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AN INVESTIGATION OF FOUR WINGS OF SQUARE PLAN FORMAT A MACH NUMBER OF 6.9 IN
THE LANGLEY 11-INCH HYPERSONIC TUNNEL ‘

By CHAELESH. MoLmLAN,LIITCUIELH. BmzmwqandJOHNA. MOOEII .

suMMARY

The results of premuredistributiun and force w oj four
wings ai a Mach number of about 6.9 and a Reyniidk number
of 0.98XIP in the .Lungley Iltinch hypersonic tunnel we
preaentd. Tlw wings had a squure plun form, a 6-percent-
clwrd maximum thickne.w,and diaw, haljdiamqui, wedge,
and hdj-circukw+xc secticm.

Large tiat% of t)k measured pressures jrom those pre-
dici!.dby the inmkid---mv thimrywerefound ai the leuding edge
of the wings and @t behind sudden chuwe8 in surjace slope.
These pressure dernaiti were aliributxi to a rapid growth of
the laminar boumimy Jayw at the high test Mach number.
The e$ect oj boundiwy luyer on the pressur~ on a J$Wsurjace
parallel to #w free etmam w in good qrwment with resuilxa
of a theoretical inmstigaiion in which the boundary layer wu
assumed to be lumiruw. Separation e$eci% simti to those
rwdy encounteredat loww Mach numbers wwe also present
at tlu rear of tlw airjoil.s.

The e$ects of tlw depaxture4of the pressurtx jrom those pre-
dictedby inviseid~ow theory overtheviwiowspd of the airjoil-s
tended to compen-s~ each other; thwathe wing aerodynamic
chaxachmi.stiesdue to pressure forcw can be predicted I@%
reammubleaccuracy by ihvo-dinwnsbnd inviacid-- th.eor.y&
a Mach number of 6.9. At high angles of ati%.ekthe experi-
mt?nikdlifi and drag r& jrom force measur~ wqe
sonwwhuilower than the VQJuagiven by the invi.wid-- theory
bemuse of geparaiion and tip effea%. At low angles~f attack,
the skin friction m~ be taken into aceowntin calcuh$ing the
totul drag coe~qnts and li$drqg raiios of wings.

The two wings dh symmetri.d airjoil 8ecttbn-’3 (the diamond
cnd we@e sections) hud the highest maximum lijtdrag raiws
a-s dei%.wined j%m prwure meawTement3 and the half-
circw?uwarc8ecttbn W the towest. % dij%-renz~, however,
were smallwhen skinjridiom UAWincluded, the overa-?.ltimum
lift-drag ratio being close i%6for all the ‘wings tcxted.

INTIZODU~ON

In evaluating the performance of eontemplatad high-speed
air+ustained vehicles it is neceswwy to verify experimentally
the predictions of theory. With the completion of flow
surveys in a Mach number 6.9 nozzle in the Langley n-inch
hypersonic tunnel in 1949, the opportune@- was presented for

a comparison of theory with experiment for some simple
shapes at hypersonic speeds.

The results of an investigation made during 1949 and 1950
of the aerodynamic characteristics of four wings of square
plan form at a Mach number of about 6.86 and a Reynolds
number of 0.98X 10° based on the 4-inch wing chord are
presented in this report. These wings were 5 percent thick
and had diamond, half-diamond, half-circular-arc, and wedge
airfoil sections. The wings with the diamond and wedge
airfoil sections -weretested through a range of angle of attack
from 0° to about 25°, while the wings with the half-diamond
and half-circular-arc airfoil sections were tested through a
knge from about —25° to 25°. Both pressure and force
measurements were made and compared with theoretical
results.

SYMROLS

b ~span
c. wingdragcnefhcient
c. wing lift coefficient
& section normal-force coefficient
Xm distance horn leading edge to center .of pres.sure,

chord lengths
D drag
L lift

M free-stream Mach number
P= free-stream static pressure ‘
p* surface static prwsure
Pb base pressure
R Reynolds number based on free-stremn conditions

and wing chord
x distance along chord, measured from leading edge
Y distance along span, measured horn midspan

angle of attack of airfoil or flat plate
;ubscript :
mux maximum

DESCRIPTION OF APPARATUS AND MODRLS

-TUNNEL

The tests of this &wstigation were conducted in the
Langley n-inch hype~onic tunnel. This tunnel is of the
blowdown type and has a test duration of 60 ti 90 seconds,
depending on the test cm@uration. A description of the
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tunnel is given in reference 1. As shown in rehmmce 2, the
flow in the tunnel test section with the two-dimensional
nozzle used during this investigation is suflicierkly uniform
for model teating in the 5-inch-square core of the stream.
The Mach number in this region is about 6.86.

