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BOUNDARY-LAYER-CONTROL TESTS OF TWO TTNGS
IN THE LANGLEY PROPELIER-RESEARCE TUNIEL!

By Hugh B. Freeman
‘;. SUMMARY

Tests of two wings were made in the Langley propel-
ler-research tunnel to determine the increase in -1ift
obtainable by boundary-lsyer control end to determine
the power required for the blower. One wing, designated
the stub wing, had a 6.5-foot span, a 5.5-foot chord,
and a maximum thickness of 0.30 chord and was fitted with
large end plates; the second wing was an NACA 2415 airfoil
of 16-foot span and 2. 67-foot chord and was tested with-
out a 1¢3D with a plaln flap, and with a Zap flap.

Tift coefficlerits of about 3.2 were obtained for
the stub wing either by the suction or the pressure method,
but the pressure method required seversl times more power
than the suction method. Ths best slot location for this
wing was found to be near the midchord position. A single
suction slot was more effective than any multiple slot
arrangement when the same pressure wss applied to all
slots.

1mhis report 1s a revised and edited version of a pape
that was originally prepared in April 1935. At that
time the paper was not published and was given only
limited circulation because it was expected eventually
to expand it to include the results of further, more
extensive, studies. The proposed studies were not com-
pleted, however, and the report is being published now
in response to recent requests for this information.

In the absence 6f the author, the revision has been made
by Dr. 8. Katzoff and Mr. P. K. Pilerpont of ‘the Langley
Laboratory. Itshould be noted that severdal ‘minor ques-
tions that arose on careful examination of the results
could not be clarified hecause the original data are

not available.
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For the NACA 2)j15 wing, which was tested only with
suction, the best slot position was--between 0.1l and
0.20 chord from the leading edge for either the plain
wing or the wing with a Zap flap, For the wing with a
plain flap, a slot on the flap just bghind the hing
required least suction power and provided high maximum
11ft coefficients at angles of attack in the practical
range. Slots near the flap hinge appear to be effective
in maintaining high lift-curve slope and high flap effec-
tiveness, but those near the lsading sdge are more
effective in holding the flow at high angles of attack.
Maximum 1ift coefficients were about 2.8 for the plain
flap and about 3.1 for the Zzp flap. Some tests of the
plain wing with a slot at 0.91 chord showed an appreciable
increase in the lift-drag ratio (where the drag included
the blower drag) for the take-off and climb range.

INTRODUCTION

Roundary-layer-control tests made with small models
at the Langley Laboratory (reference 1) and elsewhere
(reference 2) have shown that control of the .boundary
layer offers a powerful means of increasing the maximum
1ift and the range of angles of attack for safe flying.
Tn the work for the present report large model: wings
were tested in the Langley propeller-research tunnel in
an effort to obtain more information on the practica-
bility of the method, :

. .One set of tests was made of a stub wing of 6.5-foot
span,, 5.5-foot chord, and a maximum thickness of- 0.30 chord,
fitted with large end plates to increase the effective
aspeet ratio and to make the flow more nearly two-
dimensional. The grsat thickness and short- span facili-
tated. the tests because the blower could be installed
directly inside the wing and because the mechanical work
involved in making changes would be simplified. . For the
second set of tests a conventional wing of aspect ratio
6, 16-foot span, and thickness of 0.15 chord was used,
arranged above a "fuselage" in which the blower was
housed. This wing was also tested with plain and with
Zap flaps. gLy
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MODELS AND TESTS .

For the first series of tests, the stub wing and the
arrangement of the end plates are shown in figures 1 and 2,
and the airfoil.ordinates are given in table I. Boundary-
layer control on this wing was effected both by sucking
the boundary layer into the wing through spanwise normal-
opening slots and by discharging air through spanwise
backward-opening slots. (See fig. 3) Various slot loca-
tions, slot sizes, and wing internal pressures were
tried in both cases. The motor-driven blower served for
both types of boundary-layer control and inducted or
discharged the air through the end of the wing.

