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PRELTMINARY IRKVESTIGATICH OF DOOTWASH FLUCTUATIONS
CF & HIGH-ASPRECT-RATIC WING IN THL
LANGLEY 8-7F00T HIGH-SPEED TUHIEL

By Antonioc Ferrl
SUTTAARY

A zeries of teets neve besn made in the wakze of a
Ligh~-s7need wing of rlgh espact ratlo at tech nvmosrs up
to approzimately 0.96 tc determine tne fluctuations of
the downwash in the zoane of possible tall locations.

Serlous rluctustions occurred in the waie of the
wing. Tre fluctustions extended beyond trhe wsire bounda-
ries but with dec“eesing amplitude. Tor e aigh angls of
stteck of tiae wing (7°) and Jigh Mach nurbers the fluctu-
atlions wers very large 7; maximum) 2néd extended as

V4
high as sporoximately 0.90 ciord above the chord line of
the wing. For medium angles of attsck (0°, 22, and L°)
Important fluctueatlilons cccurred up to asbout 0.70 chord
abeve the chord line of tre wWing.

ITTRODUCTION

In the weske of a wing at low angles of attack and at
high speeds, there 1s an lrrsguler vortex motion thet, for
supercritical speeds, 1is riect stable =nd thst generates
rulsations in the flow. Ths nulssticns consist of z vari-
etlon In the megnitude and direction of vclocity and a
veristion in the static pressure and density. These vari-
etions are of Iinsortence in airnlane dsslign ovsceuss they
may produce tall buffeting. It 1s nscesssry to nave zan in-
dication of the fraguency ard the asplitude of ths fluctu-
s%lons of the wing downwash in the region of possible tail
locstions as 2 function of fr,r—st“e:m velocity and angle
of attack of the wing in order to define the propsr tail
location and structure. I!Meesurements were uade to determine
the frequency end amplitude oi" the fluctuations in the wake
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of & nign-speed wing oi hilgn aspect ratio in the zone of
vosslitble tsll locatlions.

i Iaclh number

a anizle of attacit of wing

B engle oi ITluctugtion

AH loss of total vpressure in welie

a aynamic pressure

f freguency

c wing chiord

F nondimensional ccefficient oi' frequency
v free-stream velocity

APPALRATUS AND METHODS

Tunnsl and kodel

The Langley 8-~foot high-speed tunnel, in which the
tests Tere conducted, iz ol the single-rsturn, clozed-
throst tvre. The modéel tested is shown in figure 1 snd
1s dsscribed in rsfarencs 1. The moasl nes no dihlwedarsl
en i hes an effective span of 37.5 inches, a2 roct chord
¢f & inchee, and a tl» chord of 2.4 inches. A vertical
stezl plste supported the medel in *the tumnel (refsrence 1),
The downwesh instrument was also attschied to the vertical
plste. The air~-stresar valoclity and kach numbsr and ins
corrections used wsre the same &5 those uced in refer-
ence 1.

Ansalysis of Problem of kessuring Downwash Fiuctuations

Preceding exnerinents neve shown thet the flow in the
wake of an alrfoll has a nonpsariodic irragular motion,

* »
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Tha irrsgular motion in the waxke, whlch iIs very coumplex
for ths3 wing alone, bscomes still mcre complicated for =a
wing-fuselsge Junciure 1in the zZones of the tall, bescesuse

n this zone the wingz-fuselsge interfserancs effects produce
£111 larger fluctuations of velocity, both in masgnitude
nd in direction, snd introduce changes .in the plane ol
luctustion.

¥umsereus difficulties arise in the spvlicstion of the
rezults of downwash-fluctustion tests to the design of air-
nlanes. Becsuse vibrsticns of the tsll cen be excited by
fluctuations in the dirsction or magnitude of the veloclty
of the alr, by fluctuatlors in ths pressure, or by wveri-
eticns in ths turbulence of the flow, 1t is dlfficult to
determmine which is the most imsortent fluctustion. In the
absence of an accurate snelysis of the problem, an instru-~
ment thst records rluctustions of the serodynanic forces
i1s used beceause such 2£n instrument is sensltlive in the
same way &3 the tall to all the varistions in the physical
cheracteristics of the flow. Zecause Tluctustlions are
nonperiodic, exsact callvrations of the instroument, in
wnlck theoretical corrsctions that texe into sccocunt only
the differsnce betcween a ccecns-tent end an csclllating
vhenomenon are used, csarnot easily be obtsined. an
eanalysis of ths results is slsc vzry difficult to make
because the fluctustions are not nericdic end ccnstent
with time; therasfore a statlistical enalrysis of tne results
would nave to be macde, wrich would require long records.
Deceuse the tests were perlorrea in tihe weke of a smsell-
scals wing model, the law of similitude for applylng the
scale-model resulcs to full-size airplanes Is not known
snd theorles for mecdels in flows zimilar to thest of the
wake must be used; nowever, this procedure is in vart
srbitrary. An evziustion of the amount of interference
nroduced by the test conditions on ths results is 4ifrfi-
cult ©To obtsln because. there sre tulsetions in the undis-~
turbed Tlow (turbulence of the stream), inevitable
vibrstions of the model snd support at certain spesds,
anl serodynsmic interference between the modsl and support.
Tests to determine the charsacteristics of downwash fluctu-
ations are therefore difficult esnd the results are less
accurate, quantitetively, then tne ususl results of sero-
dynemic tests.
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Downwessh-pFluctuation Apnerstus

