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This thesis is o rejori on one thsse of s progren
on the self-excited oscilletions of g¢n sirfoil. This irogrem
o8 sronsored by the Netionel Advisory Cormittee for Aeroncuties
at the Celifornia Institute of Technology. 7<his thesis covers
the torsionazl oscillstions of en elasticaelly suspended sirfoil.
The experimentsl work congicsted of messurements of
the smplitude of torsional oscillstions of = wing elestically
susrended in the airstre&ﬁ of & wind tunnel so =& 1o be c*rgbxe
of torsionzl oscilletions only. The resultis ahow that torsionsl
occillptions ocecur ot =1l velocities

ove z critical velocity

a

&

end incresse in amglituée with velocity withoul resching zny
errerent iimit.

Glsuert'a theory of the forces on zn dscillsting
eirfoil do not sgree with the cxperimental results obiszined,
This theory indicstes thst oscillstions below the stsil will
not oceur for the values of V/nb studied here, whcreas the

experiments indicatle thst oscilistions do exist.
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Investigaetion of the failiure of the Uscoma Narrows
vridge indicsted that g Tlst plate would exhibit self-excited
torsional oscillstions of “sther large amplitude. A rrevious
investigetion?! showed thsi self-excited vending oscillstions
of the NACA 206 and 0017 airfoils do occur. This theeis ig
'an extension of ruference 1 to the case of uorsional oscill-
ations.

The oscillations reported here differ from normsl
tyres of flultler In thst they sre stcady oscillstions ihaﬁ
do not involve coupling of several degrecs of freedom. The
exreriments to be deseribed ere ell one &cgree o freedom
osc1¢1 :tions.,

No exreriments identical to the ones performed
here heve been noted in the litcrsture. Bollsy and Erown?
msde cxperiments in which the airfoil wos forced 1o oscillste
by electro-mechsnicsal mesns,., However, in'this‘case the
airfoil motion wos & combined oscillation and translstion and
the exis of oscillation wes fixcd by the suspension system,
Reid end Vincenti® made messurements of the 1ift rstio end
the rhase engle between the 1ift znd the motiion of en sirfoil
rerforming torsionsl oscillstions. Silverstein and Joyner?
made measurements of the rhase sngles for low V/mb with existe
ing theory was noted, but discrepsncies were found for large
valu&s of V/nb, Reid and Vincenti found qualitstive agreemnent
with thebry for the rstio of oscillasting 1ift 1o sle:dy state
lift.



The =sirloil theory ror non-uniform motion hre been

5 has consicered

‘worked oul by ceversl suthors. Glauert |
the csse of puré torsionsl oscillations for infinite aspect
rotio in deteil end hes pzid specisl ettention to the damying
moment. Karmén and Sears6 heve obtained similar resulis more
gimply and have'cgnsidered translational oscillstions &né
rotationsl oscillations stout the midroint of the airfoil.
Their results couléd be ¢xtended to cover the cases investigsted
here end in reference 1. Sesrs’ hos extended the theory to

the cese of finite span sirfoilé. Durand8 discusses Glauert's

results rether thoroughly.
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The mein items of apparsius used are the ssme &8s
in reference 1§ only the suspension system is different,
rowever & short resume of zlil the arrarstus will be given,

The wind tunnel used in this investigetion is zn
oren rciurn type with s 36x42 inch semi~octlagonal working
section. Power is provié&& by an eight-cyclinder gassoline
motor of 125 horserover., An eight-blsded, four foot fon
designed to give & test scetion sreed of 90 miles rTer hour
is driven by the molor. A sketch of the tummel is given in
Fige 1.« The three scrcens in {ront of the contraction are
used to attasin smooth, uniform flow in the test section,

The 0012 =zirfoil used in this investigetion is of
leminested wood construciion with & 2 inch chord and 41 inch
spens The ends of the sirfoil sre fitted with dursl blocks
thet receive the rins connecting thie zirfoil to ihe suspension
systiem,

Two susrension systems were used for the torsion
tests, The first system, simple in construction, wss intended
to be used to study the gencrsl nsture of the oscillstions
rather than to obtesin accurste mezsurements. This system
consisted of mounting the sirfoil on helical tension springs,
four to & side,ss shovm in Pigure 2 of reference 1l. The
Spacing.and stiffness of the syrings were such that the
torsional end verticsl {requencies wére quite different so

thet the sirfoil could oscillste in pure torsion. The eirfoil



wse theoreticzlly capobic oi choosing ite own axis of
oscilistion., However, since the aer@dynaﬁic forces were
smell comrared to the srring forces, the sctual axis of
oscillation wes slmost micdwey between the srrings ot 37% of
the sirfoil chord. Yessurements of the oscillstions were
mede by sttaching rointers to the sirfoil end meassuring the
amrlitude of the rointer ends. The messurements ere not very

sceurate sinee considerable persllex results from o necesdary
horizontal displecement of almost 1/2 inch between rointer

‘and scale snd the difficulty of visusl observetion of ilhe
oscilletion limiis.

