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SUMMARY

Tle following report desk w“th the autorotational characteristics oj certain di~ering wing
systems as determined from wind tunnel tests made at the Langley Uemorial Aeronautical Labora-
tory. The incestigaiion was con$ned to autorotation about a jixed axis in the plane of symmetry
and paralleZ to tfie wind direction. Analysis of the tests leads to the follom”ng conclusions:

Auiorotation below 30° angle of attack is gcmerned chiejly by wing profle, and abore that angle
by wing arrangement.

me strip method of autorotation ana~~~k g’i~e$uncetiain Tesuh%beheen rfla~-rfiurfi ~= and 85”.
The polar eurce of u wing system, and to a lower degree of accuracy the polar oj a complete

airplane model are wj%ient for direct determinatwn of the limits of rotary instability, subject to
strip method limitations.

2%e results of the instigation indicate that in free jlight a monoplane is incapable of jlat
spinning, whereas an un.staggered biplane has hherent $at-spinning ~endencies.

The dificuliy of maintaining equilibrium in stalled $igiit is due primarily to rotary instability,
a rapid change from stability to instability occurring as the angle of maximum lift h exceeded.

INTRODUCTION

Autorotation may be explained by a consideration of t-he torques brought into pIay by the
rotation of a wing or combination of wings about an axis in the plane of symmetry and paralkl
to the wind direction. This phenomenon k recognized as a vital factor in the “spin” of an
airplane -

The so-called “flat spin” may be defined as a spin in -which tihe Iongitudirwil axis of the
airpIane is more nearIy horizontal than vertical in contradistinction to the “ normaI spin” in
which the reverse is true. The flat spin is a characteristic of certain unstaggered biplane-s,
notabIy the British B. A. T. Bantam and Short Springbol, and the American Boeing ATB-I.
This type of spin is considered dangerous owing to the difEcuIty of retmmi.ng to nornxd flight,
and means of insuring against its occurrence are being soughk

.4utorotation has been studied for severaI years with the aid of wind tunnel r.otationaI
experiments and mathematical analys= b~=ed on force tests. Spinning tests of airplanes ti
free flight have a3so been made, and these have been supplemented by tests upon Iight models
dropped from a height.

The present investigation was instituted for a further study of autorotation with emphasis
Iaid upon the flai spin. Three airfoik of wideIy tiering characteristics -were tested as mono-
p~anes, and tests were also made on an unst.aggered biplane cell.

The experiments, -which consisted of both force and rotation tests from zero lift to 90°
angle of attack, were conducted in the 5-foot, circular-throat, atmospheric wind tunnel (Ref er-
ence 1) of the Langley Memorial Aeronautical Laboratory.
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In this report three terms are used with reference to rotation about a fixed axis in the plane
of symmetry and parallel to the wind direction. They are defined as follows:

1. “Stable autorotation” signifies a state of equilibrium in autorotat,ion to which the

IW. I.—Biplanemountedon autorotationapparatus

model returns whenever disturbed
therefrom.

2. “Unstable autorotat.ion”
signifies a state of equilibrium h
autorotation such that a small
disturbance aiding the rotation
causes stable autorotation, while
an opposing disturbance bri~gs
the model to rest.

3 “Rotary instability” sig-
nifies a state of equilibrium in
rectilinear motion such tlmt a
small rot ary disturb ante causes
staMe autorotation.

APPARATUS AND TESTS

Three airfoil profiles were
used in the tests. These were
Gottingen 387–1’B (flat bottom),
R. A. F. 15, and N. A. C. A.-hfl.
Rectangular wings, 5 by 30 inchm
in plan, having these profiles were
tested as monoplanes. An unstag-

gered biplane cell of Gottingen 387–FB profile was also tested.
The autorotation. apparatus, illustrated in Figures 1 and 2, consisted of a barrel containing

ball bearings supporting-a-shaft
upon which the models were
mounted as shown. A simple
screw adjustment permitted
locking of the modd at any
de.sired angle of attack. A
reduction gear and electrical
contact at the down-wind end
of the barrel operated a light
outside the tunnel for deter-
mining rates of rotation.