The conventional wing used for the second series of
tests had a 2.67-foot chord with the NACA 2415 airfoil
section (fig. li). This wing was tested only with suction,
and the blower discharged the inducted air through the
rear of the fusslage. The wing was Titted with a
0.30~chord full-spvan hinged trailing-edge flap that could
be deflected 15°, 30°, L,5°, or 60°. A removable O.25-chord
full-spen Zap flap was also tested, but at only one flap
angle (50°.to .the chord line).

For the stub-wing tests the alrspeed was approximately
O miles per hour. For the NACA 24,15 wing of aspect
ratio 6, the airspeed was reduced to about 30 miles per
hour for most of the tests in order to attain large
ratios of wing pressure to dynamic pressure with the
low blower power available. & few tests were also made
at an airspeed of approximately 60 miles per hour to
determine the effect of boundary-layer control on the
drag characteristics, especially in the range of 1lift
coefficients corresponding to ‘the teke~-off and climb
conditions. ' T

SYMBOLS
G airfoill chord
b airfoil span
L free-stream velocity

- free-stream static pressure,
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dy free-stream dynamic pressure
H total pressure inside wing
b o
Q volume rate of flow through slot; positive for
flow.entering the slot
P power. input to blower
Cr, 21Tt coafificiant
G ‘drag.coefficient
Cp. induced drag coefficient
i
i $a WET Hy = By
Cor " internal wing pressure coefficient ;
hb qO
, : 7@
0 volumetric coefficient (" -
) ‘ \ VoCh
N\
°ny ideal-blower drag. coefficient (cQ L3
. A
(ideal) _ ' gy
(CDb is the drag coefficient
(i1deal) | ‘
equivalent to the power required (100-percer
blower efficiency esssumed) (1) for
suction slots, to discharge, at free-
stream total pressure, air withdrawn from
thie boundary layer and (2) for pres- '
3 J / !
sure slots,to increase the pressure of the
incoming eir, aessumed to enter with the
free~-stream total pressure, enocugh to
discharge the desired guantity of air
into the boundary layer at a given total
pressurs Hb
CD' blower drag coefficient; drag coefficient equivalent
O 9 . - P \
to power innut to blower e
9ePeV,
) i / ‘l
Cp total drag coefficlient (Cp + CD} o
i) \ “{ideal)
The blower drag coefficfent Cp, 1is used for con-
2 2 e <D 5 .
venience in comparing results of several of the present
tests; however, the ideal blower drag coefficient is used
when comparisons with results of

other investigations are
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RESULTS -AND DISCUSSIOWN
Stub Wing

Pressure slots.- Typical 1ift curves for a backward-
opening pressure slot on the stub wing sre shown in

figure 5 for four values of: the wing pressure coef 1cient

and are compared with the 1ift curve for the wing with-
out boundary-leyer controel. The low 1lift-curve slope
resulted from the low effective gspect ratio of the wing.
For an aspect ratio of 6, a 1lift coefficient of 3.0 would

occur near 30° angle of utta ck as. determined by sxtrapo-
lating the curve for Cy = 10.20 (fig. 5) to zero 1lift
b

and computing the angle of attaclk for the new aspect
retios .«In Iigure. 6 the maximum 1lift coefficient is
plotted agaﬁnqt blower drag coefficient for each slot.
Within the range tested the 0.00 75¢ slot at 0.L2c appears
to require the smallest blower drag coefficient for a
given maximum 1i ft.

Single suction slots.- Typical 1lift curves for the
stub wing with single suction .slots are shown in figure 7,
and plots .of maximum 1ift coefficienf against blowe? drag
coefficient for each slot are shown in figure 8. . The
most interesting features of the curves are the low pres-
sure coefficients 'CFa and the 1ow,blower drag coeffi-
iy

cilents Cp required in'comparisbn wmth thoqe for the

pressure slots (figs. 5 and 6). Of. +ha slots tested,
the mogst effleclient appear to he the O. 0%¢,- O. 0450

and 0.06¢c suction slots at 0.5Lc The hlgheqt maximum
1ift coefficisnt (3.2) was obtalnad with a 0.061lc slot
at 0.5lic with a blower drag coefficient of 0.07. Nearly
the same 1ift coefficlents were obtained with, a. pressure
slot at 0.L2c, but the blower drag coeffluiant was several
times as much. 4 few tests, for which. the data. are not
shown, were made with a 0.015¢c forward-opening suction
slot at 0.50c; these slots were found to require less
blower power than the best pressure-type slot but more
than the best normal-opening suction slot.

