REPORT No. 407

THE CHARACTERISTICS OF A CLARK Y WING MODEL EQUIPPED WITH SEVERAL
FORMS OF LOW-DRAG FIXED SLOTS

By Frep E. Weick and Carn J. WENEINGER

SUMMARY

This investigation was undertaken to develop a low-drag
fized slot for an airplane wing which would avoid the
complications and maintenance difficulties of the preseni
movable-type Handley Page slot. Tests were conducted
on a series of fixed slots in an attempt to reduce the mini-
mum drag coefficient without decreasing the maximum
lift coefficient or the stalling angle of the slotted wing.
The tests were made in the N. A. C. A. b-foot vertical
wind tunnel on a Clark Y basic section having a 10-inch
chord.

The best combination of wing and fixed slot that was
developed had a maximum Uft coefficient of 1.761, which
was 84.6 per cent higher than that of the plain wing.
The angle of attack for mazimum lift was raised 9°, from
16° for the plain wing to 84° for the slotted wing. The
minimum drag of the wing with fized slot was increased
58.6 per cent above that of the plain wing, or a value
about 38.8 per cent above that for a slotied wing with the
movable slot closed. Fixed slots might also be used at
the tips of the wings only, in which case the total drag of
an average airplane would be increased very slightly,
causing a loss in high speed of only 1 or 2 miles per hour.

INTRODUCTION

The wing slots in use on airplanes at the present
time are usually of the automatic or controlled type,
the development of which has been due mainly to
Lachmann and to Handley Page. When the slot is
open, the maximum lift coefficient of the wing is in-
creased greatly and the angle of attack for maximum
lift is raised considerably above that of the plain wing.
With the slot open, however, the minimum drag of the
wing is ordinarily more than three times as great as
that of the unslotted wing. This characteristic neces-
sitates closing the slot at low angles of attack if an
appreciable loss in high speed is to be avoided. The
operation of opening and closing the slots, whether or
not performed automatically, requires extra mecha-
nism with its attendant maintenance and weight.

A wing with a fixed slot would therefore appear to
have certain advantages over one with a movableslot,
the most important of these being greater simplicity
and dependability, less weight, less maintenance, and
somewhat lower cost. In the present investigation, an

attempt has been made to reduce the one great dis-
advantage of the fixed slot, the high drag at low angles
of attack.

The tests were all made using a Clark Y basic sec-
tion, the shape of the fixed slot being changed system-
atically until it appeared that the minimum drag
could not be reduced further without also reducing the
maximum lift coefficient and the angle of attack at
which it occurred.

APPARATUS AND TESTS

The present series of force tests was made in the
N. A. C. A. vertical wind tunnel, which has a 5-foot
diameter open jet. (Reference 1.) The tests were
made at the same Reynolds Number as that of a series
of standard controllability and stability tests being
made in the N. A. C. A. 7 by 10 foot tunnel, which
will include further tests with the best fized slot found.
Because the two tunnel air speeds are the same the
chords of the wing models were made the same, 10
inches.

On account of the small diameter of the air stream
in the vertical tunnel, a full-span wing of aspect ratio
6 could not be tested. Consequently a half-span model
and “reflection plane” were used. The main wings,
of Clark Y basic section, were made of laminated
mahogany; the suxiliery airfoils, because of their
small size, were made of aluminum alloy. The ordi-
nates of the wooden sections were held accurate to
within #0.01 inch and those of the metal portion, to
within +0.003 inch. The metal auxiliary airfoils were
supported on the main wing at each end by a thin
metal plate and, in addition, & small support fastened
firmly to the wooden and metal parts at mid span
prevented any appreciable deflection of the nose under
the applied air loads.

The drag forces were transmitted from the wing to
a platform balance above the tunnel by two fine wires
which passed through tubes. The lift forces were
transmitted by a system of bell cranks and rigid rods
to two platform balances mounted on the tunnel test
floor. These two balances were so arranged that roll-
ing moments could also be obtained if desired. A
detailed description of the arrangement may be found
in reference 2.
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Force tests were made with the slot fixed open under
various conditions, and also with the slot closed and
faired with ‘“Plasticine.” Several readings were taken
at angles of attack at 1° intervals to cover the region
of minimum drag, and then the region of maximum
lift. Tests were made also at a few intermediate
angles of attack, in order to determine the shapes of
the lift and drag curves.

