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”rEXPERIMENTs-WITH SUCTION-TYPZ WINGS*

By O+ Scarenk

The development of technical flight tends ever more
powerfully toward the attainment of highly efficient
flight performance, both for normal sport and commercial
airplanes as well as for airplanes which serve some sort
of special use. In particular the reduction of minimunm
velocity, i.c., the increase in speed range, has in the
last years made progress, the end of which we have as yet
by no means reached, Also with regard to climbing ability,
absolute ceiling, and maximum speed demands and perform-
ance are in process of growth.

In this development two distinct lines of progress
on the aerodynamical side appear: the one concerns itgelf
closely with the hitherto existing, customary forms of
construction, and has with the help of additional landing
flaps, slotted wings, etc., in steps but steadily and
surely led to the improvement of flight performance. It
appecars, howevoer, that this developnent will, successful
though it has previously becen, comec to a natural limit
within a short time.

Thus the second "rcvolutionary" type of development
is attaining an cver-increasing influence and importance.
The fundamentally new types such as the autogiro and heli-
copter among others, cannot as yet enter into general com-
petition with the usuwal type of airplanes, yet they bring
aad promise such progress that further development is un-
dertalen everywhere with the aim of achieving success
which is farther reaching than might be hoped from prelim-—
inary series of developments. '

One must assign an intermediate place in this visible
framework to the idea of wing suction. It can be regard-
ed as a fortunate eomcurrence, that Jjust now, after a long
wind-tunnel development, the thought of . suction’ aims -at a
practical test with airplanes; the development of flight
technigue itself forces such "byways" to be practlcally
investigated.

*"Versuche mit Absaugeflugeln. Luftfahrtforschung, March
28, 1935, pp. 10=27.
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The present report collects the investigations of the
past years which, while not.as yet inteanded for wuse in con-
struction, show different possibilities for the building of
a suction-type wing and at the same time present some basic
explanations concerning the problem of suction.

OUTLINE

I. The Contents and Subject of Investigation.

II. The Scope of the Experiments and Their Importance
in Flight Technigue. :

I1I. Arrangement and Methods of Experiment.
IV. Experiments and Results with a Thick Wing Profile,
V. Boundary-Layer Removal by Suction and Sink Action.
Vi. ZExperiments With Flap Profiles.
ViI. Outlook for Flight Technique.
VIII. Conclusions,
IX., Yumerical Tablesf;
Let us call attention once more to the double effect
of wing suction, First of all it maltes possible the at-

tainméant of a substantially higher ¢, value, and second-
iy, allows the profile rcsistance of an uncommonly thick

wing to be so far reduced that it is not much inferior to

a normal profile.

In the previous investigation (reference 1) earlier
experinents had given for the first time, after many diffi-
culties, profile data for a certain (very thick) suction-
type wing which were complete and clear, and thercfore
could serve as a basis for a further systematic procedure.
However, the extent of %the results was limited and their
trustworthiness could not yet be guaranteed in all points,
Lastly, the results of that time could not clarify the con-
ditions of flow sufficiently for further developments,
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I, THE CONTENTS AND SUBJECT OF INVESTIGATION*

... ‘First of all, the earlier results of the thick pro-
file were confirmed with improved methods of experiment
and altered congtruction of models, They were refined
and completed with regard to profile resistance and amount
of suctlon, particularly in tho normal cg  reglon (c <
1e5). ‘ S

The rearmost of the slot 1ocat10ns of that time had
proved 1tself best. Therefore to start with, different
widths of the slot in this location were investigated,
then two slots of different width located farther to the
rear, and finally still two other separate slots.

Subsequently still other special investigations were
carried out with these models, such as a measurement of
the coefficients; furthermore, a large investigation of
the physical nature of suction. To these groups in par-
ticular, belong certain boundary-layer measurenents as
well as experiments with two further slot comstructions,

Until then, for wing suction, uncommonly thick wing
profiles were used, principally because in them particu-
lar experimental and flight technical advantages were seen.

Notwithstanding the manifestly very favorable exper-
imental results, the construction of an experimenitsuc-
tion-type airplane with a thick wing appeared first as
somewhat daring, since the airplane would remain hardly
able to fly with failure of the suction,

The next task was now this, to show a way in which
the flight characteristics could be irproved in a similar

fashion with suction, while the airplane would be capable

of mormal flight even with the failure of- suction,

Suction experiments on a qulte ‘normal proflle of ugu-
al thlckness were postponed and instead a wing was inves-

*The'work‘ﬁﬁllbéﬁs;i@*fhe”form’of‘an'extracty'four previ-
ous reports of the Aerodynamic Experimental Institute for
the German aeronautlcal industry. With regard to many
particular details, these reports must be referred to (sub-
sequently des1gnated as Suction Reports I to IV) Ing. B.
Winkler, who was particularly active in conductlng the exe=
periments,
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tigated whose rear endis a landing flap which is deflect-
ed ‘downward and where suction takes place in the region

of the ‘corner formeéd there.. Two conszderatlons decide the
issue of the ch01ce of "suction-type w1ng with flaps. L

L It was supposcd that it would not be p0351b1e
to attain a -c¢g value of between 3 and 4 with &
normal wing (i.e., thin wing) by means of suction
alone Wlthout flaps. )

2 The high ¢ value should be reached with a

normal airplarne's anglé of attack in order to avoid
a further dlfficulty in constructlon and flight.

The wing with flaps was investigated with two differ-
ent basic forms of the flaps, with the same area of flap.
The aims of these different investigations were on the one
hand an aerodynamically clean and coasequently favorable
flow, and on the other an auvtomatic and unobjectionable
lock for the suction slot when the landing flaps are re-
tracted., The present investigation has not succeeded in
achieving ooth of these goals at the same time; either
the one or the other could not be completely reallzed.

After some determinations of coefficients, the behav-
ior of suction~flap wings near the ground was also inves-
t igat ed.

11, THE SCOPE OF THEAEXPERIMENTS AND THEIR IMPORTANCE

IN FLIGHT TECHNIQUE

The thick profile requires a continuous suction in
flight; the thin one with flaps needs suction oanly in
certain circumstances of flight. Consequently the demands
put upon the output supply during the experiments were '
somewhat different in the two cases. In the case of the
wing with flaps, it is a guestion of getting especially
favorable values of landing speeds in a short time with
full use of the . available suction aggregate. This case
may be designated "Suction case I". .

In the case of thick wings in cruising fllg %, on the
contrary, it is the object, through favorable equaligza~-
tion between propeller output and blower ountput, to get
altogether the most cconomical use of the available fuela
(Suction case II).
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The two suction qaées cannot always be simply divided
by wing profiles. ZFor example, the thick wing in the land-
~ing conditions can be handled in-general as.Suction case I.

What the significant performance factors are in the
two cases is shown in the following sections where various
factors are represented in detail, which in the previous
publication (reference 1) were given only shortly or in-

{ completely: -

a) Resultant pressure force and 1ift.- The 1ift was
‘ not determined by weilghing, but for a particular cross
o section of the profile was found from pressure~distribu-
tion measurements, From these the "resultant pressure
force® R, was obtained, which one may imagine split up
into the components of 1ift A and drag W3. Since the
ratio Wg/A is small in practice, we can approximate (in
nagnitude, but not according to direction) '

rd

R=A and cy = ca*

' b) Angle of attack.~ a is the experimentally meas-

: ured anf_gle;‘_.ccoo ig the corresponding angle of attack for
infinite span and infinite jet. On account of the guite
unusual ratio between model size and channel sige, the
difference between o and o 1is very large. As it
could not be determined by theoretical considerations,

O was determined from the direction of R which is given
by the pressure distribution. Oo is exactly perpendicu-
lar to A; for R this does not quite hold exactly, but
still approximately. A small correction, dependent on the
value of Wg was estimated and added where it seemed nec-
essarye. ' '

¢) The quantity of air removed by suction.- The quantiz

ty of air removed by suction Q<§i> 'is given by the dimen-

sionless coefficient

: ’ o
o R

| *It may be mentioned that for very high cg values (3 and

i " nmore) with usual aspect ratios also, the cg value re-

: ceives o correction and indeed a decrease of substantial
size, which is connected with the normal induced resistance.
If momentarily we designate Dby Ca o the value for infinite

aspect ratio, then ¢, = ¢, cos ay where a3 is as usual

the induced anglc of downwash. For normal wings cos aj ®

o e e

5 f | -




W
.
hY

. )

6 TeAJC.A., Technical Hemorandum ¥o. 773

where v 1is the velocity, ¥ the surface of the Wing,
and cQt(tzchdr® may be designatcd as "thickness of flow"

of the air disappearing inside the wing.

d) The suction pressure.-~ This is given by

e, = T
PP
z v

This definition indicates a reversal of the sign com-
pared to that previously given, according to which p was
the suction under pressure. ¢ will generally be nega-
tive. (The previous definition had in certain cases given
inconsistencies in meaning.)

e) The coefficients of suction independent of veloci-
ty.~ The data concerning guantity and pressure of the suc~
tion blower become more appropriate as far as the airplane
is concerned if we do not make them dimensionless with re-
spect to wind respe. flight velocities, but instead use the
quantities characteristic of the airplane, namely, airplane
weight G and wing surface F. We obtain then

- CQ _ Q
g t’® £ gF
p )
and
CP' p
Cq - &/F

Thege two factors have a direct relation to the guantity
of air removed Dby suction and to the suction pressure of a
particular airplane in stationary straight flight and by
multiplication with the fixed constaunts for the airplane

/‘g GF and % we obtain the values Q and p them-
selves.
£) The pure suction work (not given in the results)

is equal to ~Q p*, the dimensionless coefficient is equal
to =cq Cp*' T

*~Qp respectively =Cp ©q ~positive, because p resp.

cp is negative,
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4,

g) The total blower work depends in addition on the
flow resigtances in the air ducts and on tlie cross sec~—
tion of the surface opening. If we neglect the flow re-
sistances, which are to be as small as possible, then the
total blower work is equal to-

@ + Q £ vy?

and iﬁ terms of the dimensionless coefficient.

