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II. -‘i L\LLA‘—QY

The authors have attempted to develop a theoretical
means of determining the amount of aerodynamic damping,
positive or negative, existing on a symuaetrical airfoil
having freedom to osclllate only sbout an axis parallel
to the span and on the zero camber line. Variables consider-
ed were oscillating frequency, wind speed, and hlnge
position (location of axis of oscillation.)

Having developed what they considered a proper

theoretical criterion for determining the value of
aerodynamic damping, the authors have conducted an experi-

-

mental investigation of an airfoill oscillating system
having one degree cf freedom, in an attempt to verify the
theoretical criterion.

It wes concluded that for small oscillations the
theoretical values of aerodynamic damping moment are correct
except for hinge positions near the leading edge. Contrary

to the theory, it was considered that the experimental

investigation established the fact that negative damping

o

does not occur for hinge positicns at or near the leading
edge.

A general conclusion weas made by the avthors that

| -

an eirfoil oscillating with only one degree of freedom will
always r~ve a positive aerodynamic damping moment provided

the oscilletions are small.



It was found that an airfoll restricted to one
degree of freedom (rotation) and pivoted about the 0.75
chord line will flutter when deflected to an amplitude
approximeting the stall angle. Ilutter will be self-induced
when the serodynamic forces are sufficient to deflect the

airfoil to the stall angle.



IITI., INTRODUCTICHN

The airfoil theory of non-unifcrm motion has

!
been developed by many axthors, in varticular ﬁagner‘l,

3
Glauert(z, Theodorsen( » and Von Karman(4. This theory
has in turn been applied to the problem of aerodynamic

!

instability or "flubtter" of airfoils. The mechenism

of aerodynamic instability has been analyzed in detail;

Theodo:osnen(5

covers fully the cases of binary and
ternary flutter. Also maﬁy authors such as Pugsley

have developed theories for wing flutter for the practi-
cal engineer,

On the other hand it is not believed that suffi-
cient data have been obtained regarding the insteblility
of a thin airfoill having a single degree of freedom
(rotational oscillation). It was therefore decided to
make a complete investigation of the oroblem of flutter
in one degree of freedom.

All theories of non-stationary flow around airfoils
having been studied, it was decided that the theories as

(8

outlined bw»Glauert(z and Lombard would be used for the
N

theoretical part of this investigation. Having applied
& o [ ?

these two theories to the problem of flutter in one degree
of freedom and ccupered the one agzainst the other, it was
planned that as thorough as possible a practical wind

tunnel investigation would be conducted to verify the

theoretical results.



2
Glauert developed a very thorouzh theory of

the force and moment on an oscillating airfoill. The

essumed conditions on which his theory is developed are:

a)

b)

c)

L}

The airfoil is thin with a2 sharp trailing

edge, the vorticity of the weke Leing generated
at the sharp trailing edge.

The velocity at the sharp trailing edge remains
finite (Joukowski's hypothesis).

The amplitude of the oscillation is assumed to
be small.

For purposes of calculation the thin airfoil

is replaced by a straight line. However, to
avold infinite velocities at the leading edge
the nose 1s considered to be rounded.

The wake is assumed to extend backwards in =2
straight line prolonged on the chord.

Any change in cilrculation about the airfoil
reguires that vorticity must be developed in

the wake in order that the regional circula-

tion remain constant.



teneral Symbols Used in Discussion of Glauert's Yorx

t = tinme,
U = linesar veloclty of eirfoll through fluid.
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haif chord.
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¥ and y = coordinates corresponding to U and V
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The airfoil is defined by the coordinate x = a.cos o
Hote: The interference of vortex wake is investigated
with the circulation being adjusted to give finite
velocity at the trailing edge of the airfoil.
Circulation

F = 7T2 a2ﬂ - 2maV
Veloclty ¢, relative to the surface due to the motion

i

w

s T\vlr, -{L

gy sin 8 = U sin 6-V(l + cos 8) + a (L sin

“ 9

Vortex strength k7 along the airfoil

kX1 =2 afl sin 8 - 2 V cot & @
Consider a circle of radius ¢ which may be converted to
2
\ . . . . C . ;
the straight line airfoil C =7Z + == , the length of the
va
airfoil being 4c.
2 _
2 ?
< r




Tangential velocity qo caused by vortex wake at the

point Q of the circumference
q,- T {COSE _ cos (6-8)| _ ¥,
2 Znm R! "2 Zmc

= l r- c* — b’o
2w rRR' 2me

where Ue is a point vortex at the origin and

Ld

. .. pl
¥ is a point vortex at the inverse point P.

