




































































































































































































As initially conceived, a small slotted slat type device, pivoted and sealed to the wing at one end,
could be extended into the flow to produce a very powerful vortex which would flow aft over the
wing into the region where the flow would begin to separate in a given high-lift configuration. The
basic configuration of this alula leading edge device on a typical transport wing might be as shown.

So far the device serves the same function as a leading edge snag: i.e., it produces a vortex which
acts as a barrier to span wise boundary layer drift and, like a vortex generator, delays the onset of
separation by establishing and maintaining a momentum exchange process which extracts low
energy air from the boundary layer beneath it and allows higher energy air from the adjacent free
stream to flow into the evacuated region. Wind turbine airfoil tests with ordinary vortex generators
demonstrate that this latter effect (produced with very small devices) can be extremely powerful.

To achieve these beneficial results the vortex should be of sufficient strength to traverse a severe
adverse pressure gradient and remain fully effective to the trailing edge of the wing. Here a snag
or an ordinary vane-type vortex generator is limited, due to the strength of the vortex either can
produce. To amplify the strength of the vortex formed by a snag type leading edge device it is
possible to capitalize on the theory of multi-element airfoils. The strength of the vortex shed from
the exposed tip of the alula depends on the strength of the circulation about the alula, The "slat
effect" on a multi-element airfoil ensemble can produce very high values of circulation on the slat
(or alula). Thus the novelty of this device is the use of the slat effect to amplify the strength of the
vortex produced by a retractable snag type vortex generator to control the local separation on a
swept wing.
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Having based our scheme on semi-theoretical arguments, it remained to perform an experimental
verification of our hypothesis. To minimize the expense of such verification, it was decided to
perform some limited proof-of-concept tests in a small (14" x 16" section) low-speed wind tunnel
with existing models on an as-time-permitted basis before proposing more suitable tests in a larger
facility. The quality of the results obtained in these preliminary tests are reflective of the
constraints of the on-the-cheap approach taken.

The intent was to use an existing swept wing model with addition of simple sheet metal parts to
simulate the partially separated flow pattern on a mildly flap deflected transport wing, i.e., with
local trailing edge separation outboard of the flap. The choice of readily available candidate models
was limited to the two shown. The two models were:

Modell A relatively low aspect ratio 767 vertical stabilizer with a symmetric airfoil section,
no twist and a higher than desired sweep and taper ratio. This basic model was
subsequently fitted with a simple, cambered leading edge extension and was tested
with and without a part span, sheet metal flap as shown. At a tunnel dynamic
pressure (q) of 20 psf, the average Reynolds number was 0.45 x 106.

A swept 2D wing with a thin 747 airfoil section. While the model had about the
desired sweep for the proposed tests, the clumsy downstream tip mounting plate
caused serious disruption of the flow over the outboard portion of the wing.
Modifications were made to the plate and a leading edge extension and third-span
metal plate flap were attached. At a tunnel q of 20 psf the average Reynolds
number on this modified section was about 0.8 x 106.

Model 2

Neither of these models, even with modification, proved to be entirely suitable. However, both
produced flows which could be altered (apparently beneficially) by addition of a simple sheet metal
or adhesive backed aluminum tape alula devices fabricated on a rather ad hoc basis as the tests
proceeded. All data obtained in the tests was fluorescent oil surface flow visualization.

In general, the marginal suitability of the models limited the quality and quantity of data acquired.
Of these data, three cases have been selected to demonstrate the effects of addition of non-
optimized alula devices to the various models tested. In none of these cases did the alula clearly
demonstrate that it worked as hoped, but in all three cases the separation patterns of the basic
models were significantly altered in an apparently desirable direction.

Case 1. Model I Without a Flap

The first application of the alula device was made to the 767 vertical stabilizer model with the
leading edge device but without the flap. The flow patterns with and without the alula are
sketched. Without the alula there is a strong spanwise flow with a large region of separation over
the trailing edge of the outboard wing at the tested angle of attack of about 17°. There is very small
swirl in the flow pattern toward the inner edge of the separation zone. Early positioning of the
alula too far inboard resulted in the tip vortex from the alula feeding this local swirl and resulted in
a dramatic enlargement of it. In most later tests the tip of the alula was placed well outboard of
such swirls and as shown the separation region is reduced in size and moved toward the tip. The
strong component of spanwise flow ahead of the separated region remains similar to that of the
wing without the alula, however, and the extent of improvement due to addition of the alula
remains ambiguous in the absence of accompanying force data. Taping over the slot on the alula
did seem to reduce its ability to alter the separation pattern and orienting the alula in the opposite
sense (as a snag) showed a decrease in effectiveness.
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Case II. Model I With a Flap

This case shows the before and after flow patterns observed on Model I when a simple flap
deflected about 200 was added to the model. For the cases shown the model was at about 140 angle
of attack.