The second susrenslcn gsystem wos designed to
enzble greater precisianaf'measurement end sccurecy of
results. In order to eliminete mechsnical friction and
dsmping ss well =s to attaln & linesr spring force it we
decided to use sn sluminum rod as the torsion gpring. The

use of this type of torsion sr ring eliminstes friction entirely

end 1ntroouces only the internsl dar*:ng of the materlul‘
In order to attsin the lsrgest element rossible consistent
with the required strength, 24ST wes selected &s the allqy.
This slloy has & :roportional‘limit in torsion somewhat
grester than the linesr renge of the atrein gauge used snd
hes 2 low modulus of rigidity. The torsion rod is fitted
with two integrsl flsnges. The outer flaﬁge of the rod is

festened by screws to o heavy steel tube. The innmer end of
this tube is silver soldered to & steel vlste that is drilled

g0 a5 to orerste s & yrotractor. The lower end of the
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prcirectO? 15 vivoted on & screw that festens the lower end
to the lower surrort beem. The urper end of the proiractor
is drilled with & series of holes so thzt the airfbil.can

be adjusted to sny angle of attack from 0° to 30° by 1°
increments. The inmer flange of the torsion rod is fastened
by screws 10 & steel beam., This beam is provided with
geveral sets of holes in order 1o allcw.the girfoil to be
shifted relative to the axis of oscillation. That & very
low mechanicai demping is introduced by this system of
suspens on 1s evidenced by the fsct that it tekes over four
minutes for = disturbsnce to damp out when no airfoil is in
plaée end sbout two minutes with the eirfoll in ploce snd
the air speed at zero velocity,

Since there did not seem to be sny advantageétc be
gaineéffrom the usc of multiple sirsin geuges iIn this cose,
only one sirain gsuge wes used, This geuge wss wrarped
sround one of the torsion rods et =z 42° angle to the rod
sxls. Thus the gouge resTonds to the normsl siresses iﬁduced
by the twisting of the rod. 'The outrut from the strsin
geuge is amplified sné then reccr&ed‘on an oscillograrh
(Heilsnd Type A-400R6). The oscillograrh has a timer thet
marks 1/100vsec§nd intervals so that frequency messurements
can be mede, The gzin of the'amylifier-oscillograph'com-
Bination‘is flat within 1¥ for frequencies from 5-40 cycles

per second,

In opder to obtein the sbsolute emplitude of tle
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oseillations, a seratch wes made on the sttaching beam and
the verticzl smplitudes measured with the telescople device
of reference 1(figure 7) for low smplitudes (up to 2°) and
an ordinery scale for large amplitudes ( 2° to 9°)



Test Procedure

Since the gein of the amzlifier-oscillogrgph
corbinstion msy chenge with time, celibrziion is necesssry
before ond after each set of runs. This is done by shunting
s fixed rcsistor across the strsin gouge and méking e record
bf the tranéient resyonse, Comparison of the meximum
emplitude of the recorded response gives & relstive calib-
retion that esn be used to compore the verious records,

With the angle of sttack set to the desired velué,
' the velocity wes incfeased{from.a'low value by modersie
incremengs until oseillations wore obiained., A record of
the oscillstions wes mode =nd then the velocity chenged
slightly. Another recording w:s then msde. This rrocess
w5S re?eatéd until sufficient points to define & amplitude-
veloeity curve wos obtained., It was necessary to be careful
In teking the records to make sure that the oscillstion
was 88 large e8 could be obtained since preliminsry tests
showed tﬁat iwo modes of rotion were vossible st some zngles
of ettack. At any sirsrecd ¢t which oscilletion occurs, it
is rossible to find & lerge snd a smail smplitude, The smalll
amplitude oscillation cen be obteined by stopping the sirfoil
and then aliowing {t to oscillste sgein. The lsrge oscillstion
can be obtsined by giving the airfoil en initial‘torsional
oscillstion of sufficient msgnitude, If the initisl emplitude
is not lsrge enough, the motion quickly damps to thglsmall :
oscillation. Normai operating(procedure was io incré&se the

velocity slowly until the meximum velocity was attained and
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then decresse the veloclly tsking severcl check points on the
wey down. FOr most sngles of aitzek, no differecnce was noted
beiween those roints meade with inéressing veloelty snd those
mede with decreasing velocity. The mein difference noted wzs
that osclllatlions could be obtzined a2t lower velocities =s

the velocity was decrecsed than could be obilzined with incresse=

ing velocity,



Aceurscy

“he emrlifier-oscillogrzsth corbinstion will give
5N acéuracy of gﬁ fron 5-4C cycles per second. The error
in reszding the records is sprroximestely 2 for normal
srrlitudes. Therefore the mechsnical error is gbout 4%
totele.

