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ON THE FLOW PROCESSES IN SHARPLY INCLINED AND STALLED
AIRFOILS IN PARALLEL MOVEMENT AND ROTATIONI

M. Kohler, Friedricnshafen/Bodensee

A report of the Aerodynamic Experimental Facility of GUttingen E.V.
in the Kaiser Wilhelm Association for the Promotion of Science

The purpose of this study is to obtain a deeper insight
into the complicated flow processes on airfoils in the region
of the buoyancy maxima., To this end calculations and experi-
mental investligations are carried out on a straight statilonary,
a twisted stationary and a straight rotating rectangular wing.
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1., Introduction

We know that the nature of the flow on an airfoll changes
greatly when the buoyancy maximum 1s exceeded. The flow starts
to become "unsteady" on the top of the wing and 1s detached from
the wing with the further increase of the angle of attack. De~
tachment can begin locally and then progress over the entire
top of the wing., Under certain conditions, however, a sudden
separation along the span 1s also possible. The generally
exlsting formed symmetry of the wing assembly makes one expect
a symmetrical course of the processes. This does apply, but in
most cases only for a short time, because we are dealing here
with weakly stable or labile states of eguilibrium. Even a
slight disturbance, say by a2 squall, may cause an asymmebry of
the flow along the span and thus cause a dangerous change of
the flight position. The stalling alreraft tillts over one end
of the wing, gets 1into a strongly accelerated rotary movement
and only reaches a new state of equilibirum in the stationary
spin flight.

An attempt is made already when desighing the wing assembly
to prevent these undesirable flight movements by choosing a
suitable buoyancy dlstributlion. The theory of the finite airfoill
makes it possible today to give methods of calculatlon making 1t
possible to obtain such distributions for most modern wing shapes.
It assumes that the buoyancy and angle of attack depend mutually
in a simple way, and that the resistance against buoyancy remains
small. As long as the flow 1s firmly applied to the wing, these
assumptlons seem to be fulfilled even for fairly high buoyancy
coefficients., But if it begins to be detached, the assumptilons
no longer apply. Thus the airfoll theory in its present form is
no longer valid. It now appears as though the high buoyancy re-
search should be studied more deeply through the boundary layer
theory. But thils theory tob 1s not yet able to provide



quantitatively appllcable methods lor understanding these
complicated states. The diffilculties are ilncreased because

in the region of the buoyancy maximum, regions of applied and
separated flow occur next to each other, and so i'ar nothing
certain may be stated about their interactions, and finally

also because in the rotating wing assembly we have to take into
account the forces of inertia because of the transition from the
reference gystem at rest to the rotating reference system.

In view of this situatlon, it seemed to be proper to carry
out observations of the flow and measurements of the pressure on
sharply inclined and '"stalled" airfolls and establish in this
connection how far theory agrees with reality. To create clear
conditions, ailrfoll models wilth rectangular ground plan were used.
Of two wings, one was studied stationary, the other rotacling in
the wind flow. To the measurement results obtained by this means,
those of anothear rectangular wing were added, which was twisted
along the span according to a certain degree of rotation.l

2., Objects of the Experiments

These three alrfoils are grouped and designated as follows
for the following sections:

1. Alrfoil 1, straight rectangular wing for the experiments
without rotation;

2. Airfoil 2, twisted rectangular wing, Fig. 1;

3. Airfoll 3, straight rectangular wing for the experiment
under rotation.

1These measurements were carried out on the suggestion of Professor
Dr. Betz, GYttingen, and specifically before the measurement on
stationary and rotating airfoils.



The ailrfoll cross section used was the Gdttingen profile M20,2

which has already been used several times for wind tunnel tests.3
The models had a span of b = 800 mm and a depth 1=160 mm, that is
an aspect ratio 1:b=1:5. The model edges were sharp. The measure-
ments were carried out in wind tunnel IV of the aerodynamic experi-
mental facilitles of Gdttingen, whose normal nozzle has a dlameter
d=1.50 m and whose "turbulence level"” may be indicated as
Rez0.24-106 (that 1s the Re number for the sphere for t::W=0.3).ll The
veloelty in the blower stream had to be limited with regard to

the strength of the rotating model, to be v,x20 m/s. The p
Reynolds number of the experiment was accordingly Re~0.22°10
(referred to the wing depth). This basically low Re number

plays only a subordinate role within the framework of the com-
parisons to be carried out here, since all measurement results

were obtalned under the same conditions.
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Fig. 1. Sketch of the twisted airfoll 2.

2For admeasurements see AVA-Lieferung III, p. 29.

3 a)8Polar measurement: AVA-Lieferung I, p. 108; AVA-Lileferung III,
p. 7o. _

b} Self rotation measurement: 0, Schrenk, Z. Flugtechn. Bd. 19,
(1929), p. 533.

aAVA—Lieferung IV, p. 106, article by 0. Flachsbart.
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I'Mg. 2. Metal framework of the twisted airfoil 2.

