LIFT AND DRAG CHARACTERISTICS OF A WING WITH SEVERAL ANGLES OF
SWEEP AT HIGH SUBSONIC SPEEDS
" By Richard T Whitcomb o
Langley MbmoriaJ Aeronautical Laboratory
To cbtain detailed 1nformation on flow'aroﬁnd swépﬁ énd'unswept '
wings at high subsonic speeds, very extensive .pressure meagurements

have been made on and behind a thin, high-aspect-ratio wing with no
gweop and with 30° and 45° of sweepback and swsepforward at Mach

numbers from 0.60 to 0.96 in the Langley 8-foot high-speed tunnel,
 Measurements have been made with and without aileron deflections;

and for wnswept condition they have been mede with and without o
spollers, dive recovery flaps, and brakes. For tHe ‘swapt configura-“

_tions measurements have been made with a midwing fuselege present,

-

whereas for the unswept condition they have been made with and without S
the fuselage present ‘ 7 . . :

The measuremsnts have included static—pressure readings at chOnd—tf;
wise rows of orifices at eight statlions along the span of the wing amd
at one station on the fuselage, total pressure meesurementy at various

" yerticsl stetlons behind the wing, and measurements of the average and

fluctuating downwash &% the provablo horizontel teil locetion, From
thege meesurements the’ normal—farce, Areg, end moment coefficienis, the
spanvise and chordwise pressure and load distributions, ‘and wake
patterns have been cbtained for the various conflgurations. The
major portion of the results is now available in NACA tlagsified
publications (references L to 9).. The remainder of the results will
be made available,in the, near future PR ‘ ,

Because of the limited amount of time available even & BuUMmMAry
discussion of all the resulta.obtained cannot be given. Instead, soms
of the more interesting published and unpublished results pertalning
to the normal force and drag of the unswept and swept wing without

. ..alleron or spoiler deflections are discussed briefly in the present

paper and some of the other results obtained with alleron deflections

are presented in the paper entitled "Effects of Sweep on Controls.

I ~ Effectivensss’ by Lowry and Johnson. The present paper includes
a brief discussion of some of the variations of the over—ell normel-
force and profile—drag coefficients with Mach number presented in
reference 5, but will deal primarily with a discussion of the section
1ift and drag characteristics. These factors indicate where the most
gevere changes in 1ift and drag occur et high Mach numbers and how the
11t end drag characteristice of a wing with a given emount of sweep
may be improved, The dlscussion will be limited to results obtained
for conditions which usually occur during level flight at high speeds,
but the results presented indicate the general nature of the changes

: _,that ocour for other conditions
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The model ussd in this Investigation without sweep or fuselage is

. shown in figure 1, The unswept wing has an-NACA 65-210 section, an

aspect ratio of 9.0, and a tapsr ratio of 0,4, The span of the model
is 37.8; the mean chord is 4,2, The model was supported in the tunnel
by a vertical steel plate as shovn in figure 1. The model extended
from both sides of the plate which completely spanned the tunhel and .
effectively produced two semicircular test sections, wThe,advantagesj
of euch a support are descrlbed in reference l — : '

.

Sween was obta¢ned by rotating the w1ng Wlth reeeect to. the support

plate, Pressure measuremente made on the tunnel wall lndlcate that the - -

.....

other side of the strut., A given over—all conflgurat;on represents,';

“therefore, not ‘&’ yawed model but sweptback and sweptforward éemispan e
models, The pemlspan model with 30° of sweepback is shown in figure 2, ..

The locations of the chordwise rows of pressure orifices are indicated
in the same flgure. “The fuselage was placed in the midwing location. .
The tip was revised for each sweep to be parsllel with the. airstream.

