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EFFECT OF GOMPRESSIBILITY ON THE PRESSURES AND.FORCES
ACTING ON A MODIFIED NACA 65,3-019 AIRFOIL
HAVING A 0.20-CHORD FLAP
By W. F. Lindsey

SUMMARY

An investigation has been -conducted in the Langley
rectangular high-speed tunnel to determine the effect of
compressibllity on the pressure distribution for a modi-
fied NACA 65,3-019 airfoil having a 0.20-chord flap. The
Investlgation was made for an angle-of-attack range
extending from -2° to 12° at flap deflections from 0°
to -12°, Test data were obtained for Mach numbers
from 0.28 to approximately O.T7L.

The results show that the effectiveness of the
tralling-edge-type control surface rapidly decreased and
approached zero as the Mach number increased above the
critical value.

INTRODUCTION

The avallable information on the aerodynamic¢ charac-
teristics of alrfoils, with and without flaps, at low
speeds 1s quite extensive and previous investigations
have shown the general effects of compressibllity on alr-
folls without flaps. For airfolls with flaps, however,
the avallable information at high speeds 1s limited.

The earlier investigations at high speeds demon-
strated the limltations of the theoretlical methods in
extrapolating low-speed data to high speeds (reference 1).
In addlition, the investigations 1llustrated the lnappli-
cabillty of the theoretical methods in the supercritical-
speed range, in which preassures and forces change radl-
cally. These radlcal ehanges 1ln pressures and forces are
the adverse effects of compressibllity, a knowledge of
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which 1s necessary in the design of high-speed airplanes.
Because of the lnadequacy of the theoretical method in
epplications to the supercritical region, recourse to
expoerliment 1s necessary to determine the adverse effects
of compressibility. .

Data at high speeds were required in connection with
the design of a speciflic alrplane; accordingly, an inves-
tigation was conducted in the Langley rectangular high-
speed tunnel to determine the effect of compressibility
on the nressures and forces acting on a modified NACA 65,3-019
airfoll having a 0.20-chord flap. Pressure-distribution
measurements were made at Mach numbers between 0.28
and 0.7l for angles of attack from -2° to 12° and flap
deflections from 00 to -12°,

APPARATUS AND TESTS

The tests were conducted in the Langley rectangular
high-speed tunnel, which 1s an 1nduction-type tunnel
without return passages and has an 18-inch by li-inch test
section. The variation in the Mach number 1ln the test
section along the tunnel axls without a model lnstalled
in the tunnel 1is %0.l percent of the stream Mach number.
In a plane normal to the tunnel axis the variation is
10.8 percent of the test-section Mach number at a stream
Mach number of 0.60. The direction of the air flow
appears to be misalined by -0.1° with a possible variation
of *0.1°. ©No correction for misalinement has been made
for the data presented herein.

The model completely spanned the test section along
the h-inch dimension and was supported by large circular
end plates which were flitted into the tunnel walls in
such a way as to rotate with the model and to retaln
continuity of the surface of the tunnel walls. The
Juncture between the model and the ond plate was sealed.

The proflle of the 5-inch-chord model havin% a
0.20-chord flap differed from the modiflied NACA 65,3%-019
alrfoil sectlion 1n that the profile from approximately
the 8l-percent station to the trailing edge was formed
by straight lines having an included angle between 20°
and 21°., Torty pressure orifices were installed in the

model surface in two chordwlse rows 1 inch from and on
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elther slde of the model center line. The model profile
.and pressure-orifice locations are shown in figure 1.
The airfoll ordinates are given in table I.

Pressure-distribution measurements were made for a
range of Mach rumbers from 0.28 to approximately 0.7l at
angles of attack from -20 to 12° and flap deflections
from 0° to -12° (up). - Additional presasure-distribution
measurements were made for positive (down) deflections of
the flap at angles of attack of 2° and 4°. These tests
were supplemented by schlleren photographs of the flow 1n
the supercritical speed reglon for a few of the lower
angle-of-attack conflgurations. These photographs show
density gradlients in the flow by changes in light
intensity. (For details, see reference 1l.)

