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This is the third document in a series of documents that describe studies of transport aircraft designed for

boom-free supersonic flight. These investigations have shown the variable sweep oblique wing to be the most

efficient contiguration for flight at low supersonic speeds. Use of this concept leads to a configuration that

is lighter. quieter, and more fuel efficient than symmetric aircraft designed for the same mission. Aero-

! dynamic, structural, weight, aereelastic.an flight control studies described in previous documents showed .
the oblique wing concept to be technically feasible.

This report describes more detailed investigations of the following topics:

1
i
® Wing planform and thickness :
® Pivot design and weight estimation !
® Engine cycle (bypass ratio)
e Climb. descent and reserve fuel
m——t—-The knowledge gained during these studies was incorporated into a final configuration and performance,
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!

weight and balance characteristics were evaluated. Flight control requirements were reviewed and areas |
were identified in which further rescarch is needed. 1
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1.0 SUMMARY

Studies of transport aircraft designed for boom-free supersonic flight (M -7 1.2) have shown the
variable sweep oblique wing to be the most efficient configuration for flight at low supersonic
speeds. Use of this concept leads to a configuration that is lighter, quicter. and more fuel
’ efficient than symmetric aireraft designed for the same mission.
|
o Aerodynamic, structural, weight, aeroclastic, and flight control studies have been carried out
in sufficient depth to show that the oblique-wing concept is technically feasible and to identify
areas in which further research is needed.

This document is the third in a series of reports prepared for NASA Ames Research Center,
under contract NAS2-7031.

The first study, which began in 1972, compared five design concepts having a cruise Mach
number equal to 1.2. An oblique-wing configuration with variable sweep showed the highest
potential and was selected for further development. This configuration had an 8:1 elliptic wing
planform and four bypass ratio (BPR) 1 engines integrated into the aft body.

The second study included evaluation of twin- and three-engined aircraft and an investigation E
of aeroelastic effects on stability and control. The four-engined integrated powerplant

installation was found to be most efficient; i.e., lightest gross weight, and slightly superior to

the twin. Six degree-of-freedom response calculations identified the wing pivot location, center

of gravity location, tail volume coefficient. and stability augmentaiion required te produce B

convergent response to control deflections.

The third study. described in the present report, involved design and trade studies that were
incorporated into the final definition of an oblique-wing transport. The following topics were
investigated: i

) Wing planform and thickness
. Pivot design and weight estimation

. Enginceyele o emoene

. (‘limb. descent. and reserve fuel

A tapered, high aspect ratio wing planform was selected following acrodynamic, structural. and
weight evaluation of several candidate planforms, cach having graphite-epoxy primary
structure.

Ten pivot-design concepts were ovaluated and a teflon-coated turntable bearing was chosen
Sized structural lavouts were prepared for the pivot and supporting structure. These drawings
were used 1o estimate the weight of the pivot and associated structure. and to develop |
weight-scahng relationships. }

| 8
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Airplanes were configured with BPR = 1, 2, and 3 engines. BPR = 2 was selected because it led
to the configuration that consumed the least fuel and had very good noise characteristics and
low-speed performance.

Reserve, climb, and descent fuel requirements were calculated using a wing-sweep schedule
and climb trajectory developed for he variable sweep oblique-wing aircrate.

The knowledge gained from these studies was incorporated into the final configuration, Model
5-7. shown in Figure 1. The principal characteristics and performance of this aircraft are
compared to competitive designs on Table 1 and Figure 2. The single-bodied oblique wing has
lower gross weight, consumes less fuel, and has low-speed performance and noise
characteristics superior to the more conventional, symmetric wing configurations.

Rl
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2.0 INTRODUCTION

This document is the final report of work accomplished at Boeing under contract NAS2-7031

(Mods. 5 and 6). 1t is the third in a series of reports that describe investigations of transport

aircraft designed to cruise at high transonic speeds. These studies led to the definition of an
& oblique-wing transport configuration. The evolution of this configuration is illustrated in
Figures 3, 4, and 5.

Because of sonic boom, transport aircraft have been prevented from cruising overland at high
supersonic Mach (M) numbers in the United States and some parts of the world. However, at
near sonic speeds, (M=1.2) atmospheric effects refract the shock waves generated by the
airplanc away from the ground, and boom-free supersonic flight is possible.

Aircraft that cruise at these high transonic speeds are of interest because, compared to
conventional subsonic aircraft, they offer a considerable time saving on transcontinental
flights. This interest was enhanced hy advances in supercritical aerodynamics and design
concepts such as the oblique wing. Consequently, in 1972, NASA Ames Research Center
initiated studies of high transonic speed transport aircraft.

The first of these studies, reported in Reference 1, developed and compared the five
configuration concepts (Figure 8). The single-bodied oblique wing displayed the highest
performance potential. Many variants of this concept were investigated, leading to the Model
5-3 (Fisure 6), which-has-four BPR = 1 engines integrated into the aft body.

Exploration of the oblique wing was continued during the second study, described in Reference
2 and outlined in Figure 4. These investigations included evaluation of twin- and three-engined
installations, a climb placard study, and an investigation of aeroelastic effects on stability and
control.

The third study, described in this report and outlined in Figure 5, covered the following topics:

e  Wing planform selection

L _ e  Pivot design and weight estimation

e [ngine cycle selection
. (‘limb. descent. and reserve fuel determination

The knowledge gained from all these studies was incorporated into the final configuration,
Model 5-7, shown in Figure 1.

m
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3.0 SYMBOLS AND ABBREVIATIONS

Al inlet area

alt altitude

a, — two-dimensional lift curve slope

app approach

AR aspect ratio at zero sweep

AR(A) swept aspect ratio

ATA Air ’l:__égnsport Association

Aw wetted area

aux &__ﬂm&iliarz -

b span

B M* -1

BPR bypass ratio

c mean a(;x:(;éynamic chord

¢ local chord -
Ca aft flap chord

CAS calibrated airspeed

C'iC Fowler motion ratio, expanded wing chord to wing chord ratio
Cn drag coefficient

(‘,DF friction drag coefficient

minimum drag coefficient
roughness drag coefficient
minimum drag of symmetric, nonlifting configuration

wave drag coefficient




B
i

L
£

censt

Cpp

deg

dia

e
F.AS
el

1LPNdB

skin friction coefficient
trailing edge flap chord to wing chord ratio
center of gravity

lift coefficient

approach lift coefficient

lift coefficient at zero incidence
leading edge flap chord
horizontal tail lift coefficient
initial cruise lift coefficient

lift coefficient at liftoff

Lift coefficient at V

centimeter

yawing moment d@e to sideslip stability derivative

constant

base pressure coefficient

root chord

leading edge thrust coefficient
degrees

diameter

drag force

span efficiency factor
equivalent airspeed

ettiptic

effective perceived noise level




FAR
Fn
ft

fwd

GM
GW
HL
horiz
hp
hrs
FEAC
in.

K

K through Kg
KCAS
Ky
KEAS
kg

km

KTS

net foree at pivot center

Federal Aviation Regulation
net thrust

feet

forward

acceleration due to gravity
gross mass

airplane gross weight

hinge line

horizontal

horsepower

hours

- initial cruise.altitude.capability

inch

drag due to lift factor

various constants having values identified as in text

calibrated airspeed'knots
envelope drag due to lift factor
knots equivalent airspeed
kilograms

kilometer

nautical miles per hour
characteristic length

pound
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matl

max

MP
MTOGW

N

nmi
N()..n().

OkEW

Mach number

. e
EEEEEITaneuver p()]nt, U= s

pound force

pound mass

lift/drag ratio

lift/drag ratio at takroff climb speed
leading edge

tail arm

leng-range cruise

net moment at pivot center

liftoff

meters

mean aerodynamic chord (zero sweep)
material

maximum

design cruise Mach number

derign dive Mach number i

minimum

R

mximum.taiegfﬁgmss.&u:igh,t._.._,..:_- P—

newton
lead factor
nautical miles |

|
number

operating empty weight
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opt
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PTFE

rad

R/C

RF

S

SAS

sec
SFC
Sh

SI

SL
SLST
SST
sta

T

ti

toe

Tk
TOFIL,
TOGW

T W

optimum

loading intensity on pivot
teflon

radian

rate of climb

range factor

wing veference area

effective leading edge suction factor

stability augmentation system

second

specific fuel consumption
“horizontal tail arca

standard international

|
sea level 1
sea level static thrust
supersonic transport ‘
station 1

mean temperature

titanium

thickness to chord ratio
trailing edge

takeoff ficld length |
takeoft gross weight

thrust to weight ratio
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typ typical
\Y ultimate vertical load on the pivot-newtons (1h)
vV, takeoff climb specd
Vapp approach speed
Ve design cruise speed
' Vi design dive speed =
VE equivalent airspeed
vert vertical
Vy horizontal tail volume coefficient.
VS stall speed~
Vy _vertical tail volume coefficient
e W weight of wing box structural penalty due to pivoi‘
W, weight of penalty to fuselage structure due to pivot
T "WBN-W {wing budy nacelle)-wing
Wgox combined weight of wing box shear and bending material inclusive of
nontheoretical structure, e.g.. pads, fasteners
WL waterline
W/S wing loading R
XYZ reference axes from pivot center: X—;)sitivc aft; Y positive to right wing tip;
Z positive upward
a angle of attack
a, angle of attack at zero lift
e elevator deflection
SF1y trailing cdge flap deflection angle
&H stabilizer deflection




AP

n

loading intensity gradient across pivot diameter

pitch acceleration
wing cquivalent taper ratio
roll time mode constant

sweep angle of wing quarter chord line

approximately
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4,0 WING PLANFORM STUDY

4.1 SUMMARY

The purpose of this studyeswasta—datopmiaathewia - planforn shape and aspeet ratio (AR hest
suited to_the transonie- oblique-wing transport. Earlier work (References |oand 20 utilized
elliptic planforms with elliptic spanwise distribution of thickness/chord ratio ttc). In the
present study. the five additions! planforms shown in Figures 7 and 8 were investigated. These
extended the range of the study to more highly tapered shapes and higher aspeet ratios. T was
anticipated that an incereased taper would result in a reduction in wing weight or would reduce
drag by allowing the-span to be incrcased without an increase in wing weight.

In addition to the planform investigation, some variations in thicknessichord ratio and
spanwise distribution of thickness were studied. The study was conducted on the uncveled
bascline Model 5-3. whose development is deseribed in Reference 1. This configuration has a
wing arca of 371.6 m% (4000 ft*) and a takcoff gross weight (TOGW, cqual to 226 800 kg

+HO0 000t
The major results were:

¢ Tapered planform 5 (AR = 13.47. ;= 0.25) offers the best cruise performance. This
planform. with constant 12 porcent thickness'chord ratio. was selected for use in
subsequent studies. The use of this planform reduced the TOGW of the sized airplane by
approximately 13 608 kg (30 000 1b) and block fuel by 9072 kg (20 000 1by.

o (ruise performance is impraved when the spanwise distribution of thickness chord ratio is
changed from elliptic to constant. This accurs because the reduction in wing weight more
than compensatesfofSEiasmerease-in wave drag.

. Estimates based on lincarized acrodynamic theory show that performance would further
improve if thickness:chord ratio were increased to 14 percent or more. In practice. the
maximum allowable thickness would be determined by the onset of flow separation.
Reference 3. published after completion of this study. contains data that suggest that 12
pereent is close to the maximum allowable value, because a significant loss in 1t drag
ratio (L. 1)1 was found when thickness increased from 12 percent to 14 percent.

4.2 STUDY DESCRIPTION
The study bascline was the oblique-wing transport Mowel 5-3. (Figure 6) that is desaribed in
Reference 1. The cruise M 10 Bift drag ratio of this configuration was evaluated both with
the bascline elliptic wing and with cach study wing. The study wings were analvzed at sweep
angles between 0.79 rad ¢15% and 1,05 rad (60", w0 that the optimum sweep angle cauld he
determined,

The size of the wing structural members was deternmned by an analvsis that included hoth
strength and sUffnesS requirements.
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Using the theoretical wing-box weights from structural analysis, wing weights for all
planforms were caleulated by allowing for nonoptimum structure, leading edges Ll and
traihing edpges T,

The hest planform was selected by comparing the change in cruise performance. relative to the e o]
baseline, using trade factors derived from ecarlier studies.

Finally. the tow-speed characteristies of the selected wing were evaluated and compared to the
bascepoint elliptic planform.

Thege analyses are described in Sections 4.3 to 4.7,
4.3 PLANFORM DEFINITIONS
‘ The study planforms are defined in Figures 9 to 13, and are compared to the bascline 3:l
- ellipse. The derivation of these planforms is described below.
The span of planform 1 was made 10 percent greater than the baseline 8:1 ellipse. A new
spanwisc distribution of chord was then fonnd using the approach described in Reference 4. ——
which gives minimum induced drag while maintaining lift and root bending morient cqual to
that of the baseline ellipse. The planform was then modified slightly to increase the chord near
the wing tip while maintaining constant area (Figure 14).
R

2, | er | & | Clorme

03 | 08334 | 09 | 03200 | :

0.4 | 0.7605 || 0.94 | 0.2754 ;
4 05 | 06815 | 0.98 | 0.2216 |

0.6 | 05982 || 1.0 0o

-(-1)  Leading edge

————

c/4 O T T T T T -
2 6 10 14 18 34/
7

Tapered plantarm no 3

\;
—== N .
— 8 1 Elliptical

2

X, m (100 in.)

gt (3 Note Wingarea 371612 m? (4000 f12) |

Figure 9 Tapered Planform No. 1
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Figure 11 Tapered Planform No. 3
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Equivalent area and spar
Tapered Wing

L )\equivalent = 0.329

Study planform modified
to increase tip chords

Planform corresponding
to 10 percent span
extension with fixed
root bending moment

Figure 74 Tapered Wing Planform

The remaining planforms were derived by transforming planform 1 using the following
expressions:

WING AREA

: , b b
S - 372 m* (4000 ft*) = 7’ SOy (14 A ) = e Cpe (A

SPAN
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Where Kois a constant related to tdp( r ratio by
A A
( © 1 I /f ( R l §)

The 25 pereent chord line was held straight throughout the study.

—
>

A modified wing tip was developed for planform 5 (the selected planformi. to ensure low wave
drag and smooth airfoil sections at all sweep angles.

The wing tip region (2Y:b > 0.9) was modified as follows:

. The spanwise distribution of chord and thickness to chord ratio were redefined ta be
elliptical in the region 0.9 < 2Y:b -2 1.0.

] A spanwise variation of airfoil shape was defined that features a ~mooth variation from a
subsonic section (blunt leading edge) at 2Y/b = 0.90 to a supersonic section (sharp leading
edge) for 0.98 < 2Y/b -2 1.0.

These changes ensure that the streamwise airfoil sections have sharp leading cdges wherever
the normal component of the free stream Mach number is supersonic. and that the wing
equivalent bodies of revolution used in the wave drag calculations have zero rate of arca
growth at their extremities. as required by linearized theory. Figure 15 illustrates these
changes by comparing planform 5 to the modified wing. designated planform 5a. The
streamwise airfoil section shapes of planform Ha at several spanwise stations for a sweep angle
of 0.87 rad (50") are shown in Figure 16,

44 CRUISE DRAG

The method used to evaluate the effect of planform variations on total configuraticn cruise drage
is shown in Figure 17.

Twao simplifving assumptions were made:

tar  The zero-lift drag of the total configuration minus the isolated wing 15 not sensitive to
planform variations.

(bt Drag due to Lift (K can be expressed as an envelope polar based on adiusted T
theory.

—Fhese—resmptioteeattowed-the-totalconfigurationdragtobecompared-tothatolthe Mod el o

- by comparing cach new planform to the 8:1 ellipse, The total configuration drag was bl oo

for cach new planform at sweep angles of .79 04539 087 (07 and 100 vads (609 by addine
the fotlowing items:

) The zero ift drag of the complete Madel 723 minus wing o500 cllip=c ~hinc ficia oo
wave dirag

28
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. Wing skin friction and wave drag
. Drag due 1o hit

The first item is independent of planform, by assumption ta). The methods used to obtain
friction, wave drag, and drag due to lift are described below. They are consistent with imethods
used in Reference 1, =

4.4.1 SKIN-FRICTION DRAG
Skin-frictior. drag was calculated by the Sommer and Short T* imethod (Reference 500 'The
“altitude was 11 887 m (39 000 ft). and the reference length for each planform and sweep angle

was found by dividing the planform area 372 m?® (4000 f*) by the swept span.

44.2 DRAG DUE_-TO.LIET

The drag-due-to-lift factor for each planform and sweep angle was obtained by using the

analytic solution for the drag dUetoTift of an oblique elliptical wing (Reference 4). It was found

that for a given sweep angle. the product of envelope-drag-tesififactor—zand=suept=aspect
ratio remained essentially constant over a range of aspect ratios corresponding to the study
planforms. The K| AR versus sweep angle curve obtained was then multiplied by a factor of 1.2
to account for the fact that the analytic solution represents a theoretical optimum that is
unlikely to be attained in practice. These drag-due-to-lift values are discussed further in
Sections 8.4.2 and 10.0.

