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TIPS AT MACH NlM6EiR 1.9

I -WZ!lGTIPWITHSUBSONIOIJQlDlXGEDGB

By James M. Jwer and. HaroldMire

An investigation has been conducted at a Mach nmber of 1.91to
determine the s-se pressure distribution over 8 wing tip in the
region influenced by s shsrp subsonic leading edge swept back at 70'.
The superscnic  part cf the lea- edge was normal to the free
stream. The wing section was a symmetrical wedge of 5O 43' total
included angle in the streamw%ee  direction. The investigation 'CI&B
conducted over a range of angles of attack from -16O to 16O.

The experimental data were in good agreement with linearized
theory for mall angles of attack, but the difference be-en theory
a& experiment increased with angle of attack. Ercept for the pres-
sure distribution on the top sutface in the immediate vicinity of
the subsonic leading edge, the maximmu difference (eqmssed as a
percentage of free-stream dycmmic peasure) was 2; percent for
angles of attack up to 4O and. 7 percent for angles of attack up to
8'. The pressures cm the top am-face nearest the subsonic edge
indicated  local expansions  beyond the values predicted by linearized
theory. The bottcm sud'aoe in this region, however, continued to
agree fairly closely with linearized theory. where consideration
of the &%ch nmber on the wing surface indicated that a pressure
orifice was in the two-dimensional-flow region, the agresanent
between exact two-dimensional theory and the experimental data was
generally excellent.

Linearized solutions for the Ip'essure distribution over thin
supersonic wings have been presented in numerous papers (for example,
references 1to 5). These derivations  assume nonviscous flow and

UNCLASSIFIED
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small perturbation velocities. The applicability of these assmp-
tions to a real fluid flawing past a wing of finite thickness  can
be determIned onlyby experiment. Relatively few investigations
havebeenreportedthatcompexe  erperimentalpressure distributions
over three-dfmensionalwings  with those predicted by linearized
theory. An investigation  of a 63O swept airfoil of biconvex sec-
tioh is presented in references 6 and 7. Close agreerment between
theory and experiment was obtained for all regions except those
izEIuenced  by the subsonic trailing edge and the tip.

Results af the first part of an investigation  conducted at the
RICA Lewis laboratory to determine  pressure distributions  in those
regions ofathree-dlmensionalwingwherethe  use of linearized
theory may be questionable  are presented herein. Erperlmental pres-
sures and the resulting load distribution in the neighborhood of a
sharp subsonfc leading edge (along which Unearized  theory predicts
Wftite pressures) are cunpared with theory.
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SYMBOLS

following symbols are used in this report:

pressure cmfficient, (p-pO)/q6

constant whose wlue is
l+ j30 cot 8
l- p. cot 8

free-stream Mach amber

I&ch number on surface of wing in two-dtiensior.ml  region

local static pressure onwingsurface

free-stream static pressure

static pressure determined from experiment

static pressure predicted by lixm~ized.  theory

free-stream dynamic pressure,

free-stream velocity

Oartesi8n coordinates
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a angle ~attackmeersuredbetweancho~lineandfree-
stream direction

PO = b2-l

BOY/X conical coordinate

8 angle Ocp sweepback&  subsonic edge

pO
0

Free-stream static density

halfwedgea.nglemeasurediny=const&  pl8nes (slope)

QJ perturbation  velocity potential

Subscripts:

B bottcrm wiq surface

T. top wing surface

APPARATIBAND-

The investigation was conducted in the Lewis 189 by 180-h
supersonfc tunnel. m a previous calibration, the mch nmber in
the vicinity of the wing was determined to be 3.91with a maxim-
variation of *l/2 percent. The Reynolds zxmtber was 3.4 x lo6 per
foot.

A photograph of the wing model installed in the tunnel is shown
infigure 1. Themodelwasmountedona sweptback strut. Theangle
cf attack was varied by changing the angle of the strut with respect
to the air stresm and was read on 8 vernier scale to an accuracy uf
*2$ minutes.

A sketch of the wing model showing the principle dimensions is
presented. in figure 2. The forward- eection, in tiich the
orifices were located, was a s~etricalwedge with an incltied,
angle of 5O 43t in the free-stream direction. The supersonic  lead-
ing edge was normalto the air stream ad the subsonic lesding edge
was swept back at an angle of 700

L
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The model was macbined frcm two pieces aS tool steel; the rear
section was a fairing to decrease the magnitude of the disturbances
tcmu-d the rear cxP the model. Theleadingedgeswere  straight and
were grand to knife edges. After instrumentation  had been installed,
the two pieces cf the wing were fastened together and the entire
modelwasfinish+round.

The location of the static-masure orifices is shown in fig-
- 2. The orifices were 0.010 inch In diameter, sharp-edged, and
free of btxrs, Pressureswere  photographicallyrecorded  on a
multiple-ttie manometer board using tetrabrcmcmethane  as the manom-
eter fluid.

The pressure coefficient on the au&ace aP the wiag at angle a&
attack can be expressed, according to Unsarized theory, as

cp = cp(d + CpW

where

C,(a) pressure coefficient on s-uzface crf given wing at zero angle
orf attack

Cp(a) pressure coefffcient on au&ace Crp flat plate, cxP given
plsnform,atangleofattack

These pressure coeSflcients  can be derived frCgp the perturbation
velocity potential.