The extreme range of angle of attack extended from
—6° to +40°, the range for any one combination
depending on the stalling angle. The tests were made
at & dynamic pressure of 16.37 pounds per square foot,
correspondmg to an air speed of 80 miles per hour
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at standerd atmospheric conditions. The Reynolds
Number based on the above test conditions and the
wing chord of 10 inches was 609,000, which is about
one-third of that for an ordinary small airplane while
landing.

Accuracy.—The lift balances were sensitive to
within £0.06 pound, and the drag balance weas sensi-
tive to within +0.03 pound. The angle-of-attaclk
setting was accurate to +0.1°, and the dynamic
pressure was maintained constant to within +0.5
per cent. A comparison of the results of check tests
showed the variation between values of the maximum
lift to be about *1 per cent; the variation between the
minimum drag values amounted to about + 2 per cent.

DEVELOPMENT OF SATISFACTORY FIXED SLOT

The development of the wing with a fixed slot was
divided into four main parts: First, the determina-
tion of the probable best slot arrangement from the
results of previous tests; second, the effect of the
auxiliary airfoil shape and position; third, the effect
of rounding the nose of the main wing; and fourth,
the effect of moving the slot farther back from the
leading edge.

1. Choice of the probable best slot arrangement;—
The probable best arrangement of the auxiliary airfoil
and main wing was obtained from & study of the results
of a previous series of tests on a Clark Y wing with an
adjustable slot. (Reference 2.) In that investiga-
tion the auxiliary airfoil was tested at 100 different
locations with respect to the msain wing. Tables I
to V, inclusive, give the results of those tests in the
form of coefficients’ of maximum lift and minimum
drag, angle of attack for maximum lift, and ratio of
maximum lift coefficient to minimum drag coefficient
for each slot arrangement.

All the above four items were considered in the selec-
tion of the best slot arrangement .for a wing with a
fixed slot. The maximum lift coefficient and angle of
attack for maximum lift determine the landing speed
and stalling angle, respectively, of the airplane. The
minimum drag coeficient is a measure of the thh speed
attainable, and the ratio of maximum lift to minimum
drag gives an indication of the speed range possible.

The conditions chosen, which of necessity were a
compromise, may be found in Table II. For the given
auxiliary airfoil and main wing combination, the aoro-
dynamic characteristics were:

Maximum lift coefficient = 1. 684
Angle of attack for Crp,, =27°
Minimum drag coefficient=_0. 028
Ratio of OLW to Opm{“ =60.1

The geometric characteristics, defined as in Figure
1a, were:

Slot gap =2.0 per cent chord.
Slot depth=1.0 per cent chord above main
wing chord.
- Slot width=6.0 per cent chord.

The location of the auxiliary airfoil with respect to
the main wing for the above conditions is shown to
scale in the above-mentioned figure. The ordinates
for the auxiliary airfoil (No. 1) are given in Table V1.

2. Effect of auxiliary airfoil shape and position.—
An inspection of the shape of auxiliary airfoil No. 1
(fig. 1a) indicated that its minimum drag would
probably be reduced by rounding the sharp lower
edge. This edge was rounded and the auxiliary air-
foil then had the shape shown in Figure 1b, the ordi-
nates of which are given in Table VI. The slot
arrangement was kept as near like that of the wing

" with auxiliary airfoil No. 1 as possible by keeping the
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trailing edge and unchanged upper surface of the
auxiliary airfoil always in the same location.

The results of the tests on the wing model with the
above rounded auxiliary airfoil are given in Table
VII. The maximum lift coefficient was reduced
slightly and the minimum drag coefficient of the
combination was increased a small amount from the
velues of the first combination. These changes
therefore gave a somewhat lower ratio of Cpm.x to
Cpmis- The angle of attack for maximum lift was
unaffected.