Flg. 3. Scheme of the ecxperimental layout in the wind tunnel.
Reduction about 1:30.

D -Pressure transmission instrument; Fl1 - Airfoill;

G -~ Compensatlion weight; K - Elastic coupling;

M ~ Drive engine; U - Transmlsslon elements;

Zf, Zg - Fine or rough gauge of the speed of revolution



3. Production of the
Model

Airfoils 1 and
2 were built according
"'E} to the design commonly
used in G8ttingen.
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They consisted of

a metal framework
which was fillled out
- oy with gypsum. The

e e R i

ronte carriers of pressure
o | Y | borings were metal

1 ”_ ribs, the pressurized
lines metal tubes,
which were laid out

Fig. 4. Pressure transmission equipment. inside the model,
Reduction about 1:1.5. "1 5

A - External ring; D - Lid; Dr - Pressurized B &
channel; Hz - Holding Journal; Ht - Other
holding element; J = Internal ring;

K = Sealing chamber; L = Pressurized lines; But a different
N « Sealing groove; Sch - Ejection ring; method of production
W = Model shaft.

Key: 1. To the manometer; 2. To the wing

had to be sought for
the airfoll 3, since
according to earlier
experience, bursting of the gypsum had to be expected at high
speeds of rotation. After some preliminary experiments the author
decided on a wing in the shape of a full shell. The top and
bottom of the airfoll were designed as partlal shell in 2 mm

thick brass plates, laid out on the inside with pressure pipe
lines, and soldered along the seams. Before assembly of the
partial shells, 2 reinforcement element was introduced to it

in the center of the wing, which allows theattachment of the

wings on the experimental device. The production of the wing

Té('ﬂlife"' a l\ifﬂ\ r-lp:vrgn nf cra‘tm.'."ship.s

SIt was done by Master J. Lotze of KWI GY8ttingen, whom I would like
to thank.




4, Experimental Facllitles and Measurement Procedure

Alrfolls 1 and 2 were incorporated with the wilre suspension
commonly used for filxed component measurement in the wind tunnel,
This suspension is characterized by the fact that the flow reaches
the model without disturbance. Alrfoll 3 was attached to the
experimental device shown in Fig. 3. This was a rotating device,
as 1s used for gelf-rotation investigations. It was supplemented
for the present experiments by an electrical drive, which allowed
the adjustment of certalin values of rotation.

The pressure measurement equipment used was a multlple
manometer designed by 0. Schrenk and the a.uthor.6 The connections
between the manometer tubes and the ftubes in the alrfoll were
produced with rubber hoses. The measurement of pressures on
airfoils 1 and 2 were carried out by the ordinary method. The /160
pressure distributlon for a wing cross sectlon was obtalned each
time with a single measurement. The pressure borings of the other
eross sectlons were sealed here with a sealing compound. The
pressure measurement on the rotating alrfoil 3 was organized in
a more difflcult manner. To ftransmlt the pressures from the
rotating system to the manometer at rest in the hole, the "hydraulic
connection" shown in Fig. 4 was used. This was an instrument
developed by G. Fuhrmann and modified by O. Flachsbart,7 on which
several further changes were made. These changes consisted in
the fact that the ejectlon ring Sch had been glven a conical ex-
tension and the external ring A a conlcal twist adjusted to 1t.

This created an additional sealing area, which increased the
safety in pressure transmissilon.

6Literature: Instruments of AVA-G8ttingen; Issue: Micromanometers.

?I-'landbuch der Experimentalphysik (Handbock _of Experimental Physics), Vol. 4,
“Part-3,; -Article’ by 0. Flachsbart, Propellers, p. 385.



Nevertheless,
2 the measurement of

o ? i\k_ ' the pressure was
?S\ “*\ 2““ carried out with
“’ F 4 %\ \ \ a . g

greatest care.

e
\¥-,_? At the beginning of
.%‘.ﬂﬂ%ﬂm the experiment five
3 connections and later
Ny Bervpgdten nine such connections
&y 11 Loge; 0y L
Orursmesiung "””? d were available. There-
I iy ek, ;m’ g"“',-‘ febl fore 1t was lmpossible
% -~ . i
onipranan romen .. 411 to avoild determining

fud Wt 2o tupaim
the pressure dils-

tribution of a wing
Fig. 5. General definition sketch. cross section in

Key: 1. Measurement of power (total wing):; several partial
2. Measurement point; 3. Reference i
quantities; 4. Lengtﬁ; 5. In t directilon; measurements. To
6. In b direction; 7. Pressure: 8. Forces; be able to arrange
9., Momentum; 10. Alr density; 1l. Pressure

measurments (wing cross section); consecutively the
12. BExcess pressures; 13. Under pressures. Individual results

in a proper way, each
time one point of the
previous partial
measurement was
measured once again
£ as a control point.

