimum drag coef—
ficient for a trailing—edge thickness equal to 0.3 of the airfoil thick—
ness., Higher lift—curve slopes were observed in the transonic Mach
number range for all the blunt—trailing—edge airfoils as compared to
the sharp—edged airfoil and higher maximum lift coefficients were noted
at 0.6 Mach number., Surface roughness appeared to have a significant
effect on the pitching—moment characteristics of the circular—arc and
boattailed airfoils, particularly at high subsonic Mach numbers. Base—
pressure coefficients for the blunt—trailing—edge airfoils increased
from root to tip. Increasing the trailing—edge thickness generally
caused a decrease of base—pressure coefficient. :

Surveys in the wakes of the airfoils indicated approximately the
same level of wake fluctuations for trailing—edge thicknesses of 0 and
0.3 of the airfoil thickness, but indicated marked increases in wake
fluctuations for trailing—edge thicknesses of 0.6 and 1.0.
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INTRODUCTION

At supersonic Mach numbers, the airfoil section having minimum
drag for a prescribed structural strength or stiffness may have a blunt
trailing edge, as has been shown through theoretical considerations by
Chapman in reference l. The two—dimensional characteristics of such
airfoils of moderate thickness as compared with a more conventional
airfoil having a sharp trailing edge have been investigated experimen—
tally at subsonic Mach numbers (reference 2). Although the results of
that investigation indicated higher minimum drag for the blunt—trailing—
edge airfoil, gains in maximum 1ift were observed and the lift—curve
slope increased at Mach numbers where the lift—curve slope decreased
for the sharp—trailing—edge airfoil. Thus, it would seem that blunt—
trailing—edge airfoils may be of some practical value at both subsonic
and supersonic Mach numbers.

The present investigation was undertaken to evaluate the effect
of an increase in trailing—edge thickness on the aerodynamic character—

istics of a thin three—dimensional wing in the transonic liach number 3

range., For this investigation, the thick trailing—edge airfoils were
formed by building up the trailing edge to the desired thickness and

then fairing to the original airfoil by straight lines. The forward ~

portion of the circular—arc section remained intact and the resulting
airfoil was not one of the optimum sections derived in reference 1.

NOTATTON

Cp drag coefficient
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square foot
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dac
EE;' slope of 1lift curve, per degree
alc. aerodynamic—center position, percent of ¢

APPARATUS AND MODELS

The tests were conducted in the Ames 16—foot high—speed wind
tunnel. The bump testing technique, as described in reference 3, was
employed to extend the test Mach number into the supersonic range. The
models were cantilever—mounted on an electrical strain—gage balance
permitting simultaneous measurements of lift, drag, and pitching moment.
Figure 1 shows typical model installations on the transonic bump.

The models were rectangular airfoils having an effective aspect
ratio of 4, as illustrated in figure 2. The models were made of steel.
End plates were mounted near the root to reduce the flow leakage
through the bump. The sections of the blunt—trailing—edge airfoils
were derived from a symmetrical circular-arc section by building up the
trailing edge to the desired thickness and then fairing to the original
airfoil section by straight lines as illustrated in figure 3. Thus the
blunt—trailing—edge airfoils retained the 4—percent maximum thickness
of the basic circular-arc section and the forward portion remained
intact. The airfoils had trailing—edge thicknesses of 0, 0.3, 0.6, and
1.0 times the maximum thickness.

One airfoil was tested which had a boattail trailing edge. Its
section was formed by modifying the airfoil with a 1.0 trailing—edge—
thickness ratio by chamfering the trailing edge to 0.6 thickness from
0.95 chord to the trailing edge. (See fig. 3.)

