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SUMMARY ;
L

An investigation of a vortex-generator configurstion on the wings
of a l/h-scale model of the X-1 airplene having a Iﬁ—percent—thick wing
was conducted in the langley 16-foot transonic tunnel. The effect of
the vortex generators was determined by camparing the model aerodynamic
characteristice, wing-pressure distributions, and wing-weke patterns for
model configurations with and without vortex generators on the wings.
Resulte are presented from tests at 0.l increments in Mach number from
about 0.69 to 0.99, &t Reynolds numbers of about k.1 x 105 to k.7 x 106,
and through an angle-of-attack range up to 15° at lower speeds and up to

50 at the highest speed. In genersl, littlé difference in the serodynamic
characteristics was observed, except at a Mach number of 0.90 where a
rearward movement of the shock on the upper surface of the wing with the

vortex generators installed resulted 13 lesg separation.

INTRODUCTION

The use of vortex generators on the wings of alrplanes has been
proposed as a means of alleviating such undesirablé characteristics as

buffeting, lateral unsteadiness, and changes in trim resulting from flow
Donaldson (ref. 1) demonstrated that these devices were

separation. dso:
effective in reducing separation due to shock and boundery-layer interac~
tion on an airfoil section. Flight tests on two unswept-wing airplanes

(refs. 2 and 3) revealed that separation due to shock was delayed to
higher Mach numbers or 1lift coeffilcients by the use of vortex generators.
The phenomenon of buffeting has also been shown to be closely reélated to
shock-induced separated flow over the wing and has been alleviated in

some ceses with vortex generators (refs. 3 and L).
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UNCLASSIFIED



2 . o NACA RM 152126

As part of an investigation of a l/h-scale model of the X-1 air-
plane with a 10-percent-thick wing in the Langley 16-foot transonic
tunnel, vortex generators were tested to determine their effect on the
model aerodynamic and fluctuatlng-pressure characteristics. The results
of the fluctuating-pressure meessurements with and w1thout vortex genera-
tors on the wings have bheen reported in reference 5.

The purpose of the present report is to evaludte the effect of the
vortex generators on_ the model aerodymamic charscteristics as determined
by wing-pressure distributlons, wake measurements,_and model force and
moment measurements obtained in the wind tunnel. -

Tests were run through & Mach number range from about 0.69 to 0.99
et Reynolds numbers from sabout 4.1 x 106 to b.T7 x 106 and through an
angle-of ~attack range up to 15° at lower’ speeds and - up to 5° at the
highest speed.

SYMBOLS -
M Mzch number
R ' Reynolds number, based on a mean aerodynamic chord of 1.203 ft
P - static pressure in undisturbed stream, 1b/sq ft
Pu local static pressure on upper surface,_lb/sq ft
P local static pressure on lower surface, lb/sq ft
q incompressible dynamic pressure, lb/sq £t

- Py - P
P pressure coefficient, Pu » or L
I q

Por pressure coefficient for local sonic velocity
H total pressure in undisturbed stream, 1b/sq ft
Hy . total pressure in wake, 1b/sq £t .
AH .-loss in total pressure, H - Hg, 1b/eq £t
S wing area, including area enclosed by fuselage, 8.116 sq ft

SRR i
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ares of wing panels outboard of station A, 6.211 Bq ft
wing spen, 7.0 £t _

twice spenwise distance from station A to tip, 5.708 £t
local wing chord parallel to plene of symmetry, £t

average chord of test panel S'/b', £t
b/2

mean aerodynamic chord of wing, % czdy, 1.203 £t
0

chordwise distance from leading edge of loecal chord, ft

spanwise distance from model center line, £t

spanwise distance outboard of station A, £t

normal coordinate referenced to chord line at EX = 0.27h,

b
positive direction upward, £t

1 .
section normal-force coefficient, f (pz - pu)d £
9]

section pitching moment about 0.25 local chord,

fvol(Pu _ PZ) (§ - o.zs)d %—

l - 1
wing-panel normal-force coefflicient, f en & d bﬂ‘-
o . ¢
model lift coefficient, m_?-,
s2 TG
model drag coefficient, D:;‘gg

model pitching-moment coefficlent,

Pitching moment gbout 0.25¢'
aSe’

angle of attack of fuselege center line, deg
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.":: MODEL AND APPARATUS
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seee’ The l/lt scale model of the X-1 airplene having a 1lO-percent-thick

soee wing used in this investigation has been described .in reference 6. The
Soee drewings, figure 1, show the principal dimensions of the model as tested

in the Iangley 16-foot transonic tunnel. Photographe of the model and
sting support system are presented in figure 2. The model wing, which
incorporated an NACA 65<11Q airfoil, had an aspect ratio of 6 and a
taper ratio of 0. 50, with the 0. hO-chord line being unswept. The wing
had en incidence angle with respeet to the fuselage axis of 2. 5° at the
root and 1.5° at the tip.