Befests 3 dnbotrung

,‘:ﬁ‘ﬂwl om Fiigel But it was found

that the velocity

Fig. 6. Definition sketch to take into in the blower stream

account the centrifuge pressures of the and the speed of
air masses robtating in the pressure lines, rotation of the model

Key: 1. Attachment shaft for the wing;
2. Pressure llne 1n the wing; could be adjusted
3. Boring in the wing -again with sufficilent

°In the measurements I was assisted by engineers H. Hennecke and F.
Redicker, and in the evaluation by englneer H.Boenecke, whom I would
like to thank.




precision after some practice and could be kept uniform, so that
a straeilghtening was required only in some cases.

For the pressures measured in the rotating system, a special
correction had to be introduced, by which the effect of inertia
of the rotating alr masses and the pressure lines were taken into
consideration,

p = p'tpy, ¥
p = [inal pressure at the measurement point;
p'=s pressure indicated for this measurement point on the
manometer;
p¥ = centrifuge pressure of the alr mass enclosed in the

y
measurement line

Y=l
pte=put | yrdyt = -g- wl,
V=t
(e —11).

For the evaluation we assumed that ry2*>>ryl* and ryz*
was written as ry*

= ‘g' {r* wzal® = quy*

that is the centrifuge pressure is equal to the dynamle pressure

of the peripheral speed of the measurement point. The asterisk

means that we are dealing here with the distance of a point of

the system fixed with regard to the ailrfoil x, y, 2z (measurement /161
point) from the longitudinal axis X, (axis of rotation) of the

system fixed with regard to the flow Xos Ygo 2y (see also Figs. 5, 6).

The accessory device shown 1n Fig. 7 was used to obtain ry*.



5. Representation of the
Measurement Results

All the pressures p
measured and corrected on
the airfoils are rend=2red

dimensionless by division

by the dynamic pressure
99 of the undisturbed
Fig. 7. Accessory device to obtain velocity in the blower
the distance from the pressure

boringe on the airfoil 3 from the stream v,. Thus we ob-

axis of rotation of fthe model tained jor the sections of

ﬁi » Air{oil the rotating airfoil outside
I - ."‘;('.’l e
” - ::C;‘nnin}- n(.pdlp the r'i)(iﬁ Of‘ I"OT:]T,‘JHI‘I ? [‘P(‘SSUT‘H

values, which are more than 1;
for the dynamic pressure qy of the local veloecity in the blower
stream VV determining the amount of pressure 1s greater than
q, as a result of the local peripheral speed Ly. In the comparison
of the measurement results of the twisted airfoll 2 and the
rotating airfoll 3, account must be taken of this fact. This was
done by multiplying the values of the twisted airfoil by the
ratio qy/qn.

The dimensionless pressures ﬂ/q“ were plotted for each wing
section on the wing chord over the dimensionless distance x/t of
the measurement point from the frontmost point of the profile.

To improve the clarity of the basically extensive experimental
material, each time the pressure distribution pictures of the

tep and bottom of the wings were put together. The place of
separation was the frontmost measurement point, behind the profille

tip.9 Moreover the sum values of these pressure distribution curves

9In the first examination of the pressure distribution pictures of
the top of the wing it 13 recommended to turn them by 180°., The
pressure curves thus appear somewhat clearer.

10
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6. Range of Measurements and Evaluation

The range of the measurements was as follows:

1. Alrfoil 1, stralght reetangular wing, A=0.
P/qq> Chy and 3; for a=0; 53 10; 15; 20 and 30°.10
In Fig. 14, moreover, the values of E; are glven for a=35; 40}
453 50°, The reproduction of pressure distributions for these
angles was omltted, since they are basically similar to tie dis-

tributions for o=30°,

2. Alrfoll 2, twlsted rectangular wing. Twlsts along the
range according to A=0.3.

p/qo, cny and Crxa for a0=0; 5; 103 15; 20 and 30°.

3. Ailrfoll 3, stralght rectangular wing for A=0 or A#0.

p/qo, Chy and E; for ag=15; 20 and 30° for A=0.

p/qo, ¢ and ¢ for a0=15° for A=0.1; 0.2 and 0.4;

ny mLxa
also for a,=20 and 30° for A=0.1; 0.2; 0.6 and 0.7.

Moreover filber probe observations were carrled out on the
airfoll for several angles of attack and established in the form
of sketches, Fig. 8, 9.