With these tips the aspect ratios of the- wing with 30° and. 459 of sweep
were approximately 7.5 and 5, reepectively SWeep is based on the a

quarter*chord line. R : P )
L With the model in plaCe the tunnel choked at Mach numbere of 0. 9&5, .
0,975, and 0,985, approximately, for no.sweep, 30°; and 45° of gwesp,

~respectively, The data obtained at these choking Mach numbers are not

applicabtle to the prediction of the wing characteristics in free air’
and these date are not, presented., The data obtained at Mach numbers

of 0,925 and 0.96 for the unswept and ewept condltions, respectively,
are affected to only a slight degree by choking tendencies, and pressure
daeta obtained at these Mach numbers are presented. With the wake<survey
support strut in place the tunnel choked at a Mach number of 0.89. -
Pressure measursments indicate that the tunnel choked at the support
strut behind the model and this choking did: not’ effect the field of
flow at the model but merely limited the maximum test Mach number.

Data obtained at thls Mech number are, therefore, presented.

Presented. 1n figure 3 are variatione of the wing normel-force coef—

" ficlents obtained from’ the pressure messurements with Mach number for

the various sweeps at an angle of attack of 2°, The normal-force coef—
ficient for the unswept wing started to.decreaso due to the onsst of
shock at a Mach number of approximately 0,75, The normal-force coef-
ficients for the wing with 30° of sweepforward end sweepback started

-to decrease at a Mach number approximately 0,1 greater than the Mach

number at which the coefficient for the wing with no sweep started to
decrease, There are no losses in the normal-force coefficients for
the wings with 45° of sweepforward. and sweepback; Not only is the .
Mach number et which the normal-force coefficients decrease delayed
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for 30 of sweepforward and sweepbeck but more important the magnitude
of the changes 18 reduced, The magnitude of the change for the swept-—
forward condition 1is less than ‘that for the sweptback condition. -

Part of these variatione are due to changes in the eepect ratio.
However, it 1s belleved that the- ma jor portion of the changes 1s due
to the effects of sweep. For the angle of. attack for which data are
presented, the normal-force coefficients are generally very nearly
equal to the 1ift coefficients and it may be assumed that the variations
of the normal-force coefficient with Mach number presented are the same
es the variations of the lift coefficient with Mach number.

Presented in figure h are variations of the wing profile—drag
coefficlents obtained from the wake—survey measurements with Mach number
for the various sweeps at an anglé of attack of 2°, The wing profile—
drag coefficient for the wing with no swesp increased rapldly due to
the onset of shock at a Mach number of approximately 0.75. The wing
profile~drag coefficlent for the wing with 30° of sweepback increased
rapldly at a Mach number approximately 0.08 greater than the Mach
number at which the drag increase occurred on the wing with no sweep. °
The wing proflle~dreg coefficient for the wing with eweepforward
started to increase gradually at approximately the gseame Mach number as
that at which the rapld increase in drag coefficlent occurred for the
wing without aweep and increased ebruptly at the Mach dumber at which
the eimllsr abrupt increase occurred for the wing with 30° of sweepback.
The wing with 45° gweepback experienced no large increase in the profile-
drag coefficient.-

. A comperison of the measured loee in normal-force coefficient and
increase in- profile-drag coefficlent produced by the occurrence of shock
for a sweep angle of 30° and an angle of attack of 2% with the changes
predicted for the same conditlon by uwse of the characteristics of ‘the
wnswept wing and the simple sweep theory is presented in figure 5.° The
measured changes are shown as heavy lines, the predicted as dashed lines,
The measured loss in normal-force coefficient. 1z almost exactly the same
as the predlcted loss. The meagured increase in drag coofficients -
occurs initially at sbout the same Mach number as does the predicted
incresss but is more severe than the predicted 4increase. The agreement
Petween the measured and predicted variations is much closer than any -

‘previous similar comparison has ghown., The closer agreement ls believed

to be due to the relieving effect of the midwing fuselage on the flow
around the root of the swept wing

Presented in figure 6 are spanwise variationg of the section
normal-force and section profile-dreg coefficients for the wing without

" gweep at an angle of attack of 2° at various Mach numbers, obtained

from the pressure and wake measurements. Because of the asymmetrical,
three—dimensional flow around the wing, the spanwise varilatlons
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of section profile-drag coefficlent obtained from wake measurements
made behind the wing are not exactly the same as the actual spanwise
variations of the coefficlents at the wing. The variations for all

. sweeps are belleved to be very nearly correct, however. The spanwise
variation of section normal force at & Mach number of 0.6 13 very
nearly the same as that predicted by uge of potential-flow theory.