Addition of the half span flap straightened the flow over the inboard portion of the wing, but
outboard trailing edge separation could not be forced to occur adjacent to the flap and tended to
form a large wedge shaped region extending to the tip. Addition of a modest sized alula rather far
outboard did, as before, appear to suppress the outboard trailing edge separation. Ad adverse
effect is shown due to the poorly faired inner end of the alula. Here the "comer" at the wing/alula
junction seems to cause a pocket of trailing edge separation just outboard of the flap end.

The conclusions drawn from this and the previous case are that the alula seems to work after a
fashion but a conclusive demonstration is foiled by the high sweep and taper of the model, and
compounded by the low Reynolds number of the tests.

Case III. Model n With Flap

Based on lessons learned with the two previous configurations, attention turned to Model II. In
this case, however, even with the leading edge extension the flow on the basic model was
wretched. Significant features were that the flow over the flap was completely separated and the
outboard flow was dominated by a large and powerful "swirl" centered at about two-thirds semi-
span. This flow showed little promise for improvement without a great deal of effort and the
decision was made to try the alula anyway.

In this case a fairly large and heavily loaded vane was mounted with its tip located at nearly 90% of
the semi-span. With this alula the large surface swirl was somewhat diffused and moved outboard
and aft while the flow on the flap became at least partially attached.

Separated Flow

r (Separation bou1dafy
without atu&a)

-- ---------- ---~~~~=~Separated Flow

Pole ::: 0.45 X 106

Ar.rt;je at Attack ::: 170
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THE DAWN OF COMMERCIAL AVIATION

• Speed and range increases become the dominant performance goals.

• Lockheed and Douglas emerge as the premire developers of
commercial aircraft.

• Boeing, despite a record of technical innovation and great success in
long range bomber design, never quite makes it into the big time in
commercial airplane sales.

• The post-war Boeing "Stratocruiser'; developed from the B-29/B-50
bomber series, just about puts us out of the commercial airplane
business.

• Non-stop New York-to-West Coast and New York-to-Europe becomes
the target for future development. Ten to twelve hour flight times in a
properller-driven airplane is not a particularly fun way to travel.

"Life is too short to spend working on propellers. "

Ed Wells

The cnginal Boeing Bug. used as (he principal Boeing trademark from 1926 to 1942, has seen bur Irmired U!oC

since World War II.



June 30, 1930

• Boeing AJrTransport, Inc
• Celebrates its third birthday

UN "INCISCO·
CNICIGO SIeIlON

BOEING AIR
IRAN SPORT

Iun 1.19"

CHIUGO·MIW
'ORI IICf10M

NATIONAL AIR
TRANSPORT
II'IIM'" "'91'

• Operating on Chicago - San Francisco
and Los Angeles - Seattle routes

• Completed 10,000,000 miles
• Carried 13,800 passengers·
• Carried 176,000,000 letter?

• Flying 50 airplanes

Route maps show how Boeing Air Transport,under
Boeing and Rentschler, grew into coast-to-coost,
United Air Lines.
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TECHNICAL DATA - MODEL 80A

Mail-passenger
4 passengers, I pilot, 500 lb mail
P & W Hornet 525 hp
3,722Ib
6,0751b
137 mph
125 mph
800 ftlmin
16,100 ft
535 miles

Type:
Accommodation:
Power plant:
Span:
Length:
Height:
Wing area:
Empty weight:
Gross weight:
Max speed:
Cruising speed:
Climb:
Service ceiling:
Range:

TECHNICAL DATA - MODEL 40B-4
Type:
Accommodaeion:
Power plant:
Empey weight:
Gross weight:
Max speed:
Cruising speed:
Climb:
Service ceiling:
Range:

Passenger transport
18 passengers, 2-3 crew, 898 Ib cargo
3 P & W Hornet 525 hp
80 ft
56 ft 6 in
15 ft 3 in
1,220 sq ft
1O,5821b
17,500 Ib
138 mph
125 mph
900 ftlmin
14,000 ft
460 miles

Boeing Model 40. First Flight: July 7, 1925 (Model 40B-4: Oct. 5, 192 Boeing Model 80. First Flight: August, 1928.
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First Flight: Feb. 8, 1933.
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TECHNICAL DATA - 247 SERIES
Boeing Mod.!
Span:
Length:
Htight {overall):
Wing arta:
Empty wtight:
Gross ueight:
P()W~r plant:

247
74ft
51 ft 4 in
15 ft 5 in
836·13 sq ft
8,400 Ib
12,6501b
P&W Wasp
SIDI 550 hp
at 2,200 rpm
at 5,000 ft