SYMBOLS

M Mach number

Mor Mach number at which sonic veloclty was obtained
locally within the flow fleld (as at the model
surface)

q dynamlic¢ pressure

Po free-stream statlic pressure

P local static pressure (as at model surface)

a angle of attack

P pressure coeffliclent (? :1p6>

Pop crltical pressure coefficient, cosgesponding to

. . -Dq

local Mach number of 1.0 S

H total pressure

Py upper-balance-chamber pressure coefflcient

P1, lower-balance-chamber pressure coefflclent

Cn section normal-force coefficient
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omd/h' section pltching-fionient coefficient of normal
force about quarter-chord locatlon

Cnp flap normal-force coefflclent

ch flap hinge-moment coefficlent (determined by the
pressure dlstribution from flap hinge axls to
trailing edge)

o) flap deflection measured with reference to the
model chord; negative deflection 1s up

RESULTS AND DISCUSSION
Tunnel-Wall Effects

The results of these tests have not been corrected
for constrliction or tunnel-wall effects. The most
important constriction effect on these data in the super-
critical region is the change in the Mach numbers glven
hereln to higher effective stream Mach numbers. (See
reference 2.) The difference between the two Mach numbers
increases rapldly as the maximum tunnel speed 1s approached.
It 1s further shown in reference 2 that very near or at
the maximum speed attalnable for a given model-tunnel
configuration large gradients ln veloclty occurred at the
walls. The maximum-speed test polnts given herein for
each angular conflguration are therefore considered to be
of questionable value.

Pressure Distribution

The pressure distributions along the chord of the
model are presented in figures 2 to 31, inclusive. Each
figure shows the effect of compressibllity on the pressure
distribution for a glven angular configuration. The
effect of angle of attack and flap deflection can be
obtalned from a comparison of the various flgures.

Subcritical region.- The figures for the lower angles
of attack and small normal-force coefficlents show that
increases in Mach number 1n the subcritical ranges are
accompanied by increases 1n the maximum negatlve pressure
coefficient, which 1s in agreement with theory. 1In the
high angle-of-attack and large normal-force-coefficlent
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range the change 1n the maximum negative pressure coef-
" 'ficlent- with -Mach number is._approximately zero and not in

agreement with theory, probably as a result of thé exist-
ence of separated flow. .

A comperison of part (a) of figures 2 to 31 for a
constant angle of attack and various flap deflections
shows that the increment in load produced by a deflection
of the flap 1s dlstributed approximately uniformly along
the chord as could be expected from low-speed tests. It
can be seen, however, at this Mach number (approx. 0.43)
that the maximum relative change in loading on the maln
part of the wing occurs near the leading edge. This
change has an appreclable effect in increasing or relieving
the pressure peaks that occur near the leading edge for
some angle-of-attack conditions. (See part (a) of figs. 2
to 5 and 18 to 21.) '

Supercritical region.- Although 1t has been shown
thet Tn The subcritical Mach number range the action of
the flap in changing the loadlng along the chord was
similar to that shown by the low-speed tests, in the
supercritical range, when the region of supersonic flow
1s relatively large, the loading in and ahead of the
supersonic reglon 1s a function only of angle of attack.
The extent of flow affected by the flap is limited to the
reglon of subsonic flow behind the supersonic reglon and
to the flow over the flap 1ltself. (See parts (d) and (e)
of figs. 6 to 9.) The chordwise influence of flap deflec-
tion on the flow over the maln part of the wing could be
expected to be limlted to the subsonic flow region ahead
of the flap, since pressures are propagated at the speed
of sound. Thils effect of compressibility in producing a
marked change in the flow over the forward portion of the
alrfoll at supercritical Mach numbers is comparable to
that which occurs for cambered airfolls, as evidenced by
the change 1In the angle of zero 1ift. The similarity can
be more clearly seen when the cambered airfoll 1s con-
sidered to be a multiple flapped airfoil.