Multiple slots.- A few multiple~-siot. arrangements
were. tried with both methods of contrel. The résults for
the best of each type are shown in figure 9. Each arrange-
ment shown had two slots, sxcept one that had 23 very
narrow: slots spaced 0.03%3¢c apart. HNone of these arrange-
ments appears as favorable as the best single suction
SloRn : S ;
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Comparison of results of stub-wing tests.- In
figures 10 and 11, respectively, the maximum 1lift coef-
ficient of the stub wing is plotted against ideal-blower
drag coefficient and volumetric coefficierit for the most
efficient of the arrangements tested.. In figure 11 the
curve for the slot gt O.Shc’shows that the volume of air
required to obtain a given 1ift coefficient is independent
of the slot width. For comparison, results are also shown
for the O0.1l5¢c wing tested with pressure control in
reference 1 and for the 0.li0c wing tested with suction
control in reference 2. s already indicated, the suction
slots are geen to be several times more efficient than
the pressure slots, because they require both smaller
pressure coefficients and smaller volumetric coefficients.
The comparison with the results for the wing of reference 1
is merely a further example of the fact that boundary-
layer control increases maximum 1lift more easily on a
thick wing than on a thin wing.

NACA 215 Wing

Slot taper.- Only the suction type. of..slot was
tested on the NACA 2415 wing of 16-foot: span.  With a
large span end a comparatively thin wing,:some diffi-
culty in obtaining uniform spenwise distribution of the
quantity of air sucked off was anticipated because of
the flow losses .inside the wing and the increase in the
velocity of flow from the tip to the center of the wing.
This distribution presumably would be uniform if the
product of the slot width and the. square root of the
pressure difference across the slot were uniform. For
this series of tests, the slot that was used for all
wing configurations was tapered from.a width of 0.023lc
at the center to 0.0%350c near the tip - an arrangement
that satisfied the proposed criterion for a high-1lift
condition of the plain wing. It .should be noted that,
even with a tapered slot, the thin wing is handicapped
because an excess suction must be provided throughout
the span in order to provide the minimum suction required
near the wing tip. : ‘ :

Plain wing.- Lift curves for the plain wing are
shown in figure 12 for six slot locations.. The blower
speed was constant for these curves and.the blower input
power approximately so. Figure 13 shows maximum 1lift
coefficient for the same slots plotted against ideal-
blower drag coefficient. The best slot location appears
to lie between 0.l1llc and 0.20c¢c from the nose: for this
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location, the maximum 1ift coeffjcient 2. 6 is obtained
with an- ideal-blower drag coeffidient of approximately 0.3,
The slot effectiveness decreases steadily as the slot is
moved toward the trailing edge.

Wing with plain flap.- Two. slot locations were
tried for the tests of the wing with the plain flap;
namely, a slot on -the main wing 0.20c behind the leading

edge, and a slot on the flap itself at 0.73c (or 0.03c
behind the hinge). The results for a range of flap
deflections are shown in figures 1l and l) For the

slot at 0.20c, the maximum lift for all the flap angles:
1s somewhat greater than for the wing without the flap
ard, ‘Intall cases, the stall occurs at an angle of

attack above 50 The' slope of the 11ft curyes, howevsr,
is less than for the plain wing (0° .flap setting) prob-
ably because of separation of the flow on the flap itself.

The curves for the slot on  -the flap (fig. 15) show
about the same slope as for the plain wing; however,
because of increased flap effectiveness, these curves for
the several flap angles are shifted about three times as
much as those for the slot at 0.20c¢ (fig.-1l). oOnly two
of the ilap angles - 30° and 1,59 - gave meximum lift :
coefficients greater than that for the best condition of
the plain wing with boundary-layer control (fig. 12}, bt
these maximum 1ift coefficiznts were obtained at very
much lower sngles of attack, & characteristic that is of
considerable practical importance.

Because slot, locations near the flap hinge thus
appear to be effective in maintaining high lift-curve
slope and high flap effectiveness, and those near the
leading edge are more effective in holding the flow at
high anglss of attack, two slots, one at the front and
one at the rear, appear to be desirable.