The a~-erage rates of rota-
tion in opposite directions for
a given mean angle of attack

~~ gave the results presented
below. The limits of rotary in-
stability were obtained merely
by noting the angles of attack
between which stable autoro-
iation was induced when the
mode] was disturbed slightly
from rest. ,

The force tests were made
FIG.2.—J’Ionoplanemountedon fwtorotstionapparfitus

on the regular wire balance of the t~nel (Reference 1). Lift and drag were measured from
approximately zero lift to 90° &ngle of attack. The biplane drag coeffic~ats are corrected for
strut drag.
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MI tests were run ak a dynamic pressure of ZO.2 kg/mz (4.13 lb./sq. ft.), representing an
awrage air speed of 18 m[s (40.3 M. P. H.), and an average Reynolds Number of 153,000.

Rates of rotation were checked to within + 1 per cent. Limits of rotary instability may
be reIied upon to + 1° and angles of attack to + O.1O. The lift and drag data are accurate to
+ 1.5 per cent. The dynamic pressure showed a maximum variation of + 0.5 per ceni.

RESULTS

TESTS

The results of the autorotation tests maybe found in Tables 1–IV and I?Qures 3–7, inclusi~e.
Rates of stable autorotation are plotted against mean angIes of attack in the curves. Rates
of rotation are expressed nodimensionally in terms of the linear and angular velocities u and p,
respectively, as

where b = span. This expression is merely the ratio of the wing tip speed to forward speed,
and is analogous to the tangenti of the effective helix angIe of a propeller tip.

Force test resuIts are given in TabIes V–VIX and I?igures 8–12. Lift and drag are
pIotted against one another in the polar curves, the customary absolute coefficients being used.

where L and D are the lift and drag, respectively, S the area, and g the test dynamic pressure

NTOcorrections are made for tunneI wall effectst and hence these results are not “free air”
data for the modek tested.

ADTOROTATIOX CALCLKzATIOXS .—

The strip method as appIied ta the anaIysis of autorota6ion consists in treating individual
wing elements (paralIel to the pkme of symmetry) separately, and computing the torque due
to each on the basis of their helicaI motions. &mmatio~ then gives the resultant torque for
hhe entire wing which must be zero for the condition of st.abIe autorotation. Ordinary force
tests carried to high ang~es of attack (assuming uniform distribution of result ani force across
the span) furnish the data for these computations. In the present -work no account. is taken of
the modi6caiion of force distribution by the tip form of the model, by centrifugal force and
scaIe effect due to rotation, or by the tunnel -ivaUs. This is the usual practice, but as demon-
strated later, these factors are by no ~eans negligible under certain conditions.

The customary ardysis, &t made by GIauert} utdizes the curves of lift and drag against
angle of attack. (References 2., 3, 4, and 5.) However, the work done at this laboratory has
shown that the poIar curve furnishes a simpler basis for the analysis. In addition, the polar
itself is a means for the direet determination of the Iimits of rotary instability, subject to the
same limit ations as the strip method.

Expressions for torque and force coefficients in rotation and the corresponding criterion for
rotary inst abiIity are deri-red on the basis of resultant force in the Appendix. The criter+on is

d(CJ
da <0

vrhere GE is the a.bsoIute coefIlicient of resultant force, and a, the angle of attack of the wing.
This criterion is an approximation but, for d practicaI purposes, ih gives the same results as

97297—2+23
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Glauert’s exact expression. (See Appendix,) Both criteria are subject to strip method
limitations.

The new criterion makes the polar a sufficient means of determining the ranges of rotary
instability, since ihe relation signifies & decreasing resultant force with increming anglo of
attack. For this purpose it is essential that the true polar (equal ordinates and abscissas)
be used. The limits of instability-maybe found merely by noting the angles of attack at which
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the polar curve is perpendicu~a.r to a Iine drawn from the origin. The.reIative degree of staliIity

or instability at various angles (a~) is indicated roughly by cm ct~~“ (See fig. 15,)

The calculated ranges of rotary instability are included in Figures 3–6 and 8–1 I for com-
parison with the experimental results.

— .5Yobleouforotofr’on — .S+ab.kQU forofafion
‘— — Un.sfob[e ., — ‘— Unsfab/e ,1
~-~~ Rofm-y hsfubiFf+~-,.] +--E---=-Ro.fary hsfabi&fj(Exp.)