The wings incorporated four airfoil sections-the diamond,
imlfdiamond, wedge, and half-circular-me (fig. 1). All the
wings had a 4-inch chord, a thiclmess of 5 percent of the
chord, and an aspect ratio of 1. Two sets of models were
used, one designed for force measurements and the other for
pressure measurements. The models, which were made of
steel, were accurately machined and polished, and the sur-
faces and edges were maintained in good condition during
the te+tsby periodic polishing. Special efforts were made to
obtain sharp leading and trailing edges, and the thickness of
these edgm was between 0.001 and 0.002 inch. An additional
model with a 20° wedge angle was included in order to obtain
supplementary pressure dtita near the leading edge.

MODELSUPPOETSYSTEM

The models were mounted on the support stings shown in
figure 1. The stings were attached to -a dimnond+ection
support strut which spanned the tunnel vertically just down-
stream of the test section. (Seerefs. 1 and 2.) The press-me
models were attached to their support stings by means of a-
swept offset arm aflhed to the under surfati of the models
so that the upper surface, where the prwmres were measured,
was free from any obstruction. The angle of attack of the
pressure models was varied by rotating the offset arm to
predetermined settings. . .

The force models were attached to their support stings by
a cone with 6.7° included angle. The 0.5-inch-diameter base....
of the sting was about 1.5 inches downstream of the.trailing
edge of the wing. The sting was ailixed direckly to the rw”
surface of the model with the cone axis parahel~to tie wing
chord line. (See ilg. 1.) The cone for the wedge m$del was
attached to the blunt trailing edge. With the three-compon-
ent force bakmc.q the angle of attack was varied by using
bent attachments to the sting. The bent sting attachments
were shielded from the airstream. The angle of attack for

. .. . . -.
b 5%hdf4!aimnd pressure nudel m sum
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5%l’ldf-d”mocd .
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1 5%l-alf-dbrncnldfcmemodelon SqlOrt
5%wedge. -

5%holf-cim!-orwc “

FICUJRE l.+ketoh of the airfoil models used to
oha.racteristics at M= 6.86.

obtain aerodynamic

the two-component balance was varied by rotating the fore-
part of the sting that housed the balance.

RSTRUMENTATION OF PRE9SUREMODEM

Pressure orifices were located along the chord of the model
at the center line, as shown in figure 1. on most modo]s, it
was diilicult to install a pressure orifice any closer to the
leading or trailing edge than about 4 to 6 percent of the chord
because of the thinness of the model. The leading edge of
the wedge airfoil was so thin that the most forward oriiice
location whs limited to about 12.5 percent of the chord from
the leading edge.

Additional chordwise rows of orifices were installed in the
wing with the diamond airfoil section at stations 31, 62.4,
and 80.4 percent semispan from the center line. Orifices
were also installed in the base of the wing witli the wedge
airfoil section, These were installed at 14, 37.6, 53, 71, and
95.6 percent semispan from the center line and halfway be-
tween the upper and lower surfaces.

In order to obtain pressuresnear the leading edge of a flat
surface parallel to the stream, the special model was used
which had a leadingdge included angle of 20°. This rela-
tively large angle allowed oriiices to be installed within about
0.125 inch of the leading edge. The lmge angle on the under
side is not believed to have had an important effect on the
pressure on the upper side.

Bemuse of the thinness of the model, it was impractical
to conceal inside-the model the tubing which connected the
orifice’ to the measuring instrument. A tube with 0,040-
inch. tiide diimeter formed the pressure orifice on one aide
and projected through the opposite surface where it was
joined to a tube of 0.060-inch inside diameter (0.090-inch
outside “&amciter)as shown in iigure 1. At the high MaclI
&lkir. used.in this investigation, the presence of the tubo
o-n one surface ‘did not affect the prw-mres on the opposite
stice. “except perhaps slightly at the trailing edge and at
the,,basb,of the “wedgemodel.

The pi@mrea ‘were measured by means of the aneroid-
type six-cell recording units described in reference 1, which
conmrt the deflection of a diaphragm into arotation of a small
rtiirrorreflecting a beam of light to a moving film; thereby
a time :histmy of the pressure is recorded.

INSTRUMENTATION OF THE FORCEMODELS

The forces acting on the force models were measured by
means of two strain-gage balances which were also part of
the sting support for. the model. Nearly all the force t~sts
were made by.,using the three-component balance shown in
figure 2, which was designed to measure lift, drag, and
pitching moment. Pitching moments, however, were un-
reliable because of uneven heating of the pitch beams and
thus were not used.

The instrumentation of the strain, gages on the bahmco
was such that temperature changes did not affect tho
calibration. Drovided that the whole balance was at a

/a

nearly uniform temperature.
of heating during tests, the
was coated with a porcelain
components of this balance

In order to reduce the amount
exterior of the balance shield
insulation. The lift and drag
were designed for masimum
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measurable 10MIsof 20 and 10 pounds, r~ectively, with
an accuracy of 0.1 pound in lift and 0.05 pound in drag.
In practice, this accuracy was not always realized beciuse
of uneven heating effects. These heating effects were somew-
hat erratic, at times being negligible and at other times
having a moderate effect on the tare readings taken before
and after the run.