T™he sensitive elements used in the instrument for
meesuring the amolitude end freguency of the dewnwash
fluctuations were mede in the form of small ajrfoils.

The sensitive airfoils were fixed nesr the model trelling
edge to the end mletes (fixed parts) and the front psarts
were frse to vibrate 2z a cantilever beszm (sensitive parts)
2s ghown in figure 1. Two strain geges, which were placed
on the eirfoils near the fixed parts, messured the defor-
Tau¢on of tne girfolls and therefore the fluctustions

fig. 1;.

S3nsitive elements used in this type of investigatlon
must have high natural frequenciles, high sensitivity even
at high frsquencles, and small longitudinel and transverse
dimensions. Becseuse osclllatlons of about 1500 cycles per
second were to be determined, the natural frequencles of
the sensitive airfoills were fixed at about 2700 cycles per
sacond. In order to obtain high frequcencies and at the
same time to heve high sensitivity to varistlons of sgero-
dyneric forces, the sensitive parts of tiie airfolls wers
made of alumlinum alloy wilth the weight reduced to the
minimum nossible, wilth speclal sttention given to the
lzading edge. The longltudinal dimenslon had to be small
becsuse the maximum f“eqnencv to be recorded wes hich; the
trensverse dimension had to be smell bescsuse the instrument
was mede uv of ithree sensitive eirfolls that had to record
the ssme type of Cfluctustion.

The sensltive airloils heve a svmmstrical clrcular-
grc proflle that permits an sccurete small~scele construc-
tion. The meximum thickness is 8 nercent of the chord.
This velue 1s largs but it could not bs reducsed bscsuse
of the snrece requlrements of the strsin geges. The denger
of vibration of the sensitive airfolls due to thelir own
gerodynamlic characteristics and independent of the down-
wash fluctuastlons of the typical high-speed-airrlene wing,
however, wes avoided becsuse the sensitive narts war
aginead of the meximum thickness end thersfore ghead of the
nositlon of shock on the alrfoils,

Three sensitive airfolls were used end were plsced
between four end nlates. (See flz. 1l.) The complste
instrument was made with three sensitive eirfoils 1n order
to obtaln a dynemic celibration. The exact value of the
velocity and the law of variestion of tne aerodynamle
force gs e function of the direetion of the velocity are
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unknown for trensonic turbulent Zlow with nonpericdice
fluctuations. With sn instrurent having three ssnsitlve
elrfolls placed at different engles of attack, this law
of veristion cen be determined for every point and,
therefore, the varistion of the serodynesmic force czn be
trsnsiformed to the equivslent varistion in the direction
of flow.

The rear psarts of the girfoils were fixed to the
end pletes end the sensitive psrts were frsee to move in
slots cut into ths plistes. The end plztes were hsald by
a vertical sunport (fig. 1) thet was flxed te the plate
supporting the model of ths wing.

The location of the insvrument could be chenged
easily. All the elsctricael lesads thiet connected the
strelin gages to tae recording instrunents were located
in the end plates and thes supprort.

For every fluctustion in *he stream: there 1s a
certsin alrfoil deformstlion. The maximum deformetion of
the elrfoil corresoonds to the msa:ximum deviaticn of the
stresm in ons direction and the minimuwm deformstion
corresponds to the meximum devistion in the other direc-
tilorn. For the thrse sensitive zirfoils the meximum end
the nminimum devistions corresponding to g givan fluctustion
can be determined, snd the vslue of the eirfoll deformation
es 5 function of the sngle or lncidencs of the sensitive
sir7oils can be plotted (fiz. 2). The two curves in
figure 2 glve the deformstion as & function of the geo-
metricsal inclierce of the sensitive airfoils. It is
tnerefors posaible to fincd the diffsrsnce between the
nteximum and minimum deviscicns es s functlon of the angle
of incidence of the eirfoil and tinus of the dirsction of
the velocity. In an evalustion of the dsta by this
method, the gssumptlions are mads that chsnges in ths flow
cheragcteristics ars small durlng the tims for one
fluctuetion, thet the maxirum deviaticn of the velocity
{point at which ecceleration is zzr0) corresmonds to the
meximu asrodynamic ITorce, and tiiat 211 the sensitive
girfoils heve the sames ssrcdynsmic charscteristics at a
given Kech numbzr. The approximsition of thess essumptlons
is zood.
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Calibration of Instrunent and Stream

The following tests were nade for the csllbration of
the system:

(1) The natural freguency end demoing coeffi-~
clents of the sirfoils were ednerimenua$lv determined.
These velues were used to determline the ratio of
indicasted amnlitude to impressed asmplitude as func-~
tions of the freguency. This ratio 1s necessary to
calculste the impressed snplitude for high freguencies.