2
=5 ) R°=r%+c?*+ 2rccos @

*

And at point o which converts into the trailing edge

of the airfoil go must be zero.

. r+c

Therelore To =7 T-¢ s

Then =T r+c) r(i+ Cos———e)
82' T \r-c/ p2,.c2, 2rccosb

Now k,= 2 % 3

d :/a’z  Sind

. r+<:) £ (1+ cos )
T \r—-c (ri+c?+2rc cas@)sine

since r*+c*eps  2c=q ;0tS - [S7a
j
r—-c S—-a

k =k, +k,

= 2al sinf-— ZVCof—g—- — L /w sta (1+cos8) ¥ds

T

-

a Vs5-a (s+acosd)sinb



h of the chord from the lecding edge, the point advancing

with a linear velocity W.

[=27aWx + 4ma’ (L (%—A)H\/ii;‘ -1 ¥ds

[M= 1T, + [7sin pt + [; cos pt

Let s-a =2a8
P =)
C =[{]/—9__~é‘:i._/fcosx\@d9
5 =°f]/_9fé7_1_,}sm/\9d9
Then
T = 2ma W«,
= 2ma W, — A3, + ACT,
f, = 2maW(G-h)Ag, —ACT -AST,
Let

- A, +B,(3-
= A, +~Bz/"%_;’)

N1 N

where S e A5
, T (1+A8) %+ (AC)?

A
—AC
A’” N (1 + AS)% + (,\C)’-

—AA,
VA,

> &
)
it ]



X d
*QB‘ era,W{Wo( +all(I- z/,)_aW/ X_Sa
= “cos AB Vs

Jetarn ¢

P
sm/{Q
Q /1/67(6?1(-/

Let

Y
Then W:yao+n[-f-~—/oé ~PE,)- L(4-4) )2} o, sin pt

Hf(-h)-% (P8, +@E.)} Ao, cos pt
v
WZ = —nw(zh),

- #[-(z“/»){/_i(gg - P )} 2 ("‘/")2/{ 7% a(.smpz‘
= [l W) 3R P+ 04 )] A, cos pt



o p= T lhR)E-R)- £ (5-h)(PE, + QE,)]
U= wf(i-h)- 4 (PE, +QE,)}

Telking those vparts which are proportional to the znular

velocity Mh - —p (2_ QW_(')_)(Z"QZPWZ)
Y, - (22) (226 W)

Redefining the factors in the c=bove equations -

Ll = ansular frequency = )

AN
o}
I

chord = ¢

I

linesr velocity of point h = V (or U)
fJ = damping faCtOT;,J positive means oscillation
damped.
fj negative means oscillation
diverges.
1) = 1ifting factor; vositive means increazs in 1lift.
negative means decresse in 1lift.
Now P, Q, C and S may be calculated makins use of Sessel

functions. (See Appendix I).

Let

1l
NS
= =
[-)
t:\
\Ir

4)]sing ~ [T (4) + Y (4)] cos 4}
25 (1)) Jeosd # [ D)+ Yok ] sin df ~ 5

-9 -

]



Tables showing the variation of,) with h and A
have been computed using the formula for p and the

auxliiiary formulae for P, € and S. See tables 1

\»
@

and 2. It will be noted that these ftables are for a
range of h from O to 0.25 and for a value of h of (.75,

The rea?on for concentrating on these values is tha
12

Fd

Glauvert showed that these are the only two hinge
positions for which the aerodynemic damping may become
snall or negative.

ifaving obtained from the Glausrt theory the

Sro oy v 1 R . N e e 7 1
vaeriation of the damping monant parameter the theor
Y kS i J>
-
e
8

K [N, DU | SR —~ . LIPUURN. S . —
of Lompard e developsd along similar lines for
" Y ~ - L i e S
PDLTROsSE O oompavison.

o

(6

L T, 3 k] . - . o0 3 Fal
Lorbard develcps formulas for the forces

and noments on an airfoll performing steady-state

I

1.

oscillations. He carries out this development by
several different methods; his use of tne theory orf
Sears ig considered to be particularly
clear and based on the most modern procedure, so it
wags used in this paper to verify the damping moment
criterion fJ ag found by Glausert.