A two-component strain-gage balance was designed “to
measure the lift and drag more accurately at low angl~- of
attack than the three-component balance. This balance,
which is shown in iigure 3, was designed for a maximum
normal load of 5 pounds and a maximum chordwise load of 1
pound; in each case, the b,alapce was designed to give an
accuracy of ~ percent of the mtiti lo~d. The eileq% of
heating on this balance, however, were much greater in com-
pmison with the design rusmracy than the eflects on the
three-component balance, and therefore the relative accuracy
was reduced somewhat.

SCHLIEREN SYSTEM

The schlieren photographs presented in this report were
taken by means of the schlieren system described in refer-
cmco 1. Some of the photographs were taken with an
exposure of I/160 second and others with a flash of a few
microseconds’ duration. A horizontal knife-dge position
was used for all photographs. The greatest limitation on

-:
I
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: Angk-ofatac+(

I set saw.,,
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Fmuxu+ 3.—View of the disassembled sensitive tvro-component force
balance.

the sensitivity of this schlieren system is the heating effect
on the windows. Since the stagnation temperature of the
air in the tunnel was about 730° F for most tests, the inner
surfa~ of the glass windows became heated so that dark,
nearly horizontal bands appeared in the schlieren photo-
graphs. In order tc- minimize this effect, most of the
photographs used were obtained during the fit part of the
runs. The Mach number may, therefore, be as much as 3
percent 10TWWthan the calibrated”value. The variation of
Mach number with time is discussed in the follow@ section.

OPERATING CONDITIONS

The tests were conducted at a stagnation pressure -of
approximately 25.5 atmospheres and a stagnation tempera-
ture of about- 730° l?. The high stagnation temperature is
necessary. to maintain.the ail. temperature in the test sec-
tion , above the “noi%.ml static liquefaction temp&ature.
With tbe &gh stagnation temperature, .a warpage Qf tho
first n@nmm of the nozzle takesykice during the runs and
resuhk.,in a ‘@riation with time of about 3 ‘percent in the
test section Mach n~ber. (See ref. 2.) By ns~~ only
the tes.~:esnl@ obtained .60 seqx.ds &om the beginning of
the runs, as was dorie in the nozzle Calibmtion presented
in referenm. 2, the effect of the varying Mach number was
practically eliminated.

The Reynolds number for these testswas about 0.98 X 106,
based on a 4-fich chord. This ‘Reyiolds number col!-
responds tb a wing with a 4-foot chord flying at the test
Mach number at an altitude of about 124,000 feet or o
2-foot chord at an altitude of about 108,000 feet.

DATA ACCURACY -

TUNN~ FLOWOHARACTERISTI_..
The teat section. of the kingledep nozzle used in this

investigation had a central core of reasonably uniform flow
about 5 iimhes square in cross section. The Mach number
variation of the flow in the part of the. core in which the
wings were tinted ranged from. about 0.7 perccmt above to
0.2 percent below the mean Mach number of 6.86. The
flow at the center of thi te9t region was wsentially parallel
to the tu&el axis, whereas at the extremes of the test region
the flow deviated about one-fourth degree in the vertical
plane away from the horizontal plane passing through the
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center line of the nozzle. In the horizontal planes
test region, the deviation of the flow was negligible.

ANGLEOF ATTACK

ADVISORY COMMIITEE FOR AERONAUTICS

inthe

The differences between the support systems used for the
pressure tests and for the force tests necessitated two dif-
ferent methods Qfmeasuring,angle of attack. For the pres-
sure tests, the use of a rigid model support tid lack of any
signithnt deflections under any test conditions simplified
angle-of-attack measuremmts. In this case, the angle of
attack was determined before the test run by measuring the
height of the leading and trailing edges of the model horn
the bottom surface of the nozzle which, at the test section,
is a plane surface. The accuracy of measurement of the
angle of attack by this method is within 0.2°.

The use of a relatively flexible support in tests of the force
models made necessary the determination of the angle of
attack during the test run. This angle -wasdetermined by
measurementsof the model anglewith respect to the reference
lines on the schlieren photographs The accuracy of this
method was also limited to about 0.2°.

P~URE MEASUREMENTS

The pressure cells used in this investigation have an
accuracy of 0.5 percent of the fnl.kcale reading Full-scale
deflection, however, was seldom attained. In the most
sensitive of the pressure cells, the free-stremn pressure was
about one-fourth of the full-male deflection; the aeenracy
in this ewe was abo,ut &2 percent.