4.4.3 WAVE DRAG

The zero-lift wave drag of each of the planforms was calculated using the supersonic arca rule.
Because the available computer program™is' not designed to handle asvmmetric configurations
directly. the ¢pproach depicted in Figure 18 was used. The entire wing was positioned far
enough to the right of the plane of symmetry so as not to interfere with its image that s
automatically created in the available computer program. The calculated drag is therefore
twice that of an isolated wing.

To avoid time-consuming lofting procedures. a 65A-BIC airfoil.” defined streamwise. was used.
in the analysis. In practice. a supercritical airfoil. defined normal to the leading cdpge. would
probably be used. This is a reasonable approximation, however. since oblique-wing wave drap
predicted by the supersonie area rule is not sensitive to small variations in airfoil scetion shape
(Reference 1, Figure 58).

The results of the cruise drag analvsis are summarized in Figure 19 and Tahle 2.

Notice that for the tapered planforms, only a small wave drag penalty occurs when changnng
from elliptic to constant spanwise distribution of thickness chord ratio. Structural =tudice-
described in Section 4.5, showed that this change produced o significant weight saving

Therefore. the remaining planforms were analvzed only with constant thickness chord ratie

“NACA 65 Thickness Distribution with Increased Depth Aft of 50 Pereent Chord

(]
[ 8}
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4.5 STRUCTURAL ANALYSIS

The results of an analysis to determine the theoretical structural material required for clliptie
and tapered wing planforms are discussed in this section. The weight of the remaming
nonoptimum and secondary structure that has to be added to the theoretical structure 1o obfain
the total wing weight is discussed in the next section. The results of the structural and weight
analysis are summarized in Table 3.

The wings, shown on Figures 9 to 13, were pivoted about 50 percent root chord at body station
58.9 m (2320 ir..) on the Model 5-3 fuselage (Figure 6)..

The wings were construeted of honeycomb with graphite-epoxy face sheets. Structural material
properties and allowable stresses were taken from Reference 1.

The-desiga-critaria wore consistent with the previous oblique-wing studies. Figure 20 shows the
structural design speed placard that was developed as described in Reference 2 Previous

anzlyses (Reference 1) indicated that~a—reasonable apyroximation to the structural weighi of

the wing would-result from sizing the structure to the more stringent of the following
conditions:

e Gust and maneuver loads at zero yaw angle

) Aeroelastic stabilitv with the wing yawed to 7.4 rad (45"

The gust loads were analyzed for the airplane at its maximum zeru fuel weight R4 1

(20 000 ft) altitude and 180 misec (350 KTy equivalent air speed (KASy. The 2.5
acceleration-due-to-gravity (g) mancuver loads were analyzed for the airplanc at its maximum
gross weight at 4877 m (16 000 ft) altitude and 216 msec (420 KT cquivalent air speed. The
minimum divergence speed for an oblique wing occurs at a vaw angle of 7 4 rad (45", A€ 7 4
rad (45" yaw. the wing lift curve slope is & niaxim@ERT at Mach 1.0, Hemr, acroclastic
instabilitics are most likely to occur at a yaw angle of 74 rad (45") and Mach 1.0, Figure 20
shows that the Mach 1.0 line intersects the flutter and divergence requirements line at
271 msee (527 KT) cquivalent air speed. This speed was used as the minimum acroclastic
stability clearance speed.

Table 3 shows the theoretical skin and spar weight required for graphite-epoxy wings that
satisfy both strength and aeroelastic stability requirements. Only tapered wing number-bwith
the elliptic thickness-cord ratio distribution required material for stability in addition 1o that
required for strength. A comparison of the weights of tapered planform 3 to the R eipti
wing shows that tapered wings are lighter than elliptic wings of the same aspect ratio.

Changing from a thickness chord ratio that has an ellipti: spanwise variation to one that i
constant at 12 percent reduced the theoresmesk structural material requived for tapered
planform | by 16 percent. Figure 21 shd®s a comparizmm of the theoretical material
cross-section arca and bending stiffness on the twvo thickness chord ratio variations: GOne the
wing with the elliptic thickness chord ratio variation. surface material was added o the
strength sized structure to inerease the stiffness for acroclastic stability. The stiffness ot the
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Bending stiffness,
N-m2 x 1010 (1rin.2 x 10?)

Theoretical structure cross-section area,

Figure 21
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Effect of Spanwise Thickness Distribution on Stiffness and Structure Material




two wings is nearly the same even though there is substantially less material in the wing with
a constant thickness/chord ratio. —_—

Planforms 4 and 5 were used to evaluate the effect of wing thickness and taper on the
theoretical structural weight. The results of this evaluation are shown in Figure 22.

Wings with planform 5a were analyzed with maximum airplane gross weights (GW) of
226 800 kg (500 000 1b). 20 870 kg (460 000 1b), and 190 500 kg (420 000 1b) to determine the
variation of theoretical structural material weight with gross weight. At a gross weight of
20 870 kg (400 000 1b), a wing with a planform similar to planform Ha but scaled down to an
area of 315.9 m? (3400 ft?) was analyzed to determine the variation in theoretical structural
material weight with wing area. These results are presented in Figure 23.

= 'Giaphite-epoxy primary structure
t/c constant span

~ {100)
40
’é‘ R er—
R — (80)
= ,—— Planform no. 5
9 :—_-.—"=——-—__———Q__ / N
_ m._ 30 \\\ /— Planform no. 4 |
g o N |
—_ = ‘% Effective ']
z taper ratio
£ 0.328
o 20 0.25
E - (40)
3
@
S
Y} 10
= —~(20)
0 I T T T <
8 10 12 14 16

Thickness chord ratio (percent)

Figure 22 Effect of Wing Thickness and Taper on Structure Weight
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Theoretical structure weight 103 kg (103I Ib)

Wing area

I (60)
{4 000 ft2)
25
50k =
- 315.9 m?2
20 - (3 400 1t2)
- (40)
15
- (30)
10 - ® Graphite-epoxy primary structure
L (20) e Tapcred planform No. 5a
®_t/c = 0.12 constant inboard of 0.3 semispan
e t/c elliptic distribution outboard of 0.9 semispan
1 (10
(440) (460) (480) (500}
04 ‘% i T i T 1 4
200 210 220 230
Gross weight 103 kg (103 Ib)
Figure 23 Effect of Gross Weight and Wing Area on Structure Weight
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4.6 WEIGHTS

Table 3 shows the wing geometric characteristics and weights corresponding to the planforms
deseribed in Section 4.2, Detailed structural analysis on the wing box outlined in Scction 4.5
provided the theoretical weights from which total wing weights were developed by accounting
for the following components:

(a) Nonoptimum wing-box structure such as pad-ups. splices. fasteners. ete.
(b)  Wing-box ribs, pivot, and pivot structure
(¢) Leading and trailing edges inclusive of both fixed and movable surfaces

'The weight of components (b) and (¢) remained constant for all the wings analyzed at the same
value as that of the Model 5-3 (Reference 1) because the gross weights and wing arcas were
identical. Weight of component (a) was dependent on the wing-box structural weight and
therefore varied with planform changes.

The weight distribution of two of the oblique-wing planforms was compared to that of a 747
wing. Table 4 shows this comparison in terms of unit weights based on total wing area. In spite
of the fact that the oblique wings are constructed of graphite-cpoxy. they have significantly
greater unit weights than the aluminum 747 wing. This is primarily_due_to the theoretical

wing box weight.
The theoretical box weight is dependent on the wing-box thickness distribution. the external

loads and the structural material. Figure 24 shows the weight distribution of theoretical
structure over the wing semispan. The large weight difference between the 747 and the

Table 4 Wing Weight Breakdown

Unit veight, kg/m2 (Ib/ft2)
I —
Wing planform ;
B : 747
8:1 elliptic Tapered no.5a
Theoretical wing box 585 (12.2) 684 (14.0) 415  (8.5)
Nonoptimum {25% for graphite-epoxy) 151 (3.1 17.1 13.5) 63 (13
Bulkhead and pivot 8.8 (1.8) 88 (18)
Ribs 39 (0.8) 3.9 (0.8) 88 (1.8)
Leading and traiting edges 12.2 (2.5) 122 (2.5 212 {4.4)
Total wing 99.5 (204 1104 (22.6) 775 (16.0)
S S e .
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Wing semispan

F}'gure 24 Wing Theoretical Weight Distribution

oblique-wing planforms in the inboard portion of the wing is due to a large increasce e the T4
wing thickness as it is faired into the body. The 747 wing thickness increases nearly 170
percent between 50 percent semispan and the side of the body. The corresponding ablique-waings
thickness increase is approximately 30 percent for the 8:1 elliptic planform and approximat:h
50 percent for the tapered planform number da.

It is informative to compare theorctical wing weights on the hasis of a4 ratio of wing =emispan

to average thickness. Such a comparison is shown on Figure 23 for all of the planform =TT
wings. Also shown on this plot are the offeets of differences in external loads and stroetursd

material between the 747 and the oblique-wing pionforrsdiiesdrrasternat-toads Ay Gt e

by the wing-mounted engines and by the acroclastic characteristios of a fixed sweep angle

4.7 PLANFORM AND THICKNESS SELECTION

Weight drag trades derived from Retorence 1 showed that at fixed range. 5560 Em 3000 i
a 454 kg (1000 Ib) increase in empty weight requires TOGW 1o inctease by 1361 kg aoon i
and that @ unit increase in lift drag ratio permits TOGW 10 be reduced by 12973 kg o Gon b
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Figure 25  Theoretical Structural Weight Comparison

These factors were used to cor:struct Figures 26 and 27. which show incremental wing weight
and lift'drag ratio. compared to lines of constant incremental TOGW. Points that lic below the

breakeven line (ATOGW = 0) represent wings that have better cruise performance thauthe
basepoint 8:1 ellipse. =

Figure 26 shows that planform 5. with constant thickness chord ratio. is most officient. leading
to TOGW approximately 13 608 kg (30 000 1b) lower than the basepoint. This wing was selected
for use in subsequent studies.

Figure 26 also illustrates the effect of spanwise distribution of thickness chord ratio. In the
case of planform . changing from clliptic to constant thickness chord ratio reduced wing
weight significantly. with only a small loss in lift drag ratio. TOGW would be reduced by
approximaicly 13 608 kg (30 000 h.

Figure 27 shows the effect of variations in wing thickness chord ratio. In the case of planform
hoincreasing thickness from 12 percent to 14 percent could reduce TOGW by an additional

14
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A(L/D)

max
Aspect Equivalent
Planform ratio taper ratio
8:1 Ellipse 10.2 0.571
10:1 Ellipse 12.73 0.571
1 12.3 0.328
2 11.25 0.436
3 10.2 0.328
4 13.47 0.328
5 13.47 0.25
v

Effect of Planform and Thickness Distribution on TOGW
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A(L/D)

max

Aspect Equivalent

Planform | ratio taper ratio
4 13.47 0.328
5 13.47 0.25

Figure 27  Effect of Thickness/Chord Ratio on TOGW
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PT3430 kg €25 000 Lin. nrovided drags bused on Hincavized theory are vilid, 1y preactoee e
maximum allowable thickness will he defermined by the onset of flow ~eparation Referene 3
published after completion of this study . contains data that suppest that 12 pereent aw close 1
the maximum. since a significant loss in 1ift drig rutioc was found when thichiens wo
increased from 12 percent to 14 percent. The airfoils used 10 this test were conventional N At N
A-digit series; it is possible that a wol) (ivsigmll_r;_l}pwﬂ'r‘_f_gﬁfﬁ‘?’ul airfoil could permit thickine< 1o
increase. with corresponding Improvements in [-):rf'urm:mm-.

Figure 28 shows a haseline {'l‘()(iW 226 796 kg (H00 000 1h). uu:"‘;r'll'd] configruration  =-

designated Model 5.6, incorporating the new planform Ha.

4.8 L()W-S=.EEEI) AERODYNAMIC CHARACTERISTICS

4.8.1 ESTIMATION METHODS AND PROCEDURES

The low-speed acrodynamic characteristics of the new planform were predicted by nethods
described in Reference 1. which are based on theoretical results adjusted by light test ad wind
tunnel data.

4.8.2 HIGH-LIFT SYSTEM DEFINITION

Wing planform and flap svstem geometry for Models 5-6 and 5-3 arc summarized in Table o
The leading and trailing cdge flap systems used on the Model 5-6 are of the type used oo the
Model 5-3 (Reference 1). The leading edge device is'a variable camber Krueger flap. while the
trailing edge flap is a main-aft double-slotted Fowler arrangement. The Fowler motion of ihe
trailing edge flap is constant for all deflection angles.

4.8.3 LOW-SPEED CHARACTERISTICS SUMMARY

Comparisons of the low-speed acrodynamic data for Mode! 3-6 and Model 5-3 in terme ol second

segment lift drag ratio (L:Dy ) versus lii"t..uuﬂiei«m-((‘[v v and landing approach Lt drag
- - ‘No

LR

ratio ‘]/Dapp' versus ift coefficient (("'app) are shown in Figure 29, The improvement

liftdrag ratio of the Model 5-6 is due (o increased aspeet ratio. A detailed discussion of
low-speed performance is given in Section 8.1

1.9 PERFORMANCE

Tables 6 and 7 compare the major charactensties of a sized airplane using the welectod
planform HSa tdesignated Model 5-6Ga0 with the Maodel 7-8a (Reference 1 which hae o s
clliptic planform.

The sizing procedure used was similar (o that deseribed i Reterence 1and i Scetion 6 0 o
this report.

b
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Table 5

I'I!
EN

Wing Platiform and I lap Sysiem Parametors

R —T -— -
- c -
P
Z VO\/
& AA
Configuration 5-3 56
| Wing planform-shape 8 1-EHipse Tapered
o Sweep, /\c/4, rad (deg) 7 0 (0) 0 (0}
c Ny .
2 Aspect ratio, AR (unswepTf 018 5747
Taper ratio, )xE 0.571 0.250
Type Double-siotted Double-siotied
Fowler flap Fowlerlﬁap'
g | Flap chord ratio, CF/ 0.25 0.25
&
w Fowler motion ratio, '/, 1.20 1.20
& Flep span, Y/2b 0.06€ 10 0.733 0.057 t0 0.733
Aft flap chord ratio, CA/CF 0.40 0.40
Type Variable camber Variable camber
" Krueger flap Krueger flap
a —
E | Flap chord rafim ST e 0.15 0.15
“ | Flap span, Y/2b 0.066 10 0.92 0.057 to 0.92
LE deflection, 6LE‘ rad {deg) 0.87 (60) 0.87 (50)
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Landing Approach

Gear Down
20 | /
5 I/ S
Fre /
: ~_ . 0.26(15
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T e Yy 0.79 (45)
0.26 (15) < RN
- ~
10 5-3 0.52 (30) SO
o With LE device A 0.79.(45)
\
0.79 (45)
;C =C, ata - 1.5°
5L Lo L
In-ground effects
| S 1 ] 1 1 1
0 0.5 1.0 1.5 2.0 2.5
C
L
)

Figure 29  Low-Spred AEFaeipragirc-bDatd Corarson
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Table 7 Comparison of Sized Aircraft Perforinance

® Mach - 1.20
o Payload = 40 00C Ib
o Range = 3 000 nmi
o Takeoff field length < 11 500 ft
e Peripheral noise treatment "
Modct 5-3a Model 5-6s
Original planform Revised planform
TOGW kg (Ib) 211828 (467 000) 197 585 {435 600)
OEW kg (ib) 113 852 {251 000) | 109 724 (241 900} -
s m? (sq ft) 3440 2900
SLST kg (Ib} 15 921 (35 100} 13 154 (29 00N)
Block fuel kg (Ib) 64 864 (143 000) 55 701 {122 8OQ)
Reserves kg (Ib) 15 876 {35 000) 14 832 (32 700)
No. of engines/BPR 41 4/1
Thrust loading (T/W) 0.30 0.27
Wing loading  (W/S) N/m2 (ib/sq ft) 6512 (136) 7182 (150)
ICAC m2 (f1) 11 887 (38 000) 11887 {39 000)
RF km (nmi) 15 872 (8 570) 17 708 (9 560)
Cruise altitude = . oo ... e L 12,497 (41 000) 12 497 (41 000)
L/D (cruise) 12.3 13.8
L/D (max) 14.2
C| at L/D max 0.29 0.43
Cy at {cruise) 0.30 0.34
TOFL: Max flaps, ft 7150 9 200 1
Reduced flaps, ft 9 670 11 500 '
CL (max flaps) With Without
LE 196 LE 1.90
CL (reduced flaps) With Without
. . LE 1.46 LE 1.55 ;
L/D community noise reduced flaps :
T (Vgpp * 5-14 m/s (10 KTS)) 8.3 9.25 i
Approach speed: ]
Max flaps KEAS 124.4 127.9
With LE Cy_ {max flaps) at 1.3VS_| WithLE 1.80 with LE 195 ]
1
Reduced flaps KEAS 137.4 141.2 :
With LE C|_ (reduced fiaps) With LE 1.48 With LE 1.60
Community noise: EPNdB °
From FAR 36 ]:
Takeoff with thrust !
cutback at noise station -0.4 -3.8
Sideline 648 m (0.35 nmi) +2.0 +1.5 ;
Approarh -2.0 -2.7 '
Traded 0 -0.5

* 1976 usearch technology qualified for 1985 design freeze
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The higher aspect ratio wing of the Model 5-8a produces major performance improvements.
namely:

e TOGW reduced by 14 061 kg (31 000 1b)

° Block fuel reduced by 9072 kg (20 000 1b)

;

‘ ° Takeoff field length (TOFL) reduced by 640 m (2100 ft;

: Data presented for the Model 5-6a are approximate because it represented an intermediate step

A toward the development of the final configuration. and only a single sizing cycle was conducted. -
Weight and drag estimates were not refined and guestions of airplane balance and control

} 1 surface sizing were not addressed.