Lombard starts this part of his work with the

(

ears

n

b s e ]
by Veon Xarman and




L=1Ly + Ly + Ly where
</2
Lo = er?f (x) dx
<f2
L, It [/K(x) d’f]

RIGEL
Ez Cz

pvc /

</y

The following Lombard nobtation

paper in developing a2 damping

to Glauvert's:
c = chord
X = di ce in line
M = circulation
al' = circulation about
T(x) = vorticity on ai

in wsake

vorticity

¥(&)

The values of Lo and Ly are de

6

(Quasi-steady 1lift)

(Acpearent mass 1ift)

(Lift from wake effects)

g will be wuged in this
moment criterion similer

of motion, positive forward

any element dx,

rfoll

veloped first.

N
¢

«

Noting that

Il

(c/2) cos ©
-(0/2)

X

ax sin ©

i

11



the equations for Ly and Iy can be changed %o
m
Vc .
Ly = PZ Ko sin 8@ d6
o]

L1=—eac—_—zjdz[o/b’osmgc~osgd9]

For a value fO"ﬂX(}:) Tombard uses

b’o-‘- C¢5/nQ+ZV(¢ ym)(lgnczse

¢ = angular veloclty

i

Ym vertical velocity of the chord midpoint.

¢ = angle of airfoll to wing in free stream.

m
en [ ¥, 5in6co = TEL 4 2V (6 -

i

m
X, sin@ do = m V(¢ - Im
°/ inBcos@do = mV (¢ V)
This leads to

= TEVE 4 mpevi(-n)

1 = ZT_%_C_Z(V¢_ym)

T

For developing Lo, account must be taken of the
effects of the wake vorticlity under & steady state
oscillation of V radians per second. Lombard uses the

complex notation to introduce the oscillation into y and 4>
— vt

=C, e
_ ivt
=C, e

| <

The instantaneous values of y and ¢ are represented by

the real parts of ¥ and ¢_.



The wake vorticity is represented by

?(5) ) ge“)[f —(é/v)]

Z 1s a constant waich may be complex,
v is the constant mean horizontal veloclity.

Lﬂuﬁa=%wﬂm&£
Z

oA Ag?l c/z

Inserting the complex weke vorticity,

Vet —( ZV) (ZE) c/(zg)

A
2, (;z;—)

¢ (
Using the Von Xarman and 3ears modified Hanltel function

PVQ:

92

method, Lombard writes

_ (Vt
G gKee

5!

To satisfy the ceonditions of (a) eguality of vorticity

in the wake and vorticity shed by the wingz and (b)

tangential flow at the trailing edge, it is found that
cg _ _ &
2 K, + K,

—

where Ko and K are modified Hankel functions and Gy 1s
found by

Lo + 1L, sz :/an? =/0Vé_:¢“)t

Therefore

P



Since the modified Tankel functions Ky and Kq

are both complex, there is a phase diflerence between

To and Lp. Also Ig acts at the guarter-chord point.

Substituting the equation for Ly,

[+L, = mpev?[p-Jn 4 ][ K ]

l¢— _-Y_..m + ____d)c Z=a(h= angle of attack at
\a qv
the 75 »ercent noint.

Using the Kassner-I'ingado notation,

/( /u)c

K, = _
Koi-l(.:_P: A, -¢B, = nJC) K(LI)C

where A anc o are real and positive, and are functions
(L V¢
of

LJC
% in the {lasuert notation is seen to be (

Using a complete complex notation, Lombard writes

for the three 1ift values:

(a) At 25 vpercent chord

z—-—-
L=n—/ocVa</,7j
(b) At 50 percent c?ord

ToC T o
:——__Q__-ym

(c) At 75 percent cnord
L = _E,,V?ﬁ

Equation (b) above is not needed for the investi-

gation desired in this paper, since ¥y is zero for freedom



in oscillation only. Bguations (a) and {c¢) will now
be used to develop a dampling moment criterion for

comparison with the r/ found by the Glauert method.

3_9\
I
1%
+
-5
|

T Ny

eflfective angle of sattack at 0.75 chord.

