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WIND-TUNNEL INVESTIGATION OF A LARGE-SCALE 35° SWEPT-WING
JET TRANSPORT MODEL WITH AN EXTERNAL BLOWING
TRIPLE-SLOTTED FLAP
Kiyoshi Aoyagi, Leo P. Hall, and Michael D. Falarski

Ames Research Center
and :
U.S. Army Air Mobility R&D Laboratory

SUMMARY

An investigation has been conducted to determine the aerodynamic characteristics of a
large-scale subsonic jet transport model with an externally jet-augmented flap system that would
augment lift and provide direct-lift control. The model had a 35° swept wing of aspect ratio 7.82
and two side-by-side engines mounted on a single pylon under each wing close to the fuselage. The
lift of the flap system was augmented by jet engine exhaust impingement on the triple-slotted flap
surfaces. The rearmost flap provided direct lift control. Results were obtained for several
combinations of flap deflections at gross thrust coefficients from 0 to 2.0. Three-component
longitudinal data are presented with four engines operating. Limited longitudinal and lateral data
are presented for asymmetric and symmetric thrust conditions with three engines operating.

For the same overall flap deflection, lift coefficient and maximum lift coefficient were
improved 13 and 7 percent compared to coefficients obtained with a doubleslotted flap
configuration. A maximum lift coefficient of 6.3 was obtained at a gross thrust coefficient of 2.0.

At the same flap deflection lateral and directional trim moment requirements with an engine
inoperative were reduced 55 and 33 percent, respectively, compared to those with the engines
located farther outboard on the wing. Trim moment requirements in pitch were also reduced
significantly. However, pitching-moment instability occurred and increased with gross thrust
coefficient.

The agreement between theoretical jet flap lift increment and measured values was fair with
the aft flap undeflected and poor with the aft flap deflected.

INTRODUCTION

A previous investigation of the same model (35° swept wing) with four pod-mounted jet
engines and an externally augmented double-slotted jet flap has been reported in reference 1. Data .
from reference 1 indicated that pitching moments for trim and lateral and directional trim moment
from an engine-out condition were too large. For the tests described here the engines were relocated
farther inboard on a single pylon close to the fuselage to reduce these moments. The double-slotted



flap was replaced with a tripleslotted flap in an attempt to improve performance. The flap
consisted of a 15 percent chord forward flap, a 12 percent chord midflap, and al0 percent chord aft
flap.

The purpose of the investigation was to determine the aerodynamic characteristics of the
model with this flap system and engine arrangement. Results were obtained with several
combinations of forward flap, midflap, and aft flap deflections. Limited data were obtained with
the operation of three engines for asymmetric and symmetric thrust conditions. All the data were
obtained at Reynolds numbers from 2.0X10°% to 2.9X10°, based on a mean aerodynamic chord of
1.59 m (5.22 ft) and a dynamic pressure of 215 to 479 N/m? (4.5 to 10.0 psf).

MODEL AND APPARATUS

Figure 1 is a photograph of the model in the 12.2— by 24.2 m (40— by 80—foot) wind tunnel.
Pertinent dimensions of the model are given in figure 2(a). The model was equipped with four
T—58—6A engines modified to operate as conventional jet engines.

Wing

The wing had a quarter chord sweep of 35°, an aspect ratio of 7.82, a dihedral of 6°, and an
incidence of 2°. The airfoil section had an NACA 65—012 thickness distribution at the root
tapering linearly to an NACA 65—-009 thickness distribution at the tip with a 230 mean line at these
sections.

Leading-Edge Slats

Leading-edge slats were used to delay wing leading-edge flow separation. A 0.15 ¢ slat
extended from 7=0.11 to 0.48, and a 0.20 ¢ slat extended from n = 0.48 to 1.0. Both slats were
deflected 35° (optimum setting) with respect to the wing chord plane as shown in figure 2(b) when
the flaps were deflected. The slats were deflected 45° when the flaps were undeflected. The slats
were attached to the wing leading edge throughout the investigation.