In the ealcdation of the ratio (p,-pJ/p. from pressures
measured by the cells, the probable maximum error includ-
ing the effect of possible error in angle-of-attack setting is
about +0.07 when the ratio is zero, about +2 percent as
the ratio approaches —1, and about +3 percent for very
large ratios. The coefficients computed from thwe pressures
have an accuracy of about +0.003 in lift and +0.002 in
drag at low angles of attack while at the Mghwt angles of
attack tested the probable maximum error is +0.008 in
lift and +0.002 in drag.

FOEOZMEASUREMENTS

The errors in force coefficients arise mainly from errors
in Mach number and static-pressure determination and
from the force-balapce sensitivity. Errors due to heating
effects were redueed by discarding, t$e results of tests in
which excessive differences -were noted between the tare
readings before and after the test. The force measnrenmuts
on the force models included the force due to-the conical
support and its interference effects. Corrections were ap-
plied to the lift and drag results of the wing force tests to
account for the aerodynamic forces on the unshielded portion
of the conical support. These corrections were based on
theoretiwd results for complete cones and limited experi-
mental checks. No attempt was made to determine the
effects of interference, but these are believed to be small
beeanse the area affected by the shocks horn the support
constitutes less than 5 pereent of the wing surfae8 area.

At low angles of attack, the sensitivity of the balance
was the predominant factor. For this condition, the probable

.

mtium errors in lift and drag coefficients were about
+0.003 tid +0.0015, respectively. At high angles of
attack, the accuracy of Maoh number and statia pressure
measurement tiere the importaut factors. At the highest
twt angle, the probable mtium errors in lift and drag
coefficients were about +0.008 and +0.004, respectively.

PRESENTATION OF RESULTS

PREZWUEEMEAZUREMZNTS

Chordwise pressure distribution.-The pressures over tho
midspan section of the wings at various angles of, attack mo
presented in figures 4 to 8. The pressuresmeasured at each
‘oriliee are presented = the nondimensional pressure rim
(PS-P.)IP., ~hme PS is the 10~ S~tiC pr=ure and P.
is the fiee+dmam static pressure. This ratio has a value of
zero when the local surface pressure is equal to the stream
static pressure and has a value of —1 when the nbsolutc
pressure on the surface is zero.

Theoretied two-dimensional pressure distributions~ovor
the models are also presented in figures 4 to 8. Them dis-
tributions have been calculated by usiug the Prandtl-Meyer
expansion equations and the oblique-shock relations. For
the diamond, half-diamond, and wedge airfoil sections; this
method gives exactly the same resuhs as the shock and
characteristics theory. For the half-oircuhr-arc airfoil at
the test Mach number, the differences in pressure distri-
butions e.alculated from. the Prandtl-Meyer equations and
from the charact’eristies theory with rotational flow aro
negligible.

In order to simplify the presentation of the res~b, tho
pressures on the flat surface of the half-circular-arc wings
have not been included; however, the tests grwe the same
results for the flat sides of the half-diamond and tho half-
Circular-arcwings.

The results of a study of the pressure distribution ovor a
flat surface parallel to the stream are presented in figure 9.
The experimental pressures were obtained. from tho flat
surfaces of several of the models and from the model with
a 200 wedge angle.

The theoretical pressure distribution plotted in figure 9 is
based on the assumption that, in eilect, the boundary layer
changes the shape of the body by an amount equal to tho
displamment th.iclmessof the boundary layer. In calculating
the boundry layer, laminar flow with a linear velocity profile
and a Prandtl number of 1 along an insulated flat plmteis
assumed, and Sutherland’s formula is used for the viscosity
variation. A nedrly linear distribution of velocity within tho
boundary layer at high free-stream Mach numbers waa
predicted tiom theoretical considerations in references 3 and
4. The variation of the theoretical pressure with distanco
along the chord (fig. 9), however, is not very sensitive to the
shape of the boundmy-layer profile and considerable varia-
tion in the velocity profle could, therefore, be tolerated
without ohanging the theoretical results signiiixmtly.

A schlieren photograph showing the thick boundary layer
over one of the wing models with one flat surface parallel to
the stieam is also included in figure 9, together with a
schematic diagram of the model showing the boundary
layer and upperarface shock.
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FIGrRD 9.—Presmre distribution over a flat plate inofined at
angle to an initial flow at M=6.86 and R=o.98x KP.

zero

Figure 10 presents the resuhs of an investigation of the
effect of the leading-edge thickness on the pressures at
various distances from the leading edge of a flat surface
parallel to the stream. These results were obtained by
var~ing the leding+dge thickness of the 20° wedge from
0.001 to 0.00S of an inch. The thickness Wm- varied by
cutting off the leading edge nornd to the upper surface.