The célibration of the record with the sbsolute
emrlitude showe sn cceurzcy of 5%

There is one other difficulty of meassurement
thet should be mentioned, The sversge time sllowed belween
proints was one minute for the 2.6 cycle oscillztion and
two minutes for the 4.2 cycle oscillation. Visual obser-
vgtioh snd some chek records indiczted that this time wes
adequate, Fowever, it may be that in some cases = longer
reriod should heve been sllowed for the oscillation to become
steady.

Tt should be noted that for 8¢n sxis position et
angles of attack of 8° and 9°, the frequencies noted are
considerably below the 5 cycle limit for uniform resryonse

of the smplifier,
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Preliminery testis were mzde with the helical
grring susrension with the ax1) of cgeililation at syrroximstely
87%. %With this suspension, the sxis of oscillotion wre not
fixed end sore small veriztions mey heve oceurrcd, However,
no change of sxis wns noted visuslly. Curves of emplitude
vs V/nb zre not given here since sufficient dats to establish
the zero roint of the oscilistion oniy were obtained, 4 plot
of g vs (VVﬁb)c is given for this date in fig., 15. The
frequency as determined by a sirobotac was 13.3 cycles/sec,
With the finsl suspension system, three cdifferent
axes of oscillation were investigsted. Fost of the dat
wes taken with the sxis of oscilistion located st 38% of
the chord. Additionsl data wne te¥en with the axis of
oscillstion et 36% of the chord. A forwsrd sxis location of
115 chord shecd of the leeding edse was Investigsted st
angles of sttack of 16° snd 20°, There was some syesmodic
mbtion of the sirfoil of smal oryiituce, but no regular
.oscillations as observed at the other iwo sxes of oscillation.,
| The 385 axis position showed ogscillations as low
88 4= 10°, Tests st of =0° showed no atesdy oscillstions.
At o= 10°(fig. 5), the curves of sngulsr amrlitude vs V/mb
are characterized by starting initially as & iineer variation
followed by 2 region of sirroximetely constant smplitude and

then having & second region of linecar resyonse,
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The 8&5 axis vosition showed osciil:lions a® low
es = 8%, At o= 7° spzsmodic motions of zlmost 1°
grrlitude were obtained. The resulis were gimilsr to thet
observed st =5 = 8° before the lerger steedy oscillsiions

were obteined. The emylitude ve V/nb grarhs show & linear

<

sristion with V/nb for angles of sttack cbove 12° (fig. 7-13).
The amplitude curves for 2° snd 9° =re shovm In fige 3 2nd 4.
Enouth reints to estsbliish the verisiion of smpylitude with
v/nb hzve not been obtsined. Also, the frequency st sore
pointe was so low thst the error caused by the decreasse in
smrlifier response msy be rather large. Therefore, the
curves drawn for these angles should be ts¥en as ayrroximztle
only. For these engles it seems that smsll oscillstions in
the range of 0.4° to sbout 3° foru, = 8° (fig. 3) cannot
be obtained. Attempts to do so resulted in irregulsr
oscilletions. The samé thing oceure for 0.,5° to 2.86° for

oy = 9° (fig. 4). Also for these sngles there 1s & consid-
‘erable frequency vériation with V/nb. The results sre shown
in fig. 14. Yo such veriation wss noted at any other |
combination of sxis position znd éngle of stisck.

It should be p-inted out that, at both axis rositions

investigateﬁ, the smrlitude increases continuously with
incressing wind velocity differing from the cese of the

bending oscillations observed in reference 1.
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Bxisting Theory

The airfoil theory for non-uniform motion has
been develored by & number of suthors. Glauert® hes
investigeted the particuler case of en sirfoil of infinite
ssrect retio oscillsting sbout en arbitrsry roint of the
chord. The conclugsions sre thst the demring moment is
rositive excert for hinge rositions further forwzrdé than
295 of the cbord where the demring moment is negative for
lov ireoucncies.

Glouertts resulits sre
C’,,,H :-EW//4"%)% 2T fod, cpnpt — T cosnt

V/nk

where 7@.¥ﬁ/¢442
A= p (Vis)
end where the oscillcotion h&g been zssumed to be
A= o ot st
then LE < 1, com

2
;;-2’/ = — B, 177 17T

Yeking this substitution we get

Co nwwé;%MJQmm&z_4ﬂ4¢z
(- Z AEZ VvV Z

The susrension system usc¢d is a one degree of
- freedom syctem and the eéuatian of motion under = forced
oscil;ation (neglecting the damping of the susyension) is
TLE v hoct = Oy gy
or |