Trailing-Edge Flap System

Flap details— The flap system had three segments with fixed pivots as shown in figure 2(c).
Each flap segment extended from 0.11 to 0.68 n with a break at 0.37 n and could be deflected 0°
‘to 40° normal to their respective pivot lines. The total flap chord was 0.30 of the wing chord; the
forward flap, midflap, and aft flap chords were, respectively, 0.500, 0.413, and 0.333 of the total
flap chord. The pivots of the forward and aft flaps are located the same as thosc of the
double-slotted flap of reference 1. Flap gaps are tabulated on figure 2(d). Each flap segment was
deflected over the full spanwise extent (0.11 to 0.68 n) throughout the investigation.




Aileron

A plain 0.3 ¢ aileron extended from n =0.68 to 1.0 on the wing and could be deflected 20°
differentially or 30° symmetrically.

Fuselage

The fuselage had a constant 1.2-m diameter (4-ft diam.) except at the nose and tail. The nose .
section had elliptical outlines with circular cross sections that decreased from 4 ft to smaller
diameters. The tail section tapered from a 1.2-m diameter (4-ft) circular section to a small elliptical
section. :

Tail

The geometry of the horizontal and vertical tails is described in figure 2(a). An inverted
leading-edge slat, which tapered linearly from 0.15 ¢, at the root to 0.20 ¢, at the tip, was mounted
along the full extent of the horizontal tail and was deflected —35°. The horizontal-tail incidence and
elevator deflections were set at 0° throughout the investigation. The vertical tail rudder tapered
linearly from 0.31 ¢, at the base to 0.47 ¢}, at 0.93 of the tail span and could be deflected —30°, 0°,
and 30°. Both tails were on the model throughout the investigation.

Engines

T-58—-6A engines, modified to operate as conventional jet engines, were located at 0.23 and
0.33 of the wing semispan and mounted on a single pylon. The engine centerline was pitched 4.5°
nose down to provide better jet exhaust impingement on the flap surface. A jet exhaust nozzle
composed of seven 0.033-m ID (0.11-ft) and twenty-four 0.027-m ID (0.09-ft) tubes that were
mounted to a 0.30-m (0.98-ft) end plate was installed on each engine to increase the diameter of the
jet exhaust efflux over that of a conventional tail-pipe of 0.16-m ID (0.52 ft) (ref. 1). Behind the
multitubed nozzle of each engine was a 0.43-m (1.42-ft) diameter ejector, 0.72 m (2.36 ft) long,
with a faired leading-edge radius of 0.037 m (0.12 ft) (see fig. 2(d)). Its purpose was to simulate the
exhaust wake of a turbofan jet engine. The combined ejector and jet exhaust flow provided external
jet augmentation on the trailing-edge flap surface. A jet exhaust deflector behind the ejector pivoted
about the ejector centerline (fig. 2(d)). The deflector had a constant chord of 0.36 m (1.17 ft) and
extended the ejector diameter. A deflection of 15° from the engine centerline was used when the
flaps were deflected, and a deflection of 0° was used when the flaps were undeflected.

TESTING AND PROCEDURE

In most cases, forces and moments were measured through an angle-of-attack range of —4° to _
22°. Tests were conducted at Reynolds numbers from 2.0X10¢ to 2.9X10%, based on a mean
aerodynamic chord of 1.59m (5.22 ft) and dynamic pressures of 215 to 479 N/m? (4.5 and
10.0 psf), respectively.



Tests With Constant C and Varying Angle of Attack

Four engines operating— A constant C7 was maintained as angle of attack was varied for each
flap configuration tested. The nominal Cp values used in most cases during the investigation are
shown below:

Cr (4 engines) g, N/m? psf
0 479 10.0
.25 479 10.0
.50 479 10.0
1.0 431 9.0
1.4 302 6.3
2.0 215 4.5

The Cp values were based on the calibration of engine static thrust variation with engine
tailpipe exhaust pressure with both the flaps and jet exhaust deflector at 0°. Forward flap
deflections ranging from 0° to 40° were tested with several combinations of midflap and aft flap
deflections. The midflap deflections ranged from 0° to 30°, and the aft flap deflections ranged
from 0° to 40°.