247A
74ft
51 ft 4 in
16 ft 5 in
836'13 sq ft
8,9751b
12,405Ib
P & W Twin
Wasp Jr
SGR-1535,
625 hp at
2,400 rpm at
sea level
198 mph
170 mph
at 60% power
650 miles
(290 gal)

.1,170 frlmin
22,700 ft
24,100 ft
6 passengers or
test equipment

247D
74ft
51 ft 7 in
12 ft 1'1. in
836'13 sq ft
9,144lb
13,6501b
P& W Wasp
SIHIG
500 hp at
2,200 rpm
at 8,000 ft

Max spud:
Cruising speed:

182 mph .
155 mph

200 mph
189 mph
at 12,000 ft
745 miles
(273 gal)
1,150 frlmin
25,400 ft
27,200 ft
10 passengers
baggage, 400 Ib
mail

Range: 485 miles
(208 gal)
1,320 frlmin
18,400 ft
20,500 ft
10 passengers,
baggage, 400 Ib
mail

Rate 0/ climb:
Service ailing:
Absolute ceiling:
Payload:

~~ ~, ,

DC-I

-~=
D"•••,,. DC·' -4
~O~~

Douglas DC-J

/1; """""" nr<ll
,-ill ~ .L ------.~

Fi rst Fl ights: DC-l
DC-2
DC-3

December 1933
May 1934
December 1935
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TECHNICAL DATA - YIB-I?
Type:
Accomrnodanon:
Power plant:

Heavy bomber
6 crew
Wright R-1820-39 1,000 hp (take-off} 850 hp at
5,000 ft (normal)
103 ft 9% in
68 ft 4 in
18 ft 4 in
1,420 sq ft
24,4651b
34,880 Ib (normal), 42,600 Ib (maximum)
256 mph at 14,000 ft
217 mph
30,600 ft
10,000 It in 6·5 min
1,377 miles
F,ve30 cal MG, 8,000 lb bombs

Span:
Length:
Heiglu:
[fling area:

Empty weigh!:
Gross weighr:
Max speed:
Cruising speed:
Service ceiling
Climb:
Range:
Annamenl.

B-17 Wing
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TECHNICAL DATA - MODEL 307 (STRATOLINER, C-7S)
Type:
A ccommodation:
Power plant:

High-altitude long-range transport
33 passengers, 5 crew
Wright GR-1820 Cyclone, 900 hp at 2,300 rpm at
17,300 ft
107 ft 3 in
74 ft 4 in
20 ft 9 in
1,486 sq ft
30,3101b
42,000 Ib
246 mph at 17,300 ft
220 mph at 15,700 ft
1,200 ftlmin
26,200 ft
2,390 miles

Span:
Length:
Heighr:
Wing area:
Empty uieight:
Gross toeight:
Max speed:
Cruising speed:
Climb:
Service ceiling:
Range:

Boeing r~odel 307_ First Flight: December 31, 1938.
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TECHNICAL DATA - XB-15
Type:
Accommodation:
Power plane:

Span:
Length:
Height:
Wing area:
Empey weight:
Gross weight:
Max speed:
Cruising speed:
Service ceiling:
Range:
Armamene:

(I~I':""'~'p/fOT01rP{

flJ'L :ONh(;u~Ar,ON

TECHNICAL DATA - MODEL 314
Heavy bomber
10 crew
P & W R-1830-11 Twin Wasp 850 hp a 2,450 rpm
at 5,000 ft (1,000 hp for take-off)
149 ft
87 f( 7 in
18 f( I in
2,780 sq f(
37,7091b
70,7061b
200 mph at 5,000 ft
152 mph at 60% power at 6,000 ft
18,900 ft
5,130 miles
Two ·50 cal MG, four ·30 cal MG, four 2,000 Ib
bombs

Type:
A ccommodaeion:
Power plane:

Span:
Length:
Height:
Wing area:
Empey uieight:
Gross weight:
Max speed:
Cruising speed:
Climb:
Service ceiling:
Range:

Boeing Model 294. First Flight: Oct. 5, 1937. Boeing Model 314. First Flight: June 7, 1938.