R
[7- e Y ey L

wéd~fﬁ%5y77 Y oy,



Thus we gee thint the serod
‘airfoil due to ogcilletion esune an cdditionsl sprerent
moment of inertis snd & damping moment. The right hiond
side of the equation is ihe etesdy moment thst would oveur
jT the zirfoil vere nol oscilisting. It is scen ibct ihe
dsmping moment is ;ositive\ifgu isAyositive; From Glsuertil's
paper the smallest vslue of V/nb for which « becomes
‘negative is estimsted to be gprroximelely 40 end then 4«
becomes negative only for hinge points less then x/b = 25%,
For the 38% znd 36% =xes of oscillstion investigated, «
vould siways be positive. The séditional arperent moment
of inertis would cause & change of frequency of oscillation,
Experimentally, veristion of:frequency of oscillstion wos
noted on¢y for the case of the sxis of oscillation st 865
Vnd at 822 and 2° =ngle of sttack, This frequency Variation

is plotted in fig. 14 againgt V/nb.
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Conclusions

The firsl iliing to te noticed gboul these ilesls
is thst the Reynolds nuriter is 52,000 4R <£200,000. Under
stetic conditions, this low Reynolds number causes the |
girfoil 1o stall much earlier than normsl. It is estimntced
that the 0012 sirfoil will have & clm = 0,80 and e sieliling
engle of sttack of 11° for & Reynolds gﬁmber of 10C, OOO“'
However this is not the whole story of the szirfoil stell

10 has shown thst for zn eirfoil vhose angle of =zttack

Farren
is verying with time sn Yoverlift" of ss much as 50% cen
occur if the zngle of attack is varying rsridly encvugh,
Thus for the 0012 st RE=100 OOO, lm 21,20 &nd the stalling
angle of sttack = 13° for very r@*igxchanges of angle of
attack. In the csse of en girfoil rerforming torsional
oscillzations slightly above the static stall, it 1is ;ossible
that the airfoil, slthough originally steslled before oseill-
stions start, may not be stalled éuring oscillaiion. Above
13° it would seem that the sirfoil would always be in the
stalled state, although it would tgke wzke surveys 1o rrove
the stslling sngle and the character of the wake,

Ii should be néted thet for oscillstions sbove
the stall, en airfoil hes static instsbility 3. Thie stetic
~instabilily 1is csused by the negstive slope of the lift
curve, Thus self-excited oscillations would be expected to

oceur ebove the sirfoll stall,.
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Por ihe Reymolds numbers et wuich lhese lesis are
mzde, it is expected thet in the wske nesr the ireiling
edge of the airfoil s Kermen vortex street*® would be forme=
ed although the sireet should rzvidly become turbulent st
lerge distsnces from the trailing edge. The freguencies
wi{h which the vortices are shed from & body can be computed
from |

N banw.
I Danwdg
Y K

where K is the Ksrmen number. The experimental vglues of X
very from O.15 to 0,21 for sirfoils end C.148 to 0,18 for
flat plates for angles of attsck greater than 39°.*‘

The results of reference 2 indicste thrt oscille
stions start when the vortex frequency coincedes with the
natursl frequency of the wing. If this is azssumed then K
can be calculated from the sbove equation. The results of
this caleculetion are shown in fig./7 as a functibn of «g

It appeesrs thet for the axes éositions end frequencies of
x/b = 38% , n=8.6 snd x/b = 37%, n=13.8, the veristion of X
with o/ is linesr end then resches & meximm velue, For the
86%, n=4,3 axis position end frequency ihe lowest anglas‘of
attack of 8° znd £° sre not plot{sd since the curves are .
not accurste enough to define the sterting veloeity. The
meximm value of K-ié 0.180 and occurs at the x/b= 375,
n=13,8 configuration for en engle of attack of 28°, For
x/b=2%%, n=8,6 the moximum vslue of Kis 0.1€8 and occurs at
'20°.- For the 869 axis position the meximm value of K had
‘not yet been stleined when the engle of attack was 24°, ‘These

maximum values ere withiniihe 1imits given by reference 1l.

for zirfoils.
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Sugrestions for Further lesearch

The present experimentzl results are corncerned with
the amplitude of the oscillations and their variation with
wind velocity. The next stage sppeazr to be the determinstion
of the damping. After this is completed, wake surveys and
boundary layer messurements should be mede in order to deter-

mine the mechanism eausing these oseillations.
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Motcotion

angle of nitack vith reference to the centeriine of
tﬁe tunnel, _ .
hinge rosition aft of the leading edge, yercent chord.
ritehing moment coefficient sbout axis of oscillction.
parsmeilers uéed i .he Glauert snslysis.

moment of inertis cLout axis of oseilistion.

1orsignal srring constant, |
dimensioniess Karman nurber,

value of V/nb at which oseillations begin
inverse of rsducec TTeruUEnCy. |
wind veloeity.

frequency of oscillations,

da

&%

r{foil chord.
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