The evaluation of the tests extended to:

a) a comparison of the theoretical buoyancy distribuﬁion
with experimental normal force distribution along the span'for
all three alrfoils, insofar as 1t is at all possible at present;

lO'I‘he measurement results were given for the angles of attack «

.
i—“
L9)Y
N

adjusted in the wind tunnel (straight wing 1) and o (central section

of the twisted wing 2 and rotating wing 3), to facilitate the
classification. The corrections as a result of the finite jet
diameter are here:

o @ndas 0 8 - 0

R a’n‘ — —Uh =07
w Mg 1p (20 Lo |
Ta —0,7 (=08 {—05

13



b) a comparison of pressure distribution over the center
section of the straight airfoil 1 and the twlsted airfoll 2;

¢) a comparison of the pressure distribution of a section
lying comparatively far from the axis of rotation on the left and
right hand halves of the airfoll (left and right from the imaglnary
alrcraft pilot) on the rotating and sultably twisted airfoil, and
finally,

d) obtalning the range of self-rotation of the studied
rectangular wing by means of the curves CmLaxzf (an) and the
comparison with the earlier self rotation measurement on an air-
foil of the same profile.ll

To obtain the theoretical buoyancy distribution the method
of calculation of H. Multhopp12 was taken, which like all methods
of thils ftype comes from the Prandtl alrfoil theopry, it has practi-
cally the important advantage that the results can be obtalned
with considerable saving of time.

The type of asslignment of the theoretical and experimental
results is discussed in the following remarks.

7. On the Effects of Sationary and Rotating Airfoils

Before discussing the measurement results, 1t would be proper
to study in greater detail the individual effects on stationary
and rotating airfolls., The followlng act:

1. On the stationary airfoil
a) Pressure gradient forces on all particles of the
airfoil rlow,
b) friction foreces of the wall on the pa‘'«<’2les cf the

1lgee rootnote 3b.
124, Multhopp, Luftf.-Forschg. Bd. 15 (1938), P. 153.

14




flow nearest the wall;

¢) drag forces from the unseparated external flow on the
particles of the frlction layer, and specifilecally in the direction
of depth and range; moreover

2. On the rotating alrfoll, besldes these forces, forces
of inertia as a result of
a) the centrifugal acceleration of particles near
the wall,
b) the coriolls acceleration of all particles of the
alrfoil flow, In particular those not belonging to the friction
layer,

The effect in the buoyancy reglon considered here are
approximately as follows:

In the direction of depth: on the top; up to the pressure
minimum, acceleration of the flow particles, then delay as a
result of the increase of pressure; deceleration of the particles
nearest the wall with the subsiding drag effect of the external
flow; thilckening of the frictlon layer and finally detachment of
the flow, generally progressing from the rear forward. In the
separated region no more clear state of flow.

On the hottom: decrease of pressure from the stagnation polnt
lying far in front, acceleration of the flow particles, thin friction
layer, favorable drag effect of the external flow; th~ friction
resistance 1s easlly overcome hy the particles nearest the wall;
no detachment of flow.

In the direction of the span: the flow particles wander to the

region of lowest uhderpressure, and specifically to a greater
extent, the lower the veloecity, they thicken the friction layer there and

15



therefore promote the detachment. With the detached flow the
area of maximum underpressure 1s on the edge of the "dead water!
Particles of the friction layer of the nelghboring region with
attached flow, but also of the reglon of separated flow, are
sucked into this low pressure region, Thils causes an extension
of the region of separated flow.

Through the centrifugal
acceleration particles nearest the
- wall are driven from the interior
against and over the edges of the
wing. In case of flow flrmly
applled on all sides, no special
importance need be attributed to

Fig. 10. Decomposition of the acceleration effect even for
flow fixed vector wxo in the . g

corresponding wing fixed high rotation values, On the other
partlal vectors wy and wg. hand with the start of the detectlon

they appeared to assume a decislive
effect on the nature of the flow.

To conslder the corlolis effects let the wing be compared
as regards the wing filxed z axis as a disk rotating with the
angular speed w,, see Fig. 10.

Since right hand rotation was selected for the wing, the
coriolis acceleration ls manifested in a left hand rejection of
the flow (left hand: from an observer rotating at the same time
and looking in the direction of the relative movement). Thus
for example a relative movement forced outwardly by pressure
gradient in the span direction on the upward moving airfoil half
causes a driving of the flow against the rear edge of the wing,
on the right hand wing half against the wing leading. edge,
accordingly, on the left a deflection in a dirction promoting
the application of the flow, in the right hand slde a direction
promoting detachment. In the direction of depth the deflectlon

16



takes place on the left Inwardly, on the right outwardly. It
may be assumed that the corilolls acceleratlon arfecting the
entire airfoll flow does not play any role at all for very small
angles of attack and for the rotatlon values occurring usually.
For very high angles of attack and also when the flow 1s located
in the transition from the attached to the separated state, 1t
may be Ilmportant, say in the transition for sharp spin flight
(0)%30°; A=0.35) or in the flat spin flight (0,*50°; A%0.6).

In the following discussion of the measurement results, we
refer to the individual effects described above from case to case.

8. Discussion of the Results of Theory and Experiment
a) Alrfoil 1, straight rectangular wing A=0 (Figs. 11-14),

The pressure distribution curves for these wings (Figs. 11
and 12) show for very small angles of attack on the top and
bottom basically the varilation to be expected for the study
profile. Naturally we should note the low pressure regions
over the rear portion of the top of the wing in the boundary
reglon. They have also been establlished in other measurements
and must be attributed to the strong flow around the wing edges
which have a sharp shape here.