SpanWise variation of pressure distributions and normal-
.force coefficients.-The chordwise pressure distributions at
the four sprmtie stations on the diamond airfoil are pie-
sented in figure 11 for an angle of attack of 1000. The theo-
retical pressure distributions are those given by the tio-
dimensionnl inviscid-flow theory and are shown only for
the portions of the surface that are theoretically two-
dhnensional. Both the experimental and theoretical pressure
distributions have been integrated to obtain the section
normal-force coefficients which are presented in figure 12.
The two-dimensional theoretical coefficients are included
only as far outboard as the flow-is theoretically two-dimen-
sional over the whole chord. In order to show-the individual

o
I,, jl,; tll!jl

1--1 ,
I I

I h I

;lj:l-iiiii iiim!+l.,
;234567 8

Lecdng-e@e ftk+ms, n

.7=0
,, s

‘*
F~Gm 10.—Effect of kading+dge thickness on pmsum over a

flat plate inclined at zero angle to an initial flow at .iif= 6.86 and
R= O.98X1O5.

contributions of the upper and lower surfaces to the ovwnll
section lift coefi cients, these su#aces are shown sepm-ntoly.

Base pressure on the wedge airfoiL-B~se-pressuro
measurements were made on the wedge-section wmg in order
to coinplete the determination of the section clmracteristics
of this wing. ‘ Base pressureswere measured at five spanwiso
locations to avoid interference effects duo to the supporb
strut. The variation of base pressure with angle of attack
is presented in figure 13.

WING CHARACTERISTICS

Figures 14 to 21 present the aerodynrunic characteristics
(CL, CD, z.,, and L/D) of the four wings. Results of both
pressuremeasurements and force measurements nre includocl.
The coefficients obtained from pressures actually represent
the section coefficients at the center of sppn nncl can be
considered to represent the overall coe5cients only if the
tip &ects aze neglected. The coefficients from tho forco
tests, on the other hand, include the tip effect and are actually
overall coefficient~ of the wing.

The solid-line curves in figures 14 to 21 represent tho two-
dimensiongl theoretical coefficients obtained by integration
of the theoretical inviscid pressure distributions. A c(dcu-
lated skin fiction has been added to the drag coeficimta
and the results tie presented as dashed-line curves. Tho
drag coefficients including viscous effects hnve been crdcu-
lated by making the same assumptions as were mnde for tho
calculation of the effect of the boundnry layer on the pressure
distribution over a flat plate parallel to the free strmrn.
The friction drag coefficients for the diamond, half-diamond,
wedge, and half-circular-arc wings at zero angle of attaclc
were calculated to be 0.0028, 0.0030, 0.0029, and 0.0029, re-
spectively. These values of the friction coef6cienta woroY
corrected for a slight variation with angle of nttnck.

The theoretical curves in figure 18 are for a base pressuro
on the wedge airfoil equal to one-half of the stremmpressure,
which is roughly the value obtained from pressure mensuro-
ments. No attempt was made to evaluate the base pressuro
theoretically. The variation in the coefficients due to
changing the base pressure by an amount equal to one-half
of the stream pressure in either direction would be very
small and not noticeable in this figure. This vnriation in
base pressure, however, has an appreciable eflect on tho
lift-drag ratios for the wedge airfoil, which are presented in
@gure 19. In this figure, the theoretical lift-drag ratios aro
presented for three values of base pressure even though tho
base pressures measured were nppro.simately one-half of
free-stream pressure.

SCHIJERZNPHOTOGRAPHS

Typical schlieren photographs of the flow about tho wing

with the diamond airfoil section are presented in figuro 22.
& these photographs were taken with the model mountod
on the force balance, the trailing edge of the model is hidden
by the sting mounting. The location of the trailing edge
can be estimated by noting the surfnce discontinuity (at tho
maximum thiclmess) which occum nt the 60-percent-chord
station.
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DISCUSSION
PEIE3SURE RESULTS

The pressure data of figures 4 to 7 show large deviations
from the pressurespredicted by inviscid theory. In addition
to the usual departures of the measured pressuresfrom those
predicted by theory for supersonic flow in the region near the
trailing edge, which are attributed to separation caused by
an interaction between the boundary layer and the tmiling-
edge shock, the pressures also show large rises at the leading,
edges and just rearward of abrupt changes’ in the slopes of
model surfacea. (See, for example, @s. 4,5, and 6.) These
pressure rises at the leading edges are evident even for the
case of a flat surface parallel to the flow, for which inviscid
theory indicatea no pressure rise.

The leading-edge pre&mrerise could ccmavably be caused
by either leading-edge thickness effecti or by viscous effects,
rmdboth of these possibilities were investigated.
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?mmm 14.-Variation of lift and @ng coefficients with nuglo of
attack for a 6-percent-thiok diamond-seotion airfoil. M=6J313;
R= O.98Xl@.