=cqQ Cp + cq ;5—

The alr velocity in the exit section of the blower vy 1s
connected with the size of exit cross section Fy by the .
relation Q = vy Fy. Fyp 1tself will, under certain cir-

cunstances, be given by constructional viewpoints.

h) The sink resistance.~ One part of the resistance of
the profile Wq, the sink resistance, can be given imme-
diately. Its value is

WQ’=pQV

It is caused by the indrawn air which gives up its entire
forward momentum to the wing according to the impulse the-
orems Its dimensionless coefficient is

w
Cwn = . A 2eq
< % v2 F )

How and where this impulse transfer takes place, .
whether by pressure or friction, is unimportant as far as
the magnitude of WQ is concerned, and is probably also
differenat from case to case. '

_ i) The measured and total profile resistance.- The to-
tal nrofile resistance of the wings, which is designated

"for the moment as W,'!, counsists of Wy ‘and a remainder

Wee By neans of weighing, We! could be measured, bdbut on
the other hand, by the mse of the impulse method first given
by Betz (reference 2), it is posszidble to obtain the re~
mainder We exactly, as can be seen from a consideration
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-

in connection with the original work by Betz., For the to-
_tal profile resistance, we obtain ’ i

Tt o= P-Q V+ Voo

(o~}

or, in dimensionlegss coeffidients
vt = 2 4+ c
[ wm (o] Q WCD

Cy,» a8 the result of the impulse method, is contained in

the table of rTesults.*

k) The reaction effect.~ The guantity of air removed
by swction in case II will be blown, if possible, to the
rear. For all states of flight except for landing, we are
interested in the resulting reaction shock which tends to
vnload the propeller. The resulting forward thrust is

AW = = p Q vy
or, in dimeansionless coefficilents

M
Doy = = 2 cq 3° | -

Cases in which the air is not ejected toward the rear, re-
quire special consideration.

1) The resistance coefficient to_be overcome by the
thrust of the propeller.— This is with the reaction shock:

b
Cyw ;+ ZcQ (? )

N
~_

As can be seen from the above, it may become equal to zero
or even negative, depending on the magnitude of vy. For

vy, = VvV it 1s exactly equal to Coros® This relation holds

only for air ejected toward the rear.

*About the tabulated evaluation of the impulse measurements,
see Suction Report I.

A certain unevenness in the 1ift distribution may, as men-
tioned above, increase the weighed resistance to some ex-
tent without any noticeable effect in ey ‘ '
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m) The decisive performance factors in Suetion case
III (see ch. II a.A.).- When it is a ouestlon of princi- -

pally decreasing the land idg velorltv the trogs section

Fy, of the blower exit is made as 1arge as possible, and
the corresponding blower output obtained according to par-
agraph g). TFor the start, on the other hand, our aim is
to make Fy a little smallér for use of vy  in reaction
effect. A general discussion of the performance relations
for start and 'climb is possible in general form; however,
it 1s generally c¢artried through more easily for the indi-
vidual case as structural requirements generally change
the consideration to some extent,

n) The "equllg;ggt profile drag" .~ the decisive per-
formance factor in Suction case III.-~ This is composed of
the blower work and the propeller workes The "eguivalent
profile drag" coefficient is obtained as the sum of the in-

dividual values g) and 1).* TFor given values cQs Cps and
Cye . It 1s also dependent on wvy; that is, Fy. OCalculations
show that for Vp .=V, it has a minimum value of

Aclf = ¢y + cq (1 - cp)

. (0]
,Concerning c¢73 , measurements show the followings**
. (o]

Increasing cq requires for a constant ¢, a decrease of
Cy and an increase of ¢q (1 -~ cp).~ For a certain par-
A

ticular cq’ (and cqnsequently also Cp> cmx) the sum of
the two, €}, ; assumes a minimum value for all measurements
. :

at the same cpge

This minimuom value of Clm is obtained by two entire-

ly different minimum condltlons (optimum value concerning
quantltJ of air suction and optlmum value eoncerning exit
cross section of blower), and gives the minimum equivalent
profile drag with which the particular cs can be obtained.

*This is based oh the approximate assumption of equal ef-
ficiency of propeller and blower; with small changes these
considerations may also.be carried.ovexr for. unequal cffi-
ciencies, but for a rapid survey the assumption of equal

efficiencies seems justified because of 1ts simplicity.
**Compare also flgure & above, and section IV; also remark
to flbure 5,

N
|
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The set of these points for different c, values forms
together the "equivalent profile drag polar" (see fig. 5

above) of the suction-type wing, which in Suction case II
may be made the basis of aerodynamic airplane design.

If, in the case of an airplane, the correct dimension
of Py for obtaining the minimum value ¢y is not pos-
o

sible; or at least not for all flight conditions, then we
obtain for vy = v, the equivalent profile drag coeffi-

. M)
cient = clm + cQ (l - ;—) .
III, ARRANGEMENT AND HETHODS OF EXPERIMENWT

The essential details of the experimental arrangement
are shown in figure 1. They are: end plates on the side
of the wing (in order to obtain a uniform <~dimensional
1ift distribution), rigid suspension of the model (no meas-
urenent of the forces by weighing), measurement of air
gquantities Dby means of nozzles, measurement of profile re-
sistance by means of the pitot-tube rake according to the
impulse method as given by Betz, measurement of 1ift by
means of drilled holes arranged aroumnd the profile at the
middle of the wing for obtaining the pressure distribution.

For obtaining the series of pressure-distribution
measurements, suction pressure and profile resistance
measurements, two photographical multiple manometers had
been built,

The investigation of each measured point was made in
the following fashion: Pirst, the suction was started,
then the wind was started up. The behavior of the flow
was observed and checked simultaneously with the measure-
ments (manometer exposure, measurement of stagnation pres—
sure, and nozzle pressure for determination of quantity of
air removed by the blower system). The evaluation (read-
ing, plotting, determination of areas) was made at the
conclusion of a series of experiments.

A series of checks, corrections, and special consid-
erations which were required to make sure of the results
before the principal investigation, cannot be individually
nmentioned here. (Compare, for instance, Suction Report I,
section 5.)
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The measurements for the most part were carried out in
‘a.small l.2- meter (3,94~ fooﬂ wind tunnel of the Aerodynam~
ical Laboratory, and at wind velocities between 23 and 30
m/s (75.44 and 98.40 ft./sec.), and so at coefficients be-
tween 7 000 and 9,000, i.es., Reynolds Numbers of between
5 X 10° and 6.3 X 10°, & :

IV. EXPERIMENTS AND RESULTS WITH A THICK WING PROFILE

Figure 2 shows the %hick profile with the location of
the drilled holes for pressure measurement; figure 3 gives
the eight different slot configurations. The slots I-1¥
correspond to positions aft of slot III of the previous
investigation; slot I was also, as far as the width was
concerned, behind slot III. Slot VIII possesses a rounded
rear edge but is otherwise the same width as slot III.

The tables I to VIII contain excerpts of the results
obtained with these slots. The complete tables, as well
as also all figures, are contained in Suction Report I.

°q °p
Omitted are the values of C1.* TTi73c which can be
% Cg Ca
calculated from the previous data as well as such repeti-
tions as have shown agreement.

To illustrate one case completely by figures, the re-
sults of slot IV are repeated in figures 4 and 5. TFigure
4 above shows as the envelope of the individual series of
measurements the curve for the required minimum quantities
of air at a particular c . .

Figure 4 below (some other slots showed this even
more distinctly) shows that with a certain scatter, the
resistance is dependent esserdtially only on eq - '

Also the graphs of cp Vs. cq for the thick profile

show again a pretty uniform %"path.' ZEspecially distinctly
is this shown with slots I to IV and VIII (forward posi-
tion of slot), less alstlnctly it is also present for
rearward pos1t10n of slots ¥V and VI.* :

*The pressure distribution curves of figures 12 and 13 in-
dicate the reason for this behavior., . The suction slot is
located approximately where all of the pressure-distribu-
tion curves cross. Thus there exists approximately con-
(Continued on next page)
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In figure 5 above we see how, according to the éxpla-
nation of Section II m), we find a minimum value of ¢

for each space o and how the “equivalént prdfile drag po-
lar" becomes the envelope.

In figures 6 to 11, which give the comparison of the
individual arrangements, all small differences are inten-
tionally neglected in order to emphasize more clearly the
essential influencese. Slots III and VIII coincide com-
pletely in the results except for the resistance,

The conclusions which we can draw from the comparison
of the different results are the following:

a) The slot width at ‘a particular slot position has
no influecnce on the required gquantity or on the type of
flow., This holds at least as long as the slot width re-
maing within a certain limit, which in the case of slot
YII has already been passed; also slot VI seems for small-
er quantities of flow to be already somewhat too wide.

The suction under pressurg and so also the suction and
"eguivalent profile drag" are, on the other hand, as is to
be expected, dependent on the width of the slot.

b) The detzil comstruction of the slot edges, whether
round or sharp edges, does not seem to have decisive sig-
nificance. The rounding of the rear slot edge is not at
all noticeable; rounding of the other edge is, according
to previous discussions, equivalent to a certain widening
of the slot. (See reference 1l.)

c) Thelposition of the slot is of very considerable
influence on the results:

1., Tor the rearward position of the.slots V and VI
the required guantities of air are roughly 40 percent
larger than for the forward position. The cause is the
longer path of flow up to the slot. (See also V.)

2, The required suctiomsunder pressures are less for
the rearward position of the slot because the suction
pressures on the profile are less there, (Compare also
figs. 12 and 13,)

(Continued from pa. 11) '
stant pressure independent of c,. Consequently when remov=
ing the same quantity of air by suction, the difference in
pressure between the outside of the slot and the suction
chamber is roughly the same and thus the inside pressures
will also coincide,
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o ‘3., The profile ovtput polar for the same width of
slot is generally more favorable for the forward p051t10n
of the slot,

4,. The shape of flow in the region between slot and
rear edge is somewhat different in the two cases. This
can be seen from the magnitude of the a required for a

cerfain c¢_,; also on observations with streamers, and fi-
nally on the .course of the pressure-distribution curves
(figs. 12 and 13). These show clearly that the forward
position of the slot is somewhat too far forward from the
aerodynamical point of view because behind it the pressure
rise stops already ahead of the rear edge. This flatten-
ing of the pressure curve is well known as an indication

! of the vicinity of the separation flows. This is also the
: reason why, with the forward position of the slot at the
same angle of attack, smaller 1lifts are reached.

d) One of the most significant factors, and one which

all slots have in common, is the strong decrease of cy

" compared to that of the same profile without suction., As
i its CW o is approximately equal to 0.05, we succeed by

5 neans of suction to effect a decrease to 1/3 or 1/4 of itsg
| starting value even for small values of c5. Even if we
1
l

compare ¢ - instead of ¢y then for small c¢, ahd cqg

the decrease remains still under 1/3.