Over-water long-range transport
74 passengers, 10 crew (max)
Wright QR-2600 Double Cyclone, 1,200 hp at 2,100 rpm
at 5,400 ft (1,500 hp for take-off)
152 ft
106 ft
27 ft 7 in
2,867 sq ft
50,2681b
82,500 Ib
193 mph at 80,000 Ib at 10,000 ft
183 mph
565 ft/rnin
13,400 ft
3,500 miles
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TECHNICAL DATA - B-50A
Type:
Accommodation:
Power plant:
Span:
Length:
Height:
Wing area:
Empty weight:
Gross weight:
Max speed:
Cruising speed:
Service ceiling:
Climb:
Range:
Armament:

80[N6 ,-t(JIXL 377 SPlATO~V'S£R

Medium strategic bomber
12 crew
P & W R-4360-35 3,500 hp
141 ft 3 in
99 ft
32 ft 8 in
1,720 sq ft
81,0501b
168,7081b
385 mph at 25,000 ft
235 mph
37,000 ft
2,225 ftlmin
4,650 miles
Twleve ·50 cal MG, one 20 mm cannon,
20,000 Ib bombs

~ 0.0.00.0 00 0 0

o

TECHNICAL DATA - MODEL 377 STRATOCRUISER
Type:
Accommodation:
Power plant:
Span:
Length:
Height:
Wing area:
Empty weight:
Gross weight:
High speed:
Cruising speed:
Initial climb:
Service ceiling:
Range:

Long-range transport
55-100 passengers and attendants, 5 flight crew
Four P & W R-4360 Double Wasp, 3,500 hp for take-off
141 ft 3 in
110 ft 4 in
38 ft 3 in (26 ft 7 in with fin folded)
1,720 sq ft
78,9201b
135,000 Ib (later 148,000 Ib)
375 mph
340 mph at 1,900 hp per engine at 25,000 ft
1,040 ft/min
32,000 ft
4,200 miles with maximum fuel
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Saunders-Roe S.R.45 Princess
Country: Great Britain; Constructor:
Saunders-Roe Ltd.; Type: Civil transport
flying boat; Year: 1952; Engines: Ten
Bristol Proteus 600 propeller-turbines
(inner pairs coupled), 2,500 hp each;
Wingspan: 219 ft 6 in (66.9 m); Length:
148 ft (45.11 m); Height: 55 ft 9 in
(16.99 m); Weight loaded: 345,000 lb
(156.492 kg); Cruising speed: 358 mph
(576 km/h); Range: 6,040 miles
(9,720km); Crew: 6; Passengers: up to 220

Sauudc rs-Roc S.R.45 Princess

Bristol 167 Brabazon

Bristol Type 167 Brabazon 1
Country: Great Britain; Constructor: Bristol Aeroplane Co. Ltd.;
Type: Civil transport; Year: 1949; Engines: Eight Bristol Centaurus
20, 18-cylinder radial, air-cooled, 2,500 hp each; Wingspan: 230 ft
(70.1 m); Length: 177ft (53.95 m); Height: 50 ft (15.24 m);
Weight loaded: 290,000 Ib (131,540 kg); Estimated cruising speed
250 mph at 25,000 ft (402 krn/h at 7,620 m); Ceiling: 34,500 ft
(10,500 m); Estimated range: 5,500 miles (8,850 km); Crew: 12;
Passengers: 100

"Life is too short to spend working on propellers."

Ed Wells



INTO THE JET AGE
(on swept wings)

A brief digression into the initial history of jet bomber design.

~ -- --,-------
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B-17 \
B-36

• Jet bombers required more powerful and fuel economical engines
and/or tanker aircraft for air-to-air refueling.

• The precedent is thus set for the development of turbine powered
transport aircraft.
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HEINKEL HE 178 (AUGUST) 1939
The Heinkel He 178, the world's first aircraft to be powered
solely by a turbojet, was designed as a flight test-bed for the
Heinkel-Hirth HeS 38 centrifugal turbojet. The layout chosen
for the He 178 was surprisingly similar to that chosen for the
first British jet aircraft, the Gloster E.28/39, employing a
simple air intake in the nose to give full ram effect, the air
then passing straight through the engine and out through a
tail orifice.

The He In, work on which was commenced in 1938, had a
shoulder-positioned wing of wooden construction and a dura-
lumin monocoque Iuselage. The HeS 3B turbojet delivered
1,100 lb. thrust and burned petrol. It was installed aft of
the pilot's cockpit and the air intake bifurcated and passed on
either side of the pilot who was provided with a rudimentary
thr oule with which to control the thrust.

On August 24, 1939, the He 178 left the runway for the first
time, flying in a straight line at an altitude of a few feet and
landing successfully. On August 27 it flew its first circuits but
the test pilot was forced to make an emergency landing. Several
completely successful flights were made, and on November I.
1939, the He 178 was demonstrated before officials of the
German Air Ministry.

The He 178 weighed 3,439 lb. empty and 4,400 lb. loaded.
The maximum speed attained during flight tests was 435m.p.h.,
and dimensions were as follows: -Span, 26 fl. 8 in., length,
24 ft. 7 in., wing area, 85 sq. ft., wheel track, 5 fl. II in.