The vortex generators used in this Investigatlion consisted of
1/8-inch-sqpare flat steel plates approximately 12 percent thick with
rounded leading and trailing edges. The plates were set alternately at

o
positive and negative angles of T% to the air streem to give an included

engle of 15°, thus forming counterroteting vortices from adjacent gener-
ators. The generators were spaced 0.40 inch center to center in a span-
. wise direction and extended over the entire span of both wings (fig. 3(a)).
The vortex generators were machined as part of a steel strip which fitted
in a groove centered on the 2T7.5-percent-chord station of the wing.

Model forces and moments were measured with & six-component strain-
gage balance mounted inside the fuselage. - Pressure distributions were
determined from measurements at six spanwise stations on the left wing
by the method described in reference 6. Figure 1(b) presents the span-
wise and chordwise location of the measuring orifices for the six span-
wise stations. A few weke measurements were obtalned from a rake mounted
on the right side of the fuselage 0.42 chord. lengths behind the wing
trailing edge and at the 2T. h-percent-semispan Btation. The rake may be
seen mounted on the model in figure 3(b). '

TESTS

Force and wing-pressure data were obtained at 0.1 increments in
Mach number from 0.69 to 0.99. Wake-rake data were obtained at Mach
numbers of about 0.70, 0.80, 0.85, and 1.00. The Reynolds number and
Mech number field for the present investigation is shown in figure k.
The angle-of-attack range wee limited at high angles by loads imposed
on the sting support system and varied from about -4° to 15° at M = 0.69,
and from -2° to 5° at the maximum Mech number of this investigation.
Meximum 1ift was obtained only for Mach mumbers of 0.69 and 0.79. The
data presented in this paper are for the ccmplete model with the stabi-

. lizer incidence and elevator deflection both at 0%,
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ACCURACY OF MEASUREMENTS

The discussion of the accuracy of measurement of pressure coeffi-
cient, tunnel Mach number, ‘and model angle of attack included in refer-
ence 6 applies to the data of this paper. The accuracy of the measured
force and moment coefficlents, based on balance accliracy and repeat-
ability of the data is believed to be within the following limits:

CL « = = o o o o s 8 o o a6 7 e o o o s a8 o « 55 a s.0. « Fo.01
CD =« « o o o « o o o5 o o s 2 e o = o = « a a o o v o « o a « « TO.002
Cm « v ¢« 6 & & 4 & 4 4 e 4 s e e e e e s e s e e e s e e s e t0.01

No adjustments for sting interference or model hase pressures have been
applied to the aerodynamic forces and moments.

RESULTS AND DISCUSSION

The results of the vortex-generator investigation are presented In
the following figures and table: v )

Force measurements . . . . « - &« + « s 8 « « s s« . Figures 5, 6
Chordwise-pressure-distribution canparisons e o« s« s o« o Flgures T to 10
Spanwise-loading comparisons e + o o a4 s s o + s s s s s s o « Figure 11
Wake measurements . . .- . . e« ¢ e s s s & e s o« o o Flgure 12
Summery of wing section and panel data s e e s+ & s o s a s s o « Teble 1

Force Data

The effects of the vortex generators on the over-all model aero-
dynamic cheracteristics are shown by the force measurement results given
in figures 5 and 6. In general, there is little difference in the 1ift
curves except at a Mach number of 0.90 where higher 1ift coefficients at
the seme angles of attack were obtained for the configuration with vortex
generators (fig. 5(a)). The vortex generators had no apprecisble effect
on the lift-curve slopes nor were the values of maximum 1ift changed at
Mach numbers of 0.69 and 0.79.

The drag polars (fig. S(b)) show that in the lower-lift-coefficient
range the drag coefficlents were generally higher for the configuration
with vortex generators. Since there is little separation at low-1ift
coefficlients, the vortex generators were not_expected 1o reduce drag in
this region. In the low-lift-coefficient range as the speed is increased,
the thinner boundary layers permit the vortex generators to extend into




6 - : - NACA RM 152126

the free stream, thereby resulting in higher proflle drags. At the
higher 1lift coefficients the drag coefficients obtained with the vortex
generators on the wings tend to be the same or somewhat less than those
for the basic wing configuration.. In the case where the drag coeffi-
cients are lower with the vortex generators, the separation has been
reduced by the mixing action of these devices on the boundary layer.