The considerable scatter of the Cy, Values is doubt-

legss due, in addition to certain faults of the series
method of measurement, to the fact that the resistance isg
not determined as usual as the mean value over the entire
; span, but is taken as the value at a particular profile
: cross section where local differcnces cannot compensate
themselves. From some results and check calculations, we
i find in addition that the hardly avoidable small reduction
: of the smoothness of model surface in the course of the ex-
periments with changes of the model, has a certain effect
on the results. This indicates that with suction  wings, -
great enphas1s is to be put on clean constructlon and care
of the wing surface.

Special experlnerts carried out in the large 2. 2-
meter (7.w2"f00t) wind tunnel were concerned with the re-
quired quantities of air for "pulling back" flow which has
already separated. This experiment was not possible in
a small tunnel because the jet was deflected very much
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by the large model. TFor values of cg N 2 'theéaexﬁeriments

gave air“quantities of approximately 125 percent, for val-
nes of c¢g ® 3 a cuantity of air of 130 percent of the

minimum quantity.

Also carried through in the 2.2-meter tunnel was a
series of experiments for dotermination of coefficients
with sl6t I. In the coursc of this experiment the required
minimum pressures and guantitics werc determined for fixed
anglec of attack corresponding approximatcly to cg = 2e3.

Both of these decreased continuously by a2 small amount be~

tween Reynolds Numbers of 2.5 X 10% to 92 X 10°. To a
smaller extent the corresponding c¢, values followed the
sane course, Altogether conditions with increasing
Reynolds Number up to 10® seem to become somewhat more fa-—
vorable, or at any rate not worse.

V. BOUNDARY LAYER REHOVAL BY SUCTION AND SINK ACTIOW*

. Certain experiences in the course of research work
have again called attention to the physical phenomena
which lie at the basis of the suction effect. Their ex~
planation seemed necessary to a further development, ZEs-
pecially the fact that, contrary to previous expeciétions,
slots which lie so near the rear edge as V and VI are still
effeetive, d4id not seem explainabdle according to the old
conception of Dboundary-layer removal by suction.

The old theory of suction was simply this: The strong-
1y retarded parts of the boundary layer in a region of
pressure rise are removed by suction Dbefore they cause
separation of the total flow; thereupon a new boundary
layer is formed which can again overcome a certain pres-—
sure rise. '

¥ow the guestion arose as to whether the "sink influ-
ence," i.e., the change in the statical pressure on the
surface due to the suction, is not essentially connected

with the formation of the newly achieved form of flow,**

*Gompare also 0. Schreak, Z.,f.a.li.M., vol., 13, 1933, p. 180,
**¥This problem was first investigated further in a contri-~
bution by Professor Prandtl (not yet published) on a total
representation of aerodynamics; also, and independent there~
from, in Suction Report I, of the author. Similar questions,
however, without the correct consideration of the boundary
layer, have also been raised by others.

‘.
.-“" #
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1 The sink influence consists of a flattening out of

k - the pressure rise before and after the slot, which, in the
i immediate vicinity 6f the slot, is even- converted -into a -
f} pressure drop. (See fig, 14, where the actunal flow with

| sinlk influence has been denoted by circles, the calculated
main flow without sinks by crosses.) It arises by the su-

perposition of the suction flow which is directed radially
toward the slot and the main flow which runs approximately
parallel to the surface. According to Bernoulli, the pres-
sure difference between the two is at each point approxi-

- k3
111ately v , ;?L/"’(a’/q - “‘_m); 11 ~ la -+ /') Vo b 4 ;2;" PARaYe
U P GRS :
Ap tp v, W 3 e e
where v, 1s the free main flow (independent of gink in- e

fluence) and w is the velocity of the sink flow (small,
compared to the main flow).

It is clear that this change of the pressure field
must prepare a more favorable path for the development of
the bourdary layer which does not lead so rapidly to sepa-
ration. The required guantity of air for suction is then
(contrary to the old conception), in no particular ratio to
the gquantity of the boundary layer. The quantity reguired
for suction must, however, be made so large that the two
pressure rises (practlcally the one ahead of the slot is
decisive) are just yet bearable (German "ertragbar") for
the development of the boundary layer. An essential dif-
ference between the two suction theories is this: that the
real boundary-layer suction acts only toward the rear, i.e.,
downstream, while the sink influence is effective both in
the front and in the rear.

Actually the two phenomena will generally appear cou-
pled; the conceptions are, however, also justified insofar
as we can give independent exanples of each. For the pure
boundary-layer removal, we can imagine a body whose sur-—
face consists of a fine-meshed sieve or of a porous mass.
For the siak influence we can consider the wing with suc-
tion at the rear edge. The problem of the investigation
of this section was, therefore, only a practical one,
namely, to show which effect predominates in the measured
and similar sections, and which of the two concepts is
therefore more suitable for a worklng +heory.

The previous investigations had shown: slots consid-
erably farther forward than slot I are unsuitable because
then the flow separateg ahead of the rear edge of the

A

PSSR
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wing; on the other hand, it was recognized that slots far-
ther aft than ¥V could furnish an aerodynamically good flow
with a certain increase of the quantity of air removed by
suctione Why the most effective slots lie aft of the half
chord can also be explained by considerations which are
not immediately concerned with the nature of the suction.*
However, the complcte state of affairs is not fully
clearcd up by such a manner of consideration.

A consistent explanation is obtained, however, if we
add the "sink effect toward the front.'" Some further in-
vestigations have shown that the sink action is actually
intimately connected with the suction process.,

If the theory of sink influence is correect then, as
mentioned before, a suction from the rear edge of the wing
must be possible. Slot X (fig. 15) corresponds practical-
ly sufficiently closely to this boundary case. As was to
be expected, by means of a sufficiently large guantity of
air removed by suction, the flow could be kept clinging
to the wing. The required quantity is roughly three times
as large as for slot I and roughly, twice as large as for
slot V. Prom a practical standpoint, this result has 1it-
tle importance.

The actual proof for the iarge contribution due to
the sink effect has been given by another experiment.
(See fig. 16.)

For a slot as illustrated in figure 16, it can be
proven that no sink effect canarise in the pressure field
if the width of the slots is equal to the thickness _of the
layer of air to be removed., If, therefore, the presence
of a sink effect is absolutely necessary for the suction
effect, a quantity corresponding to the width s will not
be useful, and only such contributions beyond this value
will act favorably. The quantity of air has to increase
with increasing width of the slot. :

This increase in the minimum amount of air was most
strikingly proved by experiment. In this case the slot
was located at about the same position as the previous

*There greater velocities occur, correspondingly large
pressure rises are also overcome,
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s;qts v and VI. The results obtained are:

302 4 0.022 ~8.5
- 30% 5,5 .023 -7.3
309 | 8.5 .041 - ~3.2
30° 12.5 054 | -2.6

The smallest value of cq for .sf= 4 mm (O, 157 in.) cor-

esponds approxlmately to the value of the plane slot, all
otherﬂ being larger. ‘ .

~ The result will be even more intuitive if we consider
the corresponding curves of the pressure distribution (fig.
17). Disregarding a parallel displacement, which will be
discusscd in the following paragraphs, the curves agree
very well in the forward region of increase in pressure;
also in the region of the sink effect near the slot where,
without an overlapping rear edge, we ought to obtain con=-
siderably different pressures for different gquantities of
air. Anparently the creation of a Jjust sufficient sink
effect was decisive for the magnitude of the quantity of
alY e

In connection with the above-mentioned parallel dis~
placement, the magnitude of the real boundary~layer remov-
al may be recognized., This parallel displacement is
caused by the fact that for the two smaller amounts of air
no considerable increase in pressure has to be overcome
behind the swuction slot; i.e., in this case the amount of
air is too small for the actual boundary-layer removal,
whereas for the two larger gquantities of air both boundary-
layer removal and sink effect are acting.

Still earlier there was an idea to make practical use
of such designs as slot IX, since in this case the air
would flow in with less suction pressure, by itself, so to
speak. However, the results show that this is not of ’
practical value after the 51nk effect becomes of ‘impor-
tante. : :

An investigation of thé boundary lajéer itself also
gave the same results concerning the sink effect.
A method of calculation as developed by Gruschwitz

(reference 3), was applied to calculate from the boundary-
layer measurements on the suction wing for slot locations
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I and V, if and where separation would occur in front of
the slot without sink effect (fig. 14). Disregarding for
the present all details, the result obtained is that for
slot V; without the sink effect the flow would have sepa-
rated far ahead of the slot,. whereas with the sink effect
it will, for the minimum quantity of air, Jjust be able to
stay on., Obviously in this case the sink effect is deci-
sive, The result is not so definite for slot I. The cal-
culations show that without the sink effect the flow would
separate approximately in the region of the slot., It does
not seem possible as yet to draw definite counclusions from
thise.

VI. EXPERIMENTS WITHE FLAP PROFILES™

The section with the four different designs of flaps
investigated is shown in figure 18, Flap I 1s so decsigned
that the slot doss not open until the flap moves. This
first design has the advantage of a smooth and at the same
time a gafe slot lock.

For flap II (a2 and b) it was considered advisable to
neglect an automatic slot lock in order to clear up the
removal of some aerodynamic disadvantages of design I,

For design II the slot is located behind the curved part

of the leading edge of the flap. For flap IIc the suction
slot is moved into the rearmost portion of thie curved part,
thereby guaranteeing automatic locking of the slot for zero
deflection of the flap.

FTigure 19 shows the meaning of angles « and  and
the distance a. The noment (cmh3, which in some cases
has been determined from the pressure distributions simi-
larly as the center of pressure, has been given for the
leading edge as reference point (fig. 18), while the mo-
ment of the flap has been given for the hinge of the flap
as reference point. The pressures inside the chamber have
been measured at station p. (Sec fig. 18.)

Tables IX to XXI give the most important results of
thesc arrangements, again in summarizecd form.