,, ,/ — c—> ,, ,,
6 .6

{CO(JC.) .8

t
-- )’ k- ,––--E---4

.4 ‘ 1 i 4
f ! 1

.4
{
i ib-l,@

( “ --’-

- Tan,G ! t Ton,+
1/

F-c 4[/.2 [
fl

.2
\

.2

/[
\

1 i
o 10” 2@--x .30” 40” 0 10” 30”

O!.
40” 0 /0” 20” 30”

0!.
FI

d.
187-FE!monoplane (5 by FIG. 5.—R. A. F. 15 monopkme (5 by 30 Fm. 6.—A7.A C. .4. MI monoplfme

kg[ms, Reynolds No. = inches), IZ=20.2kg~m;,Reynolds h;o. = 152,f310 (i by 30 inches), f=23,2 kg/mZ,
,. Re~oIds XO.=M3,CW

DISCUSSION OF RESULTS

AUTOROTATION TESTS

The test resuIts shown in Figure 7 furnish a striking demonstration of the possible variation
in autorotational characteristics of common types of airfoiIs and airfoil combinations, An
outstanding feature is the wide difference, both in range and in magnitude, between monoplane
and biplane resu~tsl illustrating the already recognized effect of multilane interference.
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The ditlering rates and r~~es of autorotat.ion up to 45° furnish a means of comparing the
effects of cMerent airfoiI profiles upon autorotation.

Another and unanticipated fedmre is the well-defined autorotation of the symmetrical Ml
airfoil, for which strip method calculations predicted but a slight degree of instability.

The experimental autorotation cumw are merely interpolated for unstable autorot ation
(shown by dotted Iines in Figures 3,4, and 5) since the apparatus did not permit of obtaining
these values experimenhlIy. In I?@re 3 is included also a ca.kdated curve of the vaIues
of tan @ at which unstable autorotation occurs for the biphme. These zdditions are intended
onIy as a rough indication of existing conditions.

FORCE TESTS AXD AUTOROTATIOX CALC?JLATIOXS

The polar diagrams in Figure 12 afford another illustration of the marked difference between
the charactetitics of the monopIane and the unstaggered biplane. This difference has previ-
ously been attributed to the shielding of the upper wing of a biplane by the Iower (References 6
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FIG. 7.—.4utorotatfon tests on four moc?efs

and 7), and recent biplane pressure distribution experiments carried to 90” angIe of attack
(conducted at this I~boratory), proved this fact cordusivehy. Positive stagger or- upper wing
overhang may be expected LO reduce biplane autorot ational tendencies by redwing this

._

shiekting, thereby approaching the monoplane condition. (Reference 8.) The same may be
said for an increase in gap, except thak for practical gap-chord ratios the reduction in shiekling
due to gap increase vr-ilI probably be small compared with that for stagger increase, or for
overhang. However, it was not possible at the time of test to incIude an investigation of the
effects of stagger, overhang, and gap throughout the first quadrant, and very Little data of this
nature for angles of attack above 30° has been made available elsewhere up to this time.

—

In Figures 8–11 the calcuIat.ed and experimental ranges of rotary instability are shown to
demonstrate the use of the poIar as a criterion. These cumes show that, with the exception of
the Nfl wing, the lower limits of ins~ability are in good agreement and for-each wing are practic-
ally at the point of maximum CL. ATone of the monoplanes show, either by experiment or csJcu-
lation, any definite tendency to rotate abo-re 35°, while the biplane has distinct wt.orofiational
tendencies in the region above 45°.
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Figures 10 and 11 show that the accuracy of the strip method is to be questioned between
the angIes of maximum ~, and 35°, though ii may be rdied on reasonably well beyond these
Emits. Doubtless the discrepmcies may be attributed largely to the basic assumption of
uniform force distribution across the span.

The very apparent similarity of the monoplane po~ars from”30° to 90°, and the wide differences
between monopIane and biplane in Figure 12, indic~te that wing arrangement and not wing

.—...——

profle is the controlling factor over this range.
The radial ?ines drawn in Figure 12 together with the points shown on the curves indicate

the relative positions of the normal to the chord and the ressdtant force vectors for 30°, 45°,
and 90° angle of attack. Figure 17
shows this reIatiodip more completely,
and it is evident that between 300 and
90° departure of the red~an~ force
-rector from the normal to the chord
is less than + 3°, for any of the rnodek
tested.