Comparlson of the preasure distributions for the
flap deflected and neutral shows that, for this model,
the chordwise extent of the influence of the flap
decreases gradually as the speed is increased above the
critical speed.

If the fundamental aspects of the flow are con-
sldered, deflections of the flap could produce changes
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in the pressures in the subsonio flew region, thereby
changing the shock location. This effect, however, isa
not apparent in these results because of separated flow
and the resulting absence of the usual discontinuities in
the pressure-distribution diagrams which indicate the
shock locatlion.

Schlieren Photographs

Schlleren photographs of the flow In the higher Mach .
number range are shown in figures 32 to 37, incluslive,
for the model at angles of attack of 0° and L° with
various flap deflections. (Note compressions are white
on fig. 32, black on figs. 33 to 37.) These photographs
show that for angles of attack from 0° to [° the flow
separates at approximately the 0.60-chord location for
Mach numbers near the critical values, and with increasing
Mach number the separation point moves forward. The
forward movement of the separation point 1s accompanied
by a rearward movement of the shock along the separation
boundary.

A comparison of the schlieren photographs with the
corresponding pressure-dlstribution dlagrams shows that
the existence of separated flow has a serious effect on
the pressure dlstribution in the viclnity of compression
shocks. (3ee, for example, figs. 9(4d) and 35(d).) It
will be noted that for the conditlon of a well-defined
shock and separated flow the pressure-distribution dlagram
indicates smooth compression. In addlition, the location
of the pressure corresponding to the critical pressure
coefficlent generally occurs from 5 to 10 percent of the
chord downstream from the shock location. Thlis phenomenon
1s probably the result of the exlstence of large static
pressure gradients in the separated-flow reglon between
the boundary and the model surface where pressures were
measured. The extent of the separated flow would be
reduced for an alrfoll having a smaller thickness-to-
chord ratio.

Critical Mach Number

The varistion of the critical Mach number of each
surface with flap deflectlon for constant angles of attack
is presented 1n figure 38. The large decrease in critical
Mach number that occurs at angles of attack between 6°
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and 8° for the upper surface is a result of a rapid
increase in the magnitude of the negative pressure ccef-
ficients near the leéading edge.” The difference :-between
the critical Mach mumbers for- the upper and lower surfaces
for corresponding conditions can be attributed to air-
flow misalinement. The highest critical Mach number for
this airfoil is approximately 0.65 and is obtained for
angular configurations corresponding to a normal force of
approximately zero.

Compressibllity Effects on Force and Moment Coefficients

The normal-force, moment, flap normal-force, and
hinge-moment coefficlents obtained from integrations of
pressure-distribution dilagrams are presented in figures 39
and 4O. Each figure shows the variation in the coeffi-
clent with Mach number at a constant angle of attack for
each flap deflection. These flgures are cross-plotted in
figure 41 to show the variation in the coefficients at a
constant Mach number.

Normal-force coefficlents.-Figure 39 shows that, with
the fTap at 00, the effect or compressibllity on the
normal-force coefficient at subceritical KMach numbers 1is
in accord with previous experimental and theoretical
results. The variatlion for the other flap deflections at
a fi1xed angle of attack, however, appears to follow, to
some extent, both 1in direction and magnitude the variation
for the condition of the flap at 09, as indicated by a
lesser divergence of the curves than would have been
expected from theoretical estimations. (See parts (c),
(d), and (e), filg. 39.) A variation of thls type shows

that the effect of compréessibility on 7%? 1s samall in
the subcritical Mach number range.