Thepotentialinthethree-dIraensionalflowregion
(-lCp,.,y/x<l)  for the ving at zero angle of attack, obtained fran
refere;;Oe 5,is

+(a) =+= tan-' dg

- (K-l)=  (K+l)P(y  ~ _- q/&-l)= (K+l)B@1t 6 L=e ?(~(w+)Y) +++Bo"l

.
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!l!he coordinate system18 illuf+tmtedinfigure  2. The corresponding
pressure coeffiofent  is then

2 %@)
Cp,T(@  = - 5 

-20
=q

l-g(K-1l ~~j~2 mwl
fi l~gzzJ+J~ l+Fd

(2)

The flow is conical, as evidenced by the fact that the pressure
coefficient depends only on B /x.

F
The lineazized wessure coef-

ficient for the two-dimensions reglan
setting Boy/x = -1 and yields

Boy/xd-l is obtained by

Cp,T(d - ws, (3)

The pressure distribution is identical for the top and bottcan sur-
faces of a symetriaedwZng  at zero angle c$ attack; thus

Cp,&d = Cp,B(GJ (4)

The pertuz%&tion velo<rity pot&id. in the three-dimensional-
flow region  ade the flat-plate wing, also obtained frm re&'erence 5,
18

q&d = =
(K+l) (=-BOY) [@-~)=(H;+~)BoY]

"PO $!

The correspadirg peasure coefficient is then
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Cp,T(u) &$[ 2tan-l fGJ9Jg

+F%/~)~

For the two-dimensional  region, this expression reduces to

Ho. E6KZ6

(5)

The pressure distribution on the bottasn suA?aoe aP a flat-plate
wing ie the negative of that for the top surfaoe, or

Cp,T(=)  = +,B(OL)

(6)

Equations (1) to (7) cmnpletely define the Unearized pressure distri-
butian for the eqertiental wing model.

Theflowinthe two-dimeneionalregionis  equivalenttoflow
about a xedge. A no~~~iscoue fluid sohtion, herein designated the
exmttwo-dimensional solution, isavailablefxmtheoblAy.m shock
and Bandtl-Meyer relations  (Mereme 8).

Linearized theory, which assumes a constant Mmh number
thxmghout the flow field, Mines the two-dimensicmal  region as
BOY/X S-1. A more scourate definition is /3ly/xz-1, where Bl is
detemined fran the exaot two-dimensional  solution for flow about
the wedge. !Phusanorifioe  intheneighborhoodof  j3gsr/x=-l  may
be in either the two- or three-dimensional flow region, depending on
the angle aE' attaok. With imreasing positive angles of attack, the
effective ara af the two-dimensional  region imreases on the top
surface aad deweases on the bottasn s&ace.

The wing model was investigated  over the range Orp angles &
attack frm -16' to 16O. Beoauee at' wing symmetry,  the pressures
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on one surface at a positive angle of attack should equal the pree-
sure8 on the opposite m&ace at the same newtim angle of attaok.
The experimental data for both positive and negative angLea Crp
attack are ther&'ore pesented in figures 3 to 6 to correspond to
the top and bottom surfaces of the Wang through the positive-angle-
of-attackrange. Sohlieren photographs indicated that after the
wing had been turned beyond an angle of 100, the shock wave was
detached from the sweptbaok support strut and Anfluenced the pres-
sure or3fices on the bottan m surface, which made the data
unreliable. musethe detached shookwavehadno apparent effect
an the top-wing-surface pressures, data are presented up to an
angle of attack af 16O for this suzfaoe..

PressureDistributions

Vicinity of two-dimensional-flow  region. - The experimental
variatbn of pressure coefficient at orifioe station 6,y/x = -1.27
is oompred with both llaearized and exaot theory in figure 3(a).
The experimental&&a are dn excellent agreement with the exact
theory for the entire range, Limarized theory shows very good
agreement for the top surface in the neighborhood of the angle at
which the top eurface is parallel to the flow (a = 2O 52'). With
changes in angle CXP attack from the parallel-flow condition, lin-
earizedth8oryandthe experim3ntaldata  diverge continuously.

The results for stations 6 /x = -1.07, -0.91, and -0.77 are
presented in figures 3(b) to 3(dY. Theangleaofattackforwhich
8ach orifice was Fp the two-dimensional region (91y/x(,-l) are
noted in these figures. The agreement betwean experiment and 8zm-t
two-dzLmensionaltheoryls ganerallysxcellent  inthis range, The
divergence between eqerimmt and the exact theory ia seen to occur
when the orifice is well within the three-dimensional-flow  region.
Aeimilar effect of localwAng Maoh nmber %I noted inreference 6.
The effect of the tip, as wedicted by Unearizedtheory,  is to
dimWish the magnitude cf the pressures  below those existing in the
two-dim8IlBional region.