GLOSTER GAD (E_28/39) (MA Y) 1941
The Gloster GAO was the first British jet-propelled aircraft
to fly. Design was initiated in September 1939 to meet the
requirements of Air Ministry specification E.28/39, and the
aircraft was primarily intended to flight test the Power Jets
W.I turbojet. Two prototypes were built, the first initially
having the unairworthy W.I X turbojet [or preliminary taxi-ing
trials. This was replaced by the W.I or 850 lb. thrust for
flight testing, and the GAO first flew on May IS, 1941. After
10 hours' flying with the W.I-during which an altitude of
25,000 fl. and a speed of 300 m.p.h. were recorded-this unit
was replaced by the 860 lb. thrust W.I A for further trials, and
later by the Power Jets W.2/500 of 1,700 lb. thrust.

Meanwhile. a second GAO had been completed, flying for
the first rime on.March I. 1943, powered by the 1.220 lb. thrust
Rover W.2B. which was succeeded by the 1,400 lb. thrust
Rolls-Royce W.2B/23 and, finally. a 1,526 lb. thrust W.2B.
With the Iauer turbojet the second GAO achieved 466 m.p.h.

The GAO was of all-metal construction. with a nose orifice
for the turbojet, the airflow being divided to pass each side
of the pilot's cockpit and being ejected through an efflux
duct in the tail. Weights and performance varied with the
type of turbojet installed. but with the W.I A unit maximum
speed attained was 338 m.p.h. and loaded weight was 3,700 lb.
With the W.2B loaded weight was 3.900 lb .• which, with the
W.2/500, was increased to 4.180 lb. Dimensions were: span,
29 n., length, 25 n. 2 in.; height. 9 fl. 3 in.
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Me 262A-lb

MESSERSCHMITI ME 262

Ar 234B-2

The German Arado Ar 234 B

-the world's first operational jet bomber.
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CONVAIR X8-46

Convair XB·46.

Th~ Stat~-on-Ahtin U.S. J~ Bomben VeAign C~Qa E~y 1945.



The Famaiu. "Le;UefL nfLOm GefLmQ.I1Y" by GeOfLge Scha.oce): (Va;tc.d ,'.(o·y 5, 1945)
WfUc.h Led to th« U.6e on ;the Swep;t W~l1g 011 the. Boul1g B-47 E,,·rnbefL.



Busemann Invented Swept Wings in 1935

ru••
ru••

M = M.cos<p

\ iL-->\....- __ Tu

• A. Busemann. "Aerodynamische Auftrieb bei
Uberschallgeschwindigkeil, Luftfahrtforschung. Vol.
12. pp. 210·220. 1935.

Jones Reinvented Swept Wings in April 1945

Figure 3. WING SWEEP

ln April 1945. Boeing learned about the value of wing sweep from Robert Jones of NACA. Sweep
would permit about 10% higher cruise speed and range.

TECHNOLOGY NOTE: The use of substantial amounts of wing and tail sweep in the Boeing prototype
might be the key to winning the jet bomber business.

MANAGEMENT NOTE: Be more attentive to new ideas from the research world.

Relative velocity component (as a Mach number)
normal loa given isobar near the leading edge of a
wing moving at M: 0.7.

The theory of sweep

707 Revolution June :'0. 1989



1944
Projekt Ta 183 (Focke-Wulf)

A = 4.4
A = 0.81

ALE = 40.8°

The German Ta 183 fighter project

• Lrpp[SCH, A- M_ The Delta Wing.
Ames: Iowa State Univ, Press. 1981.

Lippisch Delta Wing
Supersonic Fighter (1944)

Blohm und Voss P_188_03

fI D. Masters, German Jet Genesis. London: Jane's
Publishing. -1982.

• K. Kens and H. J. Nowarra, Die Deutschen
Flugzeuge 1933-1945, Munich: J. F
LehmannVerlag, 1961.

JUNKERS Ju 287 V3 (A-O/ A-l)
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TECHNICAL DATA - XB-47
Type:
A ccommodation:
Power plane:
Span:
Length:
Height:
Wing area:
Empty weight:
Gross weight:
Max speed:
Cruising speed:
Service ceiling:
Climb:
Range:
Armament:

Medium bomber
3 crew in tandem
General Electric J35, 3,750 lb thrust
116 ft
108 ft
28 ft
1,428 sq ft
76,0001b
125,000 lb (normal), 162,500 Ib (overload)
578 mph
Not available
38,000 ft
3,100 ftl min
4,000 miles (ferry)
Two -50 cal MG, 10,000 1b bombs (normal),
22,000 lb bombs (maximum)



• WOOLDRIDGE,E. T. Winged Wonders, The Slory of the FLying Wings. Washing-
ton, D.C.: Smithsonian Institution Press, 1983.
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Boeing B - 47 Stratojet