The values of c¢p and cg have been measured rather

“ *The investigation of the flap profiles has been suggested
by Mro Hc Bo Helmbo:‘.du»
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high and unfavorably due to thé comparatively narrow cross
sections ingide the wing.*

Unfortunately it was impossible to avoid limiting the
number of samples of the curves in this case, since the
angle B appears as another parameter. A complete repre-
sentation may be found in Suction Report III.

For flap Ila, the results have beén represented com-
pletely in flgures 20 to 24, 26, and 29, A representation.
of e, 1s not necessary ia this case. (Suction case II
in sec. II will hardly occur here.)

The results'show that concerning the guantity reguired
for a certain ‘¢, region, a definite flap deflection is
always most favorable in all cases:

B = 15° up to c, =2
300 1" [{} ca - 2.8
450 H " ca = 2.3
60°  for ¢, Dbeyond these values
cg values obtained without suction (cQ = 0) wup to about

2 are important in case of emergency (failure of suction),

The fluctuation of the flow for B = 60° below a =
10 has happened since then in gseveral other cases. Here-
by the flow fluctuates irregularly about 2 to 5 times per
second- between the separated and the unseparated case.
These 1rregularities may have their origin in two aerody-
namic sources of instability: first, a curved surface with
pressure increase (suction curvature), and second, an edge
which ."deviates" the flow (such as organ plnes), both act-
ing under unfavorable circumstances.

*Inside of the wing the pressure decrease from the closed
to the open part of the wing follows approximately an ex-
ponential lawe. The local distribution of tle magnitude of
the suction will be of the same character, As an exact
analysis shows, this tends to increase the values of the

xperimental results; however, it is not poss1ble to esti~
mate the resultlng errors more accurately.
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The values cp and cy = for the wing with flaps,

depend mot only on °Q but also very much on the angle of

attack; i.e., the lift,,contrary to thick and rlgld sec~
tions. PFurthermore, they vary with B, such that an in-

crease in [ causes larger valuves of c, and ey . 41l

curvés, however, seem to show that the conditlons of the
flow are rather complicated,

Comparing all three (four) flap devices, we obtain
the following results (see also figs. 25 to 33 and the
¢ableg::

a) With the exception of the suction pressures, flaps
IIa and IIb do not differ very much. Concerning the quan-
tity of air, IIb seems slightly nore favorable. For IID
the flow does not fluctuate for £ = 60° ‘

b) Concerning the gquantity of air reguired for a def-
inite value of the 1ift, IIc seems almost always most fa-
vorable. I is better than IIa fcr 1ifts up to 3.3; for
the rest they are equal. The region of ¢, for favorable

consumption of quantities of air for valunes of P differs
very much for different f{laps.

¢) For corresponding suction pressures the order seems
to be a little different., For very high c5 values which
are decisive for the strength of the blower, Ilc is not as
good as the other two which, for a rough coansideration, are
nearly equal. For smaller values of f and ¢, the con-
ditions are just about the same., Unfavorable for IIc, in
addition to that, is the fact that the suction pressures
increase very fast due to the narrow slot if the quantity
of air is larger than the minimum gquantity.

d). For IIa the proflle drag is usuvally very small
(™~0,005 to 0.,02)., It is larger for IIc (= 0,01 to 0.04)
and it is largest for 1(~0.01 to 0.07). In the case of
landing, larger profile drag is not undesiradle if mno oth-
er disadvantages are connected with it. However, for
these high values of ¢, these differences will be negli-
gible compared to the induced drag.

e) Considerabdle differences occur for the angles of
attacke. For flap IIa high values of <¢,, above 3.5, may
be obtaincd for values of o between 3 and 14°. For
flap I, ¢ has to be above 14%; IIc lies in between and
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needs angles of attack of 10° and morc. For the actual
airplane there is an additional induced angle of attack.

Therefore small angles O mnay be de51ra01e concernlng the
1and1nb gears,

From the theoretical curves in figure 26, we may see
how the actual flow approximates the frictionless purc po-
tential flow. For flap IIa the differcnccs comparcd to
the theory are about the samc as for ordinary wings with
boundary-layer removal; however, they are considerabdbly
larger for I and IIc.*

f) Moments about the Y axis are somewhat smaller for
I and IIc compared to Ila.

For c5 = 3.5: 1Ila, cp = le3 to 1.45;
I and IIC, (o4 = 1.2 to 1035-

m

For the smooth section it might be mentioned that the
cepe 1s almost fixed.

g) The efficiency of the flap can be represented by

d e,
E—E% . For IIa this value is about 0.06 (in degrees);
it IIC it 1] 1 i 0.035,
" I " " " " 0.03 and less.
. ' . d cq
For ordinary ailerons of the same chord, a—§~ is about

0.05.%*% From the present designs it may be concluded that
certain differences occur for the flow for different de-
signs of flaps. By means of some streamlines, figure 18
shows the conditions as observed by means of strings.

In cases IIa and IIb, the flbw follows the comtour of
the section smootihly until the trailing edge; for case I

*The calculation upon which these curves are based is an
extension of Glauert's method (reference 4). Glauert's
method was extended for largeér valucs of B and o and also

for finite thickness of wing sections by approximations

based upon the well-known theory of -Joukowslky sections.

*¥Calculations based upon experiments of- Petersohn and
Higgins and Jacobs (reference 5).
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the separation begins almost always at the rear edge of
the slot; case IIclies in between., It is obvious that
different wvalues of Cles mast result from this. Differ-

. c
ences in the values of 0O, Cmy, s and 56& are caused by

the fact that the flap with the wake acts like a flap with
a smaller B.

To understand these differences in the flow, it is
nccessary to study the pressure and flow conditions at
such a sharp deflection Dby building up the {actual) flow
from its components. According to the laws of the poten-
tial flow, the pure deflection is connected with an under
pressure which increases in the first part of the defleoc-
tion and decrcases in the second. Thercfore, we obtaian
pressurcs which vary a great deal from point to point.

If, as in thc case of the wing with flaps, the edge is lo-
cated in a field of increasing pressure, then this pres-
sure will be flattenced out in front of the edge by the
above-mentioncd decreasc in pressarc. In most cascs it
will even beccme reverscd, wiile 1t will e incrcascd by
the increasc in pressurc. Slot I is located so taat its
forward sink effoct cannot be made uvseful, since it lies
in a region of decreasing pressure, anyhow (as explained
above). TFurthermore, the slot is located in a region of
very fast-changing pressure and therefore acts similarly
to the rather wide slot VII in figure 3. Part of the high
increase in pressure wihich has its origin aft of the de-
flection, lies behind the slot and at once starts another
separation. For slot IIa, however, the most effective
forward sink effect is moved into the second part of the
deflection; i.e., in the region of the most dangerous in-
croase in pressurec. However, aft of the slot the flow
follows the contour smoothly until the trailing cdge of
the wing. The experiment with slot IIc shows that it is
not possible to change the location of slots IIa and IID
very much in order to obtain an automatic slot lock, since
even now a very small displacement changes the flow very
much., TFigure 34 shows one of the pressure distributions
characteristic for flap wings with boundary layer removed.

In a few cases the coefficient cgy = ——=z— (coeffi-

cient of the flap moment Mgq) was determined similarly to
cg and cpy. Since tile calculation is based upon very

few experimental points, the result obtained is not very
accurate and therefore can only give the order of magni-
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tude of the values varying with «, cg, and ¢;, . the fol-
lowing values have been found for flap IIa:

" For B = 15° cgp = 0.14 to 0.18
30° - .28 " .33
45° .35 .56
60° - .42 % .59

For separated flow the above listed values are decreased
by 20 to 50 percent. For the following sories of Reynolds

) Numbers, which unfortunately are very 11m1ted for experi-
mental reasons and for P = 45° and o = 20° (1Ira); we
obtain the following values:

R.N. ¢ Cyp cq Cp
2 % 108 3.20 C.019 -3.1
4 X 105 3.15 017 -2.9
5 x 10°% 3.10 016 -2.7

A decrease of the minimum guantities of air and minimum
pressures required is connected with a decrease in the re=-

sulting 1ift. On the average, the result does not become
WOTSE.

Experiments with flap IIa concerning the effect of the
distance from the ground disclosed that for equal guanti-
ties of air removed, the 1ift becomes smaller for decrease~
ing distances from the ground (tables 22 to 25). An in-
terpolation of the measured points shows the maximum pos-
sible 1ift decreasing from:

Cyr = 3.75 to 3.45 for

i

2 for cq = 0,0S

HP cHi®

ey = 3.75 " 3.70 v &= p = 45°

(For the measuring of a, see fig. 19.) ..For equal c, the
suction pressures remain nearly constant.

Regarding the ground effect, a high~wing design seems
to be preferable when this type of wing is used, and very
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close to the ground, it will be necessary to have a maxi-
mum arnount of suction for a short time, or the gliding mo~
tion will be superimposed by a downward acceleration which
is some part of the acceleration of the earth.

An aerodynamic explanation for this decrease in 1lift
which occurs even though the effect of pressure on the
pressure side increases ncar the ground, is given as fol-_
lows: For the flap deflected, the dircction of the flow
will De changed very much toward the grouad; at the ground
it will at cnce be dirccted toward the rcar. In_the angu-
lar space Dbetween flap and ground, we odtain a damming ef=-
fect which causcs increasing pressures on the suction side
of the flap, and lower velocities at the flap comparcd to
those without ground effect. Disregarding the region clos-
est to the trailing edge, we can mnake the rather rough as-
sumption that the flow along the wing section with the
ground effect will be similar to that without the ground,
thus obtaining a relation between 1ift and gquantity of
air. The decrease in the required quantity of air to be
removed is proportional to velocitices; the 1lift of the
suction side, however, dccrcases faster (Bernoullils law).
The result is that ncar the ground we obtain a smaller
value for c¢5 for the same cQe

VII. OUTLOCKX FOR FLIGHT TECHNWIQUE

Without going into details of construction, we can
estinate from the experimental results the performances
to be obtained in flight; i.e., estimate the improvement
due to removal of the boundary layer.

It will be possible to:

Increase the speed range;
Increasc the rate of clinmnb and the ceiling;
Reduce take-off and landing distance.

Other improvements such as hi

igher loadings at talke-off are
closely connected with the albo

ve-unentioned ones.

It might be mentioned that wvery thick wing sections
nay, under certain circumstances be very valuable for both
useful space and structures (strength).