Figure 16 shows maximum 1ift coefficient plotted
against ideal-blower drag coefficient for the most
efficient arrengements of the plain and flapped wing.
All the flap arrangements appear to be more efficient
than the plain wing, and the highest maximum 1lift (2.8l)
was obtained when the qlot was located on the flap just
behind the hinge.

Zap flap.- Results for the wing with the Zap flap L////
(fig. 17\ are similar to those for the plain wing. The
slope of the 1lift curve is very little affected by
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boundary-leyer control, snd the increase in 1ift with
control is obtained by delaying the stall to higher
angles of attack; for this purpose the slot ab '0+20¢
appears most effective.

Pigure 18 shows maximum lift-coefificient plotted
against ideal-blower drag coefficient. The Zap flap
with suction at 0.20c provided the highest 1ift coef-
ficient (3.2) obtained with a single suction slot in
these tests of the high-aspect-ratio wing. A combination
of two slots, & 0.05¢ and 0.73c, however, yislded a

slightly higher maximum 1ift coefficient but required a con-

alderably largpr ideal-blower drag coefficient through-
out the entire range. A comparison of the maximum 1ift
coefficient obtained without a control slot with the
values obtained with the slot located near the leading
edge indicates that a small amount of power 1s reguired
to overcome the adverse effects of the slots. A C o=
parison with the best .of the other arrangements is shown
in figure 19.

G4

Drag reductien for take-off and climb.- Some
additionsal tests.of. the plain wing were made with a slot
at 0.91ec in .order to .investligaie the posslbl lity of
achieving a net increase in 1lift-drag ratio for the range
of 1ift coefficients of interest for climb and take-off.
These tests were made at a tunnel speed of 80 miles per
hour. The rear slot location appeared the most logical
with rGSﬁect to economy of blower powsr, because the
veloeclity in the boundary laysr is lowest in that region
and the pressure on the wing is highest. The exhaust
velocity at the rear of the fuselage was approximately
equal to the tunnel wvelocity for these tests. -

The polars with and without control are compared in

figure 20 with the induced-drag polar’ Op - ‘for' a wing
1

of aspect ratio 6. The total drsg oonffl ient Cp.. is

the sum of the measured drag coeffic cient ‘CD and ideal-
blower drag coefficient C . Because of the

' P(ideal).
large reduction 1n profile drag in the range of 1lift
coefficients corresponding to take-off and climb, a net
increase is shown in the lift-drag retio for this range.
The minimum drag is increased somewhat by boundary-lsyer
control.,
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SUMMARY. OF RESULTS

Results are presentéd of bonndarv-l¢yer-~oqtrol
tests of two wings to determine the increase in 1lift
obtained and the power required for the blower. One
wing, tested with both pressure and suction, had a
6.5=-foct span, a-,.5 -foot chord, ‘and’ en airfoll section
of 0.30-chord maximum uhlc&ness and was fitted with
large end plates. The other wing, tested with suction
only, used an NACA 2,15 airfoil and had a 16-foot span,
a 2.67-foot chord, and was tested without a flap, with
a plain flap, and with a Zap flap A surmary of the
results follows: '

1. For the stub wing of 0,%30-chord maximum thick-
ness:

(a) A 1ift coefficient of about 3.2 was obtained with
a suction slot at O.5h chord and at a power expenditure
corresponding to a blower drag coefficient of 0.07.

(b) Nearly the same 1lift coefficient was obtained
with a pressure slot at 0.2 chord as with the slot at
0.5l chord, but t1 blo»er drag coefficient was several
times as much.

(c) A single large suction slot near the midchord
of the wing was more effective than any multiple-slot
arrangement when the same suction was applied to all
slots.

2. For the NACA 2415 wing:

(a) With the plein wing or the wing with a Zap flap,
the highest marimum 1ift coefficients were obtained with
the slot between 0.11 and 0.20 chord from the leading
edge, with ideal-blower drag coefficients of about 0.3.
The maximum 1ift ﬂopfflclents were about 2.6 and 3.2 for
the plain wing and for the mAng with the Zap flap,
respectively.