A

L._ = —B—”4°2V$ - -E—’Tdszm)¢

Arm of L g5 = 0.25 ¢ = hc = ¢(0.25-h)

Arm of L 75 = 0.75¢ - he = ¢{0.75-h)

Moment M = (TF(JCVZ)(ﬁ(/+ “v)jz)C(O.ZS— h) (A,—L' B,)
+ E%C—f VL"()¢'C (o.?S—A)

From the general oscillation formula

(-Av*+ivB+C)E = M+l

- 15 -



It is seem that
(VB¢

or 1)B$ = the imaginary part of the moment.

ll

~.

X
N

This zives

B

Il

mpct V%(o.25-h) [A' < @754’) — !1]
+ —Z{—PCBV(OJS—h)
n(;c3v[(azs«/-:){A, (015-h) - B'cl:)"} + (0,75_;,27

The critical deauping condition is 3 = 0., If B

[

is positive, the zerodynamic forces will dampen the motion.
If B is negative, the aerodynamic forces will be such

0

as to cause the airfolil to flutter.

+

Tor the development of flutter criterion values
for comparison with the F:Jalues found by the Clauert
method, the following change is made:

= By [ KA (k) B vk (oR)]

FJc3Y7

This is done Dbecause the criterion is based on
wnether the factor B is positive or negative, hence it
will be just as satisflactory to determine whether Bo is
positive or negative.

Using the method of computation as indicated
above and outlined in Appendix II, btables of Bz were
drawn up. Se Tables 3 and 4, Comparison shows that
these agree very closely wilth the values ofo found by
the Glauert method and included in Tables 1 and 2.

L3855

- 16 =



The p or Bo wvalues found for the various values
of hinge position h and reduced frequency(;jjare useful
only to determine whether or not the aercdynamic
damping is positive or negative. & change is needed to

nake ovall:sble the amount of cositive or negative

|..-J

Zlv cillatin: system. The

(
o)

results of the Lombard method will be used for this purpose.
In determining the true damping moment, it is
best to make the equation dimensionless., For this

purpose, the function g 1s introduced.

g

2
()4 %

ToC

—é%f = mass of alr in a cylinder of alr of dismeter
equal to the chord and unit length along
the airioil span.

m = mass of the oscillating system per unit

oA

length of airfoil,

2c . . . . :
IZ- = ratio of twice the chord to the radius of

gyration of the system.

- 17 -



7. = reduced frequency modulus

Bo = the flutter criterion as developed previously.
Tor & zlven hinge position of an airfoll system 1t is

seen that all terms are constant except % and Bg, the
latter beinz a function of . and the hinge position,
This gives

g!' == for one hinge position

il

The significance of using g' instesd of By for a Ilutter
criterion is thet it 1s properly ma:nifiled by division

by . In other words in addition to determining th

-

value of Bo, % also has a direct erfect on the =mount

ogiving increased

*

2

a

of positive or negative dazpling,

@
o
3

8]

amount of damping for very small values of % and a decreas-

ed amount for very large values of .

}.l-

The calculation of Bo showed that 1t approaches

zero for the hinge at three-qguarters chord at high values
of %, but never becomes negative. The effect of dividing
Bg by » for this hinge position obviously cannot give a

negative value of g' but merely malkes g' nearer %o zero

Z
[

ths

’s’)

n Zo. This would tend to zilve zero damping at the
three-guarter chord hinge position.
For hinge positions near the leadinz edge conditions

are different. Frevious calculzations of 32 showed theb

negative dawmvping occurs for hin



chord and
values by
magnitude
for these

I'ro

D)

(2)

Tor h values less than 0.10. Dividinz the 3,
A to obtain g', 1t 1s seen that the true

of the damping factor is greatly multiplied

-

low values of .

m the theoretical calculations 1t is concluded
thin symmuetrical airfoll of infinifte aspect
following facts hold:

For hinge positions at or greater than

£

ty of negative

o

0.25 chord there is noc possibil

kS

darnping or flutter,
For hinge positions at or close to 0.75 chord
the damping moment tends tc zero as the

reduced frequency approaches infinity.

for hinge positions between zerc and 0.25 chord

{
ol
<t
|
(e}
=}

there 1s definitely negative damping

o
o
o
o
vy
0
i...J
‘-

values of the reduced frequency. L
higher values of the reduced Ifrequency require

hinge positicns farther forward if negzative

damping or flutter is to exist.