Handley Page Victor B·l

Avro Vulcan B-1

Vickers Armstrong Valiant

Different configurations for aircraft designed to similar specifications

BOEING B·47 AVRO VULCAN

GROSS WING AREA - It2 (m2) 1430 (133 ) 3446 (320)

TOTAL WETTED AREA - It2 (m2) 11300 (1050) 9500 (685)

SPAN - It (m) 116 (35.4) 99 (30.2 )

MAX. WING LOADING - Ib/lt
2

(kg/m2 140 ( 690) 435 (212 )

MAX. SPAN LOADING - Ib/tt (kg/m) 1750 (2590) 1520 ( 2250)

ASPECT RATIO 9.43 2.84

COo (ESTIMATED) .0198 .0069

l/nAe (e .OSWALD FACTOR) .0425 ( .8) .125 ( .9)

L/Dmax ; C 17.25 ; .682 17.0 ; .235
Lopt

Similarity in max. lift/drag ra-
tios for two widely different configura-
tions
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t30EtNG MODEL 464 f/J-52t3)

TECHNICAL DATA - XB-52, YB-52
Type: Long-range bomber
Accommodation: 5 crew
Power plane: 8 axial-flow P & W YJ57-8-3, 8,700 lb thrust
Span: 185 ft
Length: 152-67 ft
Height: 48·25 ft (21'5 ft folded fin)
Wing area: 4,000 sq ft
Empey uieighi: 160,000 Ib
Gross weighe: 390,000 Ib
Max speed: 483 knots (556 mph) at 40,000 ft
Cruising altitude: 39,000 ft
Range: 5,200 miles
Armament: Four ·50 cal MG, 10,000 lb bombs



THE FIRST JET TRANSPORTS

• The de Havilland "Comet" -- Alas, before its time.

• Boeing 367-80

• 707 competitors

- DC-8

- Convair 880/990

- Vickers VC-IO

• 727 vs Lockheed "Electra"

• DC-9 vs Boeing 737

• Jet commercial aviation comes of age and because of speed and comfort
(and relative safety) becomes the way to travel.

• Having done all this, what next?



DE HAVILLAND D.H.I06 COMET

Few aircraft have given rise to so much discussion, both from the
operational and engineering ~iewpoints, than has the. D.H.I06
Comet, the world's first turbojet-driven commercial airliner. T~e
misfortunes that befell the initial production model and resulted In
its withdrawal from commercial operation were but a temporary
setback in the evolution of this historic aircraft and do not detract
from the boldness and foresight of its basic design a~d the out-
standing qualities that it evinced in commercial service.

Development of the D.H.106 began in 1943, when th~ de
Havilland Aircraft Company and the Bra?a.zon C:0.n~mlttee
foresaw the postwar need for an advanced airliner utilising the
then new gas turbine engine. The basic configuration C?f the
D.H.106 was finalised in August 1946, an order for sixteen
machines was placed in January 1947 and, in December of that
year it was decided to name the D.H.I06 the Comet. The first
prot~type was wheeled out in' April 1949, and on July 27, 1949,
was flown for the first time.

The aesthetic simplicity of the Comet belied the advanced
thought in its design. The four turbo~ets ~ere grouped ~s close
to the fuselage centre line as was poss.lble III ord~r that flight on
any two turbojets could be effected wlth~n~t. considerable rudder
trim correction, thus offering the possibility of reducing fuel
consumption while holding a stand-off pattern at low altitude
where the turbojet's economy is poor. .

The initial production version, the Comet Series 1, was
powered by four 5,050 lb .. thru.st de Ha~illand Ghost 50 Mk.1
turbojets, the first production aircraft flying o~ Janu!ry I, 1950.
The Comet Series 1 had a moderately swept Wing (20 at quarter-
chord), with a gross area of 2,015 .sq. ft., which resulted. i~ a
modest wing-loading at the all-up weight of 107,000 lb. Provl.dmg
accommodation for thirty-six to forty passengers, the Series 1
cruised at 490 m.p.h. at 35,000-42,000 ft. an~ was employed ?n
international routes in stages of up to 1,300 miles. Ultimate still-
air range (with full tankage and 12,000 lb. payload) was 3,540
miles. Overall dimensions were: span, 115 It.: length, 93 ft.;
height, 28 ft. 41 in. On May 2, .1952, B.O.A.C. began. regu~ar
operations with the Comet, and In the first year of service With
the Corporation the Comet carried 27,700 passengers and flew a
total of \04,600.000 revenue passenger miles.

The Comet Series Ia differed in having Ghost 50 Mk.2 turbo-
jets which, with water/methanol injection, provided 5,125 lb.
thrust. Fuel capacity was increased from 6,000 to 7,000 Imp. gal.,
increasing stage lengths by some twenty per cent., all-up weight
was increased to 115,000 lb., and seating capacity for forty-four
passengers was provided. A total of twenty-three Series 1 and 1a
Comets was built, including the prototype.