In the supercritical Mach number range above the
value at which the peak normal-force coefficient occurs,
the convergence of the curves for the various flap
deflections gt a glven angle of attack indicates a rapidly

c
decreasing 75? with increasing Mach number. The effect

a .
of compressibllity on 75?, presented in figure L2, 18

in accord with the varlations indicated in figure 39.
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In the supercritical Mach range for angles of attack
not greater than 6° it can be seen in figure 39 that the
peak normal-force coefficient for a gilven angular configu-
ration occurred at a Mach number of approximately 0.65,
which indicates that thlis airfoll section should be
restricted to designs whereln the maximum Mach number
does not exceed 0.65.

A comparison of the various parts of filgure L1 in
which 1s given the varlation of the normal-force coeffi-
clent wilth angle of attack shows that as the Mach number

dc
increases (in increases and reaches a maximum value at
a
a Mach mumber of 0.65 as could have been expected fram
the preceding discusslon.

A further examination of figure ;1 shows that
deflections of the flap produce a change in the angle of

de
zero normal force, but have no appreclable effect on :;E
a
for the more linear parts of the curves. The effect of

de
compressibility on 155 for the more linear parts of
a

these curves is presented in figure L2.

The flap effectiveness %g, obtained from the ratio

dc dec
£ n

of '&'5_ (fig. Li2) and presented in figure L3,

decreased with Increased Mach nmumber and rapldly approached
zero &a& the Mach number was incresaaed above the critical

value.

Moment coefflcienta.~ The variation of the moment
coefflclent with Mach number in the subcritical range as
shown in figure 39 1s small. In the supercritical region
the moment coefflicients generally increase with increasing
Mach number. This lncrease is followed by a rapid
decrease, which occurs at a Mach mumber above the value
at which the decrease 1ln normal-force coeffliclent occurs,
The nressure-distribution diagrams show that the decrease
in normal-forcs results from a general decrease in the
magnlitude of the loading, and at higher Mach numbers the
continued decrease in loading is accompanied by a change
in 4distribution which results in a decreased moment coef-
ficlent.
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At the supercritical Mach mumbers at which the normal

. forces for the various flap deflections tend to be approxi-

mately the "same, the dlrection of “the change-in the moment
coefflcients is simllar to the direction of the change
in cpn. A variation of similar magnitude, howsever, could ~
not be expected in these coefficients because of the large
effect that a small change in load at the rear of the model
has on the moment coefficlent.

A comparlison of the effects of angle of attack and
flap deflections on the variatlion in moment coefficlent
with normal-force coefficlent can be seen in figure L1.

For constant flap deflection there is a small positive
inocrease in moment coefficlent with an increase in normal-
force coefficlient. This slope remalins approximately con-
stant for Mach numbers to approximately 0.65. For Mach
numbers above 0.65, the variation depends on the flap
deflection.

At a constant angle of attack between -2° and 6°,
large changes in moment coefficlent occur in a negative
direction with an increase in the normmal-force coeffi-
cilent. These slopes, which are approximately constant to
a Mach number of 0.6, increase as the Mach number 1is
further increased to 0.7.

Flep normal force.- The flap normal-force coeffi-
clents are presented 1n figure 4O. In the supercritical
region, the varlations 1n the coefflclents are large and
irreguler, probably belng influenced by the effect of flow
separation. ' :

Hinge-moment coefficlents.- The varlation in the
hinge-moment coeffIclents with Mach number, also shown in
figure 0, are very similar to the variation in flap
normal force.

At Mach numbers from 0.01 to 0.02 below the maximum
test value, a flap deflectlon range 1ls indicated in which
the flap tends to become or is overbalanced. At the same
Mach number and for the same angular configuration, in
figure 39, no change occurs 1n .the value of normal-force
coefflclent, and the control would therefore be unresisting
and ineffective. Although the Mach rmumber 1s near the
maximum test value, for which the data are of gquestionable
value, the possibllity of thls condlition of the control
should not be overlooked,
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The hinge-moment coefflcients are presented in
figure lj1 in the same manner as the moment coefficients.
It can be seen that for a constant flap deflection the
magnitude and direction of change of hinge-moment coeffi-
clent with increase 1ln normal-force coefflclent depends
on the absolute value of the flap deflection. The slope
for a given flap deflection increases positively with
increases in Mach number to 0.675; further increases in
Mach number are accompanied by increases in the slope 1
the negative direction. -