The parameters obtalned by integration along the depth and

span for the average normal force of the wing E; were plotted in
the dlagram of Fig. 14. .They are very consistent with the values

of the measurement of force except for the values in the reglon of
‘the decrease of buoyancy. To explaln these differences 1t should be
stated that in this Cy region it 1s only rarely possible to obtailn
the flow forced to be reattached by "stalling" of the wing in the
wind tunnel for the duration of a pressure distribution measurement
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Fig. 11. Pressure distributions over the top of the stationary
alrfoil 1 for different angles of attack.
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Fig. 12, Pressure distribution over the bottom of the
statlonary alrfoll 1 for different angles of attack.
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in this state, the more so because even small pressure borings
(diameter 0.5 mm), even with the most careful execution present
gaps for the flow mechanism highly sensitive in this area.

In several repeated /165
tests it was possible T
always for a=15° to de-
termine the pressure
distributlon in the
stalled state and thus
fix for measurement
purposes the beglnning
of separation of the
flow for the rectangular
wing, Flgs., 11 and 13.

In thils connection it
1s surprising that the
narrow strip of totally

ﬂ4f ey \ separated flow was able

@ . ~—-— Rechoung 2 [ to remain in the wing
SN U BN P _aé.fuau__q:igi_ﬁma_m center near the region

-10 a3 0 'Y 0 of Ilow least attached

in the front part of the

Fig. 13. Experimental normal force wing. Slgns of detachment

distribution for the stationary are also shown by the sec-
airfoil 1 for different angles of

attack and comparison with the tions lying in the center
calculated buoyancy distribution. of the half span. Un-
Key: 1. Measuremenf; 2. Calculation; separated flow domlnates

3. Wing spin only in the section near

' the edge. For 0=20°, the
"dead water region" has. already become much wider and the pressure
distribution lying over the section far outside shows the above
indicated total detachment. This 1s achieved for w=30°; even low
pressure regions 1n the neighborhood of the wing edge have collapsed

20
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Fig. 14. Results of measurments of force
and pressure on the alrfoll wlth the
G8ttingen 420 profile and the aspect
ratio 1:5.

Key: 1. MWeasurement of force.

2. Measurement of pressure;

3. Untwisted wing 1; 4. Untwisted
wing 3 (wing for rotation tests)

Fig. 15. Definition sketch for c_ and cn

n yQ’

on themselves, Fig. 11.
For fiber probe ob-
seprvatlons the degree

of' separation because

of the disturbing

effect of the probe

1s always larger than for
the measurements them-
selves.

The flow on the
bottom of the wing
does not show any
extraordinary behavior
for all the angles
of attack studied,

It seems to be hardly
Influenced by the
processes on the top
of the wing, Fig. 1l2.

The results of
calculation and measure-
ment are compared with
each other in Fig. 13.
The following may be
mentioned on the
assignment of the curves:

The theory glves
the basic distribution
for the angle of attack.
The buoyancy distributions
of the different angles
of attack are now related
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to this basice distribution., The criterion of affinity is de-
termined for the buoyancy coefficlent of the wing cefﬁgr caaO’

In this connectlon the average buoyancy coeff‘icientsca are taken
from Flg. 14 for the angle of attack concerned and provided with
the wind tunnel correction, and multiplied by the value of the
ratlo of the theoretlcal buoyancy coefficlent in the center of

the wing cayOth on the theoretical average buoyancy coefflclent

cath '

= [Ca ulb)
Cay, ™= €, LA: 18
o "( ath

Starting from this value cayo then the development of the
calculated buoyancy distribution was carried out, while we still
assume Cay=cny’ Fig. 15,

Flg. 13 shows for very small angles of attack consilderable
consistency between the calculated and experimental results, in
splte of somewhat disturbing buoyancy peaks at the wing edges.
For larger angles of attack, say starting from o=15°, however
considerable differences occur, which become incompatibly large
wilth further Increase of the angle of attack. TFor these angles
of attack, the flow is no longer able to follow the wling profile,
it 1s detached and thus loses the nature which it had assumed
according to the thoery.

b) Airfoil 2, twisted rectangular wing.
Twists according to A=0.3 (Figs. 16, 17, 18).
The twlst is equivalent to a rotation to the right, therefore

rectilinear increase of the angle of attack from left to right.
The extent of the change may be seen on Fig. 19 for a0=15°.
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Flg. 16. Pressure distributions over the top of the twisted
airfoll 2 for different angles of attack.
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Fig 17. Pressure distributions over the bottom of the
twisted airfoll 2 for different angles of attack.
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f Mg, 18 glves a comparison between the calculated and experi-
mental studies. The calculated values are obtained trom the dis-
tribution of the untwisted wing and from the component of twisting
bé superimposition, Flg. 20. The key value here was cnyo of the

s&raight alrfoil, that is cnyo (straight wing)=cny0(twisted wing).
This, as also shown by the measurements (normal forces Fig. 18,

pressure distribution Fig. 21),is permlssible for totally attached
flow, since the eddy proceeding backwards {rom the alrfoll halves

.
[
o
[o+]

induces inthe wing center additional angles of attack of the same

value, but of opposite sign.