The consideration, results of which will be presented
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here, hasbeen made-in the following way:. A clean airplane
with flaps, however, without suction (boundary-layer re—
moval), has been compared with two suction airplanes - one
of them with a thick wing section, the other with the thin-
ner flap sections All three airplanes are supposed to have
equal cruising speed, equal weight, and equal rest resist-
ance . (Fyp) for equal engines. We therefore will obtain
differences regarding the wing area and small differences
also in the weight. : R

The following notation has been used:
My = airplane without suction (wing area = Fp)

Yty = airplane with suction with thick wing section
(wing area = Fr1)

Mryy = airplane with suction with flap section
(wing arca = FIII)

The following tabulation gives all the numerical values
upon which the calculation has been based - (Numerical vale
ues for Myy and Myy;y corresponding to vhe experimental
results):

c c Ca by
w a _max —Wr
Pmin max | g F
Pmin
iy 0.00952) | 2.49) | 253 0,018%)
Myq .0150P) | 4,0€) 267 &)
Mrpp | .0115¢) | 3.68). .| 3137 g)

a) Estimated from results of good wing sections.
b) ¢}, instead of Cup (suction case II, che II).

c) Without suction; B = O0; thicker section than for
M
- & I .
d) With 1ift flap.

Cq depends on the allowable suction.
max

f) Value approximately corresponding to good airplanes.
g) Has to be transformed on account pf the wing areas
Fiz and Fryr to be determined:

T T
YL - 0,018 i, cte.
Frr Frr
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For the consideration of the maximum altitude (cecil-
ing) the following values have been selected:
For Myp the results with slot IV ('c-L°° in fig. 4)

For li;yy the few measured points of flap IIa (for
8 = 15° anda 309

For M7y values have been estimated, since convenient ex-
perimental values were not at hand. These values may be a
1ittle conservative

Ca = 1 pr = 0,018
cg = le2 Cy = .025
cq = 15 cWp = L.035
ey = 1.8 Cwp = <045
The aspect ratio of Iy has been selected so that L =

I 2
0.04 (aspect ratio B8:1). The thickness of the wingPsec-
tions at the root: My: 20 percent; Mypr: 45 percent;

Mryy: 20 percent,

As mentioned vefore, the wing section of airplane M3
decreases Taster toward the wing tip than that of Myyr.

A1l three airplanes are supposed to have equal cruis-
ing speced for equal engine performance and equal rest rec-
sistance, Neglecting the 1nduced drag, we therefore ob-
tain dwffcront wing areas:

- 0.00 5 —

FII. = FI 6—6—5.“5-6 = FI 0.53
. = 00,0095 _

Frir = Py g'gog = Fp 0-83

For equal weights the minimum velocity is proportional to

¥
pm-‘ n .
ST Thus we obtain:
Snax

* c -
; "Puin G
Since Ynin = & — .
a A
maXx 4. o P
wr

—2.. v
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= 04975 Vugpp (0496 Vpyn,)

Tmingyp = 048 Taming (0491 vam)

For constant chord the wiang spar of 1lirg. becomes a lLittle
higher and thus a little lighter; the wing spar of HMrrg

a little lower and therefore a 1ittle neavier than that

of ¥ye The rest of the weight proportions of the airplane
also change slightly. ZEstimating all tkese influences, we
obtain the values as given in the above parenthgses.

It may be seen that there is an advantage in the speed
range compared to highly developed airplanes without suce
tion which, however, is not as yet very remarkable, and we
have to aim for further increase in or decrease in

Cwy OF Cl e

c
. “@max
(0]

Introducing a law for the dependence of the engine
performance on the altitwude in the region of maximum ceil-
ing, we will be able to estimate the differences in the
maximum ceilings of MI, th, and MIII without making
other assumptions about wing and power loading.*

Concerning liyy we can even make another step., JFor
equal span the chord length of MNyr decreases to 0.63 com-
pared to . In spite of this decreased chord, the height
of the spar at the wing root is greater than that of M7,
namely, 04583 X 0445 %7 = 0,285 t71 against 0.2 ty for
ye Instead of making the spar a little lighter, as in
the case of MII’ we can lilncrease the span without in-
creasing the.spar section, thus increasing the allowable
load, Its (moment of resistance) is Q6§§§.= 1.43

times grea er than that of FI for equal cross section;

- the span can be increased by N 1e43 = 1,196, while chord ..

H o

length and depth of spar may be decreascd by i—%gg- vt il/

. ; I
utilization of the s of the spar for the same cross sec-—

tion has.béen obtained. Unfortunatelj, the new spar will
be a little jJeavier. .

crepal s el s ey

*However, not for the ceilings themselves, For the method
of calculation, see reference 6,
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The airplane thus obtained may be called My¥
since it has the same wing area as Mry. BRegarding climb-
ing performance, it will be better than Myz and MrTI.

The following values for the differences in maximum
ceiling have becn obtained:

My against My: AH® 0.55 km (075 km)
MIII " MI: AH s 4 R i (0.3 n )

Hy1* y My: AH® 1.6 " (l.6 ")

Also the speed at maximum altitude has been calculated:*

v

g

;—UI ~ 0,95
51

vX

__g_ll A 1l.2
ng

It may be mentioned that for several reasons the values of
AE and vg cannot be accurate values.

To obtain rate of c¢limb and time to climb, we have
to meke assumptions about wing loading and power loading,
also about the performance of the engine in all altitudes
between sea level and maximum ceiling. The results depend
too much on the choice of special conditions, so that it
does not seem very useful to give numerical values. Nu-
merical investigations, however, prove again the_superi-
ority of the "suction" airplane, especially MIIX.

Defining the landing run as the path of the airplane
from a certain altitude (depending on the landing field)
to the final stop, we see that two values are important
for its magnitude: the landing speed of the airplanc and
the gliding angle when approaching the ground.

*Effects of weight have becn cstimated and accounted for.
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The landing speed was given previously. The landing
run-will.in some .way also be slightly affected by differ-
ences in weight (for the alrplanes investigated)., )

Concerning the gliding angle, the slower airplanes,

Myy and My are slightly superior to Uy since E% =

Eé%ﬁ . TFor Mrr¥®, however, this advantage vanishes on

account of larger span. Altogether,. M;jy and MIII‘ will
be better than My; Myy*, Thowever, nearly equal or
slightly less favorable in landing run.

. Similar to rate of climb and time to ¢limb, the itake-
off distance depends on the engine and propeller perform-
ancec and especially, on the wing and power loading, and
cannot be easily determined. At any rate, one knows that
the take~off distance is primarily determined by the pres~-
sure head dg (a2t the instant the airplane leaves the
ground) and the maximum angle of attack ¢ of the airplane.
(Take-off distance = the distance from the beginning of the
rolling until a prescribed altitude has been reached.) The
pressure head may approximately correspoand to that of the
maximum angle of attack. Based upon the experimental re=-
sults for the ceiling, the angle of attack can be assumed
to be larger for the "suction' type airplane, especially
for My;® than for My (without suction). The aerody-

namic pressure a4, of the best angle of attack is smaller
for Myr* (very likely also for Myy and Myyp) than for

M1, so that a remarkable decrease in the take-off dis-
tance may be expected for the "suction" type airplane, es-
pecially for My¥.

For completeness we might mention that the basis for
comparison cnanges very greatly as soon as the service
conditions are altered. Thus, for instance, we might in
some cases neglect a high velocity at low altitudes or,
on the other hand, just aim for such a high velocity.

Such conditions have to be investigated secparately., With-
cut doubt, a further development of the suction wing will
be possible and necessary.

Thus the thick wing section will very likely be supe-
rior to any other design as soon as it is possible to ob-
tain €y values of 0.01 instead of 0.015 at cruising

flight. Further experiments in this direction are planned.
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As to the wing with flaps, the following probdlems are
important: : '

Design of a flap w1th an automatlc locking device
for the slot at zero position of the flap which,

~however, has the same advantage as Ila with re-
gard to a small angle of attack reqguired (see
sec. V),

Decrease in the quantity of air to be removed and
in the suction work;

Application of suction to thin sections with smaller
values of BWP for B = 0,

It is a question as to whether or not fundamentally
different forms will be developed in the future. At the
present time the thicker wing sections seem to have more
pos51b111tles for future development. However, it will
not be applicable for small airplanes since failureg of
suction might bring the airplane into a daagerous situa-
tion. Sufficicnt safety could be obtained by distribut-
ing the entire "suction" upon several aggregates.

Thus a thick wing section will very likely unot repre~
sent the first step for the application of boundary-layer
removals It will be advisable to use smaller airplanes
with flaps which will be able to fly without "suction,"
in order to investigate all the major difficulties of suc-
tion airplanes,

VIII. CONCLUSIONS

Tyvo suction wings have beecn investigated: a thiclk-
wving scction with a thickness ratio of 40 percent with
slots of various widths and at various stations (flgs. 2

and 3) and a flap wing with various designs of flaps and
suction slots (;1b. 18). With flap at zero position, the
flap wing had almost no c.p. travel., Its thickness ratio
was 20 percent.

In varying the slots of the thick section, it was im=
portant to find the most efficient location of the slot:

1., To obtain maximum values for cglcy) for mini-
num suction.
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The landing speed was given previously. The landing
run will in some .way also be slightly affected by differ—
ences in weight (for the airplanes investigated).

Concerning the gliding angle, the slower airplanes,
. ' W.
M1 and M1y are slightly superior to My since E% =

Eé%g « For MIIX, however, this advantage vanishes on

account of larger span. Altogether,. M;y and Mpyr will
be better than MI; MIIX, however, nearly equal or
slightly less favoradble in landing run.

~ Similar to rate of climb and time to ¢limb, the take-
off distance depends on the engine and propeller perform—
ance and especially, on the wing and power loading, and
cannot be easily determined. At any rate, one knows that
the take~off distance is primarily determined by the pres-
sure head gq, (at the instant the airplane leaves the
ground) and the maximum angle of attack ¢ of the airplane.
(Take-off distance = the distance from the beginning of the
rolling until a prescribed altitude has been reached.) The
pressure head may approximately correspond to that of the
maximum angle of attack. Based upon the experimental re-
sults for the ceiling, the angle of attack can be assumed
to be larger for the "suction" type airplane, especially
for MIIX than for My (without suction). The aerody=-

namiec pressure q of the best angle of attack is smaller
for Mpy* (very Iikely also for Myy and Myyy) than for

My, so that a remarkable decrease in the take-off dis~
tance may be expected for the "suction" type airplane, es-
pecially for MIIX‘

For completeness we might mention that the basis for
comparison changes very greatly as soon as the service
conditions are altered. Thus, for instance, we might in
some cases neglect a high velocity at low altitudes or,
on the other hand, just aim for such a high velocity.