The Comet Series 1 was succeeded on the production lines by
the Series 2, which was a logical development, taking advantage
of the higher thrust and lower specific consumption of the Rolls-
Royce Avon engine. By taking the sixth airframe from the Comet
I production line and fitting four 6,500 lb. thrust Avon 502
turbojets, a prototype was produced quickly and, known as the
Comet 2X, was flown on February 16, 1952. The production
Comet Series 2 differs from the prototype in having 7,000 lb.
thrust Avon 503 engines, a 3 ft. increase in fuselage length and a
modified wing section to improve take-off characteristics, im-
prove slow-flying performance and reduce the landing speed.
The first production Comet Series 2 was flown on August 27,
1953, and this version provides accommodation for forty-four
passengers, is suitable for stage lengths of 1,750-2,200 miles, and
has a capacity payload of 13,000 lb. Empty and loaded weights
are 53,870 lb. and 120,000 lb. respectively, ar-u normal cruising
speed is 480 m.p.h. at 40,000 ft.

A further progressive development of the basic design, the
Comet Series 3, was flown for the first time on July 19, 1954.
The fuselage has been lengthened 15 ft. 6 in. as compared to the
Series 2, and while the wing plan is essentially the same, there is
some increase in wing and flap area, gross wing area being
increased to 2,121 sq. ft. A distinctive feature of the wing is
the addition of two leading-edge tanks which increase the fuel
tankage from 6,900 (Series 2) to 8,050 Imp. gal. The prototype
was powered by four 9,000 lb. thrust Avon R.A.16 engines, but
the production Series 3 will have the 10,000 lb. thrust Avon 521.
Providing accommodation for fifty-eight to seventy-six pas-
sengers, the practical stage length with a 17,450 lb. payload will be
2,700 miles. Cruising speed is 500 m.p.h. at 42,000 ft., and loaded
weight is 150,000 lb.

(TTJLY) 1949
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IJO(IM:; MODEL J67·64-

One of the many configurations studied during the transition of the Model 367 (USAF C-97) from a straight-
wing piston-powered model to a swept-wing jet. Four Pratt & Whitney J -57P-1 engines in double pods in rhc

Style of the £l-47/£l-S2. Span 140 fl, lcngrb 127 fl 6 in, gross weight 190,000 lb.



• Thick root and trailing edge extension
permitted side folding wing gearBody 1engt1l • 122 n 2 In

• Large spoilers permitted adequate
dihedral for tip-to-ground clearance

• Yaw damper permitted high dihedral

~-----------lvnl0m------------~

~

p_nget cabinlength-19" 7 In

164 In
I

BOEING 367-80 TANKER-TRANSPORT PROTOTYPE

The XB-47 made its first flight in 1947; the XB-52 in 1952. Boeing built a tanker-transport proto-
type 367-80 that first flew in 1954. The primary Boeing objective in building this prototype was to win Air
Force contracts for the B-52 support tankers. These were necessary to support the B-52 bombers as a
long range bomber force. This need was committed when the B-52s were built with jets instead of
propellers. The B-52 and the tankers to support them had top Defense Department priority. Lockheed
won the paper competition to produce tankers to support the B-52 bombers but Boeing got the business
because Boeing could deliver a proven tanker product years ahead of Lockheed. Ultimately, 744 B-52
bombers and 820 Boeing KC-135 tankers were built.

Since a tanker-transport had no need for a big bomb bay at the center of gravity and under the
wing, it was possible in this prototype to consider a low-wing aircraft with a tricycle landing gear that
retracted sidewise into the body behind the wing rear spar. The development of spoilers as a primary
lateral control and of yaw dampers to keep Dutch roll to acceptable levels permitted enough dihedral to
keep the wingtips well off the ground. Turbine burst experience led to separate pods for each engine.
High-drag slotted flaps solved the approach drag problem.

707 Revolution GeOlLq (J S. S c.hcLULeA June 20. 1989
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Passenger Appeal
Comfort With Increased Altitude

~zv==~
707" DC·S·

30

55 60

25 ,
DC·7

• e •.•.••
l(}l9E DC·6

• auc»~
l1(}19G20 .

Optimum
Cruiso
Attitude.
Foot in
Thousands

t5 '--[)Jor

10 .

5

'Nomin"t crulte altitude;
u,i"9 ,.,ep.ct.mb flk;}hl C'JAI'h,.
flttif~ oYftf "0,000 tNt wftfe

a"aine<! on 1onQ·,anoe lti9h'".