- The mection profile—drag coefflcients for the varlous sections are
very nearly the saze value for a Mach nwnber of O. 6 :

When the Mach number is increased ‘beyond the critical value the
normal-force coefficlents for the various sectlons decrease and genera.lly
the section profile-drag coefficients increase., The incresse in normal—
force. coefficlent and the decrease in drag coefficilent occur at higher

- Mach numbers and are much less severe for the sections mear the tip - ——
and root, howsver. The delay In the Mach number at which the increase
in dreg coefficient occurs on the tip 1s so great that no drag 1ncrease
occure at this region up to the highes’c test Mach num‘bars

The delaye a.nd recluctions of the che.nges at the tip may be attri-—
buted to the three-dimensional flow arownd the tip., This flow reduces
the induced velucities over the tip sections, thus increasing the
Mach numbers at which severe shock occurs on these sections. Also; 3" ;
because of this flow the air is directed inward over the wpper surface .
of the tip sections and the tip effectively heg- mreepfcrward .The: v
- delay ‘and reductions of the chenges at thé root sections may be attri—-*:i-
buteé. {:o the relieving ef'fect of the midwing fuselage. T Soan

Simile.r spamrise var:!.ations of the section nonnal-f‘orce coef‘—
ficient and the gection profile-drag coefficient for the wlng with 30°
of sweepforward for an angle of attack of 2° at yarious Mach numbers -
are presen*bed in figure 7. The gpanwise variation of gection normal—- .
foree coefficisnt at a Mach number of 0.6 18 very nearly thé same as . -
that’ pred.icted by uge of potential—flow theory. The section profile~ .
drag coefficien‘bs ‘for the various sections are very neerly the seme . -

" -acroes the gemispan., This spanwise uniformity of section profile—
drag:cdefficient indicates that there is very little spanwise flow
of air in the Vowidary layer on a. _aweptforverd wing at the sngle of
attack for which ‘these data ‘aYe presented. When the Mach number is -
Increased beyond a Mach number of 0.8, the section profile~drag coef—
ficlents for the root sections increase. ‘The graduel increase in the -
over-ell drag coefficient for the sweptforward wing, which occurs at
approximately the same Mech number as shown in figure L, may be attri-— -
buted to this rise in the coefficients for the root. When the Mach
number 1s increased up to the highest test value, the sectlion profile—
drag écefficlents for the root secticns heccme very large. The section:
profile~drag cosfficlents for the cutbdard sections rise only slightly,
however.  In fact, the Increases in the sectlon profile~drag coefficlent
- with Mach number for these outboard sections are less then those predicted :-

sl Kipamn - o e R
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by use of the mimple sweep theory. As a result, the abrupt Iincrease
in the over-all drag ccefficient for the sweptforward wing, which
occurs at a Mach number of approximately 0.85, may be attributed
primarily to the increase Iin the section proflle-—drag coefficlents

at the root sections., There is no severe reduction in the section

. normal-force coefficients for the root sections associated with the
increases in the section profile—drag coefficients for these sections.
Slmilar early and severe changes in the section profile-drag coef-
ficients at the wing-fuselage juncture occcur with 45° of sweepforward,

Because of the severe separation of the flow near the wing-
fuselage Juncture associated with the large increases in drag at
these sections, the wake behind this juncture is very large at the
higher Mach numbers; and due to the large wake, the downwash at thse
probable taill location changes by very large amounts at relatively
low Mach numbers in comparison with the Mach numbers at which the
changes occur behind the wing with a similar amount of sweepback.