. Such conditions have to be investigated sgeparately, With-

out doubdbt, a further development of the suction wing will
be possible and necessary.

Thﬁs the thick wing section Wiil very likely be supe-
rior to any other design as soon as it is possible to ob-
tain Cl, values of 0.01 instead of 0.015 at cruising

flight., Further experiments in this direction are plaunned.
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As to the wing with flaps, the following problems are
important:

Design of a flap with an auvtomatic locking device
for the slot at zero position of the flap which,
however, has the same advantage as I¥a with re-
gard to a small angle of attack reguired (see
sec. V);

Decrease in the guantity of air to be removed and
in the suction work;

Applicaﬁion of suction to thin sections with smaller
values of cwp for B = 0O,

It is a question as to whether or not fundamentally
different forms will be developed in the future. At the
present time the thicker wing sections seem to have more
possibilities for future development. However, it will
not be applicable for small airplanes since failurg of
suction might bring the airplane into a daagerous situa-
tion. Sufficient safety could be obtained by distribut-
ing the eatire "suction" upon several aggregates.

Thus a thick wing section will very likely not repre-
sent the first step for the application of boundary-layer
removale, It will De advisable to use smaller airplanecs
with flaps which will be able to fly without "suction,'
in order to investigate all the major difficulties of suc-
tion airplanes,

VIII, CONCLUSIONS

Tyo suction wings have beon investigatcd: a thiclk-
ving scetion with a thickness ratio of 40 percent with
slots of various widths and at various stations (figs. 2
and 3) and a flap wing with various designs of flaps and
suction slots {fig. 18). With flap at zero position, the
flap wing had almost no c.p. travel. Its thickness ratio
was 20 percent.

In varying the slots of the thick section, it was im-
portant to find the most efficient location of the slot:

1. To obtain maximum values for cgl(cy) for mini-
mam suction.
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2. To obtain small values for "equivalent drag"
for values of. ¢ for long-range flight.

(Equivalent drag = thrust work to overcome
the profile drag + suction work; equivalent
drag coefficient Cle defined as ¢4 and

Cype)

As to the different desigmns of flaps, it was impor-
tant to obtain a suction slot which opens automatically
with the flap deflection . and is frcec from certain aergdy-
namic disadvantages of design I (separatod flow over tho,
flap, largec values of a to obtain large values of ca).
It has 2ot as yet bcen possible to design such a flap.

The results of the thick wing section are: With re-
gard to ¢y~ for small values of ¢4, slot IV is Dbetter
than VI and as good as I to IIT and V (cg = 0.015); with
regard to the suction work at large values of c¢,, it is
much better than all others.

Concerning the angle of attack required, slots V and
VI are better; ¢, values have been measured up %o 3ebe
However, the 1limit of ¢, depends only on the magnitude
of the suction work and according to previous experiments
could be raised up to 5.

With regard to the results of the flap wiang

Canax
are similar -~ no measurements being obtained for ¢y = 3.8.
For P = 45° and 60° (for B, see fig. 18), ¢, values of
3.6 t0 3.8 have been obtained compared to ¢cg = 2 at equal
B. for the wing without suction. Slot I is a solution for
the attempted automatic locking device, Slots IIa and IID
give a good flow on the flap (nminimum « required), Ilc
represents an intermediate solution, the conditions of flow
being between I and IIa. (See fig. 18.)

Hear the ground the Capax

decrease very fast. (For explanation, see end of section
vI.) )

values for the flap wing

_Some statements have been made about the physical rea-
sons which determine the unusunal types of flow and the
large ¢, values obtained (sec. V)o Besides the actual
boundary-layer removal (i.e., removal of the dangerous
layer close to the wall, which causes separation), there is
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.
.. n

a large contributiocn Dby the sink effect: The additional
flow directed toward the slot, i1eee, the "sink flow" changes
the entire pressure field along the surface forward and

aft of the slot so that separation occurs less rapidly

(fig. 14). Both phenomena conitribute to the actual condi-
tions and are therefore necessary for a clecar conception,

General considerations show some, though not wvery
great advantages of the two wings investigated over highe
ly developed profiles without suction dbut with flaps.*

The following factors were discussed: speed range, flight
at maximum ceiling, landing and take-off distance.,

Future possibilities are briefly indicated.
Translation by Tme Bollay and H. M. Antz,

Guzgenhein Aeronautics Laboratory,
California Institute of Technology.
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' _‘._['a.:b]‘.e_' I. Thick wing. Slot I. Table 1II. Continued
o I cr Cw oo co —cy & | cr I l € —p
Za0 | ooss 0.0083 0.0088 2.50 0%%) 1,32 | 0,018 ‘| 0,0055 1,43
—10° | 077 | 00092 | 0007 | 2,14 0% - 1,80 00120 | -0.00357 142
—100 |. 072 0,0098 | 0,0058 1,% o 1,26 0,0137 e 595
—10° 0,68 | 0,0107 0,00401 1,39 0 -4,25 | 0,0146 , )
. —10°- 0,60 - | 0,0115 0,00264 1,07 49,80 2,26 0,0043 0,0186 3,07
—10° 0,55 0,0128 0,00170 0,95 +9,8° 2,18 0,0053 0,0132 2,26
—10° 0,50 0,0135 0,00126 0,81 + 9,89 2,09 09,0071 0,0093 1,74
—10° 0,46 0,0139 0,00083 0,77 4-9,80 2,00 0,0075 0,0065 1,39
—10° | 0,43 0,0150 ~ 0,00055 -0,65 +9,8° 1,99 | 0,0095 0,0065 1,41
-—0,1° 1,33 0,0096 0,00607 1,83 +9,8°. 1,95 - 0,0101 0,0057 1,30
—0,1° 1,34 0,0107 0,00495 1,59 +9,8 1,88 00111 | .0,0053 1,25
—0,1° 1,31 0,0095 0,00423 1,43 0 ¢ 1 0093 1.62
—0.19 1.30 0,0099 | 0.00341 1.25 +20 2,63 0,0100 | 0; :
—0,1° 1,25 0,0112 0,00303 1,16 +80,8° 3,33 . 0,0066 0,0147 2,31
+9,8° 2,27 0,0050 0,0178 5,46
+9,8° 213 0,0060 0,0130 3,66
+09,8° 2,06 0,0076 0,0092 2,50
+9,80 2,01 0,0092 0,0073 2,00
+09,8° 1,97 0,0102 0,0065 1,81 :
Togo 195 00111 0,0056 e Tablg IV. Thick wing. $lot IV,
. ]
200 2,70 0,041 0,0099 2,58 & | e Cwoo cq —cp
20° 2,63 0,010 0,0094 281 100 0,64 0,0100 0,00395 1,08
30° 8,41 0,0085 0,0154 4,3 —100 0,59 0,0103 0,00263 0.95
30° 3,43 0,0079 0,0171 4,9 109 0.52 0’0119 0,00167 0.83
H) 3 b 1
30° 3,52 0,0047 0,0218 6,9 —100 0.47 0,0147 0,00106 0.72
. —100 0,42 0,0176 0,00066 0,65
Table II. Thick wing. Slot II. 100 0,40 0,0194 0.00040 0,60
« cr weo ¢ —ey +0,10 1,38 0,0097 0,00482 1,21
+o1° 1,34 0,0098 0,00889 1,10
—100 0,66 0,0101 0,00369 1,18 +0,1° 1,29 0,0111 0,00326 1,08
—10° 0,60 0,0102 0,00282 1,05 +0,10 1,28 0,0119 000290 0,98
—10° 0,58 0,0110 0,00229 0,99 +0,10 1,26 0,0127 0,00256 0,92
—10 0,56 0,0117 0,00181 0,91 0
—10° 0.55 00119 | 0,00147 0.85 ig’g“ 213 oo | Soa07 L7
—10° 0,52 0,0124 0,00114 0,80 o 203 0'0093 0’0073 oo
—-100 0,49 0,0141 0,00097 0,77 T o0 300 00101 0°0060 135
—10° 0,48 0,0145 0,0008% 0,74 o9 198 0'0095 00056 et
—10° 0,47 0,0150 0,00063 0,69 - J : ’ ’
—100%) | 0,51 0,030 | 0,00470 | 0,87 +20 2,68 0,008 10,0099 1,54
—10° 0,49 0,0154 - | 0,00119 0,81 + 300 3,29 - | 0,0084 0,0144 1,91
—10° 0,45 | 0,0157 0,0008: | . 0,73
—10° .| 04k 0,0180 |. 0,00062° | 0,67
—100 0,43 0,019% 0,00039 0,61
0 1,33 0,0090 " | 0,00421 1,29 v
o | 128 010100, 0/00313 1708 Table V. Thick wing. Slot V,
0° | 125 | 00113 | 0,0025% 0,97 o or Cw Co —p
9,80 2,17 0,0062 0,0117 2,41 . : v :
:l|-_9,8° 2.12 0,0072 0,0090 1,95 —~10: 0,84 0,0088 0,00775 1,1:5 .
49,80 2,04 0,0076 0,0076 1,70 —100_ 0,77 -0,0097 0,00538 0,93
+9,8° 2,02 | 0,0087 0,0068 1,56 ~}80 g,-'ég 8’8%8; 8,88%3 g,;g-
100 200 | 00082 | 0,0066 1,50 —10° | 0,56 0,0426 | 0,00162 0,50
1300 . 334 00095 0,0149 279 —0,15° 1,64 0,0067 0,0093 1,28
R A B B —0,45° 1,58 0,0075 0,0069 1,01
Table III. Thick wing..Slot III, —0,15% ) 1,51 0,0081 10,0056 | 0,89
— - ——— +9,7° 2,36 0,0031 0,0205 |. 2,46
* - o Cwoo |- % % +9,70 2,28 0,0032 .| 0,0181 | 2,02
PN EETEa - T 9.7 2,26 00 . ;
—10,49 | ‘o6 | 0,008 | 000385 | 113 AN 2% yonas | doust 178
—10,4% ' 0,61 0,0114 0,00275 | - 1,00 49,70 215 0:0055 0:0101 1'25
—101° | 055 0,0124 0,00192 1 . 0,90 , . X ’
—10,4% {» .~0,51 0,0131 |. 0,00180 | 0,80 +,19,9o 3,05 0,0022 0,0233 2,66
1014%; 0,0137 | 0,00086 | * 075 T19% | 299 000 | 00195 2.2t
sy A a0 s | 0,83 +19,9° | 2.89 0,0038 | 0,0158 1,75
Uy ) ) ! EAS ] - .
g 50 . 300 3,67 0,0085 0,0350 44
—0,4° 0,008 | 0,00698 1,52 i 300 3,69 0.0032 0,0320 360
—0,10 . 0,0099 - | '0,00423 1,19 +30° 3,62 0,0022° | 00284 3.16
—01% ° | 1,40 | 10,0088 7 °0,00579 | 1,39 -+ 30° 3,64 0,0020 0,0267 2,94
—0,1° - 1,81 0,0105 | 0,00312 1,02 +300 3,57 0,0023 0,0257 2,82
) Reche . A + 300 3,57 0,0022 0,0247 2,08
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Tables 6,7,8,9,10,11