Figures 13 and 14 are i.duded in
this report to demonstrate the feasi-
bility of using the first quadrant poIar
of compIete airpIane models for deter-
mining roughly their limits of rotary
insfiabfi~y. Figure 13 is taken from
force tests made at the Washington
Xavy Yard upon a 1/16 scale modeI of
the Boeing hTB–l seapIane. (Reference
9.) Siilar resuIts for a 1/24 scaIe
modeI of the Douglas XO–2 landplane
are gi-ven in Figure 14; as obtained
from tests recentIy made at this labora-
tory at the request of the Army Air
Corps. Calculated ranges of rotary
ins tabilit y are shown on these curves.
E.speriment al ranges for the XO–2 are
gi-ren in Fibwre 14.

The criterion for rotary instability

.
r—

.—

.-

-.

c.
FIG. 12.—Force kts on four models

is deveJoped from the strip method analysis of wing systems only. Therefore the presence
in the complete model polars of the forces upon body, tail, and landing gear may be expected
to introduce errors in determining the limits of rotary instability. EoKever, in spite of thwe
spurious M ectsz flat-spinning tendencies are distinctly indicated for the modek in Figures 13
and 14, and in the latter figure the caIcuIakd ranges of instability are in fair agreement with
experiment.

d(C*)
In Figure 15 are shown curves of the compIete criterion for rotary instability, ~ !

aga~t angIe of attack. (See .Appendk for derivation.) This criterion indicates not only the

state of equilibrium, but also the degree of stability or instabili~y. The pobts shown are -vaIues

of cos cw ~) and are included to show that the simpler expression may be used with good
da

accuracy. The following deductions may be made from these curves:
Maximum damping (stable) tendencies occur at or near zero angIe of attack and are of

practically the same magnitude for all the models tested.
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Maximum autorotationai (unstable) tende.ncies occur in each case just beyond maximum
lift, and vary wideIy in magnitude for the diflerent models.

Beyond 35° the characteristics of the monoplanes are practically identicaI, with small stable
tendencies between 45° and 75°, and practically neutral equilibrium at 45° and between 75°
and 90°.
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Beyond 45° the biplane shows instability, and neutral equilibrium between 75° and 90°.
As the angIe of maximum lift is exceeded, strip method and test rwdts begin to diverge,

agreement being reached again at 3.5°. Due to this divergence no attempt-can safely be. made
to interpret the curves between these limits.
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By far the most importanb deduction to be made rehites to stalled fight. The curves
show that in the vicinity of maw-mum Iift there is for each model a rapid change from rotary
stability to instability. This means that the orthodox airplane in fI.i@& sudde& becomes
IateraLIy unstabIe as maximum lift is passed, and if smalI rotary disturbances are not promptly
corrected for b~ aflerons and rudder, the rapidIy increasing autorotationaI forces may become
Iarge enough to overcome the control forces, and a spin ensues.

For greater safety in flight evexy effort should be made in the direction of maintaining
rotary stability and improving IateraI control &bove the stall. Especially- should rotary
instabdity be an immediate object of investigatio~ i~ wind tmnneI and free fight research.

CONCLUSIONS

Although this investigation is far from being exhaustive, the following generaI conclusions
may safely be dravm from it:

1. Autorotation below 30° angle of attack is governed Iargely by wing protie, and above
that angle by wing arrangement.

2. The strip method of analysis furnishes a criterion for rotary instability ~hich is in good
agreement -with experiment above 35° and ako in &hevicinity of maximum CL.

3. Strip method results are to be questioned between mafium CL and 35°, and this. fact
caIIs for further investigation of that region.

4. The ~oku- cume of a wing system furnishes means for the direct determination of the
limits of rotary instability and, for a rough indication, the polar of a complete airpkne modeI
may be used sirdarly, subject in both cases to strip method Limitations.

The following statements reIative to the airpIane in free fight may now be made with
reasonable assurance:

1. An airpIane witli a monoplane wing is not capable of Bat spinning.
2. An airpIane with unstaggered biplane wings has inherent flat-spinning tendencies.
3. Positire stagger or upper wing overhang ma-y be expected to reduce flat-spinning

tendencies.
~. The d~ctity of maintafig equilibrium in sMIed flight is due primarfiy to rotary

instability, a rapid change from stability to instability occurring as the angle of maximum
lift is exceeded.

.