(2) The sensitivity of each sirfoll wss deter-
rined as s function of tihe angle of incidence and
ech number. Thils test wes necessary to determine
winether or not the ssrodvnamic charactsristlics of
the three sirfoils were the same for ell velocitiles
end angles of incidence and to determine the sensi-
tivlity of the instrument.

(Z) A test wes mede to determine the vibrations
of the tunnel streem. This test gave an indicetion
o the tunnel-stresesm fluctustions thet deprend on the
alr-stresm turbulence end showed whether or not the
ezrodynamlc chencmene on the sensitive alrfoll pro-
duaced vibrestlions of the sensitive part.

Teste (2) and (3) gsve zesbilsfactory results, which
indicated thet the stream wss regular and that the instru-
ment was sulteble for the tests.

=

T=ETS

All the tests were performed by placing the instru-
ment In different locstions along a verticsl =2xis, at a
distance 3.1 root chords behind the lesding edge o“ the
wing (fig. 1) and at a spenwise statlon 0.6l of the root
caord away from the wing support plate. {(This cdistarce
corresponds to 10.2 percent of the semisoan.} Downwash-
oscilillation mesasurements were tsken for each instrument
locetion at iMach numbers from apc rox¢mabe+v O. Zb to 0. 90
end st angles of attacx of the model of -2° s 0o,
and 7°. The range of instrument locstion was *ncreased for
the hizher engles of attack, since the wsake dlmensions
were largser,
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The exsct precision of the dste canmot be glven
beceause several sources of errcr difricult to evaluate

ware present in the tests. The datz, Tor exauple, were
cbtalned in stetistical form from e practicael exarilnstion
of the records. The smnlitude and freguency were deter-
mined at a limited number of polnts (fiz. 2). BRecsause

the selection of the points to be read depended in part

on juagment, the date wers probably efrected by the
selections made. Thre impertance of vibrsastions of the
andisturved stresm, interference of the support, vibrations
o' the model, and vibrstions of the supvort oan ths finsl
date could not be sasily estimeted. All these 1InTlusnces,
which csnnot be eliminated in tunnsl tests, csn cisnge

the smplitudes and frequencles asomewnat. A study of the
sources of error lndicetes tiist the precision of the
amnliitude 1is of the order of magnitude of 0.5° for the
larger fluctusetlons and 0.25° for the smsller fluctuations.
The errors are probably largsr for high freguencies and
smaller for low frequencies. The arplitude of fluctuation
of the undisturbed streem 1s of the order of msgnitude

of 0.1° to 0.2°. TWo corrections have been anplied to the
values of the asmplitudes and the rrequenciss,

The test results sre shown in filigures u to 9. In
order to make a cormperiscn of the ermmlltude of the fluctu-
ations with wske position, the avalliable weke-survey data
are also »nlotted 1n these fizures. The aversge ofl the
maximum encle of fluctustion 2 for the rsnge of fre-
guency that agpesars on the records 1s plotted in terms
of tke instrument locetion #¥hlich it defineda in the fol-
lowing manner: The zero lccetion (zero of abscissa scale)
is the polnt o intersection of the wing chord line (as
it chsnges with angle of attack of the wing) and ths axis
of sxploretion. The other locetions sre the vertical
distances from ths zero location alonz the axis of
eXrloretion and ere measursed in psrcent of the wing chord
et 10.2 percent of the semlispan. Positive wvslues indlcate
Instrument locatlons above the chord line of the wing.

For eacix fluctustion dlagrsem, three ranges of frequenciss
found to occur in downwasr fluctusastlons were considered.

The range of high frequency did not chsnge grestly
with the angle of attsck of the model esnd the velocity;
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however, the low-freguency rengse was lsrger. The low-
freguency range ls plotted in filigure 9 for various Mech
nunmbers of ithe model,

The veliue of tlre 3rsdient of deformation of each
2irfoll in the Instrumsnt with engle of f'low, which is
the sensitivity of the instruwent with change of the rlow
anglie, veried wlith chenges in the instrument location and
was lezs inslde the waete than outsice. Z2Eecause the
fluctuasions were ueither stesdy nor reguler, their exact
values are dlfficult to determine. The veristion of the
grrdient of deformstion was lerge in the centrel part of

the weake (the deformestion graaient decressed about 45 per-
cent in the center of {ihe waite for M = 0.9C and

= 70), which shows tnat in this vert of the wexe the
1ift gradient of the instrument sairfoil d&ecrecsed. The
veristions were small when the Instrument was outslide the
wake. :

DISCUSSIOKN

The Tollowing cbservations can be made from the test
results:

(1) The fluctustions ;enerallv are large 1in the
same zones 1n whica the wake is large (figs. i to 3).