Table VI. Thick wing. Slot VI. Table X. Wing, with flap I. g= 30°
« [ Cw oo €y Co—ey o Cy Cyoo | Cq —Cp | Cmy
—100 0,69 | 00114 | 0,00386 0,77 0° | 1,06 -|.0,0270 | 0,00820 | 1,64 .
—100 0,60 0,0439 * | 0,00241 10,60 00 0,97 10,0333 | 000217 | 1.36
—100 0,51 0,0154 ~ | 0,00168 0,51 00 0,97 | 0,0413 | 0,00145 | - 1145
—10° 0,51 - | 0,0148 0,00152 | . 049 g: o,gg 10,0465 | 0,0009& | 1,04
—0,20 1,44 | 0,0089 | 000712 1,00 : 093 ° 10,0504 | 0,00068. | 0,95
- —0,20 1,87 | 0.0098 | 000562 0.86 01 083 | 0057 | 0 —
. 0
100 947 00072 | 00113 105 120 | 1,85 . | 0,0269 | 0,00749 | 2,17
10 2d2 | 0007 | ooptor | owgs G | D7E | 00283 | 000071 ) 459
+19,9°0 | 2,86 0,0060 | 0,015 1,46 120 | 168 | 0,0409 | 000229 | 1.08 068
+19,90 2.86 0,0061 | 0,0150 1,50 120 | 468 | 0,0570 | 0,00124 | 0,90 -
+300 | 357 0,0026 | 0,022 1,85 12 1,52 10,0792 |- 0 1
: 180 2,227 | 0,0325 | 0,00963 | 2,48
. igg gigg 0’8337 0,00674 | 1.76
: , : 0,0381 | 000434 | 1,23
. 0
Table VII. Thick wing. Slot VII, 190 | 2928 | 95T | io0s0t ) 0.9
x| o P e .| —¢p 342 2,83 | 0,0162 | 0,01775 | 4,01
—100 0,57 0,0162 | 0,00550 | 0,82 e | moZ 10,0279 yonasT | 358 0,93
—10° 0,53 0,0474 | 0,00380 0,74 250 158 0.15% ‘0 il ‘
—100 0,47 0,0209 0,00236 0,64 \ N ’
. —400° 0,42 0,0240 0,00167 0,56 . ggo g,gg 8,8354 0,0282. 4,63
.00 290" | 00081 0,031 Py a0 | s 0,0,123 0,0166 2,63, 1,08
 +208° | 3,67 | 0,0082 0,0594 2,37 ’ A DEES 0,0258 | 4,28
. _Table VIII, Thick wing. Slot \fIII.
o I Cy Cwoo f Cq - —Cp S .
R Table XI. Wing, with flap I. B= 45°
100 0,68 0,0116 0,00392 147 e
©—100° 0,59 0,0126 0,00258 0,98 o Cr Cwoo  Cq —Cp Cmp
—100 0.53 0,0135 0,00168 0.86 - -
—100 - 0,49 0,0150 0,00105 0,76 00 1,47 | 0,042 | 0,00765 | 2,98
© =040 | 4,87 | 0,0097 | 0,00488 | 1,32 Qo | 338 | 00477 0,00538 -\, 2,56
Co0a0 | 45320 0,006 | 10,00388 1,46 0° | 126 |0,0598 | 0,00220 | .89
. —0,10 1,29 . [ - 0,0119° | .0,00314 - 1,07 0° 1,0'5 - ”0’1'262’ } 0’ s
12040 1,24 0.0146 0,00253 0,95 . S B
—0,1° 1,18 0,0164 0,00224 0,90 120 1°2,43 | 0,0464 0,0097 2,94
Tom | o | omms oo | as A% | 0 |oome | ofth | Fi | on
+9,8° 1,97 0,0412 " | 0,0060 1,37 120 2,06 | 0,060% |, 000611 | 207
+-9,8° 1,93 § 0,0124 0,0054 1,25 190 1’72 0"1158 1 0’ ?
1980 189 0.0157 0,0046 114 e 10 : —
ol e D= 180 | 2,58 | 0,0415" | 0,0136 3,52
+19,9° 1 . 2,61 0,012 40,0090 1,57 18 | 252 | 0,0492- | 0,009 2,64
29,90 3,25 0,0090 |- 0,0131 2,06 180 245 | 0.0547 | 0.0057 2,02
. 190 206 [ 04276 | 0 Z
, 240 3,09 | 0,0260 | 0,0217. | 4,83
240 3,05 | 0,0290 | 0,0195 431 1,01
e o 260 298 | 00307 | 0,017 383
: ‘ 24 K 00321 | 0,0150 3127
Table IX. Wing, with flap I. §=15 240 2,86 | 0,0405 | 00130 283
x e | cwew | e —cp | Cmy 240 2,80 0,0466 0,01056 | 2,30
, A 240 2,76 | 0,0580 | 0.00848 | 1.72 0,915
190 1,20.- | 0,0800 | o 260 z,zg 0,0613 | 000804 |- 1.62 :
: 240 — 0 B I
240 2,46 | 0,00736 | 0,00712 | 5,27 0,72 ’ _ A
240 2.36. | 0,01455 | 001240 | 3.04 80° | 3,36 0,0210 0,0246 4,63
. s v 30°. | 331 | 00281 | 00219 3.95
24 2,23 | 00227 | 000918 | 1.89 °
240 Ta6 | 00512 | 0 ol 300 315 . | 0,0671 | 00166 2,35
300 | 278 0013 | 00150 | 532 3% | 335 | 005 - oosae | 08 hH
! ’ ! : i 34,80 | 3,79 —_ 0,0319 5,15 -
32,30 | 2,92 | 0,058 | 0,02103 | 55 34.8° | 0,98 o 0.0309 2,23
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.y : G
Table XII. Wing, with flap-I. B= 55.6 . Table XIV. Continued

o ¢y Cwoe € T —ey Cmn * o I eweo co. —cp ] Comp

o | 4e T n 30° | 3,40 | o0,0069 | 00814 | 316 |
S | Te | o0 | Do0ses e 300 | 327 | 0014k | 00238 | 227
0°° | 158 | 00631 .| 000400 | 3,09 ©80%. |- 1,44 — 0 - N
0° 142 | 04395 | 0,00285 | 1,67 32,70 8,66 | o0,0123 | 0,0331 2,79 1,13
0° 120 |-04708 | 0 - _ 32,70 o087 | . — 0 = 089

0 |
12 2:33 . ggggg g:ggg; g’;; Table XV, Wing, with flap IIa. p= 45°
190 2,25 | 0.0847 '| 0,0048 | 2,70 0,86 o c L Cweo | . € —c; P
12° | 191 | 04473 . | 0,0082 | 0,86 : SN - 2 mb
120 | 1,83 | 01612 | 0 =0 2,06 | 00085 |- 00185 | .3,96 1,00
18° | 2,76 | .0,0452 | 00141 | 3,96 o | T8 | 0036 | 000es | 2as | 087

0 . b 9 N g ] 1 N 3
180 [ 272 | 00462 | 0,0092 | 3,22 oo | 131 | 0osss | o'otee |- o83 ,

0 3 - . ) s a 3 by £} . .

180 .| 2,61 . | 0,0669 | 0,0057 | . 2,55 o | 179 | ooso1 | -0 8¢ 0.57
480 | 2040 .| 0,0998 | 00058 | 1,2 A I I , = |0
18 | su7 |oqaze | o | 2 ‘ }go g,zg . ‘8’83?3 : 00224 3,84 1,14
- : - ' 0,0157 398 -1
240 | 3,18 | 0,0366 0,0221 4,93 . 400 | 259 | 0,011, | 0,012 | 2.57 ‘
(24° | 8,06 0,0400 0,0154 3,68 .| ' 10° . | 4;90 0,0855 | 0014 | 1.00
24:‘ 2,98 0,0511 - | 0,0113 2,74 1,03 100 1,75 | 0,090% 0 . —
24 2,82 | 0,0763 |- 0,0090 | 4,81 : 900 | 340 | 00061 | 00278 | 415 1,34
25" | 1,80 | — 0,0106 '} 086 .| - - 909 | 331 | 00055 |-00217 | 356 1,29
30° | 359 | 00310 | 00260 | 452 146 20°. | 344 | 0,0123 | 0,0157 2,66 1.20
300 |. 3,30 | 0,0612 | 0,070 | 2,44 . oo 2,51 | 0,0762 | 0,216 | 1.48
C s | s | o0m0 | sows | sest | e e see | ame | 4as
- Table XIII, Wing, with flap IIa. g=15 20,89 | 1.43 T 00374 | 1.85 ‘
o “er | e €y ‘-——c,,  Cmy 29,8°| 1,23 . — |0 - 0,48

o | 077°|000% | 00085 -/ 1,08 © ‘Table XVI. Wing, with flap IIa, 8= 60°
0o | 077 |oo0092 | 00058 | 0,98 - . =1} : p 1la 8=60
00 | 075 | 0,0126. | - 0,0034 0,89 |- - or Cwos . cq —cp | s
0o | 0;68 -| 0,0162 | 0,0020 073 |- —

o 1 0% 0029z | o Al o | 266 0,000 | 0,0230 581 | 1,2

: > o : I 2 0,0027 | 0022¢ | 575 |

o ' , :

A A T e $% | . Tor low cy the flow fluctuates between

50 | 1,08 | 0,0128 | 0,0020 0,66 adhering d seperated condition. A
10°. | . 4,54 | 0,0061 | 0,0102 144 - o0 1,8 10,1508 — 0,64
‘400 | - 177 | olot01 .| 00063 | 0097 | 0,56  10° | 332 ' [ 0,0031 0,0262 5,32
400 | 143 | 00140 | 00035 | 077 100 -|. 8,26. | 0,0050 | 0,0195 43% | 1,50
10v =} .-.1,29 [ 0,0208 | 0,0021° | 0,49 : 10% 1,91 | 0,612 0 _

0 . . N . — . : Co . - y
100 1,18 10,0276 170 , 0,38 190 | 382 | 00059 | 0,0283 5,11 1,56
200 | 2,26 | 0,003% | 0,0214. | 1,59 - 20,2°| 2,67 | 0,4700 | 0,084% | ‘246 | .