Center of three-dimensional-flow  region. - Linearized  theory
and experiment  are ocmpared in figures 3(e) to 3(i) for stations
well &hin the three-dimansfonal-flow  region. Close agreamnt for
angles of attaok involving small surface deflections, and the
charaoteriatic divergeze between experiment and theory with
increas3ngangle  of attack, are again evideti.

Vicinity of subsonic leading edg8. - The experimental data
obtained from orifices in the ImmdIate vicinity of the subsonic
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leading edge are presented in figures 3(j) to S(t). The first
severe departure from linearized  theory, a rapid decrease with angle
of attack in the pressure coefficient for the top surface, is shown
in these figures. This disorepancy oan be accounted for by consid-
eration of the fLow in the neighborhood af the subsonic edge. In
this region, the local defleotions  undergone  by the ccmponent of
the flow parallel to the edge are negligible  ccmpared with those
undergcme by the normal component af flow. The pressure distribu-
tion in this region is therefore camparable  to that for a sharp-
edgedairfoilat a high subsonicMach  number. (The-total included
wedge angle measured normal to the subsonic edge is 16g" for the
expertientalmodel;  the nomal Mach number is 0.65.) In the inves-
tlgation of such airfoils discussed in reference  9, an expansion
around the edge of the type encountered in supersonic flow was
observed, which terminated in an oblique shock; no separation was
noted.

A plot of-the spmuise pressure distribution on the top SLIP
face is presented in figure 4 for three representative  angles of
attack. At a 4O s..ugle cxf attaok, the data frm stations
Boy/x = 0.47 ara soy/x = 0.43 Indicate a rapid ccmpression, but
the pressure ooeffioients at these stations are oonsiderably lower
than those predicted by linearfzed  theory because of the -ion
around the subsonio edge. The ourve for the 8O angle of attack
fndioates that expansion oontinues to station P,y/x = 0.43 and
thekr a rapid cmpression ooours. This ocmpreeai~n may be asso-
ciated with an oblique shock. At the 14O angle of attack the
eqansion oontinues until eOy/x = 0.30 before the compression
ocIOU3FS.

The sharp drop in pressures  on the top wing surface observed
Fn figures 3(j) to 3(Z) c~ul thus be attributed to a lcroal expansion
of the nomal flow about the subsonIc edge. The severity and extent
Cg the expansion region increased with angle of attaok. The amlogy
between the mibsonlo leading edge and a sharp-edged  airfoil in sub-
sonloflightindicatesthatno  unusualflowphenrane~nistobe
expected on the bottom surface. The pressures on the bottcm surface
agreed fairly closely with linearized  theory for those stations.

Differences between Linearized Theory and Experiment

The applicability aP Linearized  theory for determinIng the pres-
sure distribution on the given wfag conPiguration is illustrated in
figure 5 where the difference  between the experimental  data and the
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prediotiona ~5 linearized theory is preeented as a percentsge &
free-stream dynsmic assure. The cmves for orWioes  in the range
-1.275fiOy/xsO.l6  are similar and follow the charaoteristic trend
af increas~divergenoebetweenllnearizgdtheoryaPbe~e~
with increaslag-angles CS attack. The Umiting curves
(BOY/X = -1.27 an& 0.16) for this range are shown in figure 5.
The maximum Ufference is 2$ peruent for angles of attack up to 4O
and 7 percent for angles af attack up to 80. For the stations near
the edge (0.30~~oy/x~0.47), the observed differeme for the top
surfacereachedamaximummsgnitlxdeof E$percent. The dlfperence
for the bottcm suHau8 lathis region, however, did not exceed
4 percent.

Losd Mstribution

Eqerimental values & load. coefficient, -seed in psrsmeter
form,are oap,re&with  linearizedtheory  infigure 6. The erperi-
mentalvalues are generallyhi@mrthanthe theoretical. stationa
nearest the stisonic edge show the largest disagresanent. The
disagreaent is associatedwith the low pressures on the top surface
in this regLon.

An investigation has been oonduoted.  at a Mach nmber of 1.91
to determtie the spanwIse pressure distribution in the tLp region
&a winghavinga shaq subsonic leading edge.

The experimental data were in close agreanent with Unesrized
theory for the range aF angles of attack close to that at which the
airfoil surface is parallel to the free-stream &Ire&ion. ECpYi-
ment and linearized theory diverged continuously with increasing
angle of attaok. Exoept for stations in the Mediate vicinity of
the subsonic leading edge, the maximum difference (expressed as a
percentage cxf free-dream Mic pressure) was 21 percent for
angles of attack up to 4O ard 7 pement for angle: Cxp attack w to
8O For stations on the top surface nearest the subsonic edge,
lc&le~ions beyon&the values predictedbglinearized  theory
were indicated and the mRxTmuxn observed discrepgtnog was l$ percent.
The bottapn suxfaoe in this region, huwever, continued to sgree
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fairly closely with 1Inearized thsory. Where oonsideration of the
Mach number on the wing au&ace indicated that a pressure orifice
yas in the two-dimensional  flow region, the agreerment between exaot
two-dimensional  theory and the experimental  data was generally
excellent.

Lewis rlight Pmpulsion Iabomtary,
National Advisory Committee for Aeronsutios,

Cleveland, Ohio.
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