Effeot of leading-edge thickness,-In figure 10, pressuro
lata obtained in tests of a wedge with the upper surface
mdlel to the flow show that at the most forward station on
he wedge, 0.13 inch downstream of the leading edge, tho pres-
,u.reratio (p,-pJ/p_ nearly doubles as the leading-edge
thicknessis inoreased from 0.0015 inch to 0.008 inch. Sinco
he thichwss of the leading edges of all models tested did not
cm-eed 0.002 inch, the pressure rise due to lcding-eclgo
hicknes-sis small and cannot be considered the major eauso
}f the pressure rise at the leading edge of the wings testxxl.

The boundary layer and its effect on the flow,-h rmdysis
vas made to determine the rate of growth of the boundary
ayer on a flat plate at a Mach number of 6.86 for lmninar
low and a linear velocity profle. At a Mach number of 7,
he calculated boumhmy-layer displacement thickness is
Lbout10 times as thick as at a Mach number of 1 for equiva-
ent Reynolds rmmbem. Premure distributions calculatocl
or the flat surface with boundary layer are in good agroe-
nent with the experimental dab (fig. 9). Interaction of
he shock and bouudmy- layer at the leading edge was
leglected. This analysis has shown that the large preasuro
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rise at the leading edge is primarily due to the very rapid
groti of the boundary layers at high Mach numbers. A
more complete analysis of tie boundary-layer displacement
effect and leading-edge-thickness effect is given in references
5 and 6.

Further experimental verification of the large thickness of
ihe boundary layer was obtained by means of schlieren
photographs. This thick boundary layer is apparent in the
schliercp photograph in figure 9, which shows the flow about
a wedge with the upper surface parallel to the air stream.
Siuca the surface is parallel to the free stream, the presence
of the shock is attributed to the boundq layer at the
leading edge and the finite leading-edge thicknw. Behind
the leading edge the schlieren photograph shows the bonnd-
ary layer as light and dark bands just above the model
surface. The method of model support unfortunately pre-
vented schlieren observation of the flow at the trailing edge.

PressUrea greater than those predicted by theory also
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occur just behind abrupt changes in the slope of the surface,
such as the maximum thicknes of the diamond airfoil (fig.
4). The effect of the change in direction of the surface is not
felt by the stream outside the boundary layer for an appre-
ciable distance behind the change in the surface slope. The ,
schlieren photograph of the diamond airfoil at an angle of
rdtick of 0.5° (fig. 22 (a)) indicates that the point at which
the flow outside the boundary layer changea direction is a
distance of about 5 percent chord downstream of the change
in surface slope; in addition, the effect of the turning of the
air outside the boundmy layer cannot be felt at the surface
for an appreciable distance downstream of the point where
the outaide flow is deflecti. The overall effect of this lag
is to smooth out over a greater area the abrupt pressure
changes which would otherwise occur at the change in sur-
face slope.

The effect of the boundary layer on the pressures on the
curved surface of the half-circular-arc airfoil is somewhat
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FmuRE 19.—Variation of center of pressure and IWdmg ratio with
angle of attmk for a 5-percen&thiok wedge-seotion airfoil. JIf= 6.80;
R= O.98X1O6.

different from that for a flat plate. At low angles of attack,
a strong shock occurs on the curved surface of the airfoil and
is followed by a relatively low Mach number which increases
with distance from the leading edge. At the reduced MrLch
numbers over the forepart of the surface, the rate of growth
of the boundary layer is relatively slow. Farther back
along the surface, where the Mach number is higher rmd the
density therefore lower: the boundary layer thickens rapidly.
The result of this increase in the rate of boundmy--layer
growth is an increase in the pressures over the entire curved
surface, rather than primarily near the leading edge as in thcs
case of the flat plate. (See ref. 5.)

Span-load distribution,-Ae shown by figure 12, ovor tho
upper surface the spanwise variation of the normal-forco
coefficient is nearly constant but the e.sperimentalwdues of
section nonmd-forw coefficient me only about one-half of
the values predicted by theory for two-dimensions-dflow,
The data of figure 1.1,together with those of figure 4, indicnto
that the flow is separated just behind the maximum thick-
ness, a condition which is evident nt all four spsuuvisestntions.
These pressure data show no appreciable effect of the tip
over the upper surface even though nt the wing nttitude and



INVESTIGATION OF FOUR WIlW8 OF SQUARE PLAN FORM AT MACH NUMBER 6.9 689

.5

.4

,3

A
.2

.1

8

;0

d

-.1

-,2

-.3 /
o

-,4
o
/

‘“-%’ ‘ ‘-24’ ‘ ‘-16’”- 8’” 0’”

?
/

P

n

——
— Theory (invkci~)

o Lift, pressure doto
b Lift, force doto
o Dreg, pressure doto
n Dreg, fome doto

+El
16 24 32

Aqle of ottock, a, deg

FIGUIUS20.—Variation of lift and drag ooeffioients with angle of
nttnok for a 5-percent-thick W-oircular-arc-section airfoil.
Jlf=&86; ~=0.98X106.