5.0 PIVOT DESIGN

5.1 SUMMARY

The objective of this study was to design and weigh a practical pivot. and develop
weight-scaling rules to be used in future design synthesis.

A number of pivot-bearing concepts were reviewed and the most promising. the teflon-coated
turntable bearing (Figure 30), was sclected for more detailed design, structural. and weight
analysis. The advantages and disadvantages of this design are summarized below.

— Advantages Disadvantages
Fail-safe Inspection difficult

Light weight

No large holes in wing or body
Minimum wing‘body gap

Good producibility features
Adjustable

Self-lubricating

™
-

L

Wing ]
fower surface l
9

Fot - i
y | Teflon-coated 1

bearing surfaces

3.05m (120 in.} dia

T,

Body crown

Figure 30 Teflon-Coated Turntable Bearing
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Pivot weights based on this analysis are shown in Figure 31, The weight_resulting ivom thre B
design is 42 pereent lower than carlier estimates used in Moddba=3uiorminpanan ERerenrmsinTT—
Present Analysis 172 Estimate
—(8) Teflon-coated turntable bearing. Esti.ate based on
Weight estimate from sized structure. SST pivot weights,
3 Wing box
4 -
®
- (6) S
£
— -4
™ o
=) 5
- -
£
2 Fuselage & 1
mv 2 —_—
9_—
< - {(4) _
o Wing box @
£ ] —_
2 & 1‘
i3 3]
1 o 5 . -
c =
1 Fuselage @ = -
-(2) o i Pivot
e o structure
. ]
Pivot
structure

o
1

® Wing area 371.6 m? (4000 ft2)
& TOGW 226 800 kg (500 000 Ib)

Figure 31  Pivot Weights {
|

5.2 STUDY DESCRIPTION

The airplane configuration used for this study was the Model 3-6 (Kigare 2% that utihizes the
wing planform developed during the study deseribed in Section 400 This uneveted baselme
configuration has TOGW = 226 796 kg (300 000 thr and wing area of 371.6 m= (4000 151

Design objectives were established and 10 pivot concepts were evaluated relative 1o thess
objcctives. Three turntable-tvpe designs were subjected to more detailed examimation and on
the teflon-coated turntable bearing. was selected as the final design




The loads carried by the pivot were estimated, wing and body load paths were identified. and
sized structural layouts were prepared. The weight of the pivol and supporting structure was
estimated and weight-scaling rules were developed. Potential problem areas were identified
and recommendations for future research were prepared.

5.3 CONCEPT SELECTION

e  Wing rotation 0 0.96 rads (0 -- 55°)

. Fail-safe structure

e Wing actuation. dual system
e  Systems access through pivot
e Minimum wing‘body gap

The 10 design concepts shown in Figure 32 were evaluated. and the results are summarized in
Table 8.

Three turntable-type bearings. shown in Figures 33. 34. and 35. satisficd the design objectives.
These large diameter, shallow bearings that rely on the support of the wing and body for
strength and stiffness. minimize the wing-body gap and permit the wing pancls and body
structure to remain intact.

The teflon-coated turntable bearing (Figures 30 and 35) was considered most satisfactory and
was sclected as the final design. This bearing is constructed from concentric rings that are
split vertically to provide dual load paths The annulus construction also permits clectrical.
hydraulic. and fuel lines to pass through the center of the bearing. Wing sweep position 1s
controlled by twin screw jacks located within the pivot annulus (Figare 35, details BB and €O
This design has the following-desicable features:

. Fail-safe. Limit load can be carried by either inner or outer rings alonce.

. High load capacity. The bearing relies on surface contact rather than line contact. as is
the case with roller bearings. allowing a higher load capacity for a given weight.

° No false brinelling.

° No tubrication required. The teflon (PTEFE) coating on the bearimg surfaces -
sclf-tubricating.

. Adjustable. The bearing 1s adjustable for fit and wear




Description

Bearing

Description

Slew ring bearing

""Rotek series 10 000"
Outer race attached to wing
Inner race attached to body

Circular track and
multiple carriages {8)

Body-mounted shaft

Thrust and radial bearings

Center pivot and
end journal

>

W.ing-mounted shaft

Thrust and radial bearings

Hydraulic lock bearing

L~

Link and carriage

Turntable beating

eflon-coated surfaces
Fail-safe features

>

Double rail and carriage

Turntable bearing
Wire race type
Fail-safe features

>

D Selected for study

Figure 32 Pivot Design Concepts
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Table 8 Bearing Concept Type Selection

Bearing
number Type Eliminated Selected
1 ‘Rotek’ series 10 000 commercial Pcor load path in bearing
2 Cantilevered post in body Poor load path in wing
3 Cantilevered post in wing Poor load path in body
4 Link and carriage Concentrateq Ipads
Fail-safety difficult
5 Double rail and carriage Large-wing/body gap multiple parts
6 Circular track and multiple Large wing/body gap multiple parts
carriages (8)
ible with oi
7 Center pivot and end journal Cc‘)m;?atlb e with joint
criteria
8 Hydraulic lock bearing Requires long-term development
9 Turntable bearing Compatible with joint
Teflon-coated surfaces criteria
10 Turntable bearing Compatible with joint

Wire race type

criteria
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Figure 33

q Wing pivot

Center Pivot and Erid Journal Bearing (No. 7)
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Material ti
7.
! |
44////// Wing iower surface

| gy

l. ) ) (_—.

: y /—Steel wire race
\

Body

upper
|
| surface
b Steel rolier {typ)

- Dia 3.05 m (120 in} >

Figure 34 Wire Race Type Bearing (No. 10)
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54 PIVOT LOCATION

The following faetors werse_considered_wlien_seleeting the Tocation of the prvot relative to 1

wing and bady.

' The pivot was located as fur forward on the wing root chord s possthle, capsistent wih 3
{ structural constraints (Figure 35, This places the pivol near the wing aerodyname conied
r reducing the pitching moment carried through the pivot. and permits the forward menther of
| the bearing support grid to he located at the front spar. The bearning riiamvtgr SRR IEY
3 (120 in.). thus placing the pivot center at 30 percent wing root chord. Forward Bt isatsthe
pivot also reduces the acrodynamic pitch rolt coupling. The pivot was locaied on the hody o
station H7.28 m (2255 in.). which maintains the same wing body relationship as the Madel 56 -
atl 2ero sweep.
5.5 DESIGN LOADS ..
IBight load cascs were considered for the analysis and preliminary sizing of the pivat ond
- supperting structure. A description of the load cases and the associated loads s ziven in
Table 9.
5.6 STRUCTURAL LOAD PATHS
The pivot. wing support structure. and body support structure for the obligue wing =hould
3 transfer Edloads from the wing into the fusclage efficiendy. and permit large relative motions-
between the wing and body. To do so. the structures must provide good load paths for all
loading conditions witheut-having excessively hard spots that could potentially lead to racking i
problems. _ j

The ability of the wing to distribute the incoming loads around the pivot. and the ability o ihe

fuselage pivot support structure to redistribute the loads from the pivot into the body frame:
o i—————wrrreomsiderations  in_meetings the above criteria. Figure 35 shows the sclected structuras

arrangement that consists of an octagonal grid utilizing spar and rib structure The prvea ;

structure itself provides the load transfer between the wing and hody structures. This fink wis i

made as—direct as possible to avoid cccentricities in the load transfer betweern wing and

fuselage. j

- 59— SERUECTURAL-SIZING

The pivot and pivot support structure is ttanium (6ALAV exeept for the wing skins v hich i

composite. The hearing surfaces of the pivot are coated with PTFE ceflon. Statie strengin i
stiffness, relative stiffness. and fail-safety were the primary considerations tn the sizinge of fhe

various strictures,

The requirement of a movable wing imposes relative deflection Tintations acrass the b

1t was assamed that racking of the bearing would he averded at velanive displacena nn oo

P27 em™ITO . Factoss The Dearing diainetor
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As mentioned in Scetion 5.6, the ability of the wing to distribute loads around the pioot aind

the ability of the fusclage pivot support structure to redistribute the loads from the pivot it
the body frames is important 1o the nature of the load transfer within the wing. pivot. and
fuselage system. This relative stiffncss problem was handled in both the wing and fusclage
structure by making load paths to and from the pivot as direet as possible and by preventing
any load points around the perimeter of the pivot from heing excessively hard or soft in a
relative sensc.

The fail-safe criteria applied was that the airplane must be able to survive limit load after the
failure of a principal structural member. Thus. for example. the skin spar chord distribution of
material must be such that if a wing pancl fails. the structure with the failed pancl can still
survive limit load. Similar arguments were applied to elements of the pivot structure. -

The scope of the effort did not permit a highly detailed (computer-aided) stress analvsis or a
recycling of loads through the structures. Hence. the structural sizes shown in Figures 36. 27,
and 38 must be considered as preliminary only.

5.8 DETAILED WEIGHT ANALYSIS

Weight analysis of the pivot strictarc. was .based on the structural details discussed in
Section 5.7. The weight impact of a pivoting wing on the total airplane can be divided into
three components:

. Reinforcements to the wing-box structure resulting from load redistributsss.requirements
to transfer design loads to the pivot and fusclage ¢\ )

. Weight of the pivot structure itself (Wo

* Reinforcements to the fusclage structure in the region of the wing body interface o
sustain pivot-imposed loads and limit deflection and or twisting acress the pivoet structure
(W)

The magnitude of the above weight increments based on a gross weight of 226 706 1, 1
(500 000 by and a wing arca of 371.6 m> (4000 ft71 provides a comparison with penaltices
previously cstimated for Model 5-3. and is shown below, These penalties are 42 percent fower
than earlier estimates used in Medel 5-3 development.

Weights based on Previously estimated
ltem - sized structure weights for Morel 5 3

Ky {ib) ky (b}

Wing box structural - - - -

reinforcements = 58C (1279 888 (1516}

Pivot structure 551 i1214) 1642 (3400

Fuselage structure 863 (1904) 1203 {2652)

Total (per airptane? 1¢94 14396 3433 {7568) |

. 1

2

& TOGW 226 796 kq (500 000 it} ® \Wing Area 3an Gm) (4000 117)
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Gussets on octagon ring are 0.059 c¢m (0.15 1n.) at 10.16 cm (4 in.) spacing

Note: The numbers are sized spar web gages in cm (i)

—  Figure 37 Wimng Structure Weh G ages
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Cape 0.113 t:r'n2
(1.75in.2)
Web 0.568 cm
(0.22 in.)
Web
0.306
0.12)
Cap
12.9 2
{2in.4)
Kl
R Cape
Web s 25.8
' ?:.:2 ) 4in. R
Cap
.- 25.8
(4 in.2) -
\ Web \Caps
38.1 19.4
(6.18) (3in. 2
— Capd ——
16.4
(25§0. 2)

Gussets on octagon ring are 0.059 {0.15 in.) at 10.16 cm (4 in.) spacing

Ring gages in c¢m (in.)
Cap areas in cm? {in.2)

Figure 38 Body Ring Gages and Cap Areas

5.9 PARAMETRIC WEIGHT-SCALING DEVELOPMENT

As indicated in Section 5.8, the pivot weight penalty consisted of three components, cach of
which is a function of a unique design parameteris. Weight-scaling rules were developed at
two levels of detaill in terms of pivot parameters and in terms of airplane parameters. The

ELiEpL’M&mrM:_ n*?hz'xnurlnip.‘ 1950 8§35  aanid s avtii s ia skt prvoTro Ot W OTE TS QUL TR S Ca g
—‘m Z Eenrma v assoctated with performance sizing. The pivol-parameter scalars allow
e—————ahatm f pivol weights over a wider regime of size and loading. This allows study of the

oblique-wing coneept to be applied to other missions and configurations
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5.9.1 PIVOT-LOAD SCALARS

The weight of the reinforeing wing-box structure (Figure 395 is dependent on the vertical foroe
carried by the pivot and can be expressed as:

W, - K,V
The constant K| has the following values:
K, = 80.41 x 10 % kg/N (788.53 x 10 " 1b.1b)
The weight of the pivot structure (Figure 40) is a function of the vertical load and moment

carried by the pivot. given by:

i,

KaM

Wy = Ky V= =5

The constants K» and K, have the following values:

Ko = 24.982 x 10 % kg N (244.99 x 10 1b 1b) .

Ky = 199.9 x 107 %kg'N (1960 x 10" 1b1b)

The weight of reinforcements to the fuselage structure is proportional to the vertical force
carried by the pivot (Figure 411,

Wa- KqtV) | et et

.
1

PR o T PN NP
e Uumiau\, 1\4 11¢

~tho € cealirae:
15 Wl ahn valuoes:

Ky - 119.64 x 10 "kg N(1173.24 x 10 " 1b1b)

These relationships are valid eniy under the following conditions:
|
e Pivot diameter is not less than 80 percent of fusclage widthe o J
:
. Wing construction is 4-spar with composite skins and titanium pivot support ~tructure
. The ratio of pivot diameter to wing chord is approximately 35 percent. and the pives

covers approximately 60-65 percent of the main <tructural hox. o that the curront wing
spar. rib. and pivot structural arrangement may be used

5.9.2 AIRPLANE PARAMETER SCALARS

Pivot weight penaltics W, and W, arcincluded in the wing and Wy in the body The penaloe
compriss a very small portion of their respective functional 1temn weights and therefore doons
significantly impact sealing behavior of the wing and body wher scaled over parametre booais

assoctated with normal performance sizing
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Body crown
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= pivot diameter
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¢ Pivot - —_—
Screw actuator _\ _

Bearing
support
beam

Bearing

Reinforcement weight = K4 {vertical force)

Kq 119.64 x 108 kg/y (1173.24 x 108 ib/)

Figure 41  Fuselage Reinforcement
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The wing weight thenee Wi and Waiis a function of wing loading and wing arca and the hody
weight thenee War varies with airplane gross weight.

The equation deseribing behavior of pivot weight penalty included in the wing during airplane
scaling can be written as:

{\'V[ W) _1(1 {\Av!'sll) 2454 ’S!l.“-“;

K4 = 0.48 (0.13)
The remaining pivot penalty included in the body scales as:

Wy = K5 + (7.967 x 1071 (GW - Kg)

K- = 863.2 (1903

Kg = 226 796 (500 000)

5.10 POTENTIAL PROBLEM AREAS

ta} The effect of relative deflections of the wing. body. and bearing structure on the static and
dynamic capability of the bearing.

th)  Bonding of the PTFE strip to the metal bearing rings.
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6.0 ENGINE CYCLE STUDY

6.1 SUMMARY

The purpose of this study was to determine the engine eycle characteristios best suited to the
oblique-wing trandge—transports Some cycle characteristics gpressureratio. turbine inla
temperature, ete) C en-seleetedFolowing TSToares gescribmrn=Referenoe ===

present study, therefore. concentrated on selection of the optimum bypass ratic (BPRy

Airplanes with engines of BPR = 1. 2. and 3 were configured using the wing selected during
the planform study (Section 4.0).
Data obtained from the Fvee-design- study (Section 500 and the chmb and resernve fucd

calculations (Section 7.0) asEgenicorporaitd—and-woosizing-cavcles awerccompleted deading 1o

sized airplanes whose major characteristics are given helow.

BPR

1 2 3
TOGW kg (Ib) 192 427.-{424 230)__ . 194 550 (428910} 202 710, (446900}
OEW kg (ib) 109 098 (240 520) 112523 (248 070) 118 524 {261 300)
S m2 (ft2) 285 (3070) 282 (3 040) 288 (3 100)
Block fuel kg (b} 53479 {117 900) 52526 (115800} 54 340 {119 300)
Community noise:
EPNdB from FAR 36 traded --0.1 --6.4 7.0

The airplanc with BPR 2 engines was selected as the final design. because althoagh it has
slightly higher TOGW than BPR 1. fuel consumption. low-speed perfarmance and norse are
improved. The final configuration with BPR 2 engines isx described in Scetion 5 0

6.2 STUDY DESCRIPTION

The first phase of the study was a brief investigation to sclect the poveerplant installaton
coneept to be used. A comparison of twin-engined strut-mornted and four-cnpined ntegrated
installations led to selection of the four-engimed installation for use during the romainder of
the study

First estimates of weight and drag were made and prebimanary aorplane selectimn charte woore
preparcd  First-evele sizes were selected for corplanes with BPR Ot 20 and 0 enines
Contiruration drawings were preparcd tor cach hvpass vatio Powerplant and dotinstallan -
were tad out. the optimum body arca distribution was determaimed. and the anplone oot

i

amd control surfuce sizing were checked These conficurations booane new hoe foe trom

which final arplane siang was detornuned

l", |




A sceond-ceyele drag and weight analysis was carried out and final airplane selcetion chir
were prepared, incorporating data from the pivot design <tndy and the elimb and roser:
caleulations desceribed in Sections 5.0 and 7.0, Using these charts. final airplane sizes wiie
determined at each bypass ratio. leading to selection of BPR 2 cngines for the final
configuration,

6.3 POWERPLANIJ-INSTAL LA RION-CONCI R

Before beginning the bypass ratio study. a brief investigation was conducted to select the ty
of powerplant installation.