positions are essentlally lew frequency, high

airstream velocity cscillations.,



DT AN

T MAT . YT AT ONET
IV. PRACTICAL 13 STTTGATICH

ATter obtaining treoretical weans ol determining
whether or not rnevative dawping or flutter should occur
for a given conditicon of hingze position, alrstream

velecity end frequency of the oscllliatin: sysbtem, it

was desired to design and construct a wodel aupperatus
by which the theory could te verified in a wind tunnel.
The equipment which it was felt was needed was an

airfoll reasonably rigid

naving on each end of 1t
vould be westrained from vperforming any other movement.
Means were needed for snifting the hinge position to any
desired position along the chord; it was decilded that
this could best be accomplished by insertin
shaft at ezch end cf the airfoil a pair of knuckle joints.
In order to reduce the Ifriction in oscillating
movenent to a minimum, 1t was decided that the suspension
of the shaft should be on crossed fine steel wires. 32y
having these wires attached to the shaft structure szt

some CGlstance from the center of the shaft axis, and then

placing the wires under tension, it was planned tc be

¥

able to plece any desired emount of linear restraint
ageinst oscillating wmovement on the shaft and hence on

the sairfoil.



It was also realized that neans had to be nrovided
for static balence of the system; fto this end fittings

were designed Ly means of which weights could be held

-

rigid with reference tc the shalft at any desired distance
from tie shaft. These were also to serve to vary the
moment of inertia of the system.

Tre Tunctional requirements of the test model
having been decided, the necessary parts were designed

and Fabricated. The assembled avparatus is shown in

Figures (,2,3andd. T e =2irfoil was made of pine, rectangular

P

n plenform, with a span of 36", a chord of 6", and an
000¢ airfeoll
fastened endplates which could be removed as desired

during tests. DBy means of sultable fittings there were

)

Titted to each end of the sirfoil a section of shaft &Y

2

long and another secticn 12" lonz. These shafts were

of sluminum tubing, outer dlameter 1 1/8 inches and
4

wall thickness 0.040. <The steel wires were placed in

tension by hanging weights as shown. Iisans were provided

or &% from

]

asteninz them 2t distances of either

@

By

for

5

the axis of the shaft; this was done by utilizing clamp
"
studs on an 0.030 aluminum plate clamped to the shaft as

T

shown. Also the wires could be fastened at a distence

-

equal to the radius of the srhaflt by using clemping studs

nd

[6]
m

imrediately outside the shaft. The nalencing arm

o

cocunterwelghts are alsc shown in the npictures.



n the

b

“hen the test equipment wes [irst tried
tunnel, it was found that there was insufficlent restraint
against bending of the airfoil and fittings; the center
of the airfoil tended to vibrate up and down. To prevent
this movement, which would not limit the airfoll to the
one degree of freedom desired, a fine wire was passed
‘throush the airfoil verticzlly, and fastened to
each side of the alr oil by means of clamping studs. Care

K3

of course had to be taken to insure this vlre passing
&

‘::

zactly through the hinge line.
It was found that the use of wire to orovide the
necessary controlled restraint szgainst rotation and at

the ssme time prevent other than infinitesimal movement

n
QO

in trenslation worked very well., Of course, there was
little restraint provided egainst movement In the direction
of the span of the airfoil, but there weas not much force

.4 4t

found to be exerted in A
The proposed plen of investigation in the wind
tunnel was &s follows
(a) Conduct tests with the hinge positicn at and
near the 0,75 chord point. TIFrequency of
oscillation and tunnel esirstresm speed were
to be varled through as wide a range as

possible to determine whether or not there



(b) C

exists any condltlon of negative damping or

flutter with these Linge positions. The tests
were to be conducted both with and without

enGplates, in

ot
o

order to attempt to detect the
effect of the use of endpletes on flutter.
Conduct tests with the hinge position varying
from the U.20 chord pocint to the leading edge.
Tnis is the range of hinge positions in which
heory shows that flutter should occur. In
this vart of the test it was propesed Tto use
much finer wire than in part (a), since for
forward hinge positions flutter is theoreti-
cally possible for low recduced freguency which
means that high moment of inertia and low
restraint ageainst oscillation are required.