(b) With a plain flap, least power for the highest
maximum 1if't obtained was required when the slot was '
located on the flap just behind the hinge,:and the
angles of attack reqtired for maximum. 11t were more
nearly in the practical range than those required by
the plain wing.
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(c) With a plain flap, slot locations near the flap
hinge appear to be effective in maintaining high 1ift-
curve slope and high flap effectiveness, but thoss near
the leading edge are more effective in holding the flow
at high angles of  attack.

(d) with the plain wing with a slot at 0,91 chord an
appreciable increase in the lift-drag ratio (where the
drag included the blower drag) occurred for the take-off
and climb range. ,

Langley Memorial Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley Field, Va., July 23, 19L5
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TABLE I.- ORDINATES FOR 30-PERCENT-TJICK WING

X

(percent chord)

Upper surface
(percent chord)

Lower surface
(percent chord)

0
1.25
2.5
5.0
Te5
10.0
15.0
20.0
30.0
e My
50

60

.08

fhu}
&)
oo

=

H
G0
Q) A
O

21.30
23.°75
25.70
268.10

\J1
=
®)

n
\]
O
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Figure 2.- Stub wing of 0.30c thickness mounted in the
Langley propeller-research tunnel.
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Figure 3.- Boundary-layer-control slot configurations.



fgannl dat

o Tat i on




‘ON NL VOVN

400T

814

4






NACA TN

2.8

2.4

2.2

2,0

Lift coefficient, CL

1.0

-6

o4

No. 1007 L Fig. 5
L~
|1
~
o P
AP
1
/£ P 5
g 4 ¥
c 'l /
Hy 1, ’/
4
10.20 A A

st ]

N/
e
N

/17/ _4083
7
/ F
/
7 7 X
{// // A
; 1A
/ /// /}' \—_2.15
P 57 /
A /
/
’//,
J'I/ A/
§ 4
//
£ A
/]
/f
\

\-No control

NATIONAL ADVISORY —
COMMITTEE FOR AERONAUTICS ___

BEENELE

4 8 12 16 20 24 28 32 36 40 44

Angle of attack, o(, deg

Figure 5.- Lift characteristics of the stub wing of 0.30¢c
thickness with 0.0075¢ backward-opening pressure slot
at 0.42c.




Pige

6

3.2

3.0

2.8

2,0

1.8

Maximum 1ift coefficient, CLpax

«8

o6

4

Figure 6.

blower drag coefficient

NACA TN No.
P
v B
Al ik
e &
"W, |
4 , Vi
4 ///
7 ///
’ P
/7 =
/ 1’ 4 L /
JAVA 2V
/ , 4/(,
gl ¥
/
117
7 /'
/
Slot Slot
width location
0.,0019e 0.42¢
—-—===_ ,0038¢c .42¢
——— .005%7¢ .42¢
—-— ,0075¢ 42¢
—--— L0181c .42¢c
—---— ,0075¢ .65¢
— — ,0038¢c d2e
NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS -
Y o e L . S
A 2 S .4 515 .6

Blower drag coefficient, CDb

- Variation of meximum 1ift coefficient with

for the stub wing of 0.30¢

thickness with several single-pressure slots,

1007




NACA TN No. 1007 Figs 7

Lift Coefficient, CL

362 i
3.0 o
. e
/ )
2.8 { -
/-
2.6 4
¢ ol
Hy g
7/
2.4 -2.75 ~d //’\
A/
'2.21 /I‘
A,
fek 77
o6 7 T -1.77
AP
/4
1.8 v |\
7
7
1.6 /://A*\_
',/F/ e -1037
1.4 /,,1:/ §
4
1.2 Y, 4
//
1.0 4/,
7y
7
.8
\
.6 o control
ob
o2 NATIONAL ADVISORY _
COMMITTEE FOR AERONAUTICS |
0 I el L R L

4 8 220 L6 20 4 28NS 36 40
Angle of attack, d, deg
Figure 7.- Lift characteristics of the stub wing of

0.20c thickness with 0.0455¢ normal-opening suction
slot at 0.54c.