The pitching-moment-coefficlent curves presented in figure 5(c) show
that more negative pitching-moment-coefficient values were obtained at
a Mech number of 0.90 with the vortex generastors installed on the wings.
In general, the stability of the two configurations, &s indicated by
these curves, was asbout the same. However, &t a Mach number of ©.90,
the ingtebility which was present with ihe clean-wing configuration
near zero 1ift has been reduced by the vortex generators, even though
the model became slightly unsteble up to a 1ift coefficient of ebout 0.3.

The trends of the force-measurement results with Mach number for
the two configurations are shown in figure 6. The 1ift curves indicate
that the vortex generators have a beneflcial ‘effect at a Mach number of
0.90 (fig. 5(a)) as the higher 1lifts obtained with these devices help
to alleviate the rapid lift veriation in this speed renge. The vortex
generators are responsible far this increase in 1ift since they cause a
reduction in shack-induced separation on the upper surface of the wing
at this speed. The drag curves indicate that, for this vortex-generator
configuration, somé drag penalty exists over most af the test speed range
for the 1ift coefficients shown.

Wing-Pressure~-Distribution Measurements

Some representative pressure distributions cobtained with the vortex-
generstor configuration are compared with those obtained with the clean
wing in figures 7 to 10. The vertical dashed line in the figures indi-
cates the position of the vortex generators.

Chordwise-pressure-digtribution diagrams at three spanwise stations
obtained at & Mach number of 0.69 for two angles of attack (fig. T)
reveal that the vortex generators ‘have practically no effect on the
pressure distributions, except at the lower angle of attack, where a
local disturbance (a compression followed by an expansion) exists on
the upper surface covering about 0.10 chord at the location of the vortex
generators. Integrated sectlon.normal force and pitchlng-moment coeffi-
cients for the two conflgurations were sbout the same at all stations. -
The close agreément of the wing-pressure data for both configurations
would be expected since the force data of figure 5 1ndicated close agree-
ment at a Mach number of 0.69. '
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Pressure distributions obtained at all six spanwise stations are
presented in figure 8 for a Mach number of 0.79 and an angle of attack
of about 4°. Somewhat less separation exists behind the shock for the
vortex-generator configuratlon at station D. A more rearward shock posi-
tion is indicated at some of the stations for the Vortex-generator con-
figuration. Station F exhibits & more pronounced local disturbance at
the position of the vortex generators than the inbosrd stations. This
wag found to be true for the tip station at all speeds and attitudes
tested.

Since the force data (figs. 5 and_6) showed that the most pronounced
effect of the vortex generators on the model aerodynamic characteristics
occurred at a Mach number of 0.90, a more extensive presentation of the
wing-pressure-distribution data for this Mach number is given in figure 9.
Chordwise pressure distributions are presented only for stations A, B,
and E because of a lack of manometer dasta at the midspan stations. At a
negative angle of attack of sbout 4° (fig. 9(a)), the lower-surface pres-
gure distributions are'abbut the same at all stations for the confilgura-
tions with and without the vortex generators. The upper-surface pressure
plot reveals a lacgl disturbance at the position- of the vortex generators,
previously noted for other Mach mumbers, and & ferther rearward position
of the shock on this surface. The pressure plots. for the positive angles
of attack (figs. 9(b), (c), (d), and (e)) show similer rearward shock
movements due to the vortex generators. As the angle of attack is
increased at this Mach number, the shock on the upper surface travels
forward from about 80 percent chord at angle of &ttack of approximately
-4° to gbout the bO-percent -chord position &t an angle of attack of
approximetely 7° on the clean-wing™ configuration. The. upper-surface
ghock travels forward about the same amount (20 percent of the chord)
for the change in angle of attack from approximately -4° to T° with the
vortex generators on the wings, but it remains sbout 10 percent of the
chord farther rearward for corresponding sngles of attack. This farther
rearward position of the shock on the upper surface results in a smaller
separated flow reglont_higher lifts, and greater. negative pltching moments
for the wing. Although the pressure distributions Ffor the wing with the
vortex generators installed were obtained at a slightly higher Mach num-
ber than those for the clean wing, which may alsc cause some rearward
shift in the shock position, this difference in Mach number would only
account for a shock travel of about 2 pércent of the chord (see refs. T
and 8). The effect of the vortex generators on ‘the shock location shown
in figure 9 is Bimilar to results cobtained in flight with an unswept-
wing sirplane having the same ‘airfoil section (ref. 3). A larger differ-
ence in the shock position between the configurations with and without
vortex generators was obtained in the flight tests which may have been
due to the stronger induced vortices on the airplane w1ng (15° angle of
attack of each vortex” generator).
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The beneficial effect indicated at s Mach number of about 0.79 and
that Just presented at a Mach number of approximetely 0.90 are not present
at the highest test speed, & Mach number near 1.00 (fig. 10). Near sonic
speeds the shocks for the upper and lower surfaces are at the trailing
edge of the airfoil. for both configurations and there are no apprecieble
differences in the pressure distributions. .