Wtch number of figure 11 the rmr 60 percent of the upper

surfnce at tlm outermost spanwise station
(%=oo’+odd

be in u region of threedimensiomd flow-. Thus, the con-
stnncy of the normal force along the span on the upper
surface is largely duo to separated flow on the entire rear
lmlf of the wing.

The results from lower-surface pressures (fig. ] 2) show
~wodagreement with theory in the region of two-dimensional
flow but also indieate rLgradual decrease in normal force as
the tip is approached. The pressure data of figure 11 show
that msentially twodimensional flow exists over the two
innermost spanwise stations Qnd that the section normal
force in this region of tvrodimensional flow is in good agree-
ment with theory. At. the two outermost spanwise stations,
however, three-dimensiomd flows esist. Calculations show
that three-dimensional flow esisted over the rear 10 percent

2V O624 station and over the rearof the wing at the ~= .

SO pcrccnt at the ~=0.904 station.

Base pressures on the wedge airfoil section.-The plots
of base pressure against angle of attack in figure 13 indicate

(2 ) ‘map-
tlmt the interference near the midspan ~ =0.140

preciable for negative angles of attack, with the model sup-
ported from the under side. The curves would be symmetri-
cal about an rmgle of attack of zero if no interference effects
were present. Except for the station near~t the midspan,
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the spantie variation of base presstie appeared to be tithin

the scatter of the data. The ratio (po-p.~]p. varied from
—0.47 at a=O to about —0.55 at a= +lOO. A value of
—0.50 appeaxs to be representative for (& —pa)/p. over
the whole range.

WINGCHARACTERISTICS

Lift.-The lift eoe5cients obtained fkom experimental
pressure and force data agree reasonably well although the
values based on force data are slightly below those based on
pressuremeasurements. (See figs. 14,16, 1S, and 20.) This
decrement is ascribed to viscous and tip effects. There is no
available theoretical method for rigorous calculation of the
characteristic of complete wings. However, it may be pOS-

sible to use the linearized theory to obtain an approximate
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evaluation of the tip effects. The linearized theory predicts

that tip effects will cause a reduction of about 7 percent in the
initirdlift-curve slope. An analysis of the pressure data indi-
cates that viscous effects reduce the section lift-curve slope
by about 12 percent at low ,angles of attack. The effect is
decreased at high angles of attack so that the reduction in Cz
due to these viscous effects (mainly separation) is only about
4 percent. Thus an nverage total reduction of about 15
pwcont from the value given by invis:id theory is indicated
in the lift-curve slope; however, the force data for the dia-
mond wing are only about 10 percent below the valuea given
by inviscid theory, an indication that the tip effect is over-
estimated by the linearized theory. In general, the other
airfoils show this same effect and the tip effects appear to
crmse only a 2- to 6-percent reduction in lift. Further in-
vestigation is required to evaluate the tip effect more ac- I
curately,

At moderate angles of attack, the flow separates at about
the maximum thickness of the wing with the diamond section,
as shown in the schlieren photograph (fig. 22 (c)). Similar
separation occurs on the other wings. At these moderate
angles of attack, the lift contribution of the upper surfacea
is ubout 60 percent of the theoretical. At higher angles of
attack, the flow separates farther forward on the upper sur-
face and decreases the lift slightly. Complete loss of lift
on the upper surface, however, does not occur for the wings
having the diamond, half-diamond, and circular-arc airfoil
sections. The schlieren photograph presented in iigure
22 (d) shows that the separation does not occur immediately
behind the leading edge. As a re@t, the pressures on the
upper surface remain well below the free-stream pressure.
Complete separation from the upper surface was observed
for the wing with the wedge airfoil section at an angle of at-
tack of 20° (though complete separation was not noted on
the other wings even when the angle of attack of the upper
surface was greater than that of wedge airfoil).

Drag.-At very low angles of attack, the drag coefficients
from the pressure measurements were in good agreement
with the values predicted by the inviscid-flow theory. (See
figs. 14, 16, 18, and 20.) The drag coeihcients from the force
measurementsat these low angles, ‘however, were appreciably
greuter than those obtained from the pressure data. This
increase in drag is primarily due to skin friction since the
pressure effects due to the boundary layer on the various
prints of the wings tend to compensate each other. The
addition of the calculated friction-drag coefficient (see
“Presentation of Results”) to the results obtained from
inviscid-flow theory resulted in theoretical values which
were in good agreement with the qerimental values. As
the angle of attack was increased, however, the experimental
drag coefficients tended toward slightly low6r values than

predicted by theory because of the loss in lift from the upper
surface and tip effects.

The lift-drag ratios computed from bothLift-drag ratios,—
force and preasm,edata agree with the theoretical lift-drag
ratios at high angles of attack (&gg.15, 17, 19, and 21). At
low angles of attack, however, the experimental lifkdrag
ratios obtained from pressure data agree reasonably well
with the inviscid theory. The force data agree with the
theory when friction is considered, altho~~h considerable
scatter in the force data is evident at low a~~les of attack.
This scatter is due largely to the fact that the forces at the

. low angles of attack are very small and decrease the per-
centage accuracy of the force balance; however, the lovr-
angle force measurements are of sticient accuracy to
indicate that the friction coefEcients are of the correct
magnitude.