As in (a), tests weie Lo be carried out at all

possible frequ

0]

ncies of the oscillating system
and all tunnel speecs availsble,

tests were run 1n the followinz wmanner. A

tinge position was seb up on the equipment. A

serles of runs was made for thnis position, varving the

tension in

each state

the wires and the speed of the tunnel., Tor

of wire tensicn and tunnel speed, the Ifrequency

of the system was Jfound by means cf either a Strovotac

instrument

or visual observation using a stop watch, the

tunnel ailrspeed was found by neans of a static pressure



manometer properly calibrated, and the amocunt of damping

was cdetermined as accurately as possible by cbserving

the time recguired for an externally forced amplitude

to decrease to one-half that amplitude.



VI. DISCUSSION OF RESULTS OF

EXPERIMENTAL INVESTIGATION

Tests were conducted in the P.J.C.-iMerrill wind
tunnel. Because of a lack of instrumentation facilities,
the tests were conducted from a qualitative viewpoint,
attempting for the most part to determine whether positive
or negative aerodynamic damping existed. Turbulence was
kept at a reasonably low value by using a falrly fine
mesh wire screen; hobt-wire turbulence measurements indicated
a turbulence value of about 0.7 percent both along and across

the direction of air flow.

(A) Leading-edge hinge positions

The first part of the wind tunnel experimentation
consisted of an investigation of the damping existing for
hinge positions near the leading edge, with values of reduced
frequency varied over as wide a range as possible with the
equipment used.

Hinge positions of 0.10 ¢, 0.05 ¢, and the leading
edge were used. IFor each hinge position the frequency was
varied from about 0.7 cycles per second to 4 cycles per
second, and the wind velocity from sbout 15 feet per second
to 50 feet per second. The limits of the reduced frequency
values used were:

A minimum = 0,072

A maximun = 0,838

As was to be expected for forwsrd hinge positions, the



oscillating frequency'of the system increased with the
airstream velocity for constant torsional restraint and
moment of inertia.

In all the runs, covering the full range of reduced
frequency for all three hinge positions, the only motion
detected was & slight vibration which was considered caused
by the turbulence and the fact that the airfoil supporting
system was not entirely rigid. Sample date for this part
of the investigation will be found in Tsble A.

The theoretical calculations showed that for the
forward hinge positions used and the values of reduced
frequency at which the tests were conducted the'J factor
reaches a negative value of 0.10 and the g! factor or P/‘&
a nezative value of l.4. These negative values seemed to
indicate that the test conditions should have resulted in
definitely negetive damping and a condition of flutter. As
was stated above, however, the only motion was a slight
vibration.

From the fallure of the wind tunnel test to verify
the theoretical calculated values of the dawmping factor,
it was concluded that the theoretical method of developing
e criterion for flutter cannot be applied to the case of

an airfoil having a hinge position near the leading edge.

(8) Quarter-Chord Hinge Position

The second psrt or the experimental investigation



consisted of tests of dampinz conditions with a hinge
position at the quarter-chord point. Table B furnishes
sample data for the tests conducted.

No tendency toward flutter was observed in this part
of the investigation. The theory that the only portion of
the 1lift on an alrfoil which varies with speed is that
which acts at the gquarter chord point was confirmed by the
fact that data taken showed the frequency to be independent
of the wind velocity.

It was concluded that.the theoretical values of
damping moment for a quarter-chord hinge line are correct
and that there i1s no possibility of flutter under these

conditions.

(C) Three-Quarter Chord Hinge Position

[ ]

'he third part of the experimental investigation
consisted of tests of oscillations about a hinge position
at the 0.75 chord point. Tests were made at both high
frequency and low fregquency conditions.
For the high frequency part of the tests, the inertia
of the system was kept as low as possible and the wires
were rigged with a 1lZ2-inch radius and 30 pounds of weight
on each of eight wires., This gave a frequency which with
equipment availsble was estimated to be 25 cycles per second.
Zor the lowest velocity used, 15 feet per second,
the reduced frequency was 5.24, This value of reduced

frequency is high enough so that according to theoretical



calculations the aerodynamic damping should be practically
zero. Obviously with the high mechanical damping which
was placed on the system for this part of the investigation
(to produce high frequency oscillations), it would have
required an extremely high negative aerodynamic damping
moment to produce flutter. The tests, conducted both with
and without end plates, were made in order to determine
whether the asrodynamic damping moment might tend to
negative values instead of merely epproaching zero. Since
no flutter occurred, it was concluded that no high values
of negative damping existed.