&
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Fig. 18. Experimental normal force dis-
tribution for the twilsted airfoll 2 for
different angles of attack in comparison
with the computed buoyancy distribution.

Key: 1. Twisting according to A=0.3;
2, Measurement; 3. Calculation
4, Wing center

Calculation and
experiment glve results
which are very con-
sistent for attached
flow, Fig. 18. For
u0=5° laterally the
beginning of the de-
tachment over the
strongly loaded section
of the right hand half
of the wing can already
be recognized. For
a0=10° then the flow
on the top assumes the
form whlch exlsts in
the tllting over the
end of the wing. The
differences in the
calculated and the ex-
perimental values are
already quite large
here. For a0=15° and
20°, the asymmetry of
normal force distribution

25



1 el
- Drj?uumg Kroffmessung

Fig. 19. Range of variation of the
geometirical angles of attack as a

result of the wotation, lndicated

for a0=15° and some values of

rotation.

Key: 1. Measurement of pressure;
2. Measurement of force.
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Fig. 20. Schematic representation of
the system twisted or rotating in the
same direction along the span for the
buoyancy distribution of effectlve
components.

Key: 1. Stralght component; 2. Twisted
component
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has progressed to such

an extent that even the
wing left behind 1s put
into self rotation., A
consistency between cal-
culatlon and experiment

can nho longer be eXxpected
here at all, slnce the
"dead water" of the top
flow has already become
too wide. This applies
actually only to a0=30°,
when on the top of the
wing only totally sep-
arated flow may be found.
The pressure distribution
of the bottom does not

show any unusual variation.
It provides a momentum
with backward rotatlon
inereasing with the angle
of attack. The comparison
with the rotating airfoil 3
is discussed in the following
section.

¢) Airfodl 3, straight
rectangular wing wlth
rotation (Figs. 22 to 32).

The investigation
started for a0=15°. The
measurement for very low
angle of attack did not
seem to be advisable
1n view of the high




rotation values ol the chosen
type of model attachment,
slnce one had to expect a
considerable disturbance of
the flow in the center of

the wing because of the
holding rod of the model.
From u0=15° onward this rod
1s, however, on the separated
flow portion of the top, s0
that from then onward 1ts
effect may be conslderecd as
insignificant.

The average normal force
e . coefficient ¢ determined
from the pressure distributlon
for A=0 are, according to

Fig. 14, somewhat lower than

Fig. 21. Comparison of the pressure
distribution in the direction of

depth over the central sectlon. those of alrfoil 1. This can /169
a) of the straight airfoil 1, be attrib d. b th

b) of the twisted alrfoil 2 for e attributed, besldes the

several angles of attack. already discussed difficulties,
Key: 1. Straight wing; 2. Twisted in the "stalling" of the model

wing in the wind tunnel, to

production precisions, the
wing 3 hammered in plate should be(particularly in the region of
the wing nose difficult to shape) larger than for wing 1.

From the measurement results with the rotating airfoil 3,
the followlng should be emphasized:

For a0=15° (Figs. 22, 23, 24) positive rolling damping still
exists for A=0.1 and 0.2. For A=0.1 however, a certain unsteadlness
is found in the depth distribution of the pressures over the
external sectlons of the top of the right hand half of the airfoil,

27



Fig. 22. Pressure distributions over the top of the
rotating airfoll 3 for the angle of attack o —15° for
different values of rotation.
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Fig. 23. Pressure distributions over the bottom of
the rotating alrfoil 3 for the angle of attack o "15°
for different rotation values.

increasing forA=0.2. TFor A=0.4, the flow on the top assumes
specifically the nature of a distribution leading to self -rotation,
since the flow lies on the left hand side, that is the upward half
of the wing; on the right hand side it 1s separated. But the
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self-rotation, as Indicated
later on the basis of Flg,
35, does not occur any
. _ longer, since the load on
n B the top of the left halfl
of the wing has already
N decreased very much be-

\g. fH cause of the relatively
pw]
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L4 . high rotation values and

o 7 S AW ST the effeet of the bottom,
" ) which always contributes
/;7 ff:};ﬁ3w3 to the momentum of back-
‘WI, - » m Aa-15) | ward rotation, has in-
az creased.
e e i
¢ . -ad I’ 0.5 1
For ag= 15°, an /170
attempt was also made
Fig. 24. Normal force distribution to calculate the
o e o e i et ™1 O buoyanoy atatetousion

rotation values and attempt at for several values of
comparison with the values obtained rotation, Fig. 24. 1In

by calculation. this connection 1t was
Key: 1. Twisted wing; 2. Measurement;