Karlier studies, desceribed in Reference 2. had shown the four-engined integrated installation to
have slightly superior performance to the twin-engined. strut-mounted tvpe when BPR |
epgines were -used. The purpose of the present investigation was to select the installution
concept likely=wmtrres=tirtbest performance with engines of higher bypass ratio.

The procedure (illustrated in Table 10) was to compare twin- and four-engined airplancs having
equal TOGW. wing area. and total cruise thrust using range as a {igure of merit.

Table 10 Power;:'ant Installation Concept Selection

Approach  Compare range of twin- and four- gined installations for tixed sirplane size

I.  Fix airplane characteristics
o TOGW = 197 5685 kg (435 600 Ib)
e Wing area = 269.4 m? (2900 #12)
e Cruise thrust = 13 717 kg (30 240 Ib) (total)
o Wing aspect ratio 13.47 (A Q)

Il.  Size engines for given cruise thrust

BPR 1 2 3

Total SLST 51 029(112 500) 56 427 (124 400) 61979 (136 640)

kg (Ib)
itl.  Prepare powerplant sketches for twin- and four-engine installations [Figures 42 anid 43
IV. Evaluate differences hetween instailation concepts {(Figur. 44)

o Weight e Drag e Fucl cotumptian f
V. Convert (o range increments (Figure 44)

A (Range)

A (Range)
A (OEW) N ’

0.1233 kmkq { 0,0302 nmysih) il
LD

363 F At {196 i sy

A {Range)

KEEEZ_‘—T) 4556 1.m {-24.6 nmi)
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lngines having BPR 1,2, and 3 were sized for given cruise thrust sketches of the
: powerplant installations were prepared (Figures 42 and 43) and body arca distributions ver

developed to minimize cruise drag, Weight and drag increments were estimated  takong the
four-ecngined configuration with BPR 1 engines as the basepoini
;T’

The installed cruise thrust and specifie fuel consumption was found for cach &7 FOR—

taking account of the increased losses in the long ducts of the four-engined instalbation An
v approximate estimate was made of the change in reserve fuel requircments weth iherciasng

bypass ratio,

“trotrtartrs—Pabte—t T —dertved—fron —tire—Brequet—rmgerguation—were—rsed—to—emmvert

: weight. drag. and fuel consumption increments to. ggnage (Figure 440 These are combined in -
;' Figure 45 to-shew the effect of bypass ratio on the cruise range of twin- and four-cngined
: mstallations.
s The range of the twin-engined installation deercases continuously with bypass ratic. while the
‘,‘ four-engined installation reaches maximum range near BPR - 2.
‘ The four-engined integrated installation therefore was selected for use during the remainder of
5 the study.
:
Notice that the final results of the bypass ratio study showed that the TOGW of mission-sized. |
four-engined airplanes increased with bypass ratio. Thus it is likely that the advantage of the
K four-engined configuration relative to the twin is less than indicated by this brief study. Future
development of the oblique-wing transport should include a more thorough examination of the
pod-mounted engine installation. since it will probably be easier to develop than the more
complex integrated design. i

6.4 POWERPLANT CHARACTERISTICS

The engine performance. size. and weight characteristics were obtained from a computerized
advanced transonic subsonic parametric engine familv., The uninstalled cengine dats are
] identical to that used in Reference 1. Installation effects include losses caused by the inercased

inlet and exhaust system length required for the foursengined integrated arrangement.
Bypass ratios of 1.2, and 3 were standied. For cach of these, o design overall pressure ratio of R
16 and a maximum turbine entry temperature of 1670 K «3000" R was selected . Fngime
component technology is representative of the mid-1980 time perind. Fach engime inearporates
peripheral lining in the fan duct and an oternal mixer for the fan and primary gas strcams

Auxiliary engime inlet doors are provided for operation during takeoff. The inlet poametry -
fixed during all other operations. The exhaust nozzies have a fixed throat arca and o varable

CNTL aren -
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Cruise Range Comparison
- 4-engined.integrated - -

Nozzle base drag
(CDB = -0.10)

TOGW = 197 608 kg (435 600 Ib)
Wing area ~ 269 m2 (2900 ft2)

AR = 13.47 :
Cruise thrust = 13 717 kg (30 240 It)

o Figuee 45 Cruise Range' Cemparison
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The installed performance reflects losses due

to the reduced inlet vecovery and rnorcied

exhaust svstem pressure loss of the Tour cogined integeated instadlation. rolative to

pod-mounted installation. The magnitude of this performance loss is shown Bedow

_XThm:‘( (1) ASFE (1)
. = BPR- Thruat i SFC
=5, ~3.4% 1.20% -
== - 3.4% 1.40%

iu!m

(1) Relative to pod engines at 1.2 M cruise

£ 9.91 kg sec 2.0 b seer high pressure

The installed performance also includes the effects of
External nacelle drag is inciuded in

bleed and 48.5 kW (63 hp) power extraction. per engine.
the airplane drag (Scction 6.7).

Installed performance of the study engines during 1.2M cruise is shown in Figure 46, The
cruise thrust shown is that which results when the engines are sized for a takeoff theust rating
of 178 000 N (40 000 1br. Since the thrust available for cruise decreases as the bypass ratio s
increased. the sized airplanes require correspondingly larger ongines and greater propulsien
svstem weight, as shown in Section 6.8, SR . -

6.5 BASELINE AIRPLANE SIZE AN PERFORMANCE

Seetion 40 ond the pe e bbb e e s e

Data genecated during the planform studs
(Section 6.31 were used to make preliminary estin 'Lw%ﬁr"' it ormance of arplaoes
; T Sl rp e e

with BPR 1. 2. and 3 engines. These big

the final sized configuration.

The design objectives were:

M 1.2

So60 K caong nnn
FAR 36

IS T8 R o ann I

Cruisc Mach number
Range

Noise goal

Pasvioad

identioal to those of Beterenee Texeent that the nose goal swas rodase

These obectives are
SJever CEPNADR Below AR S6.

FAR 36 rather thau 15 ctHective perceived nons

The prelummary sz procedure was e s as that des riboed o =ccion
Reference T Methads used to estimate drag vonght and
tho~c dewerbed an Sections 6.7 ta v except that approxnnate values were ased

fuct. because the more eeurate data

Sl renquirements awere sl

descent and reserve {rom Soctton oo oand T

avatlable




x 103 {Ib/hr-b)

kg

sec-N

i

SFC instalied

Fﬂ installed, N (ib}

Fuel Consumption

0.028 -

0.027

0.026 —

o M- 1.2

e 12 190 m (40 000 it)

¢ Standard day

® Maximum cruise thrust

® Takeoft thrust 178 000 N (40 000 Ib)

e Overall pressure ratio = 16
® Turbine entry temperature 1670° k
(3000° r) -

e 1985 technology, peripheral lining

Thrust
— (10 000)
44 00C
40 000 -1 (9 000) i
I
1
38000 |5 500) T~
36 000
- (8 000)
34 000 -
| S— _—e =
1 2 3
Bypass ratio
Figure 46 Engine Characteristics
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The results of this prefiminary analyssave piven in the table helow whicl gives the privcipad
parameters that define the three baseline aivplaves deseribod i the follos g seetion

BPHK
1 2 3
TOGW kg {Ib} 197 313 (435 000) 193 684 (427 000) 195498 (431 000)
S m? (#t2) 291 (3130 277 { 2980 277 (2980
Block fuel kg (Ib) 54 885 (121 000) §2 163 (115 000) 52 163 (115 000)
W/S N/m2 (Ib/ft2) 656 (139) 685 (143) 694 (145)

T/W 0.29

SLST N (Ib} engine 141720 ( 31 86‘ .34:680}F vty

6.6 BASELINE CONFIGERAFION-DEVELOPMENT

6.6.1 POWERPLANT INSTALLATION ' - Pt

The different bypass ratios used for the bascline airplanes resulted in different engine sizes
which in turn resulted in different aft fusclage lavouts.

The guidelines followed in laving out the engines duc-, and landing gear are ~how o
Figure 47.

The duct area aft of the diffuser section was maintained at the fan arca e keep the ducy e
veloeity below M 0.5 The duct bend radins was Hmited to o misimun: of six Uises e e
radius. based on experience gained during the 727 proseon S earance of 13 om0

maintained between the duct inner envelope and the rear cabin by “head, and the T b e

and the airplane centerline to allow room for duct “truetore,

The engine centerbines were placed 1o allosw ST enn G52 o0 betwen 1 the crane . 1oor
The indets were placed tooallow 20 co 012 boteeen the inbeaed hipoand the -

boundary laver diversion. The boundary laver qor that does oot o e the 0o

auxgtreey inlet i diverted down @& EE ander the duct=s the boandirs Doy b

1:
|
|

length-to-height ratio of 225 ThT enwmne vozele duets arc the oo Lo o
bhoattail. )

As expected. the larger engimes the hachor hapoase e 0 o L
aft-hody sections with greater cros<eccctonn! areae g L e

configuration drawings. Prources I~ 53¢ and oo
6.6.2 BODY OPTIMIZATION

Seven cross-osecbon contral Poinl= \vere s e ot an antne b 1y

amrplane

o T ——




i
{
!
183%) butpuey pue s3on( ‘soufLg Jo 1noAeT  sp 3inbiy
sabue; uouuna
1u04y aouelea|d ieab FEIWETYTS
$3{2ZON auibug wnwiuin buipuen 40 pu3 3Ly
.- R N
A/JI S T ——— — T T~ . peayying
M i—

TN T R :

AN /\ bﬂ - ~ ™~ _/.,, ulqed 1eay

\\ , / | |
V-V uo1a3g \ S N

i
$13|ul
Aserixny

R4




t
st
L~ —
|
m - P
ﬁp. . ! gl LGl V) (Eot) £
(R 0l {Lid 0! (L) 0!
(g 89 (G%) LG {034 L'E
] (6°88) L°Le 618 0se {6°G/) 1°€2 St a2 an e et bty
_ (£°E82) 08 {r'8se) 8°8L AT oLl Tt IR TRV IS TRRISCATC INTINCI V!
i (0'GLL) £'es faLL) 8'€9 (veit L'pG R I R IR A LEIR AN
- ) i8¢ee! 6.9 o1cg) G'L9 (5°02¢) FAVAS (13)U0 GROU 1L DR TGRS 260 g
(ci6t) €89 (L5 £'89 (& 161) £'8G Chy ) ied SO W g geD o g
($'GSL) ¥ 05 (8291} 9'6v (Z°191L) L6y TP T NPT LB T RRY P
(9171 1) ove (1oL oL'eg (LE6) a8°¢ (1) gibua b g
1£5°G) oLt (GB't) 8L (GL°p) 9zl (M clawep cuhag
{08/ 8t 0os 2Lt (089 v} 0S¢ v6i (0S8 L¢) 00/ Lyl (R NS wulbuy
N G'E Gq'C gt REPS IR TRIFOTEY
09) (80 {08! .80 {0S) /80 {bepy HEIIDNRLAIPP RN
5270 i ¥GC°0 ¥G20 NeLRrib A
Lt W 3 L1l unel SC UL ICA
| {G°Z0i) cle (0 w ~ 0ze {8901) FASHAN (34) 1 wire P POLIIA
” (£GZ} $'ee ( LE€C (G/2) G'GZ (Z4]) Ul BOIR I [EDILIA
- , €900 £40°0 £50°0 M
2 v v L0 [eIUOZ IO
| (0S) (80 { W (80 (0S) (80 (Bap) pri duams 37 IR} Eiauzop
, 0 20 Z0 oneg adel ey jeluoziey
, v e a9'C ” 01181 123dise [1P] [PTUOT1HI0H
,,7 (£12) oz (812) £0C (vee) AT (1) gt Pote pey Rruciioy
,T! (6°€01) A > {(v'a0t) LA (€'801) . o'ee {Ww e el jPluosiey
p¥0 vr°0 b0 HA
(0G) .80 (0G) .80 (0G) (80 (Bap) pel (asinuo) daams /0
{8LL1) €2'G oz Lt) (A (€9L1) g (3 vy
LyEL LE°EL N_v.mp nR edsy
(¢ 002! 0°L9 (G'002) 119 (y'S02) 9°Z9 (14) i ueds Buigg
(G462) v 9LC (v862) TAVARA (tete) m._m.omm : ,N:v W Bie by
— -~ {08Z (G2) 00L 9Ll (008 L ¥2) 0G8 Lt {083 9r) Gﬁw Ll (a1} by M30
, {000 0% 0Gi 8l (000 o) 0Gl 8l) (000:0p} 0cl 8L (Qt) b
”. 061 061 061 stafuassed "N projAey
(00V LEY) 089 g6l (0GL 9¢¥) 0.6 €61 (0G2-5Ep) ocy L6t (ai) 5% MOCL
£ Hdd ¢ Hdg "1 Hd8

/I

el

é

¢ 1
|




W

| = oney ssedAg auejdily sujaseq  Qp a.inbiy

v-—,
tleans

- (4 GL8Z) wOLg -~ — o : -
R R Lz
e e e -
B I T LTLIZ TR

~- (334 Z°191) W L'6Y : -

:
-

i
!
|
1]

e =T T

1damsun Buip ,\

!
,.ﬂ___ _ _—_




C o N

=|oney ssedfg aueidiy aunaseg  Gp 40014

- L
b \ v

i “
e
t
RN

R
N

T T T , <o (4 6LBL) WYyl - . _

TR T L. T T T
S - &.’nll)‘.ll.“r“,lnlx ST ey o , .I\l‘l.\»«lw,n\mw\l.u\ o
— _ e g ) _

N —— T
B (4 8°Z91) W 9i6Y -

1damsun Buipy - i _

Tl

..:.. ‘.l _ No:m_mmwn\,ml\ _ / ... r

e




£ = vNey ssedAg aueidiry aulaseq G @4rbl o
- - (34 G°/8Z) W 9'LB -
=
T : | PSS
o T oo e :
- (4 ¥'G9L) W $°0S P
X, e
// l_, ;.\W M
AN / I R — .\ =
. N — Ty ;
// . 1damsun Buip s
// b ,,_:x

o ) N o t <4W = —

- e em—— o . - ~ -
I RE— // N v
r T s - N N

£ ones ssedAg - b N N ,// .
R i / N .
. S N\ 7000 w ot
SN
o A

~

AN

N ~ N

/ﬁu.y

.
— i . '

| L
| )




-
|

Four control points were independent of the engine sizes Thess veore ot the noee AITEN SR
deck. the pivot location. and the tanl vhe pivat canrad ponm depends tndiectle s engnne o
as the pivot location changes soith the areraft halaooe which = mflua need by cngrne s

location).

Three add ]IS GETORTT AT ConTrgl THoTntE
| engine aft-body section. These include one near the end of the inlet divertor, one at the andse.
|

WOTE T Id et T

gear truck (stowedr and one on the engine nozzle boattail In some cases. one or wore of thie s
constraints were removed. as the resulting cross-sectional arca was greater than the pinnnii
required.

;(. The area plots for the three baseline airplones are shown i Figure 51,

6.6.3 BALANCE

Preliminary performance evaluation (Secticr 6.5 viclded configurations at bypas- s :
and 3 with varving engine and powerplant dimensions. Because all of these airpiines bad o
engines. their balance was critically dependent on the weight of the poacrplnnt instcharien
requiring a detailed analysis at cach bypass ratio to ensure aceurate positioning of the oo
the bodv. The small mean&eroavmaniic cord XMAC lengths associated_with the se high -

ratio wings made the airplane balance extremely sensitive to wing location.