+ ?

200 | 222 | 0,002 . | 0,0157 1,35 23,50 | 1.83 | oosas |18 .

200 |* 210 | 00112 | ©0,0099 ‘| 099 | .. . 29,5°) 1,26 — 0,0355 |- 1,73

20° 1,96 0,0185 0,0065 -| 0,65 0,64  30,0°| 1,03 — 0,0355 1,58 ) .
200 | 4,72 — o — Lol 250 1,48 - | = 0,51

300 - | 2,89 | 00086 | 00311 | 18 | 30 1,02 - 0 - ‘
A gg‘; _ E;Sé _ ’.07(31_97-:' »»'8'0224 ; 1£3 L Table XVII Wing. with flep IIb.

32,50 | 3,40 | 0,009 .| 0,08. | 1,93 | 0,99 o | e | wew | e [ —e

82,50 | 1,077 — ] 0. — 0,37 o B = 30°. —

, XIV. Wine, with flap IIa. 8= 30° 200 2,73 «| 0,0120 0,0139 2,97

"I'abl‘.e X1V ing,‘ t 2P B 200 2,62 | 0,0166 0,0096 | - 1,96

* Cr Cwe - fe | TOe | Cm 250 3,12 0,0100 0,0213 4,22

0 | 141 |o00046 | 00108 | 225 250 1 2,93 | 00188 | 00152 | 2,52
00 | 136 10,0079 | .0,0065 1,95 0,66 30° - 8,42 | 0,0184 - | 0,0257 4,66
00 | 4,31 . | 0,042 0,0047 1,67 | 30° | 3,30 ©0,0192 0,0219 © 3,50

0° |- 1,20 .| 0,0182 | 0,0036 1,26 032,20 | 356 | 0j0167 |- 0,0268 4,42

0° | 144 | 00295 | 0,0038 | 0,93 ‘ S v .

0o | 083 | 005 | 0 oy 0,40 200 3,36 'g 0081 | 00216 | 51
100 | 2,20 | 00032 | 00289 | 3,06 . | o | 318 ’ ’ ;
10°° | 217 | 0,0058 | 0,0153 2,57 20 8,15 0,0207 | 0,0152 3,82
100 | 208 | 0,0000 | 0,0096 | 2,10 250 - 3,68 0,025 | 0,0247 51
100 | 1,96 0,0i18 '| 0,0061 1,56 0,76  25° - 3,57 00152 | -0,0228 4,55
100 | 178 | 00s6 | 00055 ) 082 20,20 | 3,70 | 00156 | 0,025 4,38

AL s . . _
200 2,80 | 0,0066 | 0,0209 | 2,75 L B=s0 ,
200 | 271 | 00102 | 0,046 219 -0 2,64 0,004% - | 10,0135 57"
ggo gfg - 0,0216 8;8333 %,;32 6 3,04 0,0066 0,0180 5,9,
200 185 - o 11,59 3,27 | 0,0070 0,0214 6,4
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Tables 18,19,30,31,33,33,34,35

Table XXII. Wing, with flsp IIa.

Table XVIII. Wing, with flap IIc, 8= 15° Ground clearance a= (0,5t
&, cy Cwao ¢y —cp Cmp o« B ! [ o | —¢tp
o0 0,82 0,0094 0,0086 1,24 00 .300 1,77 0,0075 . 1,49
0° 0,79 0,0117 0,0055 1,01 00 300 1,64 0,0054 1,10
0° 0,72 0,0138 | . 0,0032 0,83 00 300 - 1,52 0,0050 0,63

00 0,66 0,0071 |- 0,0047° 0,64 00 . 300 1,23 0 - —
100 1,53 0,0074 0,0006 | 1,41 50 . 300 +2,02 0,0105 1,35
10° 1,45 0,0108 | 0,0062 1,08, K - 50 300 . 1,9 0,0074 0,90
10° 1,38 | 0,0136 0,0039 0,80 .| 047 - 5° 300 1,81 0,0070 0,54
10° 1,31 | 0,0164 0,0022 059 | . . 50, . 300 1,57 0 —
32,8 | 3,14 0,0082 | 0,0280 | ‘3,08 0,96 10°- - 800 2,30 0,0163 1,38

100 300 2,27 '0,01058 1,37

10° 30° 2,25 0,0118 0,86

o S 100 300 1,79 0 —

 Table XIX. Wing, with flap IIc. g=30° ¥ 30° 2,56 1 00372 | 1,98
,x — . Py P g 45° 2,28 0,0156 2,19

i T wo . ° L R 0 450 2,17 0,0107 1,76
100 | 4,98 | 00080 | 00112 | 3,29 0 850 | 187 o —

- 109 | 4,86 0,0139- | 0,0072 2,46 59 - 450 2,44 0,0196 2,11
100 1,74 . | 0,0226 0,0043 1,77 0,66 59 45 2,36 0,0150 1,57
10¢ 1,66, - | 0,0320 0,0022 1,24 5 450 1,76 0 o
15° 2,26. | 0,0098 | 0,0112 3,16 9,50 450 2,68 0,0318 2,36
15° | 1,97 0,0293 0,0036" | 1,05 9,50 45° 1,96 | .0 _—
20° 2,79 90,0076 0,0226 | 5,55 0,8° 60° 2,55 0,0288 3,51
200 2,60 0,0126 |- 0,0136 3,49 |. 0,90 o o ' .

200 | 252 | 0,0162. | 00098 | 247 , 1,0 60 2,55 0,0288 . 3,46

0 ’ .

200 | 245 0,0249. 10,0078 . ;IZ Table XXIII. Wing, with flap Ila,
25 3,06 06,0106 0,0221 1 ; = 7
250 | 286 | 00175 | 00152 326 Ground clearance a=0.67t,
250 2,68 — | o,0110 1,89 K B cr o —ey Cmy
300 3,28 0,0180 0,0229 4,69 100 300 2,20 0,0101 0,09

1 30° | 3,08 0,0266 0,0174 2,74 100 300 1,79 0 il
32,5° | 3,39 | 0,0203 0,0238 21 1 1,08 16,80 | 30° 2,77 0,0324 2,15

o 16,80 | 300 1,50 0 —
‘ 12,80 | 45° 2,86 06,0306 2,26

: . ‘ : 12,8° | 45° 1,70 0 —

Table XX. Wing, with flap IIc., B= 45° 4,3 | 600 2,87 0,0300 3,69
T . ! — 4,99 17 60° 2,63 0,0305 2,44

o [ [ ¢ e [ ‘t 5! ,
— T —2 L. A 490 | 60> 1,85 0 = |
10 | 2,36 0,0230 0,0107 4,08
10° 2,22 0.0350 | 0.0069 3:02 0,89 Table XX_IV. Wing, with flap Ila.
10° 2,4 | 0,039 | 0,0043 2,33 Ground clearance a= 0,83t,
100 1,78 b 0.0023 0,67 . P ~ - ~—

. A . 002 - - —
200 3,25 0,0196 | 0,0200 6,4 - 1,25 . 9 L
200 2,89 - |-0,0251 0,0123 3,79 , 159 30° .- 2,54 0,0169 1,37
200 | - 2,7 | 0,0385. | 0,0092 2,70 150 30° " 1,95 0,0158 0,75
1200 .| 2,67 | 0,0467 0,0066. 1,91 0,95  15° 30° - i 1,79 0 . fal
250 3,31 0,0260 . | 0,0211 5,2 18,9° | 30° | 2,88 0,0336 2,26
250 3,10 0,0341 0,0141 3,09 18,9° | 30° | 1,37 0 —
30° 3,52 0,0297 0,0229 52 . 10° 450 2,65 0,0164 | 1,78
30° | 346 | 00874 | 00199 | 380 | A6 40" | 450 . 207 | 00178 | 088 |

TUagsY | 8,66 70,0882 T 00246 | 4,500 |7 4,47 14,8° [ 45° ] 2,98 | 0,0805. | 2,47

: ‘ 0° | 60° | 2,66 | 0,0168 8,02

00 60° 1,75 0,0228 1,36
o o O 60° 1 1,64 0 e
Table XXI. Wing, wlith flap Ilc. B=60 440 | oo 301 | 00800 | 886

o cr Cww | % | —C» Cmn_ 7,50 . 603 | 2,35 '0,0330 2,55
100 |- 2,88 | 00210 | 0,015 | 66 148 7% 1 60° i 13,00 0 - .
10° 2,69 0,0352 0,0108 4,93 ’ Table XXV, Wing, with flap Ila.

0 - . .

10 2,64 10,0364 | 0,002 31 Ground clearance a=1,5t.
20° 3,39 | 0,0327 0,0178 5,9 ‘ - ‘ :
20° 3,24 0,0875 0,0127 3,86 1,22 & B e 2 —cp Cmp, -

250 | 3,64 0,0841 0,0207 5,9 25,50 | 300 ‘3,18 0,0312 2,41 1,06
250 . 8,57 0,0385 0,0188 5,02 2{’-,8" 450 3,30 0,0288 2,62 1,49
27,60 | 3,68 0,0406 0,0215 5,3 1,31 11,4°] 60° 3,31 0,0265 4,26 1.33
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