The values of maximum lift-drag ratio vary considerably
with wing airfoil section when obtained from pressure data
but are practically constant when computed from force data.
The maximuin liftdra.g ratios obtained from pressure data
for the wings are summarized in the following table:

—

FJg. Ah-fOn

Dlamond-------
Hdf4imnond-_-,
TvedgO_____-,
Hal@rcular am--,

ApmPIbXL
Vakwleofa

WJJ=.
(IJr)).m

V

Considerable scatter @ted in the force data results;
however, these remits indicated that the maximum value of
L/D wae about 6 for all four airfoils.

In @gure 19, for the wedge airfoil the theoretical inviscid
lift-drag ratios have been included for base pressures equal
to free-stream prewu-e, one-half of free-stream pressure, and
zero absolub pressure. A base pressure of 50 percent of
stream pressure was indicated in the base-pressure measure-
ments (fig. 13). Good agreement is obtained between the
‘wedge-airfoil force measurementsand the theory that includes
skin friction, when a base pressure of 50 p~cent of stream
pressure is assumed.

The maximum lifkdrag ratio for the half-circular-arc
airfoil was lower than for the other airfoils; however, the
angle of attack at which the maximum lift.Artg ratio
occurred was slightly higher than those for the other airfoils,
so that at anglea of attack above those required for peak
L/D the liftdrag ratios were only slightly diflerent. At
lower anglw of attack, however, considerably lower liftdrag
ratios were obtained for the half-circular-arc airfoil.
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Center of pressure.-In all cases, good agreement was
obtained between experiment and theory for the centers
of pressure (figs. 15, 17, 19, and 21). The locations of the
center of pressure on the diamond airfoil sections varied
from 40 percent to 45 percent of the chord (fig. 15). The
wedge airfoil, as was to be expect&d,had a center of pressure
at 50 percent of the chord over the whole range of angles of
attack tested (fig. 19). For the wings with the half-d+unond
section and the half-ciroular-arc section the center of pressure
moved rapidly away from the midchord position as the angle
of zero lift was approached (ilgs. 17 and 21). ,

JvIN(lCOMPARISONS ,-

The inviscid them-y and the results of pressure measure-
ments indicate that the wings with the diamond and the
wedge airfoils are eoneiderably better than those with the
half-diamond and the half-circular-arc airfoils when (L/n)_
is considered; however, when viscous effecti are included,
the diRerences in (L/Zl)_ are small and the choice of airfoil
would probably be based on other cotiderdions for the
Reynolds number of this investigation. The minimum
drag of the wings with the diamond and the wedge airfoils
is slightly less than that of the wings with the other two
sections, but the drag of the former two wings increases
much more rapidly with angle of attack. Since the minimum
drag of the wings is largely composed of skin friction, only
moderate percent-age reductions in total drag could be
obtained by reducing the thiclmess below 5 percent at the
test Reynolds number.

CONCLUSIONS

The results of tests of four wings of square plan form
and 5-percentAhick diamond, hakliamond, wedge, and

half-circular-arc airfoil sections in the Langley 1l-inch
hypersonic tunnel at a Mach number of about 6.86 and
Reynolds number of 0.98 X 10e lead to the following con-
clusions:

1. Aerodynamic characteristics due to the pressure
forces can be predicted with reasonable accuracy from two-
dimensional invisoid theory for wings of square plan form
at a Mach number of 6.86. At high angle-sof attack, tho
experimental values were, however, slightly lower than tho
valu’es given by the inviscid theory because of separation
and tip effects, and at low angles of attack, the skin friction
should be taken into account in calculating the total drag
coefficients and lifi%dragratios of wings.

2. The two wings with symmetrical airfoil sections (tho
diamond and wedge sections) had the highest maximum
lift-drag ratios horn pressure measurements and the wing
with half-circular-arc -sections had the lowest. The differ-
ences, however, were small when viscous effects were in-
cluded, the overall maximum lift-drag ratio being close
to 6 for all the wings tested.

3. Large deviations of the pressures from those predicted
from iuviscid theory existed at the leading edge of the wing
and just behind sudden changes in surface slope because of
a rapid growth of the laminar boundary layer at the high
tmt Mach number.

4. The effect of boundary layer on the pressures on a
flat surface parallel to the stream was in good agreommt
with theoretical results in which the boundary layer was
assumed to be laminar.

LMWLEY ARONAUTM3AL LabOratOry,
IVAmONAL bvmon Comrmm E FOR i3JJR0NAUIIIQS,
LANGLEY FIELD,VA.,April 17,1961.
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