...—

LANGLEY MEMORIAL AERONAUTTCA~ LABORATORY,

hTATIONTAL ADYISORY C?OXMITTEE mR AERoA’AuTIcs,

LANGLEY FIELD, V.A., April 21, 1927.
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STRIP METHOD KN.ALYSIS

Following is the strip method derivation of the expressions for torque and force coefficients
in rotation, and also the development of a criteri~n
for rotary instability.

The symboIs used are illustrated in Figure 16. CR
is the resdt,ant force coefficient (absolute) for the angle
Of attack C, retie CA and CA are its components, re-
spectively, along and rLormal to the axis of rotation.
The angle of the wing chord to this axis is a.. The
effective wind velocity VE is the vector sum of the veloc-
ity V along the axis and the t@entiaI velocity VE.
The wing chord and span are represented bye and 6, re-
spectively, and, in this derivation, c is a constant.

Therefore the hrque increment due to a given wing
element of -width Ay at a distance y from the atis of
rotation may be written

M= C@gc (Ay) (1)
where

~’=;pv.z

~ p (V see Aa)2=.

= q (see’ Aa)

FIG. 16.—WW element in.auto.mtatiort

(2)

Accbeing the aIgebraic sum of the angIe of attack of the element in question and CY~. The total
torque for the wing is therefore

J
w

A=qc (?.y (see’ Au) dg (3)
-&f%

and reduced tcI nondimensional coefilcient form

f

m

‘; CAy (see’ Aa) dy
e -+,2

(4)

where CA is the eoefbient of autorotational moment.
axis) is

The lift coeficientt (force nornd to

dy “ (4a)

353
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The corresponding equation
normaI to that of autorotation is

whiIe the drag c.oeficient-in

for moment about an axis in the plane of symmef,ry tind
similarly

u J -vY

rotation is

(4b)

(see’ Aa) dy (4C)

If we now consider wmy srnaIl angular velocities we may determine the criterion of rotary
instability for the model at rest. Th; angular velocity is to be taken .sui%ciently small that
variations in (7A aIong the span may be considered linear. For this condition equation (1)
shows that, for a gi~en wing element, the increment of torque

AA= KCA
where

lZ= g’yc (Ag).

lf we consider two wing-tip e~ements (1, 2) such that 1 is on the up-going or sroall-angle-of-
attack tip, and 2 the down-going or ]arge-angIe tip, we have from Figure 16

(?hl= (?& GOS~~= o~l COS(am ‘~1)

= 03, (Cos am Cos C*+ sin am sin G,)

QA,= ~& ~OS&= CR, GOS(c#~–u,)

= CR, (COSIX%~OS&,+ SiIl cr~ Sin a,)

On the basis of linear variation of force between tips, the initial condition for rotary in-
stability is that

GA,> CA,

or
c., – ~&~~. -

We may write
CA,– ~& = ~& (cos am cos ~$+ sin CYnsin u,) – ~31 (cos & cos Cf ‘sin CY~sin fJ})

= co~ ff~ (CR, cos ~$—~& eos ~1) +sb ~,m(~X, sk a$—~~, sk al).

Dividing both sides by 2Aci we note that in the limit

CA, – CA, d(~,i)
‘—” T“

—
~&

CE, COSrst– ~& COSuz~d(ea ~os ~)
2Aa

—
da

(?R, Sin ut – CR, Sk uI d(cR &l a)..=—
2& da

and the criterion becomes

d (CA) Cos~~d(O~ cos a)+~ti ~~d(C~ sin a) ~
T= da da

(7)

.
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Figure 17 shows the variation of a with angle of attack for the models tested. Since a< 10°
the following approxima~ions maybe made, the criterion becoming

/2”

Ill! lllllllll ‘_
Go-fi%genL?87-FBmocqdane

8“-—
ml _––’–– . ~~ = @[*ne,

--——

{1$t~ v “-;-- ‘“’”? “m”?’?~.A.C.A.;Aflmoneplqne

4“

6

-4”

r
o“ fo” 20° 30” 40” 50° 60“ 70” 80° 95”

a!
FIG. Ii.-Cur~w of u m. cc

d~d theFigure 15 shows~that with the exception of the ma.xinmm negative values of ~

second term of equation (’i) is negligible and since cos CY.is always positive in the first quadrant,
our criterion becomes

(8)

Glauert’s criterion is

u!22+~D< ()

dcs

which is exact, but equation (8), in spite of its approximate nature, for all practical purposes,
gives the same results.