3.  Calculation assumed that the flow is
L still completely attached
and dca has maintalned a value valld for the attached flow.
do

The distributlon curve was developed just as in the case of the
airfoil 2, from the value Chyo? which was obtfiped from E;
obtained by rectilinear extrapolation of the ¢, Lo curve, Fig. 14
for the angle of attack provided wlth the wind tunnel correction.
For very low rotation values,the consistency is poor as expected.
Only for very large A 1t improves on the left hand half of the
wing with attached flow, whille 1t deteriorates even further on
the right half of the wing.
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Fig. 25. Pressure distributions over the top of the rotating airfoil
3 for the angle of attack m0=20° for different values of rotation.
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Fig. 26. Pressure distributions over the bottéﬁ-éfuéhé_rotating alr-
foil 3 for the angle of attack a0=20° for different values of rotation.
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For a0=20°, Figs. 25, 26, 27, the pressure distributilon
for 2=0.1 and 0.2 predominates, and therefore the normal force
distribution, as may be found on the selfl rotating airfoil at
the beginning of the rotatlion. The top has the strong asymmetry
of distribution in the sense of the propulsion. The distribution of
the bottom arising in the direction of backward rotation cannot
provide here a full compensation. The case 1s that the self-
rotatlion occurs from the state of totally separated top flow
through reattachment to the upward half of the wing. But more
frequently the autorotation takes place from the state only partly,
but symmetriecally separated top flow by further separation on the
downward half of the wing. This process can be expected for the
wing concerned between a0=15° and 20°, and is completed on top,
say at 0,=15° and A=0.4,

20— ' For a0=30°,

\3\ Figs. 28, 29 to 32,
the flow on the wing
at rest 1s naturally
. - separated over the
entire top of the

- 1

o3
"

2dBY”R)
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e £

[ #4 ; '

wing. Small values

- of rotation do not

cause much change in

a1 b
! ﬂ\/ L e o
Py
“KJ)G/ ! thls distribution.

o 7 “ . _ Only for very high
“ 1,)( y o,~20° , values of rotation
j{ ‘ phenomena may be

7T - —‘-#
‘-t[ JCC NN [ Junay e B observed which make
-y ' it necessary to have
- a more thorough

consideration.
Pig. 27. Normal pressure distribution over
the airfoll 3 for an angle of attack ap=20°
for different values of rotation.
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Fig. 28. Pressure distribution over the top of the rotating ailrfoil
3 for the angle of attack a0=30° for different values of rotation.
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Fig. 30. Normal force distribution over the
airfoll 3 for an angle of attack a0=30° and
for different values of rotatilon.

Key: 1. Twisted wings; 2. Wing center

the following may be stated:

These phenomena
also occur for a0=20°,
and specifically for
values of rotation
A>0.3. We consider
the followlng:

1. that in the
attached part of the
flow cny values occur
which are much higher
than the larger cnyg
value measured for
A=0;

2. that in the
separated part of the
flow the cny values on
the downward half of
the airfoil are rather
high and assume more-
over almost uniform
values.,

In this connection

1. If the flow were attached at all sides, then for the
rotation values, according to theory, fairly high Cny values should
be expected, as may be seen for example in Fig. 24 for a0=45°.
Therefore it should be assumed with certainty that the above
described effects of the forces of lnertia, especlally centrifugal
force, would result in a reattachment of the flow over the sectlons
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Fig. 31. Component of the top in
the normal force distribution on
airfoll 3 for an angle of attack
a0=30° and for different values

of rotation.

Key: 1. Tops; 2. Wing center;
3. Twisted wing
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Mig. 32. Component of the bottom
in the normal force dilstribution
over alrfeoil 3 for an angle of
attack ap=30° and for different
valves of rotation.

Key: l.Bottom; 2., Wing center;
3. Twisted wing

lying further in on the upward
top of the wing, and thus allow
the approach to the theoretlcally
expected values of Cny At the
same time the relatively high
under pressure over the nelgh-
boring regilon with separated
{low appears to affect the
attached flow and to shape

the pressure dilstribution more
completely in its rearward
portion., With A=0.7 the
largest measured Chny value 1s
for ao=20° at 1.85, for a0=30°
at 2.2, while i1t amounts to
1.55 for the straight non-
rotating wing.

2, The increase observed
for A>0.3 for Cny ON the down-
ward half of the wing occurs
because of a decrease progressing
with A of the underpressure on
the top and an inerease of the
overpressure on the bottom.
The processes on the top may
be determined by the under-
pressures over the flow applied
to the front portlon of the
border region, while the in-~
crease of pressure over the
bottom may be attributed to
the wandering of the stagnation
point towards the rear edge of
the wing, connected with the
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local increase in the angle of attack. To reveal more clearly

the components of both sides of the wing, for a0=30° as an example,
the Cny values of the top and bottom are shown separately, Figs.

31 and 32.