The operating empty weight COEW center of gravity tegr for all three bypass ratios s o
aft of the aft conter of gravity limit determined by stability and control consideratons -
implied that a forward water ballast tank would he required at all byvpass ratios Tor parti
pavloads or for ferry niissions. Therefore. balance cansiderations were not g foctor i hypos-
ratio sclection,

Forward balance requirements and (el management philosophy are fdentical o tina
previously discussed for the 5-3 configuration tReference 1 op o ist

6.6.4 TAIL SIZING

. The horizontal and vertical tail volume coctficients chosen for the hosfome des el ms !
- those used in I previous study of o sonilar configuration B E e S umiatas Ao OFEL

ke

ERF- 2 regt

configuration discussed in Section X500 shaws thi tes=e o] ¥8e

6.7 BASELINE DRAG

ol 6.7.1 BASELINE: DRAG

Phe ermse drag charaetori=tios of the theee baschn@ oo G =Raar. o ! o

while Table 12 con@as the detado b drae bentdan

The tollowing items contribute tooertiese deay
A4
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Zero Lift Drag

- 0.04 -
s
1 2 3 N /////
Bypass ratio _ R
N
a AN
Wave g 0.021 AN
drag 46.0 49.6 54.2 N
SRR b L] = Envelope
Skin : N BPR = 3 validity
fri(‘.tion 92.7 , 97.6 ! 1005 !HT‘EH
Miscell : - i —
viiscellaneous | 420 ¢ 131 ; 13.9 0 0.2 0.4 0.6
items | l E
e . SRR S L
Total 150.7 160.3 : 168.6
- Maximum Lift/Drag Ratio
15
Drag Due to Lift . F———
X 10
Envelope_factor, E
— . 2) ==
==zt Jp— ) e
== £ e
*Roughness, base drag, boundary fayer inleis I {
0 1 2 3

* *Envelope values
BPR

Figure 52 _Baseline Airplane Cruise Deage—m—==—c=
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Table 12 Baseline Airplane Drag Buildup
M 1.2 1188/.2m (39 000 ft) A 0.87 rad (50 deq]
Friction and toughness -
7 1 BPR1 ) BPR 2 S BPR 3 ' T
s . 291 m? (3130 %) S = 277 m? (2980 #12) s - 277 m? 12980 1
Component B
¢ |70F |Pn p |0k |0 o % | Coq
A A A !
WIS | m (f0)lx 10% |x 104 WSW |m (1) [x 10% [x 104 | “W/S [mtuly10f)  x 104
7.2 7.0 7.0
i . 1. : :
Wing 1.964 (23.7) 3.3 3.0 | 1.964 (23.1) 33.5| 3.0 964 (23.1) 339.5 i 3.0
L 45500 . B 4
Body- 87.8 87.8 ! 87.8 ;
nacelle 3.30 E288.0 46.7| 50 | 3.63 (288) 51.4| 54 3.82 3(288) 54.1 ; 5.7
Vertical 4.7 4.6 ! I 4.6 I i
b . — e e . . 1 . t {
Herizontal 3.0 3.0 | 3.0 :
Lail 0.141 (10.0) 3.2| 0.2 | 0.140 (9.8) 3.2 0.2 | 0.144 ' (9.9) 3.3 0.2
' 1 ‘
Total 5.571 92.7 | 84 | 5.898 976 | 88 | 6.096 | 1100.5 9.1
[ — ——— S, e - —_ — ——d
Wave and miscellaneous drag
I e R e — e et
]’ | C “o C “0 C ! C ] ‘o
Component ! CDW D aux CDW D aux DW D ,aux
i 4 base mlet4 balse‘1 inlet 4 base4 : miet4
L x10% |x10%|x 10 x 104 |x10%|x 10 x10% [x10% x 108 Notes
t 1 o
. i ! Isolated
Wing 29.3 29.3 | 29.3 | wilg
t -
Body- ; : ’ {Wing-body
nac:lle 7.8 1.2 2.4 | 11.3 1.8 2.5 ! 16.9 ! 2.3 i 2.5 nace'le} wing
Vel 4.22 | ; 4.17 i | 427 | [Body i
L . | | “;nh
; , : ! ' HBOdy nacetied
:ci)'rlzontdl 4.65 | ‘ 4.82 } ! 4.75 | HBady -nacedic
S, [ I U + JEU B W _ — S ——
Total i 48.6 53.9 59.0
Co 150.7 160.3
SYM . 164, 168.6
Lift.drag ratio 1
LDy 14.2 . 13.7 | 13.3 ;
_ o L )
!
Envelope drag due to Lt factor K 0 0829 E
. o




w L

1Lz lis fhis




R A
:

o Skin Friction and Roughness

Turbulent skin friction was caleulated using the method deseribed in Reference 5.
Roughness drag includes the effect of such surface imperfections as fasteners, aceess doors,
joints, and larger protuberances such as antennae. Roughness drag was estimated using
data obtained during the_national_supersonic transport (SS8T) program.

o _Wave Drag_
Wave drag was calculated using supersonic area rule techniques as deseribed in
Reference 1. The bodymacelle area distribution was designed to minimize cruise drag, as

; described in Section 6.6.2. -

° Basc and Auxiliary Inlet Drag

Base area cxists between the clustered exhaust nozzles beneath the aft body. An estimate
of the associated drag has been made by.applying s pressure coefficient to this arca of -0.1.
derived from data for bodies of revolution.

L A

The auxiliary inlet captures boundary-layer air that is ducted to nozzles mounted aft of
the wing trailing edge. A conventional diverter coes not appear to be practical hecause
boundary-layer air deflected upwards would be forced to flow through the narrow channel i
S=Totween the body .and-the-wing-lower surface. Boundary-layer air deflected downward is
~— _handled by a conventional diverter. The drag of the diverter, inlet. and associated ducting
" has been estimated using methods described in Reference 7. Experimental dats would be
desirable to obtain more accurate estimates of the auxiliary inlet and base drag.

. Drag Due to Lift !

Drag due to lift was given by the envelope equation,

AC =K, C  with K. = 0.0829 :
LIFT b ‘

= obtained as described in Section 4.3. This fuorm is appropriate for baseline airplane drag
§ CTUS ar T ¥ 3 E S COTITICY S ROTDOCT
established.

ST :

=Y Trim lirag
('ruise drag has not been penalized for trim.
Scctions 7.4 and 8.4 contain a more complete discussion of trim drag and drag due to lift,

6.7.2 CRUISE-DRAG SCALARS

The cruise-drag buildup given in the preceding section applies to the baseline airplanes %

deseribed in Section 6.6. The process_of_ resizing these baseline airplanes to achieve the design .

43 ‘
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range requires scaling laws, permitting the baseline airplane drag to be adjusted for small
changes in powerplant size, wing, and empennage area.

The drag-due-to-lift factor (Ky) is independent of wing area so that scaling relationships are
needed only for the components of zero-lift drag, These relationships were derived as described
below, e

The airplance was divided into the follewing components:
e Bodyinacelle, including interference

° Wing

° Horizontal tail

e  Vertical tail

The arrangement of the passenger compartment is fixed, so that the lines and area distribution
of the bodynacelle are determined almost entirely by the duct radius (Section 6.6.1), that is
directly related to inlet area. Engine bypass ratio has only a minor influence on body/nacelle
shape. so that the body:nacelle drag is a function of inlet area and is not directly dependent on
bypass ratio. This relationship permitted the derivation of laws relating body/nacelle drag to
powerplant size, without analyzing configurations having a range of powerplant sizes at each
bypass ratio. -

Figure 53 shows thac the drag of the three optimized baseline configurations is a near lincar
function of inlet area. Thus, the rate of change of body/naceclle drag with powerplant size is
given by

4] L4
; )

|

dDg)  _  dD/y d (SLST)
d (SLST) dA, dA,

The rate of change of body/macelle drag with inlet area Id(D/q)/d Ayl is shown in Figure 53.
The rate of change of reference thrust with inlet area |d (SLSTVd Aj| is a function of bvpass
ratio, obtained from powerplant data.

The resulting body nacelle drag scaling relationships are given in Figure 53.

The zero-lift drag of the wing, horizontal. and vertical tails take the form
d \ PO .
(—]' - % ( 'l)\\‘ ('l)l.‘ é 5

Where S is the component planform area, (‘],“, and (‘”F are wave and skin friction drag

coefficients based upon S.
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a) Effect of Inlet Area on Body/Nacelle Drag
‘»‘. . - (25) 3
Wave drag
‘ 2.0 (WBN-W)
E o~ - (20) !
| £ E—
| ~N Roughness
; ‘E base drag
[ Qlo aux inlet
l 1.5 e ——
E‘ =(18) e ——— T
Friction
. 1.0 +(30) (40) (50) (60) (70)
I 1 T | I
3 4 5 6 7
AI' m?2 (Q-E—L-.-Z—:—.“..,:__"
3.0 b} Body/Nacelle Drag Scaling Relationships
-(30) j
|
1
1
- ?
2.54 :
BPR
& - (25) 3 ;
£
N
£ 9 -
Olo
20- ‘
1 |
e
!
{
1.5 1
L. {15)
(25) (310) (315) (410) (415)
I i I I I
12 14 16 18 20
SLST, 1000 kg (1000 tb}/engine 1
Figure 53  Effect of Powerplant Size on Cruise Drag
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The effeet of small variations of component area on drag are therefore given by

d(D/y) - . N i\l’ _E. d(fr
ds Dw e S 2 d¢

tAw:S) is the component wetted area ratio and £ is the component characteristic length,

This expression leads to the drag scalars tabulated below

Horizontal and

Component Wing vertical tails
d
——((%(2- 0.0066 0.0103

6.8 BASELINE WEIGHTS AND WEIGHT-SCALING METHODOLOGY
6.8.1 WEIGHT-SCALING METHODOLOGY

Weight scaling involves interrelationships between component weights and design parameters;
e.g., gross weight, wing arca. and engine thrust that can be expressed in terms of partial
derivatives, as shown in Figure 54. These weight sensitivities were developed for the
oblique-wing airplanes in recognition of their specifiec configuration characteristics. This
enabled development of a consistent set of airplane operating empty weights that were required
as inputs to mission sizing analyses.

Since a constant payload was maintained throughout the study. the primary weight effects of
variations in gross weight, wing area, and engine thrust were limited to the airplance structure.
surface controls, and propulsion-related items. Payload-related weight. such as fixed
equipment. customer options. and standard and operational items remained unchanged.

6.8.2 BASELINE WEIGHTS

Table 13 contains a list of weights, by functional item. for the baseline airplancs shown on
Figures 48. 49. and 50. As can be noted. the principal reason for relative OEW differences can
be found in the weight of propulsion systems (influenced by engine sizey and structure tdue to
gross weight and wing area differences). Section 8.4.2 contains a detailed weight statement of
the BPR 2 airpls ne that was selected at the conclusion of these studies.
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A L

QEW - Propussion-Related ltems

Constant

® Payload

® Body length

® Gear length

® Tail volume
coefficients

increasing
wing area
(S)

4

* Weight of OEW less propulsion-related items

* |ncludes

Maximum takeoff gross weight

Propuision-Related ltems

V¥ Weight of
propulsion-related items

¥ Includes installed engine
and nacelle weight

® Wing

® Empennage

® Body

® | anding gear

® Surface controls

® Hydraulics

® Fixed equipment,
customer options,
standard, and
operational items

Sea level static thrust

* QEW 'ess propulsion items

¥ Propulsion-retated items

hd ~ N

IW oW oW
W= = dMTOGW SLST
d dMTOGW dMTO ' as ds dSLST dsLS

Figure 54  Parametric Representation of the Weight-Scaling Data
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=lable 13 Baseline Airplane Weights
Eunctional item BPR 1 BPR 2 BPR 3
unett kg (Ib) kg (Ib) kg (Ib)

Structure

Propulsion
system

Fixed equipment

Standard and
operational items
including customer
options

72 350 {159 510)

74 120 {163 400)

10 060 (22 180)
20 320 (44 800)

6 360 (14 030)

11 660 (25 720)
20 380 (44 920)

6 360 (14 030)

77 760 {171 430)

13 850 (30 530}
20 520 (45 240)

6 360 (14 030)

OEW

109 090 (240 520)

112 520 (248 070}

118 490 (261 230)

6.9 CLIMB, DESCENT, AND RESERVE FUEL

The resultsofclimb. descent and reserve fuel calculations ar summarized below.

Climb
wione - Time-  Distance— Fuel
BPR (hrs) ~RET—(mMmi) % TOGW
1 0.396 357 {193) 3.88
2 0.380 343 (185) 3.59
3 0.328 294 (159) 2.99

Descent Reserves
Time  Distance Fuel Fuel
(hrs) km (nmi) % TOGW % TOGW
0.4 314 (170) 0.4 6.5
0.4 314 (170) 0.4 6.3
0.4 %LA___({I 70) 0.4 6.5

The analysis leading to these results is deseribed in Se tinn 7.0.

The reserve fuel was caleulated using the following rules:

. One-hour extended cruise at M = 0.9

° Missed approach (2 minutes at maximum takeoff power)

. ('limb, cruisc. and descent to 370.6. km (200 nmi) alternate

The 1-hour extended cruise and cruise-to-alternate was caleulated at the specitic range

HY!

hest-cruise altitude. Exchanging 45 minutes at end-of-cruise altitude and eruise Mach (FAR 250
in place of the 1-hour extended cruise at Mach 0.9 and best-cruise altitude resulted monly a
slight increase in reserve fuel requirements. It should be noted that under FAR reserve rules.

the 370.6 km 200 nmi: alternate could be considerably shorter in distance should one exist

o



a given flight. Speeds below Mach 0.8 were thought to be incompatible with other cir traffic
and above Mach 0.9, specific range begins to deteriorate. The fuel mileage between Mach 6.5
and 0.9 is nearly constant,

The 1967 Air Transport Association (ATA) Domestic Reserve Rules were chosen for being compar
able to present FAR rules and because no new transonic reserve rules have been formulated.

6.10 AIRPLANE SIZING AND BYPASS RATIO SELECTION

Design selection charts for configurations with BPR = 1, 2. and 3 engines are shown in
Figures 55, 56, and 57.

Point design airplanes were selected at the intersection of the wing fuel volume limit line and
the maximum cruise lift coefficient line (CL = 0.35), that lies very close to minimum block fuel
and gross weight. These selection charts are based on aerodynamic. performance. and weight
and balance analysis of the three baseline airplanes described in Section 6.5. Pivot weights and
weight scalars are taken from the results of the pivot design study (Section 5.01.

Characteristics and performance of the selected point designs are given in Table 14 and
Figures 58. 59, and 60. Bypass ratio = 2 engines were sclected for the final configuration
because they lead to the lowest fucel consumption and have good noise characteristics.
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Table 14 Ettect of Bypass Ratio on Siced / reraflt Performance

Mach 1.20
Puyload

18 144 kq (40 000 b}
Range = 5556 km (3000 nini}
Peripheral noise trearment”

BPR 1 BPR 2 BPR 3
TOGW kg (ib) 192 427 (424 230} | 194 550 (428 910) | 202 710 (446 500;
OEW kg élb) 109 098 (240 520) | 112 523 (248 070) | 118 524 (261 301);
S m2 {ft4) 285 {3 070) 282 (3 940) 284 (3 100
SLST kg (Ih) 14 152 (31 200) 15 966 {35 200) 18 3256 (40) 400)
Block fuel kg (Ib) 53479 (117 900) 52 526 (115 800} 54 340 (119 830)
Reservus kg {lb) 12 510 (27 580) 12 247 (27 000) { 32791 (78 200,
No. of engines/BPR 41 4/2 4,2
Thrust loading (T/W) 0.294 0.328 (.367
Wing loading (W/S) N/m? (1b/sq ft) 561 (138) 675 (141) 68Y (144)
ICAC m (ft) 12 466 (40 900) 12 344 (40 500) | 12 131 (39 300!
Cruise alt m (ft) 13076 (42 900) 12 954 {42 500) 12 741 (41 8GC
RF m (NAM] 18 150 (9 800) 18 705 (10 100) | 18 7CH (10 100)
SFC cruise) KO/N-S x 10" (Ib/hr/ib) 2.7334 {0.965) | 2.5776 (0.910) | 2.4926 (0.880)
e 13.7 13.4 12.9
L/D (cruise; 13.7
L/D (max) 14.1 . 13.4
Cy at L/D max 0.43 0.43 0.44
ffL at (cruisef————— 0.34 0.34 0.34
TOFL: a1 305 m (1000 f1) 305 k (90°)
Max flaps, m (ft) 2 359 {7 740} | 2201 (7220} 2079 (6 6201
Reduced flaps, m (ft) 3 365 (11 040) 3139 (10 300! 2 96¢ (9 /7400
CL {max flaps) Without LE 1.90 1.80 1.90
CL (reduced flaps) Without LE 1.35 1.25 190 |
L/D community noise reduced flaps
(Vapp +5.1m/s (10 kts)) 9.3 9.2 a.3
Approach speed:
Max flaps m/s EAS (KEAS) 63.3 (123.0) | 644 {125.1) | 65.1 126,65
SN thrtEStmax flaps) at 1.3.\s 1.95 1.85 1.95
Reduced flaps m/s EAS (KEAS) 72.0 (140) 72.0 (14Q) 72.0 (140)
With LE CL (reduced flaps) 1.51 1.66 1.60
- S PR —_ U —— —— ,1
Community noise: EPNdB’
From FAR 36
Takeoff with thrust
cuthack at noise station 2.6 R B | tOI6.6
Sidetine 648.2 m (0.35 nimi) 1.9 6.3 111
Approach 2.1 A4 5.0
Traded 0.1 6.4 7.0

*1976 resvarch technology quabified tor T985 desige freece
**Obligue wing alfows thrust cuthack betow 5O pereent takeat! powet
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7.0 CLIMB, DESCENT, AND RESERVE EUEL

7.1 SUMMARY

During previous studies, (Reference 1), the fuet required for elimb, descent, and reserves had
heen estimated using SST experience as a guide. Deaiied calculations had not been conducted.
The objective of the study deseribed here was to evaluate these fuel requirements more
accurately, using thrust, fuel consumption, and drag data appropriate for the yawed oblique
wing.

The results of these calculations were applied to the bypass ratio study (Section 6.0) and are
summarized in Scetion 6.9,

7.2 STUDY DFE“CRIPTION
Major advantages of the yawed oblique-wing concept are that sweep may be varied to minimize
drag at cach flight condition and that the large wing span gives excellent lift:drag ratios at low

and transonic speeds.

The first phase of this study, therefore. was to select the sweep angles that give maximum

lift‘drag ratie-for the Mach number attained during climb and subsonic cruise. Sweep selection

and drag cstimates were based on experimental data. as described in Sections 7.3 and 7 4.

£ s

Section 7.5 contains typical engine thrust and fucl consumptiorreracreristesfor=subsone
conditions.