The 0.75 chord hinge position was then tested for
low values of reduced frequency. Thls part of the investi-
gation was an attempt to verify the results reported by
Biot<r7 . Blot's tests were conducted for a very small
model, and it was desired to conduct a similar test at a
larger Reynolds Number,

This part of the test was made using values of reduced
frequency varying from .0545 to .544. At low velocities
it was found that divergent oscillations could be induced
by deflecting the airfoil to an initial amplitude which
approximated the angle at stall. For higher wind velocities
1t was observed that the 1lift at the 25 percent chord
point was sufficient to deflect the airfoil in rotation to

n angle epproximating the stall angle at which time the

condition of divergent oscillation was set up. The flutter



in the case of both low and high velocity was sufficient
to be catastrophic if allowed to continue. The action of
the airfoil for this part of the test was similer to that
found by Zollay and may be considered as corroboration to
his findings. Data as obtained is recorded in Table C.

It was concluded from the investigation involving
oscillation sbout the 0.75 chord line that, as concerns the
small oscillation theory, there is no possibility of flutter.
On the other hand there is a definite danger of flutter
when the angle of attack of the airfoil reaches the stall.
Moreover there is a definite range of velocity at which
flutter is induced provided'the system has insufficilent
restraint to prevent the stzll angle beins attained. It
is possible that an airplane may experience such a phenomenon
if the airplane is subjected to sudden heavy gusts. And, too,
an airplane approaching for a landing in severe weather may
be subject to this type of flutter.

After concluding the aforementioned tests a series
of runs was made varying the value of reduced frequency
from the high value of the first tests to the low value of
the second tests. At medium values of reduced frequency
violent flutter was set up. It was found that this flutter
was the result of extremely small vertical oscillation in
the system the frequency of which coincided with the
torsional freqﬁency of the system. In other words a perfect
case for two dimehsional flutter existed. The violent

flutter could easily be prevented by only a slight damping



may endeavor to

effect =t the very low and very

vertical osciliction had no

e

nigh values of reduced frecuency &t wh.ch the in

sortant

tests were run.



VIEL. RECOMME{DATIONS

The zuthors were not completely satisfied with
the equipment which they designed and used in their
experimental investigation, because it required using
artificialities to prevent an additional degree of
freedom being introduced by bending or vertical translation
of the airfoil. The tendency of the airfoil to bend was
due to the fact that it was constructed of wood, and the
tendency to translate vertically was due to the low restraint
against bending offered by the fittings used on the shafts
extending from the airfoll to the wire supporting system.

It was therefore considered by the authors that a

further investigation of the problem would be of definite
value, and that the equipment should be constructed in
keeping with the following considerations:

(a) The airfoil to have considergble restraint
against bending; since the welght need not be
kept at a minimun, the airfoil might well be
made of solid aluminum.

() Fittings for varying the hinge position to be
desligned to permit no bending.

(¢) Tension wires to be used to provide a bearing
for osclllation, but to be connected as near
as possible to the axis of oscillation so that
they can be kept under high tension to prevent
translation of the sirfoill and at the same time

not cause a high torsional restraint.



(e)

Torsional restraint to be accomplished by
springs acting on arms attached to the
oscillation shaft of the airfoil.
Instrumentation to be nrovided to permit
accurate measurement of the frequency and

the amplitude of oscillations while the

system is osclllating.
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TapLe D)

Bo VALUES BY LOMBARD THEORY
A

ST 008 10,06 1 0.08 T0.10 [0-12 [0-1Z [ 0.1c [ 0-15
S5 355 T 255 T 028 T 0308 | 0.520 1 0356 1 0. 345 0. 350
ST T0 07 T 6053 T 01021 0. 1721 0.225 10,2651 0.302 1 0. 555
0 S ETE o0 35 1 =6.002 1 0. 100 1 0. 163 1 0. 250 1 0.309 1 0,350
505 0. 565
010 o0 405 1=0 330 =0, 055 | 0.065 1 5. 157
PRE 0006