The reason for the early abrupt separation of the flow at the
root sections 1s shown by the pressure measurements mado on the
surface of the wing. Presented in figure 8 are contour maps of the
pressures measured on the upper surface of the wing with 30° of
. gweepforward for en angle of attack of 20 at a Mach number of 0.6,
The sclid linos show the lines of constant pressure coefficient;
the dashed lines indicate the lines of peek pressure. The contours
ladicate very high negative pressures or high induced veloclties at
the leading edge of the root sections. Because of thege high induced
velocitles, the critical Mach numbers for the root sections are much
lower than the critical Mach numbers for the sections further out—
board and 1t would be expected that severe shock would occur on the
root sectlons and that the flow over these sections would separate
at much lower Mach numbers than it would at the outboard sections.

The high negative presswres on the leading edge of the root
sections may be attributed to the induced flow associated with
swoptforward wings. It 1a believed that the pressure peaks mey be

- " reduced, and thuws the critical Mach number and the Mach number at

vwhich shock occurs may be increased, by reshaping the fuselege and
by washing out the root sections. Reshuping the fuselage alone would
probably not completely eliminate the pressure peaks since the effsct
of such a reshaping would be local, while the pressure peeks extend
over a conslderable reglon of the wing leadlng edge.

Spanwise variations of the section normal-force coefficients and
section proflle-drag coefficlents for the wing with 30° of sweepback
Por an angle of attack of 2° at several Mach numbers are presented
in figure 9. The spanwise varlation of section normal-force coefficlent
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for a Mach number of ‘o, 6 i again very nearly the same as that predicted
f'by use of potential<flow theory, ~The section profile—drag coefficiemts
are very nearly the seme for each of the~sections along the semispan.
‘When the Mech number is increased from 0.6 to the highest test value,
ths various sections experience reductions in the normal-forcé coef-

- Piclents-and increases in the profile—drag coefficients as would be
"expected; The reductions-in the normal~force coefficients and the
increases in the profile-drag coafficlents occur at lower Mach numbers
and are much more gevere at the outboard. sections than at the inboard
gections. The increases in the profile—drasg coefficient for the tip
gectiong are 86 severe that at the highest test Mach number, & Mach
number of 0.83, the section profile-drag cqefficient for these sections
far the sweptback wing are greater than those  for the tip sections of
the unswept wing., Near the wing-fuselege Juncture the dreg coefficients
mesagured at the highest test Mach number are -the same as those measured
at 'a Mach number of 0.6. Thosé date indicate spanwise variations of

the changes in the section characteristics associated with the onset

of shock vhich are exactly opposite to those which were thought to
occur on sweptback wings, Instead of the initial and most severs
changes occurring at the root, they occur at. the tlp.

" With k5° of sweepback, the spanwise variations of sectlion normal-—
farce}and section profile—drag coefficlents are nearly the same for
all Mach numbers up to the highest test value, However, the wake
measurements made behind this wing at a Mach number of 0,89 indicate
a slight initial increase in the drag coefficients for the tip Bections.

+ 'The early and severe changes in the characteristics of the tip
gections may bYe attributed to three factors: ILower critical Mach numbers
for the tip sections, the distribution of pressurcs on the tip sections,
and the inflow over the upper surface of the tip section. -The contour
map of the pressure coefficlents for the upper surface of the wing
with~30° of sweepback for an angle of attack of 2° at a Mach number !
of 0.6 is presented in figure 10, Because of the relieving effect of
the fuselage, the meximm pressure coefficicnts at the root sections
are less than ths maximum pressure coefficlents for the sections
further outboard. Due to the induced flow, peculier to sweptback wings,
pressure peaks occur on the leading edge of the sections near the tip,
As a recult of this spanwise variation in peak pressures, the critical
Mach numbers for the tip sections are less than those for the root
gections. Near the tip the distribution of pressure is changed in
such a manmner that the region of maximm pressure coefficiente slopes”
forward with respect to the swevt span of the wing. Assuming that
shock occurs initially in the region of maximum preséure coefficients
it may be deducted that the effective: sWeep of the tip Bections ig less
then the geometric sweep of the. wing, Because of the flow around the
tip, the flow over the upper surface of the tlp sections is directly



i1nward and the effective sweepback of the tip sectioms is further.

reduced. ZEach of these factors would lead to earlier and more severe
peparation and changes in the section ncrmel-force coefficients and
ection profilendrag coefficiente near the tip.