The chordwise pressure distributions have generally Indicated e
local disturbance at the position of the vortex generators at all stations
for the lower angles of attack and that the disturbance occurred only at
the wing-tip station for the higher sttitudes. The possibility of the
vortex generators being completely submerged within the boundery layer
at high angles of attack may account for the absence of the local dis-
turbance in the pressure distributions;’ however, no measurements of the
wing boundary-layer thicknees were cbtained in this investigation to
substantiate this ratiocination. It was found that this dlsturbence
was usually evident when the local Mach number hased on the pressure
coefficients in the vicinity of the vortex generators was less than
about 1.2. For local Mach numbers greater than &bout 1.3, no disturb-
ances occcurred. At the tip station F, the local Mach number in the
vicinity of the vortex gererators d4id not exceed 1.3 for these tests.
Another possible cause for the occurrence of the local disturbance at
the tip station F at 8ll angles of attack might be due to closer
proximity of the pressure orifices to the vortex generator at this
station. (See fig. 1(b).)

Spanwise Loadings

In order to show the effect of vortex generdtors on the wing
loading, spenwise distributions are yresented in figure 11 for a Mach
number of 0.90 at several angles of attack. At this speed, the loading
is higher at all stations on the wing for the vortex-generator configura-
tion at all angles of attack. The distribution of the loading spanwise
is somewhat different for the two configurations, however, with stations A
and E generally carrying a proporticnelly greater load with the vortex
generators on the wing. At other Mach numbers the differences in the
span loadings for the two conflgurations were qpite small as would be
expected from the close agreement of the pressuré distributions (Pigs. T,
8, and 10). The section normel-force coefficients used in the load param-
eters in figure 11 are given in table I together with the normal-force
coefficients for the wing panel. '

Wake Measurements

The vortex generators were intended to reduce the separation (see
refs. 1 and 2), and & wake rake was attached to the fuselage (fig. 3(b))
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to measure quaelltatively the wake width and intensity at one spanwise
position. The present configuration of vortex generators dld not reduce
the local weke drag at the speeds tested as 1s evident from the compari-
sons shown in figure 12. There is little difference in the two wake
patterns at & Mach number of 0.70. At a Mach number of 0.80 higher
local weke losses occur far the vortex-generstor configuration; at

M = 0.85 the wake patterns are similaer for both configurations. At
sonic speeds (fig. 12(d)) both the wake width and magnitude of the loss
are much greater for the vortex-generatar configuration. The trend of
the wake patterns obtained at Mach numbers of 0.70, 0.80, and 0.85 indi-
cates that the wake losses might have been actually less for the vortex-
generator configuration at a Mach number of 0.90 as would be expected
from the pressure distributions (see fig. 9(d)) Uhfortunately, how-~
ever, no test data which could confirm this possibility were obtained
at this speed due to a curtailment of the test program.

CORCLUDING REMARKS

The vortex-generator Installetion tested in the present study was
a single configuration. A more complete investigation of configurations
consisting of various chordwise and spanwise positions, higher vane
angles to produce stronger vortices, and various inboard alterations
would be necessary to determine the most desireble cambination for the
wing used in these tests. The speed range where the vortiex generators
were effective in reducing separation cannot be exactly defined from
the present tests, but the results indicate that the effectiveness of
vortex generators in increasing 1ift mey be limited to a rather narrow
Mech number range in the region of adverse 1lift characteristies. This
region for the present wing with NACA 65-110 airfoil sections occurred
around a Mach number of 0.90 where the use of vortex generators resulted
in higher 1ifts by causing a rearward shift in the position of the shock
on the upper surface of the elrfolil. Generally, higher drags occurred
over most of the speed range with the vortex generators installed on
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The limited wake messurements indicated that, over most of