An auxiliary airfoil was then designed that in itself
would have a relatively low minimum drag. This
auxiliary airfoil (No. 3) with the corresponding slot
arrangement is shown in Figure 1c. The upper sur-
face, which was unchanged for all three of the aux-
iliary airfoils, and the trailing edge were kept in the
same location as that used for auxiliary airfoils Nos.
1 and 2. The ordinates for this auxiliary airfoil are
given in Table VI.

The test results of the wing with auxiliary sirfoil
No. 3 are given in Table VII. The maximum lift
coefficient was reduced considerably and the mini-
mum drag coefficient was the same as that of the wing
with auxiliary airfoil No. 1. Theratio of Crmax t0 Opmin
was the lowest of all three of the combinations tested.
The angle of attack for maximum lift was decreased
by 3°.

The conclusion may be drawn from the results of
the foregoing tests that reducing the minimum drag
of the auxiliary airfoil does not" necessarily cause a
reduction in the minimum drag of the wing-slot combi-
nation, but may actually cause an increase. A de-
crease in the maximum lift coefficient and in the
angle of attack for maximum lift may also occur.
The results indicated that the reduction in the mini-
mum drag of the auxiliary airfoil was not the proper
line of attack to pursue in reducing the minimum
drag of the wing-slot combination. It appeared that
the sharp lower edge of auxiliary airfoil No. 1 was
probably advantageous in that the air could break
away from it and flow on to the main wing with the
least disturbance. The next step was therefore an
attempt to reduce the minimum drag of the wing and
auxiliary airfoil by reducing the drag of the combina-
tion as a whole. .

The next slot was designed in & wing having an
over-all contour of a Clark Y, which has a relatively
low minimum drag coefficient. The slot was cut
through the wing in such a manner that at low angles
of attack the air would flow past with as little dis-
turbance as possible. The auxiliary airfoil No. 1 was
used together with main wing No. 1 cut off to form
main wing No. 2 as shown by Figure 2, with a sharp
nose on the main wing portion. The test results for
this condition of the slotted wing are given in Table
VIII, first line below ‘“Slot closed.” It will be seen
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that the maximum lift coefficient has remained pearly
the same as that of the best previous slot, but the
angle of attack for maximum lift was reduced from
27° to 24°. The mniimum drag coefficient was de-
creased appreciably from the best previous value and
the ratio of Crpex t0 Cpmin Was increased, indicating
that the new slot arrangement was a step in the right
direction.

. 8. Effect of rounding nose of main wing,—The most
promising way to reduce the minimum drag still
further appeared to be by rounding the sharp leading
edge of the main wing. This was done in successive
steps, the largest radius of curvature being 2.5 per
cent of the total wing chord. (See fig. 2.) The results
of the tests of these arrangements are listed in Table
VIII. It will be noted that the maximum lift coeffi-
cient was increased appreciably by the first small
rounding of the sharp leading edge but that further
rounding had little effect. No effect was noticeable
on the angle of attack for maximum lift. As the
nose radius of the main wing No. 2 was increased,

w2 Over-allprofile. of wing is a Clork Y. Main wing No.2
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Fi1aURE 2—Changes in shape of nose of main wing. Slot through Clark ¥

the minimum drag of the slotted wing decreased at
first to a certain point and then increased again.
The ratio of Crmax t0 Cpmm lso increased to a certain
point and then decreased again with increased round-
ing of the nose of the main wing. The best over-all
characteristics of this slotted wing were obtained when
the nose of the main wing was rounded by a radius of
2 per cent of the total wing chord. (See Table VIII )
It may therefore be stated that rounding the nose of
the main wing by a radius of about 2 to 3 per cent of
the chord produces a favorable effect on the aero-
dynamic characteristics of the fixed slot combination.