Three engines operating— Data were obtained with equal thrust per engine and equal thrust per
wing panel for two flap configurations with and without the horizontal tail. The left-hand outboard
engine was inoperative when the tail was on, and the right-hand outboard engine was inoperative
when the tail was off. In addition, a flap configuration was tested for an asymmetric thrust
condition with the left-hand inboard engine inoperative and with the horizontal tail.

Test With Constant C and Varying Angle of Sideslip

A constant C was maintained at 0° angle of attack as sideslip was varied from 4° to —16°. The
effects of differential auxiliary flap deflection (0° left, 20° right), aileron deflections (£20°), and
rudder deflection (0°, 30°) were investigated for an asymmetric thrust condition with three engines
operating. o

CORRECTIONS

The data were corrected for strut tares and wind tunnel wall effects. The tunnel wall
corrections were as follows:

a=0ao,+0375Cp
CD= CDU + 0.0065 CL2

Cim = G, +0.0122Cy



RESULT AND DISCUSSION

The data are presented for specified gross thrust coefficients C. The estimated relationship
between CTne / and Cr is shown in figure 3.

The basic force data with four engines operating are presented in figures 4 and 5 with the flaps
undeflected and in figures 6 through 18 with the flaps deflected. The basic force data with three
engines operating are presented in figures 19 through 28. A comparison of measured and theoretical
flap lift increments is shown in figure 29.

Longitudinal Characteristics of the Model With Plain Wing

The longitudinal characteristics of the model with the leading-edge slats extended, and with
and without power are shown in figure 4. Power increased lift-curve slope,CLmax values, and

nose-up pitching moments because of the low engine position. Power also caused a static margin
shift (dCy/dCp ==0.12 at C7= 0 to 0 at Cp= 1.0) and a slight static instability at C= 2.0.

The effect of nacelle spanwise location and arrangement on the longitudinal characteristics of
the model as used in the present investigation and as used in reference 1 is shown in figure 5. In the
present investigation the inboard and outboard nacelles were located at n=0.23 and 0.33,
respectively, and in reference 1 at n =0.28 and 0.49. These will be referred to as clustered and
spread engine arrangements, respectively. With power off, the clustered arrangement had higher drag
coefficients and a lower static margin as shown in figure 5(a). Pitch-up instability occurred at o = 8°
for the clustered, and at o = 12° for the spread configuration. These differences are probably due to
the twin nacelle locations and the downwash field difference at the same horizontal-tail location.
With power on, the clustered arrangement had higher lift and drag coefficients and a decreased
static margin. The large reduction in static margin with increasing power compared to nearly no
change for the configuration of reference 1 indicates that the clustered-engine jet exhaust flow
increased the downwash at the tail. Similar results were also reported in reference 2.

Longitudinal Characteristics of the Model With Flap Deflection
and Four Engines Operating

Effect of angle of attack— The longitudinal characteristics of the model with §, = 20°, 30°,
and 40° at several midflap and aft flap deflections are shown in figures 6 through 11. As shown, the
angle of attack for the upper limit of the linear lift-curve slope and for Cp 5 Was extended

approximately 6° when Cr increased from O to 2.0. Lift varied with thrust coefficient and flap
deflection as summarized in figure 12. An untrimmed CLmax of 6.3 was obtained at a flap

deflection of 6f1 /5f2 /Eif3 =40/20/40 with Cp = 2.0. Deflection of the aft flap increased lift up to
5f3 = 30° when the forward and middle flaps were deflected 20° but only up to 8f3 =20° at the
higher forward flap deflection (see fig. 12).



The model with flaps deflected was longitudinally stable nearly to the stall angle when Cp=0
(figs. 6 through 11). However, instability occurred below the stall angle with jet-augmentation Cr
values), which was not the case in a previous investigation of the same model with different nacelle
spanwise locations (ref. 1). The effect of operating the engines located farther inboard than those of
reference 1 was to decrease the tail contribution to stability. This reduction was probably due to
the higher rate of downwash angle change with angle of attack similar to that reported in
reference 2. Reference 3 reported that the longitudinal stability of a model with a similar problem
was improved by relocation of the horizontal tail. This may be one possible method of improving
-the longitudinal stability of the present model. In most cases, static margin was reduced from —0.20
at C7= 0 to neutral at Cp=1.4. In general, the effect of jet augmentation and flap deflection was
to increase nose-down pitching moment as shown in figure 13.