esee’ the wing.
oo the speed range, higher wake losses would occur with the vortex generators
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e oo TARIE I.- SUMMARY OF SECTION AND WING PANEL NORMAL-FCORCE
!.:...
o oo COEFFICIENTS WITH VORTEX GEKERATORS ON THE WING
e e L ]
®ecee’ Section normal-force coefficient, cq, at statiorn - .
esee M o, deg Cx
cool A B c D E F
M=z 0.69
0.5898_ -2y -0.184 |-0.173] ~0.172 |-0.157 | -0.115 | -0.078 | -0.151
.6 ~1.96 052 .070 07T . og7 oL .
.690 | 0.33 .290 -315 -330 -333 -306 .175 »299
6891 2.62 .538 .576 .595 598 .536 .330 514
691 L4.87 752 .800 .828 .828 753 .502 .758
690 ] 5.99 843 886 .925 o2 .85h 597 855
689 6.64 722 861 898 .912 .852 61k 829
6501 6.98 674 846 891 .91k 862 628 .821
.689| 7.89 .663 .822 .890 .920 .887 .669 .826
690 8.86 642 .799 .840 .828 .815 654 STTT
.690| 9.86 .628 -783 .816 .813 843 .678 .T69
.690| 10.86 626 .788 815 .788 .813 686 .T60
691 | 11.87 647 .806 .835 825 | -.783 .691 T
691 | 12.92 668 .830 .8h9 732 .T62 693 L]
. .689 | 14.98 680 713 951 .887 -7 .T5% 8o2
M= 0.79
: 0.795 | -4.36 -0.220 |-0.218 1 -0.216 |-0.168 | ~0.139 | -0.055 -0.184
789 -1.94 .067 .084 .096 .113 .120 .062 .093
790 | -1.9% 072 .097 .102 .120 .120 .065 .089
791 | O.hk .353 .386 .399 A3 .381 .224 .370
.T93| 0.45 .349 .382 .397 k09 37T .222 .363
193 2.79 600 .639 .650 662 .615 .393 .603
T2 | 3.91 692 .735 .728 .T32 706 L4750 .686
793 | k.99 .Th9 .786 .792 .802 -TT8 .551 SThT
ST | 6.06 .785 .789 .830 | 837 815 60T -T78
fo1| T7.10 .789 .810 867 879 .855 .660 811
.T93{ 8.05 .72k .809 877 .506 .88s5 702 819
.793| 9.06 .635 -T90 .883 .920 ®6 T8 .822
M 0.90
0.897 | -4.37 -0.172 |-0.195 ] -0.118 (~0.163 |-0.144 | -0.08: -0.165
808 | -2.08 -.017 -.032 .015 | ~.0k7T| © .032 -.017
897! 0.20 AT .159 .155 .132 275 .1k8 .151
897 | 2.57 .52k J1g .381 109 J21 .309 .398
808 | L.88 .654 .639 .598 .636 648 L6l 61
859 | 6.97 .880 -85 .853 .885 -850 614 .839
M x 0.99
0.9 | ~h.h2 -0.236 |{-0.24k4 | -0.2k3 |-0.225 | -0.150 | -0.070 -0.208
. .993 | ~2.06 - -.013 | =-.015 | -.020 .019 .00 o
.go5| 0.35 .2h6 .250 .251 .233 .25% .156 .237
.993 | 2.7h 480 487 160 436 J45h .280 443
- 02 4.93 695 .T707 667 .665 642 ko6 .
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Vortex generators
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{z) Model dimensions.
Flgure 1.~ Sketch of 1/4-scale model of X1 airplane (l0-percent-thick

wing) as tesbed in Langley 16-foot transonic tunnel. All dimensions

in inches.
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- t A 8 c D E F
Sponwise locations of pressure measuring orifices
Span , station A 8 [+] D E F
Distance from model center
line , percent semispdn 18.5 33.8 49.] 64.4 79.8 95.1
Distance from station A,
percent semispan [s] 18.8 376 56.4 75.2 94.0

Chordwise locations of pressure mecsuring oriflces (percent chord)

The distribution of orifices at al! spanwise stations is identical.

Upper surfoce 0,L25,25, 5 ,7.5,10,15,20, 25,30,35, 40, 45,50 ,55,60,65,70 ,75, 80, 85,90, 95
Lowar surface 1.25,25,5 ,7.5,10,1%,20, 25,%30,35,40,45,50,55,60,65%,70 ,75 , 80,85, 90,98

Local wing station incidence

Span station ¢ A B c D E F
tncidence ,degrees| 250 | 240 2.30 21T 2.02 1.86 1.51

(p) Wing dimensions.

- Figure 1.~ Concluded.



(a) Three-quarter front view.

Figure 2.~ Photograph of the 1/4-scale model of the X-1 alrplane and
model suppert system in the Langley l6-foot transonic tunnel,
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Figure 3.~ Detalls of model configurations.
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Flgure 3.- Concluded.
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Figure 12.- Contimued.
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ABSTRACT
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