Base pressures were measured by means of an orifice at each of
four spanwise stations along the blunt trailing edges. These spanwise
stations were at 25, 37.5, 62.5, and 87.5 percent of the wing semi—
span. A mercury manometer was used to measure the pressures, Wake
total-pressure fluctuations were measured by means of quick-response
pressure cells mounted on probes one chord length behind the wing
trailing edge. These probes measured fluctuating pressures at three
points in the wakes as shown in figure 1. The electrical impulses
from these cells were amplified with a carrier—current amplifier and
recorded on an oscillograph.
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TESTS

Measurements made during the tests consisted of 1ift, drag, pltch—
ing moment, base pressures, and fluctuations of total pressures in the
wakes of the airfoils.

Tests with surface roughness on each airfoil were made to evaluate
its effect on the force and moment characteristics. The surface rough—
ness consisted of No. 60 carborundum grains lightly sprayed on a bonding

agent on the upper and lower surfaces from the leading edge to 0.10
chord.

The tests covered a Mach number range from 0.60 to 1.10. Since the
flow deflection angle at the leading edge of the airfoils was about
4.5° the leading—edge shock wave never became attached. Thus the flow
field about the model was transonic for the highest Mach number of the

test. For the Mach number range of the tests, the Reynolds number varied

from about 1.7 million to 2.2 million as shown in figure 4. The angle—
of-attack range extended from about —6° to +16° but at the higher Mach
numbers it was limited by the model strength to lower wvalues.

CORRECTIONS

A tare of 0.0022 was subtracted from the drag coefficient to take
into account the effects of the end plate and the drag was corrected for
the interaction of the balance force and moment components. Blockage
and tunnel-wall interference effects were assumed negligible since the
models were small with respect to the flow field. The indicated test
Mach numbers were evaluated from the tunnel calibration for the bump
and represent an average of the Mach numbers over the region occupied
by the model. Typical Mach number contours are illustrated in
figure 5. The data have been corrected for flow inclination which was
found to exist over the bump. The effects of flow curvature were not
investigated.

RESULTS AND DISCUSSION
Effects of a Systematic Variation of the
Trailing-Fdge Thickness

The 1ift, drag, and pitching-moment characteristics of the air—
foils are presented in figures 6, 7, 8, and 9. The data are presented
for the models with and without surface roughness. For the Reynolds
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number range of these tests it is believed that laminar flow was main-—
tained over a large part of the smooth wing surfaces. When surface
roughness was employed, it is probable that most of the boundary layer
was turbulent. The force and moment data are summarized in figures 10,
11, and 12 for the smooth models. Base—pressure data are presented in
figures 13, 14, and 15.

Lift.— An examination of figure 10 shows that for a trailing—edge
thickness of O the lift—curve slope increased gradually with increasing
Mach number and then decreased as supersonic Mach numbers were attained.
The effect on the lift—curve slope of increasing the trailing—edge thick—
ness was small at low subsonic Mach numbers but as the Mach number was
increased, the lift—curve slopes of the blunt—trailing—edge airfoils
increased more rapidly than for the circular-arc airfoil. For trailing—
edge thicknesses of 0.3 and 0.6, maximum slopes were reached at 0.94
Mach number, but with 1.0 trailing—edge thickness a maximum was attained
at about 0.98 Mach number. At high subsonic Mach numbers, relatively
large lift—curve slopes have been attained by 1lO—percent—thick circular—
arc airfoils having blunt trailing edges (reference 2) and by a
12—percent—thick wedge (reference 4). The results of reference 4 also
show that at high subsonic Mach numbers the lift—curve slope of a con—
ventional airfoil decreased; whereas that of the wedge airfoil of the
same thickness continued to increase. 1In the present case, a comparison
of the lift—curve slopes of an NACA 63A004 airfoil of the same plan form
and aspect ratio (reference 5) with those of the 0.3 and 0.6 blunt—
trailing—edge airfoils of circular-arc origin shows similar values of
lift—curve slope in the transonic Mach number range. Thus it appears
that while increases in lift—curve slope can be expected by increasing
the trailing—edge thickness of circular—-arc airfoils, the marked
improvement in lift—curve slope of blunt-—-trailing—edge airfoils over
conventional airfoils indicated by references 2 and 4 would not occur
in the transonic range for airfoil thicknesses of the order of 4 percent.
The effect of increasing the trailing—edge thickness of conventional
airfoils was not considered in the present investigation but the results
of reference 6 show that for a 10—percent—thick conventional airfoil,
increasing the trailing—edge thickness increases the lift—curve slope.