At a Mach mumber of 0.4,0 the changes in hinge moment
wilth flap deflection at a constant angle of attack are
generally uniform over the flap deflection range. At a
Mach number of 0.60 and above in the negative normal-
force-coefflcient range the changes 1ln hinge-moment coef-
ficlent for flap deflections between 0° and -4° 1s very
small compared with the changes at lurger deflections.
Thlis effect 1s posslbly a result of the reversals in the
load over the flup produced by the very thick boundary
layer or separated flow. (See pressure-distribution
dlagrams and schllieren photographs.)

Balance-chamber pressure-coefficlent differential
(P;, - Pg).- The difference between the pressure coeffi-

clents for the lower-surface and the upper-surface balance
chambers 1s presented in figure Ll;. This figure shows

the effect of Mach number, flap deflection, and angle of
attack on the pressure-coefficlent differential.

. The effect of compresslbllity on the pressure-
coefficlent differentlal 1s generally small at Mach
numbers below 0.65. This small effect could be expected
when the magnitudes of the 1ndividual pressure coeffil-
cients are small and are measured at a station in rear of
the positlon of the maximum negative pressure coefficlent.
The decrease 1ln the magnitude of the pressure coefficlent
at the high Mach numbers 1s primarily a result of the
effects of flow separation.

The balanced hinge-moment coefflclent for this model
can be obtalned by adding the hinge-moment coeffilcient of
figure 0 to the product of the balance-chamber pressure-
coofficlent differential (Pr, - Pg) and a constant, the

constant depending on the length of the balance tab. A
brief comperison of figures L0 and L) indicates that at
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dep
_ as
- as-compared with- the-unbalanced condition. With increasing

Mach number the effect of the balance decreases for the
lower angle-of-attack range. : :

low speeds the effect of the balance would be to reduce

CONCLUDING REMARK

The results of the investigation on the modifled
NACA 65,3-019 airfoil having a 0.20-chord flap indicate
that the effectiveness of a tralling-edge control surface
of small chord rapldly decreases and approaches zero as
the Mach mumber increases above the critlcal value.

Langley Memorial Asronautical Laboratory
Natlional Advisory Committee for Aeronautics
Langley Fleld, Va.
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TABLE I.- BASIC SECTION ORDINATES FOR MODIFIED
' WACA 65,3-019- ATRFOIL SECTION
EStations and ordinates are 1in percent chord]

Ordinate
Station Upper Lower
surface surface
0 . 0 0
.3 1.108 -1.108
1 1 921 -1.921
2 2 -2. 598
2 -z.é
hi? -L..437
8 5.127 -5.12
10 5.723 -5.723
1% 6.715 -6.715
1 5.525 -5.525
22 .192 -8.192
26 8.721 -8.721
30 9.113 -9.113
3 9.371 -9.371
3 9.490 -9.490
9.5 9.200 -9.500
2 9.L71 -9.471
L6 9-5%3 -9.31
50 g.o _8'0
5 597 -8.597
£ |
66 2.612 Z 612
70 .791 <791
75 .922 -[,.922
g g.oa -3.02
2 .12 -8.1
86 2.2&2 2. zh%
90 1.41 -1
93 .688 .688
9 .138 - 138
100 0 0
L.E. radius: 2.139
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Figure 8.- Pressure distribution for a modified NACA 65,3-019
airfoil with 0.20-chord flap. a = 0°; § = -8°,




NACA ACR No. L5G31la Fig. 9a-f

—
X Upper surface

0 Llower surface

/\o\\

TN R cr
J
/ @) M=0237. & 7M7=0.648.
Q
3 .
R \‘\T\;‘P = B =
N o N[Oy .' ~.
- / N ;/ N
g/ € /T=00678, @ 7 T=0. 707,
3
5
Q
o
Q
-2
:‘ﬁs\e.c G- -0 64§
~ P /‘/4 q

s/

f

. @) /'7=0.734. ° f) /1 =0743.

o RO 40 &0 &o 00 o 20 40 60 &0 200

Fercenr chord

NATIONAL ADVISORY

COMMITTEE FOR AERONAUTICS.