Bige -8

3.0

2.8

2.4

2.2

2.0

Maximum 1ift coefficient, Cprp

o6

o4

2

NACA TN No.

s | e R =
; +
s | A
jA =
fal
c, s
l -
“l '7 s
‘.'17
A
Il
I
..'.
|
|
|
|
b
Slot Slot
width location——}
+ 0.061lc 0.54¢
O e +0455¢ . 04cC
X — .0300 .540
A —-— ,015¢ .54¢
V. ——— J0l5c <42¢
Qa —— .015e «65¢C
o —--—-— .0038¢c .65¢
N
NATIONAL ADVISORY |
COMMITTEE FOR AERONAUTICS—
T [ T N |
.l .2 lz .4 .5 .6

Blower drag coefficient, Cpp

Figure 8.- Variation of maximum 1ift coefficient
with blower drag coefficient for the stub

wing of 0.30¢c thickness with several
single normal-opening suction slots.

1007




NACA TN No. 1007 Fig. 9

3.4 =0
s L+
3.2 e
B E V
0y 4 H i ./5426" "
2.8 f'?' » ;/G .
/ / S

o
L]

o
b=
[S)
~

~

0.030c slot at0,54c

N X Y 7
K A 1” 10.0038c slot at0.76c
S 2 .76¢ ——!
4.5 | /’ S4c —Di
5 . X / 7 B \
: / Suction
oo / /__]0.030¢ slot at 0.54c
Ui A s 0.0075¢c slot at 0.76¢
(9]
- 7
e : /
1.8
. / Fac*llssac
/ )
e : CC b A
g 1.4 J 23 slots, 0.00048c widd,
= 5 spaced 0.030c apart.
Ideal blower.
1.2 i 0650
42c

oo

0.0038¢c slot at 0.42¢

i 0.0075¢ slot at 0.65¢
Pressure
04 E )
o 0.0038¢ slot at 0.12¢
2 0.0075¢ slot at 0.65¢
e e
0 23 B B Bl o .7

Blower drag coefficient, Cpyp NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Figure 9.- Comparison of maximum 1ift coefficients
for several multiple-slot arrangements on the
stub wing of 0.30c thickness.,



Fig.

10 NACA TN No. 1007
3.6
3.4
E
1B 54c*]
Al LA
|4 2 \\\\§>
3, 0l 5
LY, ] 0.04556 suction
Yl 7P| slot in position
2e ’f 7 shown —

La2d |
rCN

0.0075c Pressure slot
in position shown

] 910
250 J

L 3 g 55& .
l.8 <::j ;\\\\\\ N

o
o
o-} - ¢.O¢.@
N
N

B

=P

-.,_ﬂ.,._ =

Maximum 1ift coefficient, CLme

23 slots, 0.00048c wide
spaced 0,030c apart in
1.6 surface indicated
(suction slots)
1.4 t
l« « 5407
1.2 (”—Erh\\\\>
i Pressure slot
i (reference 1)

v g -&—.7004-‘

o4 ( E :

.2 Suction slot 7
(preference 2) |

L i e 1

0 ol .2 e3 4 5 <6  NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS

Db(ideal)

Ideal-blower drag coefficient, C

Figure 10,- Comparison of maximum 1ift coefficients
of the stub wing of 0.,30c thickness with values
obtained from references 1 and 2 for various
single~-slot arrangements.




NACA TN No. 1007 Fig. 11

3.6 /K
Vi
5.2 /)'/l
8lot width //
A7
0.0455¢ F 4 o
208 I/ /O i
.061¢ 7 / /
M 4 ]1 7
,_? .06107 / & Ao
(& ’ / /"’
~ 204 / // 4
- 4
£3) : =
2 Iy
S .015¢ | ;
e
S Bk
b e A
o Los1c | /':'/
— 4 / /
LA t
g I
g A
o
’é .030¢ x
1.2
.8 X, ————Suetion sglot at 0.54c
QF -t +0075¢ pressure slot at .65c¢
+ —— 23 slots, .00048c wide,spaced
.030cbetween .33c and .91c
A — — —Suction (reference 2)
o Pressure (reference 1)
2 P
NATIONAL ADVISORY —_—
COMMITTEE FOR AERONAUTICS
PR e
0 .01 .02

Volumetric coefficient, CQ

Figure 11.- Comparison of maximum 1ift coefficients
for various slot arrangements on the stub wing of
0.30c thickneéss with values obtained from tests
in references 1 and 2.
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