Selection of the climb speed schedule and climb fuel calculations are described in Section 7.6.
while reserve and descent fuel calculations are deseribed in Sections 7.7 and 7.8.

Detailed climb calculations were conducted only for the BPR = 2 engines. which preliminary
estimates (Section 6.5) showed to be the most likelv choice for the final configuration,
Estimates for BPR = 1 and 3 were made by applyving increments to the BPR = 2 data. based on
knowledge of the relative drag. thrust. and fuel consumption characteristics of the three
baseline configurations described in Section 6.6.

7.3 SWEEP SELECTION

The following wing sweep angles were used during climb and subsonic cruise.

M 0——> 0.68 0.8 0.9

A 0 0.61 rad (359) 0.92 rad (119)




|
F
jl.
\r,

They were selected fellowing an analysis of experimental data deseribed in Secetion 10.0. which
showed that maximum liftzdrag rotio is attamed when:

Mcos A 0.68

7.4 DRAG

Figure 61 shows predicted drag polars at M = 0.5, 0.8 and 0.9 for the baseline configuration
with BPR - 2 engines.

0.04
M =0,8 A= 0.81 rad (36°)
- 9144 m (30 000 ft)
0.031
M=09A=0.72rad (41°)
10 973 m (36 000 ft)
Cp 0.02 \
—M=06A=0
3048 m {10 000 ft)
- 2 2
BPR = 2.0 Spgf = 277 m* (2880 ft°)
0.01}
L 0 1 R 1 . i A )
——o 8.2 0.4 0.8 0.8

Cy

Figure 61 Oblique Wing Baseline Subsonic Drag
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The drag polars have the form

C, = +  AC LA S
l) l)h'\"\] l)ll‘l{,l.\l l)llllt"l‘
Friction, profile, Trim Drag duc Lo lift

roughness, miscelloncous

Tables 15, 16 and 17 sive details of the drag buildup at BPR - 2 and increments to change the

data to BPR - 1 and 3.

Drag due to lift was estimated using the leading cdge suction approach described in Ref

‘crence
8 which gives

where

. = ey oy (2
A([)Lift %CL Tan (a—ap) —s [CL Tan (a~ay) (CL /wAR)J%

&= xg = <CL/CLQ'>

Lift slope (C' ,) and the effective leading edge suction factorts) were derived from experimental
data. as described in Section 10.0.

Trim drag was included at M = 0.5. A = 0 with the center of gravity at 26 percent © and the
estimated values of (', and wing bady acrodynamic center shown below

Cyp Aerodynamic
Y center (%¢)
Wing —0.097 Wing 26
Body -0.026 Body -11
Total ~-0.123 Total 15

Wing Cuye and acrodynamic conter were estimated using test data for NACA f-digit serics
airfoils. Body effects were predicted using slender hodyv theory.

No trim drag has been included when at M 0.8 M 0.9 or during supersonic cruise. When
the wing is swept back. Cyy,, depends strongly upon the upward curvature tdihedraly built into
the wing at zero sweep. A wide range of Cyy, can be obtained with negligable inerease in drag
due to 1lift; in addition. cruise cg can be adjusted by fuel transfer. In consequence., it should be
possible to obtain minimum (negative) trim drag in cruise and very small penalties during
climh and subsonic cruise. Figure 62 summarizes these results and shows that the oblique-wing
subsonic lift drag ratios are a little higher than conventional aireraft having

equivalent span
and wetted area.
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Table 15 Oblique Wing Subsonic Drag Mach No. 0.5

141 898 N

SLST - (31 900 th/engine)

3048 m 0 rad
At 10 000 1y SWEED ) deg)

Zero Lift Drag Buildup

5. 277m?
REF (2980 1)

8PR 2

Friction Profile
2 Miscelfancous
Component Form 4
Aw/S m%m Ce | Cop 107 | (tior | ACD % 10 Acp x 104
Wing 1.964 “44’59) 0.00231 45.4 0.33 18.1 Roughness 4.2
Body 87.8 Body upsweep 0.8
3.63 0.00153 55.5 0.02 0.9 base 1.8
Nacelles (288) aux inlet 2.0
T 3.0 T 1T
Horizontal 0.14 (9.8) 0.00245 3.4 0.03 0.1
. 4.6 . Ny
Vertical 0.16 (15.0) 0.00?;3_? 3.7 0.03 0.1
Total 108.0 16.2 8.8
Cp.., = 133.0x 104
SYM
Effect of Bypass Ratio
BPR 1 2 3
AC x 104 - .
Dsym 6.6 0 5.5
4
C x 10 4
Dsym 126 133.0 138.5 B
Drag Polar
CL 0.3 0.4 0.5 0.6 0.7 0.8
S 0.86 0.955 0.97 0.97 0.95 0.93
2o, 1, 39.8 48.4 70.1 101.0 152.0 2175
Ac o R o )
Dtrlm 6.0 5.0 B 41 3.2 ) 727.5* | 177 B
Cp 178.8 186.4 207.2 237.2 2875 352.2
2 - R 4 ., - —
- L./D 16.8 215 24.1 25.3 243 22.7
.
@1y L/D 17.4 22.2 24.9 26.0 24.9 23.1
3 L/D i 16.3 20.8 23.5 24.7 23.9 2.4
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, Table 16 Oblique Wing Subsonic Drag Mach No. 0.8
SLST - 141898 N A 9144 0.61 rad S 277 w”
(31 900 Ib/engine) It 30 000 t1) Sweep (36 deg) PREF (2980 1141
BPR 2
L
) Zero Lift Drag Buildup
Friction Profile Miscellancous A“
- Component '} 4 | Form 4 4
o ,
Aw/S | ey F ol Cop* ' | factor ASD x 10 ,, AC? x 10 o
- Wing 1.964 “%52) 0.00222 43.6 0.183 8.0 Roughness ]I 6.3
Body upsweep \ 0.8
Bod
r o 3.63 878 1500152 55.2 0.017 0.9 Base | 1.8
f Nacelles (288) Aux inlet b 20
Morizontal 0.14 (39'%) 0.00244 34 0.03 0.1 T
\ " i
X . 4.6 i
! Vertical 0.16 (15.0) |0-00228 3.6 0.03 0.1
Total 105.8 9.1 10.9
Couuy, = 125:8 % 1074
SYM
Effect of Bypass Ratio
_ BPR 1 2 3
" ]
: . — . — R
c x 10 2 ) 131.3
Dgym l 119 125.8 ] ?
|
L e o1 - e 11
{
CL 0.25 0.3 04 0.5 0.6 0./ |
s 0.76 0.855 0.905 0.902 0.885 0.8% {
ACpH 46.6 §2.9 81.2 1279 oas | 287
==ttt o ,..;__“ak.,_vﬁ__,- ’ o 4;___._'__,_4_A,.'4.v____
~Cp 0 0 0 0 0 0
trim e [ R S
Cp 172.4 178.7 207.0 253.7 320.3 4172.5
2 t— R I
- L/D 14.5 16.8 19.3 19.7 18.7 10.9
a
@1 ) un 1 18 17.4 20.0 20.2 19.1 172
3| LD T 14.1 16.3 18.8 19.3 18.4 L
'
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Table 17 Oblique Wing Subsonic Dray Mach No. 0.9

R
—— gLgT 14189BN. ... Al 10873 m Swop 072 rad 277 m

(31 900 Ib/engine) (36 000 #t) (41 deg) SREF (2980 119
8PR - 2

Zerc Lift Drag Buildup

Friction Profite .
x Miscellaneous
Component ) c Cr x 104 Form 4 4
‘; Aw/S m | F De factor | ACp * 10 ACp x 10
Wing 1.964 “6507) 000220  43.2 0.143 6.2 Roughness 6.3 a
Body 87.8 Body upsweep 0.8
3.63 "~ 10.00152 55.2 0.017 0.9 Base 1.8
Nacelles (288.0) Aux inlet 2.0
) 3.0
Horizontal 0.14 (9.8) 0.00244 3.4 0.03 0.1
Vertical 0.16 (14560) 0.00228 3.6 0.03 0.1
Total 105.4 7.3 10.9
Coe,, = 123.6x 1074
SYM
Effect of Bypass Ratio
BPR 1 2 3 |
AC |
Dsym -6.6 0 5.5
c
Dsym 117.0 123.6 129.1
i
Drag Polar 1
CL 0.2 0.25 0.3 0.35 0.4 0.45 !
j
s 0.8 0.89 0.90 0.895 0.88 0.86 |
a-‘-CDIift 30.7 38.0 53.2 73.5 100.2 133.9
AC e 7 i
Dtrim . O 0 -,3__ 0 0 °
Cp 154.3 161.6 176.8 197.1 223.8 257.5
2 P J e _L, [ SN VN O——
« L/D 13.0 15.5 17.0 17.8 17.9 17.5 ,
a. [ P S — ¥ . R G S — !
@ 1 L/D 13.5 16.1 17.6 18.4 18.4 17.9 ;
30 o 12.5 15.0 16.5 17.3 17.4 171 |
1
112 1
| |
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7.5 THRUST AND FUEL CONSUMPTION

Figure 63 shows typical off-design thrust and fucl consumption data for BPR 2 engines, and

also illustrates the effect of changes in bypass ratio. Kngine characteristies are discussed more
fully in Scetion 6.4.

7.6 CLIMB SPEED SCHEDULE AND FUEL
The climb speed schedule was chosen-to-meet-the following criteria:
e Mininum block fuel
e Maint: in 152 m/min (500 ft/min) rate of climb at cnd of climb altitude

e  Maintain velocities below structural design speca plgeard

) Maintain familiar operationel techniques

An automatic Mach number/wing sweep positioning system was assumed to maintain near
maximum lift/drag ratio during climb, following the sweep schedule given in Section 7.3.

Several combinations of constant calibrated airspeeds and climb Mach numbers were compared
to determine the best climb schedule. The schedule chosen is shown in Figure 64.

The rate of climb capability and operational lift-drag ratio of the baseline airplane with
BPR = 2 engines is shown in Figure 65.

UTimb performance was evaluated for calibrated airspeeds between 200 and 400 KCAS and
altitudes from sea level to 12172m (40 000 ft). It was found that 350 KCAS was ncar
maximum rate of cliab for all altitudes when climbing at constant calibrated airspeed. Two
constant Mach number c¢limb segments are used above 8992 m (29 500 fU). to:
(a) Maintain optimum rate of elimb (R.C) capability

(b) Maintain flyable instrument reference speeds to ease pilot workload

() Keep overall block fuel at a minimum while maintaining good end-of-climb performance:
i.e.. R and time to accelerate to eruise Mach

A summary of the climb distance. time. and fuel burned follows:

Time Distance Fuel
BPR (hours) km {nmi} (% TOGW)
1 0.396 357 (193) 3.98
2 0.380 343 (185) 3.59

3 0.328 294 (159) 2.99
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Note e Installed thiust and SFC data b heen cottected
for inlet, duct and nazsde tosses, bleed, powet
extraction, mixing, spillage and acoustic hnng

® Thrust data apply to reference engine having
177 929 N (40 000 Ib) uninstalied SLST

Fuel Consumption
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Figure 63 Oft-Design Powerplant Characteristics




e Bost schedule chosen from several combinations of
SISt tant calibrated airspeed and climb Mach numbers

Optimum climb schedule

a0 M=1.2
= LV -----»——>§
Q 10 -
S B0 M=-og9
£
> +-(20)
g 51
2
= L - =063
2 (10) | M=0.6
(250) (300) (350)
0 1 L |
! I i
125 150 175

Climb speed m/sec (cas)

457 m (1500 ft)—3048 m (10 000 ft) at 129 m/sec (250 kcas)
3048 m (10 000 ft) accelerate to 180 m/sec (350 kcas)
3048 m (10 000 f1)—8992 m (29 500 ft) — at 180 m/sec (350 kcas)
8992 m (29 500 ft)—11 000 m (36 089 ft) at Mach 0.90

11 000 (36 089 ft) accelerate to Mach 1.05

11 000 m (36 089 ft}—~12 192 m (40 000 ft} at Mach 1.05

12 192 m (40 009 ft) accelerate to Mach 1.20

Figure 64 Climb Speed Schedule
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7.7 RESERVES

The reserve fuel was ealeulated using the following rules:

° One-hour extended cruise at M 0.9

e  Missed approach (2 minutes at maximunm takcoff pow )
e  Climb, cruise, and descent Lo 370 km (200 nmi) alternate

The I-heur extended cruise and cruise-to-alternate was caleulated at the specific range at
best-cruise altitude. Exchanging 45 minutes at end-of-cruise altitude and cruise Mach (FAR 25)
in place of the 1-hour extended cruise at Mach 0.9 and best-cruise altitude resulted in only o
slight increase in reserve fuel requirements. It should be noted that under FAR reserve rulos
the 370 km (200 nmi) alternate could be considerably shorter in distance should one exist for a
given {light. Speeds below Mach 0.8 were thought to be incompatible with other air traffic and
above Mach 0.9 specific range begins to deteriorate. The fuel mileage is nearly constant at
Mach number between 0.8 and 0.9.

The 1967 ATA Domestic Reserve Rules were chosen for being comparable to present FAR rules
and because no new transonic reserve rules have been formulated.

A summary of the resulting reserve fuel requirements follows.

Reserve fuel

BPR % 'TOGW .
1 6.5
2 6.3
3 - 6.3

7.8 DESCENT FUEL

Descent is conducted with the engines at part power and idle thrust. Since the idle fuel
consumption of the study engines is not well established. the fuel burned during descent was
estimated to be 0.4 percent of TOGW, based on SST experience. This is the same quantity used
during carly oblique-wing studies described in Reference |1,

W
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8.0 FINAL CONFIGURATION

K1 SUMMARY

The final configuration incorporates the knowledge g'lin(-d during carly oblique-wing studies
(References 1 and 25, and those deseribed in Sections 4.5, 6, und 7 of this report.

The configuration with BPR — 2 engines, developed during the engine evele stady. was seleeted
as the starting point for the finai configuration. as deseribed in Section 6.10. The acrodvnamic
characteristics. weight, balance, and flight control requirements were veviewed and refined.
feading to the final configuration. designated Model 5-7. shown in Figure 66. Fhe performance
and noise of the Model 5-7 were evaluated and are summarized in Tahle 18,

8.2 CONFIGURATION DESCRIPTION

The final configuration. designated Model 5-7. is shown in Figure 66 its characteristics are
summarized on Table 19. It is based on the Model 5-3 of Reference 1. having a high wing and
four BPR - 2 engines integrated into the aft bodyv. It is nearlv identical to the bascline
BPR - 2 airplanc of Section 6.6.1.

The wing has SR-ZFes of-S83 2 m- 13040 ﬁ—+—aﬂ~m(t-m4wﬁ%,:mﬁr-pw\fuw
Section 4. It has leading edge variable camber flaps. and double-slotfed trailing _edge flapsz
(Figure 671 roll control is by tip ailerons. augmented by spoilerss

The pivot has a diameter of 2.67 m 1105 in. and is located at 30 percent of the root chord.