The curves of the
normal force coefflcient
Cpy of the twisted alr-
foll 2 corrected with

%% are very consistent,
as may be seen from
Pig. 24, 27, 30 to 32,
for attached flow and
even wlth separated
flow still fit in to
some extent satls-
factorily in the family
of curves corresponding
to the rotating wing.
The same may be seen
also for the pressure
distribuftion measure-

Eig. 33. Comparison of the pressure dis- ments, Figs. 33 and 3”,
ribution in the direction of depth over
a section lying on the left, that is on which were taken for

the upward half of the wing. comparison from the
a) for the twisted airrfoil 2; large number of

ferent angles of attack g

Key: 1. Rotating wing (interpolated
solution); 2. Twisted wing In the transition

regions from attached to
separated flow, the consistency 1s s8till valld for the basic

varlation of the curve 2y but hardly for the other values.
Ony=f(-b—) 3
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Fig. 34, Comparison just as in Flg. 33,
but for a pection lying on the right
hand side, that is on the downward half

of the wing for different angles of attack

(I
0

Key: 1. Rotation wing (interpolated dis~
tribution); 2. Twisted wing

Finally the co-
efficient C1%0 of the
angular momentum around
the axls of rotation
Xg of the system are
plotted as a function
of the angle of attack
Gg e The values are
obtalned by forming
the difference of the
partial movement of
the left and right
halves of fthe wing.

Since the values
of these partlal move-
ments dlffer only a
little from each other,
here the requirement
for the preecision of the

results should not be taken too high. Nevertheless, this figure
shows the self rotation region coming into consideration for the
studled alrfoll, whose extent is satisfactorily consistent with

the ones known from earlier experiments,

9. Summawry

13

1. As long as the flow on the airfoll is firmly attached on all

sides, the alrfoll theory glves results

which are very conslstent

with the measured ones even for relatively high buoyancy coefficients.
It was possible to show this for the alrfolls moving precisely

l3See footnote 3b.
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Fig. 35. Coeffielent erp., of the angular

momentum of airfoil 3 around the longl-
tudinal axis Xq fixed with regard to flow

for different values of the coeffleclent
A depending on the angle of attack Oq e

The values of the twisted airfoll 2 are
introduced for comparison.

Key: 1. Self rotation range; 2. According
to the measurements of; 3. Twisted wing

parallel to themselves
and for the ailrfoil
twisted for a certain
value of rotation and
as may be derived from
the comparison of pres-
sure distributicns,
applies also for the
rotating airfoll for
practically all values
of rotatlon occurring.

2. If however, the
flow 1e in a state of
transition from the
attached to the sep-
arated state, then,
as taught by experience,
its sensitivity to dis-
turbing effects increases.
In this case the effects
in the direction of the
span become more 1im-
portant, whether 1t is
as a result of pres-
sure gradient forces,
or in the rotating wings
as a result of the /17

foreces of inertia. For values of rotation A2>0.3, considerable ln-
creases occur in the amount of the local normal force coefficients,
which allow the conclusion that the forces of inesrtia have specilal
influence. As a result of the centrifugal acceleration, particles
of the friction layers are driven out from the internal wing section.
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This promotes the application of the flow over the wing. For
larger angles of attack under certaln conditlons, the corlolis
accleration may also have an effect on the flow favoring the
attachment, especlally when the flow is in the above-lndicated
translition state. To further clarlfy this relatlonship, a thorough
study of the naturally very complicated spatlal processes in the
friction layer is necessary.

3. For completely separty’ed flow the rotation seems to have
no special effect on the flow processes on the wing, as long as
the rotation values remain low. For A=0.3, the differences be-
tween the untwisted and rotating wings are still of a size which
is mutually compatible., For larger rotation values, however, a
considerable increase may be observed 1ln the lccal normal force
coelficient, which must be attributed to the forces of inertia.

4, The existing pressure distrlbutions give a deeper insight
into the flow processes on rectahgular wings in parallel movement
and rotatlon. They are therefore alsc suitable for Judging devices
which respond to differences in the pressure distribution. For
example we may recall the "Betz~Schlitze,"lu which are provided
for the top of the wing and the external part of the wing halves
and are used to reduce the high speed rotation in spin flight.

5. Finally it should also be mentioned that the measurement
results given could contribute to the clarification of fthe question
as to how far the proposal to study the processes on the aircrarft
rotatling in free space wilth a model15 fixed in the rotating

Meee footnote 3b.

15M. Kramer and K. B. Kriiger, . new spin measurement device,
Luftf.~Forschg. Vol. 14 (1937), pp. U475-479,
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experimental Jet, which is important because of 1ts advantages
under the experlmental technology aspect, could be successful.
According to the existlng results, the method will give for
lixed flow attached on all sides and fc¢r 2ll the rotation values
considered practilcally satisfactory results which can also be
applied for fully separated flow and lower values of rotatilon,
For a flow whilch 1s undergoing transition from the attached to
the separated state or for totally separated flow and higher
rotational values, however, the rellability of the method may
be disputed.
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