4, Effect of moving slot farther back,—The slot was
moved back farther from the leading edge of the
wing in an attempt to reduce the minimum drag of
the wing to a still lower value than was obtained with
the above fixed slot. The new slot had the same
general geometric characteristics. Auxiliary airfoil
No. 1-A was formed from auxiliary airfoil No. 1 by
adding “Plasticine” to the under surface. Main
wing No. 3 was formed by altering the shape of
main wing No. 2 to a section having a sharp nose.
(See fig. 3 for details of this slot.)
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The first test was made with the sharp nose on the
main wing. The results showed the minimum drag to
be the same as that of the best foregoing fixed slot
combination for similar conditions. (Table VIIL.)'

The nose of the main wing was then rounded suc-
cessively to a maximum radius of curvature of 3 per
cent of the whole wing chord (fig. 3), and tested for
five intermediate nose curvatures.

The results of the tests are given in Table VIII
under the heading: Auxiliary Airfoil No. 1-A, and
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Main Wing No. 3. The maximum lift cocfficient ob-
tained by rounding the nose of the main wing in this
arrangement was about the same as that of the wing
with the best fixed slot obtained so far. (Main wing
No. 2 and auxiliary airfoil No. 1.) The angle of at-
tack for maximum lift remained the same as before,
24°., The minimum drag of this fixed slot combina-
tion decreased to a certain value and thea increased
again as before with increase in the rounding of the
nose of the main wing. The lowest minimum drag
coefficient, however, was slightly higher and the ratio
Of Crmax t0 Cpmin Was slightly lower than for the wing
with the best fixed slot so far obtained. Placing the
slot farther back from the leading edge of the wing
within the range of the tests may be said to have no
appreciable effect on the aerodynamic characteristics.
Since reference 3 showed that little was to be gained
by moving the slot back still farther, the best slot of
those tested was taken as a sufficiently close approach
to the best obtainable.

DISCUSSION

The best fixed slot combination is drawn to scale in
Figure 4a. The lift and drag coefficients of both the
plain and slotted wings are plotted against angle of
attack in Figure 4b. - It will be seen that at a given
angle of attack up to the stalling angle of the plain
wing, the lift of the slotted wing is somewhat lower
and the drag is higher than the corresponding values
for the plain wing. Beyond this angle, however, and
up to the stall of the slotted wing the drag of the
slotted wing is lower than that of the plain wing.

The maximum lift coefficient given by the slotted
wing was 1.751 (Table VIII) compared with 1.297 for
the plain wing—an increase of 34.6 per cent. An in-
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crease of 21.8 per cent has been obtained in some ear-
lier tests made by Lachmann (reference 3) on a Géttin-
gen 422 wing equipped with a fixed slot near the leading
edge.

In a previous series of tests made at this laboratory
(reference 2) on a Clark Y wing with & movable type
of slot, the highest maximum lift coefficient obtained
was 1.835 (Table IT) compared with 1.297 for the plain
wing. These values gave an increase in the maxi-
mum lift of 41.5 per cent. The coefficients, however,
were computed on the basis of the area of the original
wing. Figured on the actual plan-form ares with the
glot open, the maximum lift coefficient becomes 1.660,
an increase over the plain wing of only about 28 per
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cent. It appears, therefore, that the present fixed slot
has a greater effect on the maximum lift. The angle
of attack for maximum lift has been increased 9° (from
15° to 24°) with the fixed slot, compared with an in-
crease of 13° (from 15° to 28°) obtained with the
movable slot giving the highest maximum lift coeffi-
cient.

The minimum drag coefficient of the wing with fixed
slot was 0.0229 (Table VIII) compared with 0.0150
for the plain wing, giving an increase of 52.6 per cent.
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The results previously mentioned of the tests on the

Gottingen 422 slotted wing showed an increase in the

minimum drag coefficient of about 85 per cent over
the value for that plain wing. If the minimum drag
value of the plain Clark Y wing is increased by 10 per
cent to correspond with the minimum drag of & wing
with movable type of slot closed (reference 4), the in-
crease in minimum drag of the wing with fixed slot
then becomes 38.8 per cent of the value for the wing
with movable slot closed.