The turbofan powerplants (BPR - 2) are fed by pitot inlets alongside the aft fusclage. The
intake ducts curve around behind the aft cabin bulkhead and between the Tanding gear bavs_
and were laid out as described in Section 6.6-1. The empennage consists of a fixed swept fin’
with a conventional rudder. and an all-moving horizontal tail with a geared elevator. The tal
is supported from the engine mount structure,

The landing gear is of the bievele type: el the airplane does not rotate about the aft gear at
takeoff. Instead. the static ground attitude is chosen for lftoff. The rear gear consists of 1w
side-by-side twelve-wheeled trucks that retract into bavs behind the powerplant inlets. The
front gears consist of two tandem single-axte four-wheeled trucks that retract into hive
underneath the cabin floor. Approximately 70 percent of the gross weight is supported by the
rear gear. and 30 percent by the front. Details of the gear deston are given in Reference |

The passenger cabin holds 190 passengers |28 (st elass at 102 em 10 o0, and 162 tourist

Hooemo (3o pil(-h[ with single wisles four- five-. and six-abreast seating. The cabin end-
immediately bohind the engine intakes with a henispherieal bulkhead.
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Table 18 Model 5-7 Perfocmance and Naise
o Cruise Mach no. 1.2
e Payload 18 144 kg (40 000 1)
e BPR 2
= Range - 5556 ki (3000 nrni)
e Peripheral noise treatment®
TOGW kg {Ib) 194 550 (428 910)
OEW kg {Ib) 112523 (248 070)
S m2 (ft2) 282 (3 040)
SLST kg {Ib) 15 966 (35 200)
3lock tuel kg (Ib) 52 526 (115 800)
Reserves kg (Ib) 12 247 {27 000)
No. of engines/BPR 4/2
n,m__q__mmmm—-'ﬁ_z—-ém:_' 0.328
Wing loading (W/S) N/m< (Ib/ 1) 675 (141)
ICAC m (ft) 12 344 (40 500)
Cruise alt m (ft) 12 954 (42 500)
RF 5 km {NAM) 18 705 (10 100)
SFC(cmise) kg/N-S x 107 (ib/hr/ib) 2.5776 (0.910)
L/D (cruise} 13.47
L/D {max) 13.7
Cy at L/D max 0.43
CL at (cruise) 0.34
TOFL: 305 m (1000 f1) 305K (90°F)
Max flaps m (ft) 2 265 (7 430)
Reduced flaps m (ft) 2917 (9 570)
CL {max flaps) 1.85
Cy (reduced flaps) 1.45
L/D community noise veduced flaps
(Vapp +5.1m/s (10 kts)) 9.3
Approach speed:
Max flaps m/s EAS (KEAS) 63.6 (123.6)
With LE C; (max flaps) at 1.3 Vs 2.00
Reduced flaps {m/s EAS (KEAS)) 72.0 (140)
With LE C (reduced flaps) 1.56
Community noise: EPNdB”
From FAR part 36
Takcotf with thrust .
cuthack at nose staiion ' 15.0
Sideline 6.48.2 m (0.35 nmi) 6.3
Ap:proach 6.1
Tooaded 7.7

Y1976 rescarch technology quahificd for 1985 design fieese
T Oblique wing allows thrust cutback belew 50 percent takeott power
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Table 19

Model 5-7 Characteristics

Model 5-7
TOGW kg (Ib) 194 550 (428 910)
Payload kg (ib) 18 144 (40 000)
OEW kg (Ib) 112 850 (248 070)
Fuel capacity
Wing 59 600 (131 400)
Body 6 800 (15 000)
Wing area m?2 (ftz) 282.6 (3040)
Span m {ft) 61.7 (202.3)
MAC m (ft) 5.29 (17.37)
Aspect ratio 13.47
Taper ratio 0.25
Quarter chord sweep rad (deg) 0.87 (50) —=
t/c (root/tip) % 12
Pivot location from nose m (ft) 48.2 (158.1)
C/4 locatinn from nose m {ft) 47.8 (156.3)
Horizontal tail Vi 0.44
Arm m (ft) 2.2 32.5 (1086.5)
Area (exposed) m< (ft©) 20.2 (218)
Span m (ft) 8.8 (28.7)
MAC m (ft} 3.21 {10.563)
Aspect ratio 2.6
Taper ratio 0.20
LE sweep rad (deg) 0.87 (50)
t/c% 4.0 -
Vertical tail VV 0.043
Arm m{ft) 0 (105.0)
Area m2 (ft2) 23.4 (252)
Span m (ft) 5.1 (16.7)
MAC m (ft) 5.14 (16.85)
Aspect ratio 1.11 .
Taper ratio 0.254
LE sweep rad (deg) [~ ;87 50—
t/c % 3.5 _
Body payload =990 passengers (28 15t/162 tourist)
29.7 m3 (1050 13) cargo
Length m (ft) 87.6 (287 ft)
Cabin length m (ft) 44.0 (144.5)
Diameter max/min m (in.) 4,11 (162)/3.55.{140)
Powerplants 4 x ATSA 1.20 2-3000-16/2
Bypass ratio 2
Thrust N {Ibf} 156 600 (35 200)
Diameter m {ft) 1.49 (4.87)
Length m (ft) 3.00 (9.85)
Length, inlet to nozzle m (ft) 17.5 (57.3)
Landing gear -
Tires m (in.) 0.87 x 0.28 (34 x 11}
Aft trucks 2 x 12 tire-- 3 axle
Size m (i) 1.88 x 1.23 (71 x 54)
Tread m (ft) 5.0 (16.3)
Fwd trucks 2 x 4 tire -1 axle
Size 1.27 (50)
Wheel base m (ft) 41.0 {134.5)
Ground attitude rad (deg) nose up 0.026 (1.5)
122
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Cg 0.15¢ o

Leading edge flap
® Variable cam

) Lg- rad (de

8.3.1 AIRPLANE SIZIN

! 1 ) ] ) A
! | :
| ‘ '
. C —=-
- c —-| :
| c 1.20 ¢
Cp - 0.25¢

\$/ Ca 0'4OCF

4

»
2

Trailing edye flap
ber Kruger flap ® Double-slotted Fowler flap

g) 0.87 (50} ==¢_Spap, Y/2b - 0.057 t0 0.733

o Max 6 Fre: rad (deg) 0.78 (45)

Figure 67  Model 5--7 Flap System

8.3 CONFIGURATION DEVELOPMENT

G

The airplane TOGW. wing arca. and powerplant size were selected as described in Section 6,10,

8.3.2 BODY OPTIMIZA’

The cross-sectional arca distribution of the Model 5-7 fuselage was optimized using the procedure
explained in Section 6.6.2. In this case, the control point on the nozzle boattail was not used. as its

I'TON

minimum arca requirement was satisfied by the body resulting from the other six control points,

The arca plot for the Model 5-7 is shown in the configuration drawing. Figure 66.

8.3.3 PIVOT DESIGN A

ND LOCATION

The prvot bearmg and support siructure is similar to that shown in Figure 30, scaled to e
stmaller wing arca of the Model 5- 7.

The pivot s Jocated at 31
stated e Seetion D1,

Y percent wings root chord. The reasons for this choice of Toeation
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8.34 EMPENNAGE AND CONTROL SURFACE SIZING

This study is summarized in Figure 68. The horizontal and vertical tail sizing and roll control
capability of the Model 5-7 were reviewed, The horizontal and vertical tail volume coefficients
(V) established during earlier studies (References 1 and 2) were found to be adequate and were
retained. 1t was necessary te add spoilers to provide satisfactory roll control.

Takeoff 1.2Vg A =0
Flight Conditions Approach 1.3 Vg A=0 <*—

Cruise M=12 A=50°

Longitudinal Lateral—Directional .
® Takeoff rotation e Engine-out control
o Pitch stability o Directional stability <*——m—___
e Approach trim e——————— o Lateral control <e——

o Stall recovery -——————

30° pank in 2.5 secs

Horizontal tail size Spoilers required =
VH = 044
6.6% € maneuver margin Vertical size Vy; = 0.043
Positive rigid Cj;;

Flight-critical stability augmentation system required

® Uncouple longitudinal, laterai, directional modes
® Augment longitudinal, lateral stability
® Provide acceptable dynamic characteristics

Figure 68 Control Surface Sizing

Horizontal Tail

The horizontal tail size was chosen considering the items listed below:

. Takeoff Rotation: Because of geometry limitations, it was not possible to rotate the
airplane for takeoff. Instead the airplane will flv-off at taxi attitude similar to a B-52.

This method of takeoff only requires the horizontal tail to trim this attitude in ground
effect and is not demanding on the horizontal tail size.

124

ﬁ ———_———

Pt g Ay —————




Approactt Trim: The horizontal tad for this study i defined as o contratfed stabihizer ith
a gearcd clevator, similar to the B-2707-300 SST A maxinmuin (‘!.” P4 was assuned

for forward e trinn caleulations. which allows adequate clevitor authority for muaneoves

Static Pitch Stability: Based on B-2707-300 SST simulator experience, a4 negative
6.6 pereent MAC (A 0) maneuver margin sets the aft eg limit. This inherently unstable
condition requires a flight-critical stability augmentation system (SAS). The abave

longitudinal static stability criteria was used in previous yawed-wing studics

(References 1. and 21. A coupled roll-pitch trim system is required when the wirg is vawed
to take care of mistrim values introduced by wing flexibility.

Transicnt Dynamics: With the wing yawed. coupled transients exist between all thre
axes. These transients can be induced by either pilot inputs or turbulence: e, a pitch
input disturbs roll and yaw. A full-time stability augmentation system will be required to
suppress the oscillations to an acceptable level. The augmentation system shall have the
dual function of uncoupling the longitudinal, lateral, and directional mode and providing
acceptable dynamic characteristics (frequency. damping. control responsesi. Mare
investigations are necded into the question of uncoupling symmetric and asyounctri

modes. Response calculations. carried out for an F-8 fitted with an oblique wing. Showed

that in this case. uncoupling would undoubtedly be needed. On the other hand. pilots have
flown radio control models without augmentation. The need clearly depends on the
dvnamic and acrodynamic characteristics of the particular configuration. The oblique wing
transport has not been studied in depth. but current opinion is that decoupling «f
longitudinal. lateral. and directional modes will probably be necessary.

Stall Recovery: Recent SST studies have shown an aft ¢g nose-down. pitch-control
requirement of ¢ - ~0.08 rad sce” evaluated at Vg, prn- This eriteria was applicd at
the approach stall speed in this study.

The horizontal tail sizing chart for the Model 5-7 is shown in Figure 69 The required loading
range of 25 percent MAC was established as described in Section 8.4.2. The required il
volume coofficient was determined to be Vo 044, Note the aft limit s set by nase down

pitch-control requirements rather than by stability Iimitations.

Vertical Tail

The following items were considered in determina o of the vertical tail size:

Fongine-Out Control: The engine-out control s not a problem owing to the cngines
location near the body centerline. The vertical tail was sized by stability considerations-

Lateral Directional Stability: Unaugmented static divectional stabihity s assured
0 throughout the flight eavelopes with o fHight eritical Lateral-directianal

N
posifinve 10y

SAS providing satisfactory stability and handling qualitics.
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A=0Q

i P
60 ~6.6% ¢ maneuver = 2
margin \
'
Approach stability ,'\
- / Maneuver
] Stall point , .
recovery e Flight critical SAS
g or ® —G.6% C maneuver margin
= Required loading range
Ed and tail size ..
c « e Stall recovery 0 = —0.08
2 A rad/sec? at aft cg
3
g
g 204+ ¢ Movable stabilizer with
:______.——:_——...__QQML_—._B.Y.QIQL__
—_— Approach
-~ ——
0 _— ke Iy 1 -
0.2 0.4 0.6 0.8 1.0

Tail volume coefficient (VH)

Figure 69 Haorizontal Tail Sizing

Lateral Control

Using a single-degree-of-freedom roll analysis. the rolling moment coefficient required to
achieve a 307 bank in 2.0 seconds at M = 1.2 cruise (A = 50" was found to be Cg - 0.024. At
approach (A - 0), the required roll capability is 309 of bank in 2.5 seconds and the required
rolling moment coefficient is Cgo -~ 0.110. The roll mode time constant. 7. was held below
1.4 seconds for both flight conditions,

ifor both the cruise and approach conditions, it was determined that ailerons provided only
25 percent of the required roll controel,

$Spoilers ahead of the flaps were, therefore, added to obtain satisfactery roll control at approach.
Conventional spoilers have been shown to be ineffective as roll control devices for yvawed wings,
Other means. such as antisvmmetrie deflection of the trailing cedge flaps. will therefore be
required for high-speed roll authenticity, The spoilers will also he necessary as conventional
dive brakes used for flight path control.

o e e P e - - = . - P J— R




8.4 CONFIGURATION CHARACTERISTICS

8.4.1 LOW-SPEED AKRODYNAMIC CHARACTERISTICS
The low-speed acrodynamic characteristios of the Model 5-7 are presented in Figures 70 and 71

The principal difference between this data and the results presented in Section 4 is that hift at
zero incidence has been increased by 0.3. This value is based on experimental data desceribed in
Section 10. and is typical of the cambered airfoil sections likely to be used for an obligue wing.
This camber lift was not included in earlier estimates.

Leading and trailing edge flaps arc employed as shown in Figure 67. The leading edge flap is
92 percent semispan tapered variable camber Krueger flap with a constant flap wing chord
ratio of 0.15. The trailing edge flap is a main-aft double-slotted Fowler arrangement. Total
flap/wing chord ratio is 0.25 and the aft to total flap chord ratio is 0.40. The flap extends from
the side of the body outboard to 73 percent of the wing semispan. and the Fowler motion is
constant for all deflection angles.

The nonrotating takeoff and landing procedures are unorthodox for transport category
airplanes, but should present no operational problems because the concept has been proven on
the B-47 and B-52. The leading cdge flap is used only for approach and landing where the
improved stall speed margins are beneficial.

Retracting the leading edge flap for takeoff and climb provides a substantial improvement in
low-speed climb performance (particularly at low flap angles). and due to the nonrotating
takcoff procedures used. the operating liftoff speeds are higher than the current 1.2V
requirements of FAR 25 for most flap scttings.

Maximum takeoff flaps. with leading flaps retracted. are restricted to 052 rad 30% by the
1.2V requirements of FAR 25 (Figure 700, If takeoff field length or liftoff speed became
critical, climb performance (community noisel could be traded for improved takcoff
performance by deflecting the leading edge flaps. R

For takeoff. the ground roll attitude is. in effect. the geometry limit. and. therefore. normal
takeoffs would be performed at cssentially minimum unstick speed. As shown ar Figure 70.
these liftoff speeds provide adequate margins. and requiring the airplane to Lift off at specds
higher than minimum unstick would unnecessarily penalize takeoff performance.

Landing approach angle of attack was 0.026 rad (1.5% for trailing cdge flap deflections up to
0.61 rad (35", For larger approach_ flap_seitings._approach_attitude_and 1ift_cocfficient arc
limited by 1.3Vg requirements. The landing flare mancuver for a two-point touchdown would
roquire only o small attitude change for these approach conditions. Figure 70 shows the
attitude and lift cocfficient for the Model 5-7 landing configuration with the leading cdee ap

detlectod. With the teading edyge flap retracted, the appreach speed for maximum flap detlection
(0 79 rad c1a% would be about 6.7 msee (13 KT seer faster «Fgure T
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The low-speed liftrdrag characteristies of the Model 5-7 are presented in Figure 71, The
performance caleulations were based on a liftoff and landing angle of attack of 0.026 rad ¢1.5°),
equal to the wing=merdence angle. The second segment operating point was assumed to be at
the same Lt coefficient as liftoff,

Although a nonrotating configuration could be certified under current Federal Aviation
Regulations, a reexamination of FAR 25 is reccommended, particularly with regard to the
seetion on rotation speed, liftoff speed, and minimum unstick speed.

8.4.2 HIGH-SPEED AERODYNAMIC CHARACTERISTICS

Figure 72 shows the variation of lift/drag ratio of the Model 5-7 with Mach number, while the
drag polar at supersonic cruise is given in Figure 73. Subsonic drag has been predicted using
experimental data. as described in Sections 7 and 10. Supersonic cruise drag has been
estimated using theoretical methods, as described below. Experimental data has not been used
at supersonic speeds because results available for a wind tunnel model that resembled the
Model 5-7 dg_not reflect the potential acrodynamic efficiency of the configuration (Section 10).

30
25 - Tt N\
\
Crui \ L/
ruise to /
alternate \\/ e
M=05A=0 \
20 - 6096 m (20 000 ft) \
N
N
. / <
] Extended cruise N ~
2 M=08A=41° h
g 15 10 972.8 m (36 000 ft) \\\
] _/)
Supersonic cruise
104 M= 1.2 A= 560°
12 954 m (42 500 ft)
0-k T ! |
0.5 ,_"_”Ww:hew 1.6
Mach no.

Figure 72 Lift/Drag Ratio Model 5-7
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M- 1.2 A - 0.87 rad (50°) Altitude 12954 m (42 500 {t)

0.04

Cruise drag polar
(QG%LEtmun)-“\\\\\\‘

~~— Envelope

_ 2
Ao, KECL
0.03 +
Cruise lift
coefficient
Cp 0.02
) - =
—~
e D e e s —— ——— —
0.01 | Friction

Wave drag
Miscellaneous items

Figure 73 Cruise Drag Polar Model 5-7
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The cruise drag polar of *The Madel 5-7 (Figure 73) is given by

(fl) = O

T“HYM [A +OBC), + K(;Il"} e

—m—e—fpietion, wave drag Drag due to lift

il

miscellancous items

where A, B, and K are constants, Chgyy Wit huilt up as deseribed in Section 6.7,

Drag due to lift is represented as a parabola that is tangential to the envelope at cruise lift
cocfficient. This condition determines the constants A and B,

The envelope-drag-due-to-lift factor (Ky:) is consistent with values used in the planform study
(Seetion 4). Figure 74 compares K. with the theoretical minimum value for slender wings
(Reference 9) and optimally loaded celliptical wings (Reference 6). Figure 74 also shows a
numerical solution for the Model 5-7 wing planform obtained by the influence coefficient
method described in Reference 10, The envelope values used during this study are 20 percent
greater than the elliptical wing value and 15 percent greater than the numerical solution.

The polar-drag-due-to-lift factor is given by

K- L . golr
('L (l‘

where ' is the lift curve slope and Crp() * the theoretical flat plate leading edge thrust force.
which were derived from results of an acrodynamic influence coefficient analvsis. The leading
edge thrust force was calculated using a technique developed by R. M. Kulfan that is described
in Reference 11. It was assumed that 90 percent of the theoretical leading edge thrust foree
could ke attained. This assumption is supported by data.presented in Seetion 10 and

Reference 18.

No cruise trim drag pena'ty has.been imposed. This is justified because wing drag due 1o §ift is
insensitive to center of pressure location (Reference 1. p. 881 and the aft balance tank permits
flight at a wide range of cg locations. Thus. it should be possible to trim with a small up lead
on the horizontal tail. leading to negative trim drag.