To determine the effect of crossflow under the fuselage from the jet exhaust impingement on
the flap surface, an end plate 0.46X0.82 m (1.5 X 2.7 ft) was added at each end of the flap root
section. Figure 9(c) compares the longitudinal characteristics with and without end plates. As
shown, no significant effect was found.

Comparison between triple-slotted and double-slotted flap— Figure 14 shows a comparison of
Cr, CD, and Gy, based on the same total flap deflections (Zif1 + 5f2 + 5f3 )} and nacelle arrangement
between the two flap configurations. With the forward flap deflected 20°_,CL, Cp, and Gy, values
were nearly the same with either the triple- or double-slotted flap configuration. With the forward flap
deflected 40°, higher Cy and Cp values and greater nose-down Cy, values were obtained with the
triple-slotted flap configuration (<‘3f1 /<5f2 /(Sf3 =40°/20°/20°). With the latter configurations, Cr
and CLmax values increased 13 and 7 percent, respectively, compared to those obtained with the
double-slotted flap configuration (Eif1 /5f2 /Eif3 =40°/0°/40°) at Cp=2.0.

Effect of nacelle spanwise locations— Figure 15 shows the longitudinal characteristics of the
model with the clustered nacelle arrangement and with the spread nacelle arrangement of
reference 1. Lift and drag coefficients were nearly the same for either location as shown in the
figure. However, pitching-moment coefficients were significantly reduced with the nacelles located
closer to the fuselage. At 6f1 /6f2 /<3f3 =40°/0°/40° and Cp= 2.0, trim moment requirements in

pitch were 20 percent of that required with the engines operating farther outboard on the wing.

Analysis of lift with jet augmentation at 0° angle of attack — The lift components for a fixed
flap chord and deflection are due to lift without jet augmentation, direct jet reaction, and
jet-induced effect. The lift due to jet reaction depends on the effectiveness of the flap system in
turning the jet. Figure 16 shows the variation of static (wind off) jet turning angle and turning
efficiency with total geometric flap deflection (6fl + 6f2 + 5f3 ). With 6f3 = 0°, the jet turning angle
was less than the total geometric flap angle, ranging from 77 percent of 30° total to 90 percent of
60° total. With 5f3 = 30°, the jet turning angle increased an additional 30° at 5f1 /5f2 =20°/10°

"and 19° at 6f1 /(Sf2 = 40°/20°. The static fo\rce due to the jet decreased with increasing total flap

deflection because of the turning losses. The static turning efficiency (nf) ranged from 84 percent at
6f1 /6f2/<‘3f3 =20°/10°/0° to 67 percent at 6f1 /6f2/8f3 =40°/20°/30°.




For the same double-slotted flap deflection, figure 17 compares the static jet turning angle and
turning efficiency between the clustered nacelle arrangement and the spread nacelle arrangement of
reference 1. Improvements of 6 percent in jet turning angle and 5 percent or higher in jet turning
efficiency were obtained with the clustered arrangement as shown in the figure, probably because of
the larger flap chord behind the jet exhaust efflux.

The 1lift components at 6f1 /ch2 =20°/10° and 40°/20° for several aft flap deflections are

shown in figures 18(a) and (b), respectively. The lift due to jet reaction is based on the static jet
turning angle and turning efficiency shown in figure 16. At the lower flap deflections the lift .
increment due to jet-induced effect accounted for 32 to 36 percent of the total lift, and at the
higher flap deflections, 38 to 44 percent.

Longitudinal and Lateral Characteristics of the Model With Three-Engine Operation

Effect of equal thrust per engine— The longitudinal and lateral characteristics of the model
with three engines operating (LH OB engine inoperative) are limited to flap deflections of
8f1 /25f2 /<Sf3 =20°/20°/10° and 40°/20°/20° and are shown in figures 19 and 20, respectively. The

lift and drag coefficients were the same as obtained with four engines operating at equal thrust for
the same Crp value, as summarized in figure 21. Pitching-moment coefficients were less than those
with four engines operating (30 percent reduction at C = 1.4 with 6f1 /8 1, /8 f, = 40°/20°/20°).