None of. the previously mentioned factors oxpleins the extraordinary

. delay in the increases of eection profile—drag coefficients for the root
sections, The contour map of the Iressurés measured on the upper surface

of the wing with 30° of sweepback far an angle of attack of 20 at a Mach
number of 0,83 (fig. 11) indicates the probable reason for this delay.
At this Mach number, there 1s a gevere shock elong the entire gemispan
of the wing as indicated by the very gevers adverse pressure gradient
near the treiling edge, This shaock appears to be normal to the stream
and very near the trailling edge at the wing-fuselage Juncture, It

would be expected that such a strong normal shock would lead to severe
separation at the wing-fuselage Juncture. The pressure recovery behind
the shock indicates, however, that very little separation 1s mroduced
by the shock.,

Sinoe the initial and most severe changes in the sesction character—
1stics occur at the tip, it might be expected that the changes in the

+. ' over—ell normal-force and profile—drag coefficient for the wing with

sweepback could be delayed and perhaps reduced by washing out the tip
sections to reduce the angle of attack of these sections which experience
the most severe changes, No data have been obtained to show the effects
of washout on the changes in the normel~force and profile—drag coef-
ficlents; however, pressure data have been obtained on the wing of the
vregsent discussion with aileron deflection of -5 which should simulate
to a certain extent & gashout condition. The normal-force results
obtained with this alleron deflection indicate that a definite reduction
in the changes of the normal-force coefficient with Mach number for the
wing with 30° of sweepback is produced by such s deflection. Washout
applied to the wing %o improve the high~epeed chatacteristice would

also probably improve the lending characteristics of the wing but might
produce adverse changes in the 1ateral stability and control character-
1et1ce of the wing, . . A ‘

The results of detailed pressure measurements mede on and behind

-a high-aspect~ratio wing with and without sweep at high subsonic Mach

numbers indicate that the initial and most severe changes in the normal-—
farce and profile—drag characteristice occur at the tip for sweptback

winge and at the root for sweptforwerd wings. The results also indicate
means of Improving the high-speed normel-force and profile—drag charao~

"teristics of a wing with a given amount of sweep.

P
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Figure 1.- Photographs of unswept wing without fuselage.
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Figure 2.- Plan view of wing with 30° of sweepback.
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Figure 3.- Variations of wing normal-force coefficient with Mach
number for a = 2°,
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Figure 4.- Variations of wing profile-drag coefficient with Mach
number for « = 2°,

A5t



[ VPP S

[P

A =30°

4 - o =2°
.3
Cn
.2
- - «———— MEASURED
—===—~— PREDICTED
o]
.02~
GD° 0l //
0l [
o ) T =7 T —
5 .6 7 .8 .9 1.0

M

Figure 5.- Comparisons of measured and predicted variations of
wing normal-force coefficient and wing profile-drag coefficient
with Mach number for A = 30°,
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Figure 6.~ Spanwise variations of section normal-force coefficient
and section profile-drag coefficient for A= 0° and a= 2°,
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Figure 7.- Spanwise variations of section normal-force coefficient and

section profile-drag coefficient for A = -30° and a= 2°
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Figure 8.- Equal pressure-coefficient contours for A= -30°,
’ © a=29% and M = 0.60.
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Figure 9.- Spanwise variations of section normal-force coefficient
and section profile-drag coefficient for A = 30°% and a = 2°.
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Figure 10.- Equal pressure-coefficient contours for a = 30°,
a= 2% and M = 0.60.
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Figure 11.-. Equal pressure-coefficient contours for A= 30°,
a= 29, and M = 0.89,