8.4.3 WEIGHT AND BALANCE

A detailed weight statement for the Model 5-7 is given in Table 20, Figure 756 confirms the
results of a bhalance analysis showing the airplance has aceeptable loadability within the
specified conter of gravity range dictated by stability and control considerations. As
emphasized in Section 6.6.3, a forward water ballast would be required for partial pavioads and
forry missions. The concept would be similar to that used on the national SST program
(B-2707-300 and  that discussed for the Model 5-3 (Reference 1o P18, The airplane also
contains an after body fuel tank for selective fuel management providing the capabhility to
minimize cruise trim drag.
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Figure 74 Oblique Wing Drag Due to Lift

133

1



Table 20

Medel-5-Z Weight Statement

li,

i

Mass Weight

kg b
Wing 30 890 68 090
Horizontal tail 1020 2260
Vertical tail 530 1170
Body 25 560 56 350
Main landing gear 6070 13 390
Nose landing gear 1790 3840
Nacelle and strut 8 260 18 200

Total structure (74 120) (163 400)
Engine 9 050 19 960
Engine accessories
Engine controls 650 1430
Starting system
Fuel system 1960 4 330
Thrust reverser (in nacelle)

Total propulsion system (11 660) (25 720)
Accessory drive system 490 1080
Instruments ] 480 1 050
Surface controls 2790 6 150
Hydraulics 1810 3980
Pneumatics 660 1450
Electricat—————r—o— 1810 3980
Etfectronics 1390 3070
Flight provisions 430 950
Fassenger accommodations 5570 12 280
€argo handling 750 1 660
Emergency equipment 340 740
Air conditioning 1810 4 000
Anti-icing 1330 2930
Auxiliary power unit 610 1350
Water ballast system 110 250

Total fixed equipment (20 380} (44 920)
Exterior paint 90 200
Options 1130 2 500

Manutacturer's empty weight (107 380) (236 740)
Standard and operational items ]

Operational empty weight (1125207 | (248070)
Maximum taxi weight 195 040 430 000
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Figure 75 Model 5-7 Balance Diagram
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8.44 PERFORMANCE AND NOISE

The performance and noise characteristics of the Model 5-7 are summarized in Table 18, The
Model 5-7 performance is identical to that given for the sized BPR 2 configuration in
Section 6.10. except at low speed. The low-speed aerodynamic characteristies of the Maodel -7
were revised as deseribed in Section 8.4.1. The improved lift-drag ratios Ted to o reduction in
noise and minor changes in speed and field length.

Note that maximum taxi weight (Table 20) differs from TOGW (Table 18) in the allowance for
fuel burned during warm up and taxi.
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50 TRADE AND SENSITIVITY STUDIES
Trade and sensitivity studies have been conducted to find the percent change in TOGW and
block fuel for changes in airplane technology level. design range, and engine noise treatment

The effect on eveled TOGW and block fuel for uncyeled changes in cruise SFC. drag. thrust and
OEW arc shown in Figure 76. Since the airplanes were sized to_constant thrust-weight ratio

CTW = 0328 and WS 141, uneycled OFW changes-had-tioproatost cycled offect on TOGWS
Cruise drag had the greatest effeet on cyeled block fuel. This was due to a 10 percent loss in
lift drag ratio resulting from increased Cpypyin @and reduced Cp due to a lower cruise altitude.

- =with=tlre—renmirder—wi—fucl burned increase caused by the_scaling to the targer_airplone size

(+6.6 percent SLST and Sy,

Design range trades are shown in Figure 77. Changes in design range of 10 percent resulted in
changes in TOGW and sea level static thrust (SLST) of 6 percent with increasing ranges
vielding slightly higher trade slopes. The change in block fuel with design range was steeper.
with + 10 percent range resulting in a 14 percent increase in fuel burned. This is the result of
cycled increases in engine size 6 percent. L 1) CRUISE - 1 percent, with relative increments
in ground. climb. and reserves incrcasing with engine size. Traded noise was almost
independent of range. —= =

The effect of additional acoustical treatment (Reference 1. p. 1510 on TOGW and block fuel is
shown in Figure 78. At FAR 10 traded noise. TOGW is increased 4 percent and block fuel is
increased 4-1 2 percent.

The noise levels estimated for the studv aireraft represent noise reductions that can he
achieved when 1976 noisce technology is qualified for airplane hardware for a 1985 design
. 1 I

freeze. 'The most significant possible reductions in Figure 78 are for sideline noise. On takeoff

climbout. the benefits of extensive noise reduction treatment are offset by the lower altitudes
achieved and higher thrust required. This is the result of lower installed thrust with increased
noise treatment. The altitude. noise treatment. and thrust required will also significantly atfect
the noise at cutback. For the oblique-wing design. cutback power below 50 percent of maximum
thrust significantly reduces jet noise. allowing much lower traded noise levels than with
continuous takeoff power. On approach. maximum noise reduction also depends on airframe
noise reduction once engine noise is four KPNAB lower than the peripheral Tining vatues At
the present time. it appears that traded noise levels can be improved most with emphasis on

approach noise reduction of engine and airframe FFnporcRE AR AR = T T O AR e

noise requirements. applicable when this airpl@me AT CHTCT SCTCTCC LU OO0 T T S0
require a badanced noise component approach.
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e Cruise Mach no. 1.2
® Ruange 5560 km (3000 ninu)
o Payload 18 144 (40 000 I}

® Petipheral noise treatment (1976 research
technology qualified for 1985 design treeze)
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: ® Cruise Mach no. © 1.2
e Range 5560 km (3000 nmi)
e Fayload 18 144 kg (40 000 ib)

- 10 TOGW
B 2 . -
- Q
S st
207 Block Fuel
@
=
E 10 |
[s¢]
R
ok
Community Noise
0r
-5 r Takeott 77
{with cutback)
~10 ~
*
s 0r
v €
2
o=
s 5[
<3}
S5
E .a:a -0 Sidel
w Q idehne
<
—15 L
Peripheral —»
or lining — - Aero noise
/ himiting
-5 T~
Pueripherat =~ Appiaoach
10 fining
L * — e L S |
-5 - 10 thy
Traded nose, A EPNdB
1976 research technotogy quabified for 1985 dewegr res
Obhique wing allows thrust coathack betow 507 1t oft o
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10.0 EXPERIMENTAL DATA ANALYSIS

10.1 DATA SOURCES

NASA (Ames Research Center) has conducted a number of wind tunnel tests on oblique-wing
models. Mast of (he data has been published in References 12 to 17. without analysis.
Reference 18 contains comparisons of theorcetical predication and experimental data for a low
aspect ratio tAR = 6. A = 0) oblique wing. Agreement is generally good.

In the course of the present study. some analysis was conducted of experimental data
(Reference 17) obtained from a wind tunnel model (Figure 79y derived from the Boeing
Model 5-3 integrated body/nacelle configuration. The wing has a 12 percent NACA 8612-02 40
airfoii section and the same aspectl ratio as the Model 5-7 (13.47). but is more highly tapered A
configuration with pod-mounted engines. and a clean body reference model (Figure 801 were

also tested. The model was blade-mounted e S S CH P PO CECa :
interference using data obtained with an image mount. Corrections for internal drag and basce
pressure were applied. The Reynolds number was 19.7 x 10%m 6 x 10" ft) and boundary-laver

trip strips were used.

The results of this analysis are discussed lat. . o this section.

10.2 OPTIMUM SWEEP

Figure 82 shows experimental values of (L Dipgx as a function of the wing sweep for Mach
numbers from 0.7 to 1.2. Let Apy be the sweep angle that gives the bighest value of (L 1) imgy
at a given Mach number. and let M_\“pt be the corresponding cemponent of free stream Mach

number (M1 resolved normal to the leading edge.

M i
' ;\1‘0 COS 1\ ()pt

ng\()pt M cos Agpt

pt

Figure 83 shows (1 cos Agpt 1 as a function of free sircam Mach number. The length of the

vertical bars represents the uncertainty in determining Agpt . A reasonably good fit - obtaine d

by taking MN“M 0.68. so that the optimum sweep s given by

068
\opt Cos I( : )
M

This leads to the following optimum sweep angleos

A 1) e (1 S (.~ 0.0 1.2
\Upf ( 0.4 rad 072 rad o rad
32 (R oo
13!




(z8L9) 9zz'¢L = %%

10044 40 1€ wutod 10aid Buipy

(7'l 9EEOVT) ;WO GG'0GSL = ease ja1 buim

(629°C) 839°G TM

) mEo bLlCL - e31e 101Uy

G28L19E% 0 — - -

dOIVTTT

{306'99) 6£SvHL

3

)

(G29°2) 899'9 1M —

»— (S¥) vS8L0
ige) 6019°0
JE v9EP 0
il
(0) 0
|
(-unywo  (6ap) pey




i
vonemnbijuoy) abejasny uesjn g oinbi g
. oo looee) -
pOE6l
: . ONE - (09°EY) .
G0N L9EGL e - T s ppooLL (108°0) S€02Z
- - 80811 80y — s
) : 4 .
G+8'9) 98E L1 (G29°Z) 899°0 M - - (GZ8'1) 9LV  » -
L dOW T
-+
L e (G06'9S) 6EG'PEL
L S
vEY! $CO°LL

— [ B — N Q

VzsrorgzzL - 1%%  /
7 > i
1004, . , / N BN
D $°0 1€ 1uiod 10a1d Buipg -~ N // /., (09) 2LPOL
-~ (GS) 0096°0

{5'W 9EEDPT) LU0 GGOGGL - eae jor Buim —

i

T B - (0) 0

(runy wo  (Bap) pey

T —-(08) £2L8°0
“— (Gt} $S8L°0

T (SE) 60130

—{SZ) Y9EY0

| S

{GZ9°¢) 8992 1A

iy

T S T







U0i30913S d3sng  £8 94nbi4

W
Gl 0t S0 0
| T T M'
7
-4
-4
ajjadeu-Apoq patesbarlu|
ylog1te gy ‘Z0-CL9€ YOVN
%L =21 LYEL = HVY
169 LEL YD VSVN
0L°0 / \ do
. 1
890 Aﬁo< s02 v ) Ny
oo/ T
1do
Nw )

vi

A wdo

9°l

<WOQ
t :

)

218 1504 YSN Woiy

oney Beiqy/iyry wnuixey g8 34nbi4
saatbap 'y
09 ov 0z
r T T T T T

3jjeoeu-Apoq paiesbaruj
{tojate Oy ‘T0-CLSE YOVN
%ZL =91 LVEL = HVY
£L69 LEL HO VYSVYN

*®Ua

145




&

|

The sweep angles actually used in_perds apce_caleulations wore:

M ) — () R T =

"\”I"' () 0.61 rad 072 0d 087 rad
(36" (41 tHo"

At M 0.8 experimental data is available at A 0.61 rad (359 and Hftdrag ratio is elose i
the optimum. Following cruise sweep selection studies deseribed oo Referencee Toand Socos !
which pgave MNr)pt, 0.75. 0.87 rad (H0") sweep was selected at M 1.2, The relatively low
value of M:\'upt derived from the experimental data may he due to the airfoil seetion o
conventional NACA 4-digit series. with design 1ift coefficient equa: to 1.3) or may b arsocinted
with low Reynolds numbers on the short outer wing chords.

10.3 SUBSONIC DRAG DU TO LIFT

The drag polars presented in Scetion 7.4.1 were estimated using the lTeading cdge vuction
approach described in Reference 8.

Figure 84 shows effective leading edge suction factors found from the experimenial data of
Reference 17 using the expression:

L CLTAN (e ay) (Ch Chgyy) =

= WA A AT
V. lﬁl\ LY S ¢ 1Y) <y T et

Ci, Oy and (a0 - «a,) were obtained directly from the experimental data. Model (‘,,\,\ y Ve
found by adding estimated wing skin friction and profile drag to the drag ot the hody and
empennage, measured near zero lift. (At subsonic speeds the measured body empennage drag is
about 30 percent higher than estimated. This is discussed in the following seetiont,

Note that “s" is a measure of how closely drag due to Lft approaches the nimbmua veioe
2 . . . - . .
——t7%7A. and is influenced by a number of parameters (camber. twist. profile drag: in addin.m

to the leading edge thrust force.

The peak values of "s” (90-95 percent) are in the range expected under full-neal cogdivion-
_and have therefore not been corrected for Reynolds number effects,

All the experimental data was obtained tail on. The values of " nave not been correcied o

the presence of the horizontal tail because the effect is estimared to be sl ol 12 perecn i

Airplance drag due to it was found using the expression

S
i\

SC e {(‘LTAN tr gy s | CpTAN (e ) TR AH"J

where

o ay, (‘IA(‘L
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The lift slopc, ¢y . was obtained from Figure 85, which shows experimental data from
Reference 17 compared to a maodified form of an empirical expression derived by Polhamus
tReference 19).

The experimental values generally agree quite well with predictions at low speeds. but fall
below the predicted values when Mach number normal to the leading edge exceeds the
optimum (M_ 0.68). This suggests the onset of shock-induced separation.

The values of CLg used for calculating subsonic drag polars are:

M 0.5 0.8 0.9
A 0 0.61 rad (35°)  0.73 rad (41
ClLy80 AR - COS* A 0.0722 . 0.0925. - 0.1000
(| radian = 2 5.85 5.03 46 o=

e : : . .

10.4 SUPERSONIC LIl;‘T/DRAG RATIO

A brief investigation has been carried out to understand the poor lift‘drag ratios measured at
supersonic speeds (L'Dmax = 8 at M = 1.2, Figure 82).

Figure 86 shows the drag of the clean and integrated configurat'hi;fﬁ-mv-asmc&-wi'ng-nff.—ﬂvm————
zero lift. At M = 1.2, the measured drag of the clean configuraticn is about 40 percent greater

than estimated. This is difficult to understand because experience has shown that the drag of

such configurations can be well predicted. It is suspected that the blade mount system is
responsible.

At Mach numbers below 1.1, the integrated body has slightly higher drag than the clean
configuration. This would be expected because the integrated body has greater wetted area.
However. the difference increases rapidly at Mach numbers greater than 1.05. Adding the wing
increases the discrepancy between the two configurations, particularly between M - 1.1 and
1.2,

A possible explaination is that spillage is occurring through a normal shock located ahead of
the inlet. A large increase in drag did occur when duet flow was reduced by g screen
(Figure 86).

Note also that the model uses a bounday-laver diverter rather than the auxiliary inlet system
proposed for the airplane (Section 6.7). so that air diverted over the top of the inlet will be
forced into a narrow channel between body and wing. possibly eausing ehoking:

The lift drag ratios measured during this test are not considered to represent the potential of
an oblique-wing transpart and have not been used in the airplane analvsis.
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Figure 85 Oblique Wing Lift Slope
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10.5 SUPERSONIC DRAG DU TG LIFT

Fxperimental data from the clean-body model has been used to cheel the drag-duc-to Lift

factors used o wirplane analysis that are based on adjusted theoreticatrestatS e et tremdeme—

and 8.1,
Figure 87 shows a comparison of experimental results with an envelope drag polar. given by

O Cigyy

(.“\‘\'\1 has been found by adding estimated wing skin friction and wave drag to the measured
drag of the clean-body tail (Figure 861, The envelope drag-due-to-1ift factor (v was obtained
in the manner used during airplane analysis (Figure 74-Study Levebh.

The data shown in Figure 87 confirm that study level of drag due to Hft is reasonablel at Teast
for sweep angles of 55 and lift cocfficients_less than €25, 1t was not possible (o carry out a
simitar cheek for the selected SFrpRETE TR CO PRI d i =t — (.31

because clean-body test data is not available for this condition,
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11.0 CONCLUSIONS AND RECOMMENDATHONS

The variable sweep oblique-wing concept is technically feasible and is the % st configuration for
flight at moderate supersonic Mach numbers. It is lighter. quicter, and more fuel efficient than
comparable svminetric configurations. The concept is very versatile. combining cxcellen
low-speed _and noise characteristics with transcontinental boom-free supersonie flight and
possi

The single-pivot oblique wing appears structurally maore efficient than the conventional.
duai-pivot variable sweep wing,

Major characteristics of the oblique-wing transport are:
. High aspect ratio. tapered wing with composite structure, pivoted al 25 - 30 pereent chord
o Teflon-coated. turntable-tvpe pivot

) Bypass ratio 2 engines. aft mounted. integral with the body

e Bicevele thonrvotating) landing gear
) Probable requirement of a full-time stability augmentation svstem permitting reduetyn -

in horizontal and vertical tail size. uncoupling longitudinal. lateral. and directional niodes
and providing acceptable dvnamic characteristies

Additional research and development is recommended in the following arcas,

Feonomic and operational studics are neceded to determine the operating costs and
chargeteristios of the oblique-wing transport relative to subsonic and supersonic transports.
Atreraft designed to cruise at higher supersonic Maoch numbers should be mvestigated o
combination with variable cvele engines. Such aireratt have potential for efficient overwaio
flight at moderate supersonic speeds oM 15 - Lgn combined with boom-free transcontisenta |
supersonice flight.

The acrodvnamic design of the wing and the integration of the poveerphas should be dev g
using theoreticat and experimental merthaods,

acrodvnamic cross couphing and o bels T RTOEEr Ao P FRFPe= T T D a0 - - Lo

reGuirenenis

A sabseale model of the pivot and partions of the wine ond bhady suppert stracture shonld .
butli Thi- madel would he nsed to mnvestiate producibility of the pivot aod the offo o ot e

aed hody ~tractural detl croons




A subscale demonstrator aireraft would provide valuable data in many arcas, including:
) : B

'

'Iol'l

Manned flight evaluation of handling and ride qualitics

Takeoff and landing characteristics of nonrotating aircraft

Correlation of analytic and wind tunnel results with flight data to provide confidence in
acrodynamic prediction techniques for future oblique-wing design programs
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