(2) The fluctuetions lncresse wlth the increase
in angle of attesck of the wing (fizs. I to 8) and,
for low engles of attsack, the fluctustions irncrease
noticeably with the incresse 1in Mach number (figs.
snd 5.

(3) The limits of the zone of fluctbuastion
Incresse with increase ol the sngle of atteck (fi S: b
to o). For medium angles of atteck (0°, 29, and 4°},
lerge fluctuaitions de not occur above an instrument
lccstion of about 0.70 chord above the wing cnord
line (figs. 5 to 7). For e high angle of ettack (79),
Imo ortant fluctustions do not occur above an instru-
ment location of ebout 0.90 chord above the chord

line of the wing (fig. 8y

(L) Por s high angle of autack of the wing (7°),
the fluctustions are very largs K}z maximum } .
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The maximun smplitude, wwisich changes only slightly
with Mach number, is not In tie central %art of the
rake but at the edges of the wske (fig. 8).

(5) Por low =zngles of actsacx, the Zluctustions
incresasse for high Msch numbers end sasre largest in
the center or the wake (figs. L and 5).

(3) The low-fregquency Cluctustions sre ol thae
order of megnitude of 50 to 300 cycles ner second
and the high-frequency rluctustions szre of the order
of msgnitude of 1300 %o 1500 cycles per second.

The vglue of low frecuenciles chenges with varistions
in iech number sand zunzle of attack. As the veloclty
incresses, thes low-freguency valuec seem to decrease and
after resching a miniwus, to incresse. The variations
in the low-frequency values sare not defined exsctly. The
fraquengies become lower with incressing argle of attack

flg. 9).

The decreegse of the lift-curve slope of thie sensitive
airfoll in the zone in which lsrge fluctustions occur
probebly devnands on the fact that the velocity is lower
inside the wale thsn outside; the tsil would therefore be
less efficlent in this zone.

In order to epply the results of the test to full-
gcale conditlons, the assumption can be made that for a
given Mach number the nondimensional coefficient of

frequency F = must ke constant (reference 3). Tae

e
Vo
frequency thserefore veries inverssly wlth the wing chord
and directly with the ratio of the test veloclty to

flight welocity. When a

-=cale rodel and s fiight

gltituds of 35,000 feet are assured, ths range of low
fracusncy for full-scale conditions is found to ke
anproximatsly from 1 to 12 cycles ner second, as shown in
flgure 10, and the range of high fregquency 1s thus

from 52 to 6l cycles cer second. This law of similitude,
vinich 1s similar to thosc accepted for Tlows 1lke thet in
the waks, probsbly glves & zood soproximation of full-scale
conditions. The amplitudes of the downwesh fluctuations
for a full-scale airplane cen be aszsumsd to bhe the same

es those for the model. In the zone of large fluctusations
of the downwash, large fluctustions of the tail losads

~
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mist therefore occur. The measured fluctuations correspond
to 8 large part of the usuel design teil loads of an
evarees sirplane and mey e several tlmes grecter than

thre ususl loads for bealancing the teil In level flight.

COWCLJSI0RS

The following corciusions ars besed on dovnwash-
fluctuation tests mede In the wake of 2 hich-smeed wing
of high aspect ratio in the Longley 8-foot high-speed
tunnel at Mach numbers ugs to anproxlmetely 0,90:

. 3erlous fluctursions occurred In the wake of the
wing., Tne fluctustions extended bsyond the wake hounda-
riss but with decrersing smrplitude.

2, For supercritical sp:eds at a high angle of
ettack (7°), serious fluctustions (5%0 maximum) occurred

et the tell locations snd sore fluctustlons sxtended as
high as anvrozlimetely 0.90 chord above the chord line
of the wing.

Z. Tor medlum sngles of etteck (0°, 20, and Lo), 8
teil location free from serious fluctuations was found
to be sbout 0,70 chord above the chord line of the wing
for 2 t<il locetion 3.1 root chords behind the leading
edge of the wing.

li. The more-probeble frsquencies are of the order of
= ~
magnitude of 1 to 12 and 52 to 6l crcles vner seconi for

e wing 55% times the size of the model tested.

Lengley lMemorial Aeronsubtlcal Leboratory
Netlonal Advisory Committee for Asroreutics
Lengley Fileld, Va.
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