TABLE I

Autorotation Test

G6t.tingen 387—FB biplane (5 by 30 inches)

Gfc= 1, dagger= O

>
q= 20.2 kg[d

Reynolds Number= 155,000
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TABLE II

Autorota,tion Test
.

G6ttingen 387—FB monoplane (5 by 30 iuches)

q=20.2 kgjm%—

Reynolds Number= 153,000 “
,–.

“ I [“ ‘an@. ! :“~:;e’:”1 $’
cc. degrees

17.1 ~ 0.319 !’ 0.458/ 25
19.5 .376 ‘ 30 .503

I 20.2 .389 33.5

1
3722. .5 .429 J: ~ [H

TABLE III

.4wtorotation Test

R. A. F. 15 monoplane (5 by 30 inches)

q=20.2 kg[m~

Reynolds Number= 152,000
———

amdegrees tan+
i

a. degress tall+

15 0.152 ~
Si

0.308
15.4 .161

32
.214

17 228 32:5 .196
20.2 :307 ;:.: .161
25 .338 .147
3Q .341

. .

T-4BLE m

Autorotation Test

N. A. C. A.-Ml monoplane (5 by 30 inches)

q=20.2 kglm~

Reynolds Number= 1.!i3,000
_. .

! a-de=ees I *+ ‘f ~:de:;-” ~: “-’ ‘ - ‘- :--+

, _ _ ~=..—..=—=—–.

,- i-r . . ,..—;. .

. . ..<=<,. -===

..
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TABLE V

Force Test
.

G5ttingen 3W-FB biplane (5 by 30 inches)

G[c= 1, stagger= O

q= 2,0.2 k~m~

Reynolds Number= 156,000

a degrees I CL

—1
– 0.006

~: +. 100
–3 .262

z degrees

1.5
1s

2
25

O. 046 ! 0: ;:: \ 0.509
.030

i
:; 59s

02s 40 .734 ~ :676
:037 [ 45 -669 ~ 730
.051 ~ 50 .596 ~ “:769

- ‘1 :: -::: , . :~s
::$: ~ if6
.126 Ii ;~

160-,9s ~ .75 %J ’72s

.244 I 80 . 12s

.344 S5 .072

. 450 90 .014

TABLE VI

Force Test

G5ttingen 3S7–FB raonopkne (5 by 30 inches]

q=20.2 I@rnz

Reynolds Number= 155,000

CL

–o. 005
+. 127

.323

.534

.744
9*S

i 136
1. 2s5
L 377
1. 41s
L 37S
L 260
1.075

. S36

0.052
.030
.029
.036
.050
.070
.095
.124
- ~6~
.217
.283
.331
.39.5
.461

.

a degees

30
32
35
40
65
50
55
60
65
70

.75
so
85
90

CL

0.840
. S76
. S92
.851
. Sll

751
:700
.631
.544
.452
.347

+: %
–. 009

o. 53Z
.602
. ;$0

[16
. S-54

i ~~~
L 124
L 195
L 270
L 32S
L 3S6
1.390
L 389

.—

.

.,. ..-.=—

.

2–

. .

,.. = ..:

.. -_:

. . .-~,

- 5- —.

..-
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a degrees

–2

+

1:
13
15

;:
23
25
27

●

TABLE VII

Force Test

R. A.F, 15monoplrme (5 by30 inches)

q= 20.2 kg/ln2

Revnolds Number= 155.000

CL

–o.015
+. 163
.383
.597
.810
.981
1.011”
L 025
.907
.804
789
:789
.804

TABLE VIII

Force Test

N. A. C. A.-Ml monoplane (5 by 30 inches)

q= 20.2kgfma

Reynolds Number= 155,000

c.

– O.006
+: g

.619

.717

.694

:%;
.735

:%;

-.. ..—-=–,..—
CD a degw+~

-1 c’

0.011
.015
.032
.081 i
.159
.207
.248
.298
374
:508 ,-
,648 i

40’”
45
50
55

:;‘
70
75
80 I

% I

O.863
.802
.725
.680
.619
.546

:%
.266
.155
.031

CD

0.746
.816

:RI
L 066
L 153
L 233
L 296
L 345
L 375
L 377

. —---- —.:

. .... , -.y.~..

-.