It is interesting to consider the effect of placing the
best fixed slot in an ordinery Clark Y wing of an aver-
age airplane. Judging by the speed range ratio
(Crmax/Cpwmin) of 76.4 for the slotted wing as compared
with 86.4 for the plain wing, it might be expected that
an airplane with the slotted wing would have a smaller
actual ratio of maximum to minimum speeds. If,
however, the entire airplane is unchanged except for
the addition of the fixed slot, the speed range is not
reduced. The drag of the rest of the airplane is much
greater than that of the wing alone at high speed, and
the relative decrease in the maximum speed would be
appreciably smaller than the reduction in the minimum
speed which is dependent almost entirely on the wing
alone,

Although the speed range would thus be increased
by the fixed slot if the wing area were held constant,
it would not be increased if the minimum speeds were
kept the same. If the area of the plein Clark Y wing
were enlarged to give the same minimum speed as with
the fixed slot, and the rest of the airplane could be left
unchanged, the maximum speed would be slightly
higher with the plain wing. When the extra weight of
the larger wing and the extra tail size are taken into
account, the higher speed with the plain wing would
be very slight if existent at all. For airplanes having
low landing speeds and excessively large wings the
fixed slot enables the attainment of the desired mini-
mum speed with a smaller wing and little if any loss in
high speed.

The foregoing discussion deals with a fixed slot
extending along the entire span of the wing. Tixed
slots might also be used at the tips of the wings only,
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say the outer 40 per cent of the semispan, for improv-
ing lateral stability and control at the high angles of
attack. With this arrangement, the increase in drag
would be very small compared to the total drag of an
average airplane so that the maximum speed of the
airplane would be decreased by only one or two miles
per hour.
CONCLUSIONS

1. A maximum lift coefficient of 1.751, an angle of
attack for maximum lift of 24°, and a minimum drag
coefficient of 0.0229 were obtained for a Clark Y wing
with the best fixed slot developed, compared with the
corresponding values of 1.297, 15°, and 0.0150 for the
plain wing.

2. Fixed slots might be used at the wing tip only to
improve lateral stability and control at large angles of
attack, in which case the maximum speed of the aver-
age airplane would be decreased by only one or two
miles per hour.

3. For airplanes having low landing speeds and ex-
cessively large wings the fixed slot enables the attain-
ment of the desired minimum speed with a smaller
wing and little if any loss in high speed.

Lanarey MBMORIAL AERONAUTICAL LABORATORY,
NaTioNAL ADVvIsorRY COMMITTEE FOR ABRONATUTICS,
Lawverey Frewp, Va., August 27, 1931.
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TABLE V
SLOTTED CLARK Y WING RESULTS
MOVABLE TYPE SLOT

R.N.=(09,000 10-inch chord—e. 80m.p.h.
Gap | Depth | Width C
Test Crm Limar
No. pergent pergent par:ant CLmax a ar | Cpmin Comin
0 Plain wing 1207 15.0 0.015 83.4
81 3.6 5 3.4 1285 28.0 .031 415
82 3.5 3.5 6.0 1. 647 28.0 .027 6L0
83 3.8 3.5 9.0 1. 760 220 .025 70.4
84 3.5 3.b 12.0 L517 16.0 .07 5.2
86 3.6 3.6 15.0 20,0 . 036 37.8
86 3.6 L0 3.4 1,286 4.0 .042 20.9
87 3.5 LO 8.0 1,476 33.0 .038 4L 0
88 3.6 L0 9.0 L 747 28.0 032 546
89 3.5 LO 120 17680 22.0 034 52.6
00 3.5 LO 15.0 L 513 18.0 . 040 31.8
o1 3.8 | —L& 3.4 1.283 410 .067 .1
92 3.6 —~Lb6 6.0 L4651 38.0 . 055 28.4
93 3.5 -~L6 9.0 Lexw M0 044 37.0
04 .5 —-L5 12,0 L7800 28.0 L4l 43.4
95 35 —L5 15,0 1,752 2L0 049 35.8
88 3.5 ~4.0 3.4 1230 46,0 .085 4.5
97 3.6 —4.0 6.0 1,481 42,0 .078 19.5
98 3.5 —4.0 9.0 1641 30.0 . 060 27.4
99 a.6 —4.0 120 1635 34.0 .053 30.8
100 a.6 —4.0 15.0 L711 22.0 .057 30.0