Although a sufficiently high angle of attack was not reached at
the higher Mach numbers to show the effect of trailing—edge thickness
on maximum 1ift coefficient, the data do indicate progressively higher
maximum 1ift coefficients as the trailing—edge thickness was increased
at 0.60 Mach number, The effect of surface roughness on the 1lift char—
acteristics appeared practically negligible except for slightly lower
maximum 1lift coefficients for the various airfoils at 0.60 Mach number
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Pitching moment.— At a 1lift coefficient of 0.1, increasing the
trailing—edge thickness appeared to cause a slight rearward movement of

the aerodynamic center but the variation of aerodynamic center with
Mach nunmber was similar for all trailing—edge thicknesses (fig. 10).
The abrupt rearward movement of the aerodynamic center as supersonic
Mach numbers were approached was of the order of 10 to 12 percent of
the mean aerodynamic chord for all trailing—edge thicknesses. In
general, the effect of surface roughness on the pitching-moment charac-—
teristics was of minor importance for all trailing—edge thicknesses
except O (circular-arc section). For this exception, surface roughness
appeared to reduce the nonlinearities for pitching-moment coefficient
that occurred near zero 1lift at subsonic Mach numbers, Thus it seems
that surface roughness and, therefore, the type of boundary-layer flow
altered the pressure distribution in such a way as to have little effect
on the 1ift but a noticeable effect on the pitching moment. It is
known from reference 7 that for a slightly thicker circular-arc airfoil
at zero angle of attack the type of boundary layer had a significant
effect on the local Mach number distribution at Mach numbers above the
critical, but had an unimportant effect for Mach numbers less than the
critical. Similarly, the results of the present investigation show
that the effect of surface roughness on the pitching moment was largest
at high subsonic Mach numbers.

Drag.— The variation of drag coefficient with Mach number shown
in figure 11 illustrates the relative changes in drag that can be
attributed to increasing the trailing—edge thickness. The data indicate
that the minimum drag (at zero 1lift) of the 0.3 blunt—trailing—edge
airfoil was about the same as that of the circular-arc airfoil, However,
at 1ift coefficients of 0.2 and 0.4 lower drags were measured with the
0.3 blunt—trailing—edge airfoil. Similarly, increasing the trailing—
edge thickness reduced the drag rise due to 1lift as compared with the
sharp—trailing—edge airfoil.

At 1lift coefficients from O to 0.4, the transonic increase in
drag coefficient began at or above a Mach number of about 0.90 for all
trailing—edge thicknesses. The minimum drag coefficient (at zero 1lift)
at slightly supersonic Mach numbers was of the order of three times
the low—speed drag coefficient for the circular-arc airfoil and two and
one—half times the low-speed drag coefficient for a trailing-—edge
thickness of 0.60. An examination of the drag data (figs. 6(b), 7(b),
8(p), and 9(b)) shows that surface roughness increased the drag for
all trailing—edge thickmesses.

Lift—drag ratio.— The results shown in figure 12 indicate higher
lift—drag ratios at subsonic Mach numbers with a trailing—edge thick—
ness of 0.3 than with a thickness of 0. Further increase in trailing—
edge thickness reduced the lift—drag ratio except at 1lift coefficients
above about 0.65 at 0,60 Mach number. At supersonic Mach numbers, the
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data indicate approximately the same values of lift—drag ratio for
trailing—edge thicknesses of 0 and 0.30 and slightly lower values for
trailing—edge thicknesses of 0.60 and 1.00. The variation of maximum
lift-drag ratio with Mach number is shown in figure 10.