For a constant C+, yawing-moment coefficients were constant with angle of attack (fig. 19(b))
at 6f1 /6f2 /6f3 =20°/20°/10° with C,, =-0.045 at Cp= 1.5, but they varied slightly with angle of

attack (fig. 20(b)) at &6, /6, /6, =40°/20°/20° with maximum C, =—0.025at C=1.5. Out of
f1'°12'%f3 n T

trim rolling-moment coefficient caused by asymmetric engine thrust increased with angle of attack
up to the stall angle and with Cqp at either flap deflection. A maximum C; of —0.15 at the stall

angle was measured at Cp = 1.5 at either flap deflection.

As mentioned previously, one reason for relocating the engine nacelles farther inboard than
those of reference 1 was to reduce trim directional and lateral moments. Figure 22 shows the values
of Cy, and C; were reduced 33 and 56 percent, respectively, at Cy = 1.5.

The variation of Cy, Cp, and C; with sideslip is shown in figures 23 and 24 for
5f1 /6f2 /45f3 = 20°/20°/10° and 40°/20°/20°, respectively. In each case, the dihedral effect and

rudder-fixed static directional stability were stable over the sideslip range investigated (4° to —16°).
The variation of C; with sideslip was linear and nearly the same for asymmetric and symmetric
condition (four engines operating) as shown in the figures. Figure 23 also shows the effect of
differential aft flap deflection (left hand 0°, right hand 20°) and aileron deflection of +20°. A
control power of ACy=0.095 was developed with the combined use of the two control devices over
the sideslip range investigated. Approximately 42 percent was due to the differential auxiliary flap
deflection, which also added a AC;, increase of 0.03. A rudder deflection of —30° developed a ACy,
value of 0.07 and 0.05 at Cy=1.05 and 0.75, respectively, over the sideslip range investigated as
shown in figure 24. This value is sufficient to trim the model at an angle of sideslip that
compensates for the rolling moment caused by the loss of an engine.



Effect of equal thrust per wing panel— The longitudinal and lateral characteristics of the model
with three engines operating to provide symmetric thrust are shown in figures 25 and 26 for
5f, / sz /éif3 = 20°/20°10° and 40°/20°/20°, respectively. For a constant Cy value, the longitudinal

characteristics of the model were the same as those obtained with asymmetric thrust (three engines
operating), or all four engines operating as summarized in figures 27 and 28. For the Cp values
investigated, C, values were close to zero with angle of attack up to the stall angle for
6f1/6f2 /Bf3 =20°/20°/10° and 40°/20°/20° as shown in figures 25(b) and 26(b). Values of G
were nearly constant with angle of attack up to the stall angle for 6f1 /5f2 /6f3 =20°/20°/10°, but
increased with angle of attack for 6f1 /Zif2 /(‘Sf3 = 40°/20°/20°. A maximum C; of —0.05 at C= 1.0

was measured at the stall angle for either flap deflection, which was one-third of that obtained with
asymmetric thrust (three engines operating). Thus, the rolling moment required to trim after an
initial engine loss could be reduced significantly if the remaining three engines were throttled back
to provide a symmetric thrust condition, but probably at the cost of reducing lift.

Comparison of Flap Lift Increment With Theory

Theoretical jet-flap-induced lift increments were calculated assuming that the jet efflux spreads
over the entire span of the flap. The measured effective jet angle and resultant force were used with
the method of reference 4 to calculate the theoretical curves shown in figure 29. For the flap
deflections examined, the measured values were less than those obtained theoretically. The largest
discrepancy occurred at Cp= 0 when the airflow over the flap was separated, and decreased as the
engine airflow provided attached flow. When 5f3 = 0°, the agreement between measured and

theoretical values was fair to good with 6f1 /(Sf2 =20°/10° and 40°/20°. When 5f3 was deflected,

the agreement was poor. Similar comparisons between measured and theoretical results were
obtained with the double-slotted flap configurations of reference 1.