550 1 =0 A13 1=0.2536 1 =0.055

=575

~5 R0 <0370 =0 372 10005

5 A0 =0 657 1-0.205

0050 -00602 —00071

055 0018

D50 T =0-270

070 | =0.295

0. B0 1 =0. 048

555 70007




T ABLE

Bo VALUES BY LOMBARD THECRY

N R 30 00

0 TN 0.665 10.88%5
010 0.511 0.605 1 0.865
0. 50 0. 2505 0.475 1 0.475
0.55

0. 30 5 578 5 515 1 0.51%
0. 20 0578 0.105 1 C.1022
0.50 0. 424 5 0. 00551 0.0077
0. 50 0. 05551 0.0358
570 0.0044] 0.00535
L 056081 000030
L 5TEE T 0837 1000041 0.0000158
LG 50006y 000017
T.00 5l 0 S 059551 0.0001




Hinge Position - leading edge

Frequency Velocity
radians/second feet/second

4,94 0
5.23 15.2
5.36 20.1
D.71 24,7
5.97 28.9
6.28 32.3
6.67 36.8
6.81 39.8
7.21 41.6

- 7.55 44,8
7.60 48,3

0.172
0.133
0.115
0.100
0.0972
0.0906
0.0862
0.0866
0.0842
0.0786

|

0
48600
64200
78900
95500
103200
117600
126200
132800
143200
154400

Cycles to damp
to 2 amplitude

12

©
l.-l

()] ~J
W N R

(0]

bl

(x - damping could not be measured becsuse at high speed

the system was subjected to definite shaking.)

Tapre A



Hinge Position - C.25 Chord

Frequency Velocity
radiens/second feet/second
4,74 16.2
4,74 23.6
4,74 26,6
4,74 30,8
4,74 34.8
4,74 39.6
4,74 42,0
4,74 45.2
12,33 16.7
12,33 23.6
12,33 26.4
12,33 31.9
12.35 34,2
12.33 39,7
12.33 41,9

A
0.1463
0.1030
0.0891
0.0769
0.0680
0.0598
0.0563

0.0524

0.370
0.251
0.234
0.193
0.1805
0.1505
0.1473

TapLE D

R
51700
75300
84900
98300

111300

126500

134200

144300

03400
75500
84500
102000
109200
126800
133300

Cycles to damp
to_z amplitude

10.5
9

K NN

345
3.0



Hinge position - 0.75 chord.

v
Freq. rad sec ft/sec
4,48 16.9
4,33 21.3
3.59 26.4
3,37 30,9
6.28 o)
6.21 17.6
5.27 21.3
4,91 27.2
4,71 2.1
6.28 16.8
5,09 21l.1
5.02 26.0
- 3105
8,97 15.9
7.56 21l.1
6,32 26.6
- 5105
12,56 16.5
7.49 20.7
11.33 27.1
17.42 16.0
15,568 20.0
15,98 26.7
15.68 31.3
- 55.8

0.1325
0.102

0.0699
0.0545

0.1765
0.1237
0.0903
0.0734
0.187

0.1443
0.0965

0.2655
0.1793
0.1232

0.330
0.181
0.218
0.544
0.392
0.3175
0.2505

c.@o
"

R

53950
63000
84300
98700

56200
68000
86800
102500
53700
67400
83000
100600
53950
67400
84600
100600
52700
66100
86600
51100
63900
81200
100000
114300

Degrees
Deflection
Reguilred to
Start Oscillation

17
17
17
0

17°
17
15.5

O - starts torsional divergence without initial deflection

from neutral nosition.

x - to start oscillations regulred deflection thet could not be

measured.

| Tapre C
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ApPPENDIX II

Computation of By Values by Lombard i.ethod.

From the formulae

k(,(ix)

A-iB = K, (cx) + K, (cx)
and

Ko l(ix) = ¢ Z ﬁJ (k)

K, (ix) = = T HP0)

HPG) < I ()= Yelx)

H®P(x) = T,(x) =i Y ()

it follows that

T (x) (%t +d 00 ] = v 60 [T, () - Y0 |

Al = 2 <
(&) + 5001+ [T (x)-Y0a)]

B . Y&+ T0(] +7,60[LK-Y.()]
[+ 50I + [ L(x)-Y,x)]7

. cV . .
These values, found usxng;E;; for (x), are used in the equation

B, - pcvf m[(e-r)aGG-n) - B L (E-h)

A=

N|n
<l
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