Base pressures.— Base pressures indicate trends which are reflected
in the drag data. The increase noted in minimum drag with increasing
trailing-edge thickness and with increasing Mach number parallels the
trend of decreasing pressure coefficient on the base of the blunt trail—
ing edge as shown in figures 13 and 1kL.

At subcritical speeds, the pressure coefficients on the bases of
the blunt—trailing-edge airfoils were considerably lower than the pres—
sures which would normally occur on the rear portions of a sharp—
trailing—edge airfoil; hence, the pressure drags of the blunt airfoils
would be expected to be higher than the pressure drag of the circular—
arc airfoil.

As the free—stream Mach number and also the Reynolds number was
increased through the transonic range, a decrease in base—pressure
coefficient occurred at speeds approximately corresponding to the drag—
divergence Mach number. This trend is shown in figure 14 for the inner—
most base-pressure measuring station. This decrease probably results
when a supersonic expansion occurs around the sharp corner of the blunt
trailing edge. The magnitude of this expansion is determined by the
shape of the wake and is sufficient to result in a low pressure which
was about 40 percent of the free—stream static pressure for the blunt
trailing edge with a thickness ratio of 1.0. With increasing Mach
number, the base—pressure coefficients increased and the base pressure
was approximately 40 percent of the free—stream static pressure up to
the highest speeds of the test for this airfoil.

A spanwise gradient of base pressure was found to exist as
indicated in figure 15. This gradient, with increasing pressure from
root to tip, could be partially due to the velocity gradient over the
bump normal to the bump surface; however, this variation was not as
large as the spanwise gradient of base pressure.

The variation of base—pressure coefficient with angle of attack for
the smooth airfoils with wvarious trailing—edge thicknesses and at the
different spanwise stations is shown in figure 13(a). At low subsonic
speeds the minimum base-pressure coefficient occurred at zero angle of
attack. At transonic speeds the trends indicated essentially a constant
base—pressure coefficient with changing angle of attack.

The effect of surface roughness on the base pressure is shown by a
comparison of figures 13(a) and 13(b). In general, the addition of sur—
face roughness caused the base—pressure trends to be more consistent.
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Comparing the rough condition with the smooth condition indicates that
roughness increased the base pressure and delayed the negative peak of
base—pressure coefficients at transonic speeds to a higher Mach number.
These trends are shown in figure 14. The minimum drag was higher for
the airfoils with surface roughness, indicating that any decrease of
base drag by the addition of surface roughness was more than canceled
by increased friction drag.

Investigation of a Boattailed Trailing Edge

Figure 16 presents the lift, drag, and pitching—moment character—
istics of a boattailed airfoil formed by chamfering the trailing edge of
the airfoil having 1.0 trailing-edge thickness. (See fig. 3.) The
results without surface roughness are summarized in figures 17 and 18
and are compared with those of the airfoil having 1.0 trailing-edge
thickness.

It is apparent from figure 17 that boattailing the airfoil
increased the lift—curve slope in the transonic Mach number range. For
a 1lift coefficient of 0.1, the change in the aerodynamic center of the
boattailed airfoil in the transonic Mach number range was about the same
as that for the airfoil having 1.0 trailing—edge thickness but the vari-
ation with Mach number was less abrupt as supersonic Mach numbers were
approached. A comparison of figure 16 with figure 9 indicates that boat—
tailing the airfoil made the variation of pitching-moment coefficient
with 1ift coefficient more nonlinear for Mach numbers from about 0.70 to
0.90. However, adding surface roughness to the boattailed airfoil made
the pitching—moment curves more linear for these Mach numbers.

Figure 18 shows that boattailing the airfoil reduced the minimum
drag coefficient significantly but at 1lift coefficients of 0.2 and 0.k
a smaller reduction in drag coefficient was realized. Thus, only
slightly higher maximum lift—to—drag ratios were obtained for the boat—
tailed airfoil as shown in figure 17.