TABLE %IL—ORDINATES FOR AUXILIARY ATRFOILS

ARK Y WING WITH FIXED SLOT
[Values in per cent auxiliary airfoil chord]

Auxiliary No. 1 Auxiliary No.2 Auxiliary No. 3
Stations Ordinates Ordinates Ordinates

Upper | Lower | Upper | Lower | Upper | Lower
0 1160 1.60 7.84 7.84 2.88 2.88
L25 15,80 7.24 13,10 4.08 5,40 L09
2.50 17.70 4.58 15.02 2.44 6.48 0.85
5.00 10,86 0,00 16.91 0.68 8.03 Q.28
7.50 21,00 L30 18,10 0.10 9.11 0.08
10,00 2L60 2.43 18.78 0.00 0.98 0.00
15,00 22,55 4.60 16,60 162 11.34 012
20,00 23.15 6.36 20,656 371 12.29 0.44
30,00 23.20 8.27 20.80 7.03 13.85 148
40,00 2,10 10. 84 20.00 8.03 13.42 3.08
50,00 20,05 1168 18,38 10.12 12. 60 4.78
60,00 17.25 1L.35 15.68 9,89 11.12 5.63
70.00 13,78 10. 14 1270 9,08 9.16 679
80,00 10,00 . 9.08 6.97 6.68 4.68
00,00 5,68 5.18 3.02 3.95 2.67
05,00 3,62 212 3.20 180 2.51 1.32

100,0 1L.20 1.20 0 113 0
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TABLE VII
AERODYNAMIC CHARACTERISTICS

CLARK Y WING WITH FIXED SLOT
Efleot of changing auxillary alrfoll shape
R.N,=609,000 10dnch chord—e. 80m.p.h.

CLmasx :&l{;; Cboxin cﬁ:

Slotclozed. oo | 1207 | - 18.0 0.0150 8.4
Auxiliary airfoll No. 1 i\Ia.anlngNo.l

Bharp nose. oo cceenaeacea L-BSQ 7.0 0. 0280 60.1
Auxiliary airfoll No. 2 Alain wing No. 1

8harp Nosa_ e 1. 660 21.0 0. 0290 51.3
Anuxiliary airfoil No. 3 Main wing No. 1

8harp nose. - ceevomcmaaea - L&70 2.0 Q. 0280 56.0

TABLE VIII

AERODYNAMIC CHARACTERISTICS
CLARK Y WING WITH FIXED SLOT
(Whole profils Is Clark Y)
Effects of rounding nose of main wing and moving slot back
R, N.=609,000 10-inch chord—¢. 80m.p.h.

«C Ci

G Lmax C Lmaz
Lmax 'Dmin _.c_n
Slotclosed ___oooeraaaaa{ 1207 18.0 0. 0150 8.4

8lot cut in Clark Y wing

Auxiliary airfoil
No. 1 Main wing No. 2

Sharp nose. oo occoeeaeeee.| | L6585 240 0. 0235 70.4
Rounded 1.0 per cent ¢.....| 1.720 24.0 .0238 72.2
Rounded 1.5 percento__..| 1722 24.0 .0225 73.8
Rounded 2.0 per cent ¢. L1751 24.0 .0229 178.4
Rounded 2.5 per cent ¢.——..| 1740 24.0 .0233 74.6
8lot moved back
Auxiliary alrfoll

No. 1-A Main wing No. 3

DOSB_ -eemecmmmmmmmmm 1673 24,0 0.0235 7L3
Rounded 0.4 percento_.__.| 1700 24.0 . 0235 72.3
Rounded 1.0 per cente.....|] L714 24.0 .0235 73.0
Rounded 1.5 percente._._.}] 1710 24.0 . 0232 3.2
Rounded 2.0 percento.___.| L 718 21.0 . 0232 73.2
Rounded 2.5 per cent 0| L 738 240 0235 75.9
Rounded 3.0 per cent 6| 1.750 24.0 . 0238 73.8

1 Best fixed slot.