Figure 9.~ Pressure distribution for a modified NACA 65, 3-019
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Figure 10.- Pressure distribution for a modified NACA 65, 3-019
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Fig. 18a-f NACA ACR No, Lb5G3la.
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Fig. 20a-f ~ NACA ACR No. L5G31a
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Figure 20.- Pressure distribution for a modified NACA 65,3-019
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Fig. 22a-f NACA ACR No. L5G3la
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Fig. 24a-f NACA ACR No. L5G31a
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Figure 24, - Pressure distribution for a modified NACA 65, 3-019
airfoil with 0.20-chord flap. a = 10°9; § = -89,
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Figure 26.- Pressure distribution for a modified NACA 65,3-019
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Fig. 28a-f_ NACA ACR No. L5G3la
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Figure 30.- Pressure distribution for a modified NACA 65, 3-019
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(d) M = 0,727 (e) M = 0.741,

Figure 32.- Schlieren photographs of the flow for a modified NACA 65,3-019 airfoil
section with 0.20-chord flap. a = 0°; & = 0°.
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(b) M = 0.677.

—

(d) M = 0.732. (e) M = 0.744.

Figure 33.- Schlieren photographs of the flow for a modified NACA 65,3-019 airfoil
section with 0.20-chord flap. a = 0°; § = -40,
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(d) M = 0.708. (e} M = 0.735. (f) M = 0.742.

Figure 34.- Schlieren photographs of the flow for a modified NACA 65,3-019 airfoil
section with 0.20-chord flap. a = 09; & = -89,
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(a) M = 0.620.

(d) M = 0.706. (e} M = 0.735. (f) M = 0.743.

Figure 35.- Schlieren photographs of the flow for a modified NACA 65,3-019 airfoil
section with 0.20-chord flap. a = 0°; § = -12°,
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(b) M = 0.673.

ey 5
e

{c) M = 0.704.

(d) M = 0.727%. (e} M = 0.738..

Figure 36.- Schlieren photographs of the flow for a modified NACA 65,3-019 airfoil

section with 0.20-chord flap. a = 49; § = -40.
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(d) M = 0.703. (e} M = 0,72% (f) M = 0.741.

Figure 37.- Schlieren photographs of the flow for a modified NACA 65,3-019 airfoii
section with 0.20-chord flap. a = 49; & = Q°,
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Fig. 39a NACA ACR No. L5G31la
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Figure 39.~ Effect of compressibility on section normal-force
and moment coefficients.
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Fig. 39c NACA ACR No. L5G3la
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Fig. 39e . NACA ACR No. L5G3la
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Fig. 39g NACA ACR No, L5G3la
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Fig. 40c NACA ACR No. L5G3la
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Fig. 40e . : NACA ACR No. L5G3la

L ]
2
y ® R
(Hog)
o g r—o 4 o L \_A:O' )

17
5.

I
/1

-8 *\X__w o

-2 \
-3
2 .
| [ {
NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS.
J
-2
% -8
-2
o o
=5 , v = 7 = X} 7 3

Mach number, /M

(e)a= 60-

Figure 40.- Continued..



-

NACA ACR No. L5G3la

4

. ) _ : /OX/

\
\
\

\

=

= —

——
- #ﬂ”qrw’*”\
Cﬂ
| ]
I

NATIONAL ADVISORY

_l,

;
i

COMMITTEE FOR AERONAUTICS

=
-/

4

<N
17 /

L S w3
Mach number, M

(f) a = 8°.

Figure 40.- Continued.
--

7 8

Fig.

40f



»

Fig. 40g NACA ACR No. L5G31la
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