Wake Fluctuation Characteristics

Measurements were made of the total-pressure fluctuations in the
wake of the test models since it is possible that these measurements
will give an indication of the buffeting characteristics of the blunt—
trailing—edge airfoils. Unpublished data obtained by this method yield
a buffet boundary which agrees well with the buffet boundary obtained
by the accepted method using an accelerometer at the airplane center of
gravity.
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The wake fluctuations are presented in figure 19 which shows the
maximum total-pressure fluctuation divided by free—stream dynamic pres—

\
sure A%L | as a function of Mach number for the various trailing—edge

thicknesses. The maximum total-pressure fluctuation shown in this fig—
ure is the maximum picked up by the three probes between the angles of
attack of —1° and +6°. This method of presentation is used since the
pressure fluctuations were random and showed no consistent variation
with angle of attack. Limitations of this method are: (1) the pickup
probes were stationary and were not necessarily in the position to pick
up the maximum wake total—-pressure fluctuation; and (2) insufficient
data were obtained to make a statistical analysis of the variation of
wake fluctuation with angle of attack.

At low speeds (M = 0.60) the wake total-pressure fluctuations
increased markedly with increasing trailing—edge thickness. The dis—
turbances set up in the wake were probably sufficiently strong to cause
an unsteady circulation to be established around the airfoil, resulting
in unsteady forces and, hence, some buffeting.

Investigation of figure 19 shows that the wake fluctuations behind
the airfoils having O and 0.3 trailing—edge thicknesses were relatively
small at low speeds, increased gradually to a peak of 0.25q at a Mach
number of 0.90, and then decreased slightly. The wake fluctuations
behind the airfoil with 0.6 trailing-edge thickness remained practically
constant up to 0.90 Mach number and then increased sharply, The airfoil
having a trailing—edge thickness of 1.0 had a wake fluctuation of 0.69q
at 0.60 Mach number, decreased to a minimum of 0.31q at 0.92 Mach
number, and then increased sharply again as the speed was further
increased.

In general, the blunt—trailing—edge airfoils had larger wake fluc—
tuations than the basic circular-arc airfoil and it also appears from
this test (see fig. 20) that increasing the trailing—edge thickness
above 0.40 of the maximum thickness results in relatively large wake
total—pressure fluctuations even at low speeds and hence increases the
possibility of buffeting.

The effect of boattailing the blunt trailing edge was to decrease
the amplitude of the wake total-pressure fluctuation as compared with
the amplitude behind the 1.0 blunt—trailing—edge airfoil at most speeds
and also indicated lower amplitudes at Mach numbers greater than 0.90
as compared with the 0.6 blunt—trailing-edge airfoil. Boattailing
appears to offer a practical means of reducing the total-pressure fluc-—
tuations in the wake and hence the possibility of buffeting of blunt—
trailing—edge airfoils,
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CONCLUDING REMARKS

Transonic wind—tunnel tests of a series of lY—percent—thick biconvex
airfoils with varylng amounts of trailing—edge thickness showed an
increase of the lift—drag ratios with no measurable increase in minimum
drag coefficient for a trailing—edge thickness of 0.3 of the maximum
airfoll thickness. Higher lift-—curve slopes were observed in the tran—
sonic Mach number range for all the blunt—trailing—edge airfoils as
compared to the circular—arc airfoil and higher maximum 1ift coeffi—
clents were noted at 0.6 Mach number. Surface roughness had a signifi—
cant effect on the pitching—moment characteristics of the circular-arc
and boattailed airfoils, particularly at high subsonic Mach numbers.
Increasing base pressure from root to tip was observed for all the
blunt—trailing—edge airfoils, with a progressive decrease in base
pressures as the trailing—edge thickness was increased. Surveys in the
wake of the airfoils indicated approximately the same level of wake
fluctuations for trailing—edge thicknesses of O and 0.3 but marked
increases in wake fluctuations for trailing—edge thicknesses of 0.6 and
1L16]s

Ames Aeronautical ILaboratory,
National Advisory Committee for Aeronautics,
Moffett Field, Calif.
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Figure 1l.— Typical model mounted on the transonic bump.
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