SUMMARY OF RESULTS

A large-scale model with an externally blown triple-slotted flap has been investigated to
determine its aerodynamic characteristics. Significant results are summarized below.

With the plain wing and power on, C; and CLmax values increased with the clustered engine

arrangement compared to those obtained with the spread engine arrangement. With the flaps
deflected, €y values were essentially the same with either engine arrangement, but Cy,;, values were
significantly reduced with the clustered engine arrangement.

At the higher flap deflection an externally jet-augmented triple-slotted flap increased Cr and
Cme 13 and 7 percent, respectively, compared to a double-slotted flap. A maximum untrimmed

CLmax of 6.3 was obtained with 6 /(‘if2 /c‘Sf3 = 40°/20°/40° at C7= 2.0.

Lateral and directional trim moment requirements with an engine inoperative were reduced
substantially by moving the inboard and outboard engines to 0.23 and 0.33 from 0.28 and 0.49 of

8



the wing semispan, respectively. For the same flap deflection, these moments were reduced 55 and
33 percent, respectively. Trim moment requirements in pitch were also reduced significantly;
however, the operation of the engines located closer to the fuselage resulted in longitudinal
instability for the tail location investigated.

The agreement between theoretical and measured jet-flap-induced lift was fair with the aft flap
undeflected and poor with the aft flap deflected.

Ames Research Center
National Aeronautics and Space Administration

and
U.S. Army Air Mobility R&D Laboratory
Moffett Field, Calif., 94035, April 17, 1972
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Figure 2.— Continued.
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Figure 3.— Estimated relationship between Cp- and CTNET for engines used during the investigation.
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Figure 14.— Lift, drag, and pitching-moment coefficients for triple- and double-slotted flap configuration; a = 0°.
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Figure 16.— Variation of resultant static jet deflection angle and turning efficiency; a = 0°.
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Figure 17.— Resultant static jet deflection and turning efficiency of spread and clustered nacelle arrangements;
8¢, /8¢, = 40°/0°,a=0°.
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Figure 21.— Effect of engine out condition on lift, drag, and pitching-moment coefficients; a = 0°.
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Figure 21.— Concluded.

2.0




Nacelle Engine
arrangement inoperative Source
O Clustered L.H. Inboard Present investigation
OO0 Spread L.H. Outboard Ref. |
.2
Cy i
0] - ; i
=2 .
| 2 ] ] THE I
Cn
0]
— : % £l
A
ey R
O =
- HE
0 4 8 1.2 1.6 2.0
Cr

Figure 22.— Comparison of side, yawing-moment, and rolling-moment coefficients with asymmetric thrust condition
between spread and clustered nacelle arrangements; 8¢, /67, /8¢, = 20°/0°/20°,a=0°.
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Figure 24.— Variation of side, yawing-moment, and rolling-moment coefficients with sideslip;
40 5f1/5f2/6f3 = 40°/20°/20°, @ = 0°.
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(a) Longitudinal characteristics of the model.

Figure 27.— Effect of asymmetric and symmetric thrust condition with three engines operating (left-hand outboard
engine out) on the longitudinal and lateral characteristics of the model; &, /8¢, [6¢, = 20°/20°/10°, ¢ =0°.
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Figure 27.— Concluded.

2.0

65



5 » -
Lmax
4
- -N°
t~::a—0
CL
3
> Thrust condition
; O Asymmetric
O Symmetric
| :
.4 : T 1
Co :
0
O 1
Cm nas ' ; d
(o) R AincEe e
_'4 bouasuwnnt s anet aBE SN N 111 L 1
0] 4 .8 1.2 .6 2.0

Cr
(a) Longitudinal characteristics of the model.

Figure 28.— Effect of asymmetric and symmetric thrust condition with three engines operating (left-hand outboard
engine out) on the longitudinal and lateral characteristics of the model; 8f, /5f2 /8¢, = 40°/20°/20°, = 0°.
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(b) Lateral characteristics of the model.

Figure 28.— Concluded.
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Figure 29.— Comparison of measured and theoretical flap lift coefficient; a = 0°.
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