! ! I I I ! I I !
I I ! I , I , I I I

I I Io 45 50
Year 01 First Service

1935

Round Trip Air Fare
1940-1979 - New York City- Los Angeles

Fare,
1980
Constant
Dotlnr a

1940 45 50 55 60
Sou'~.· (;)tftcJ.,Mine Guld., N.fttYt., AA.nd Sp.c. ,uu • ...".,

65 70 80·75

+ .Econom ics and safety
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World Revenue Passenger Miles
Actuals vs 1955 Forecast
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Jet commercial aviation comes of age and
becomes the way to travel.



INTO THE SUPERSONIC ERA
"Winners" and "Losers"

• A further brief digression into the history of jet bomber
design.

• Everything gets faster and faster and faster and bigger --
and more complicated.

• The "weapon system" concept emerges as a way to
think about managing big, complicated projects.

• The final pinnacle of bigger, faster manned bombers
(the B-70) was obsolete before it flew. Missiles were
the obvious wave of the future for military purposes.

• But the stage was now set for the next great advance in
jettransportation--or so we thought in the early 1960s.

~ .~ FB-Ill

RS(B)-70

Hissiles

B-1A/B

------ ------~

-- --- --- ----- ----



"HIGHER AN D FASTER"
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Source: Preparedness Investigating Subcommittee of the Senate Armed Services Committee, circa early 1960.

Lockheed U-2B
Wlngapaft
LAng'"
HelQht
Empty Weight
••••••Imum Weight
Pow.rpCent

80 ••••
49_7_
13_
13.000_
23.100_
One 1s.soo Ibo
Pm! & WhiInoyJ75-P-I3A

Similar to the machine in which Francis Gary Powers was shot down
near Sverdlovsk in the Soviet Union on May 1, 1960,
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Boeing's original WS-JJOA proposal was, like North American's, 100 large and 100 heavy,
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General arrangement three-view drawing of Boeing's redesigned WS-/ lOA.



The North American B-70 showing salient features



, •••.•••_,,-, I

.>: ,',/
"'/

"I,

. - -.: ....••

'~\ -~~.•.....
" " ",

D a

North American XB-70 Valkyrie.

_.- ...- .. -------- --- ---_.- --



10 to

CONVAIR SM-65D

"AilM 1"

,. to . NORTHROP SM-62A

"SnaJtk."
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MARTIN SM-68

"TUan 1"

NO. AMERICAN XSM-64

"Navaho"



WHY NOT A SUPERSONIC TRANSPORT?

• Technological imperatives: If its feasible and maybe a
useful concept, then we have to do it--particularly if
someone else is willing to pay for it.

• "The world supply of oil is, for all practical purposes,
unlimited and jet fuel should continue to cost 10-12
cents per gallon for as long as we can foresee".

Every major oil company consulted between 1965-70.

• The British and French are committed to a joint SST
project and the U.S. must not be "second best".

• The development cost on an SST is beyond the risk
level any U.S. company can take. It must be
government subsidized.

• Boeing won "the contract" with an "unbuildable"
airplane.

• SST Show Stowers:

• Afterburning turbojets
• Sonic booms
• Technological hubris
• Red herrings (ozone, etc.)
• Cash flow and free enterprise

--- ------ ---------- ------- ------ ---
--_. __ ..__._.•._---------
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The Myasishchev M-50 (Bounder) was possibly abandoned as a

result of an underestimation of the transonic drag rise

lJ 0 JlC;2I •'8~" e ft 0 •• 0. _8;1 •• 1. C1I:a ••••

o 20·,

feet

. BAC-Sud Concorde as in 1965, The nose is less cambered than the original. and
the fin may be given a lower drag semi-ogee profile similar to the wing, Both alterations would

be to reduce cruising drag and improve the rather limited range
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The Barnes Wallis Swallow, Development Stage II, about 1960
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Messerschmit1 (Lippisch)
Variable Sweep Wing
Patent (1941)

\
\

\
\

\

- :7
fixedswep~

1.0 3.02.0

Mach number
Variable sweep as a means of improving theoretical cruising lift/drag and, therefore,

reducing the fuel required for range
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LOCKHEEDS lJPERSON lG tRANSPORT
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Three views of Lockheed Aircraft's supersonic transport proposal, one of two
designs selected by the FAA for the second round of SST studies.
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Movable wings are a feature of Boeing Company's SST design, selected for
Phase 2 study along with Lockheed's proposol.
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TECHNICAL DATA - BOEING SUPERSONIC
TRANSPORT MODEL 2707-200
Type:
Accommodation:
Power plant:
Span:

Length:
Height:
Wing area:
Gross uieighi:
Cruising speed:
Cruising alcicude:
Range:

Supersonic transport
250-350 passengers
General Electric GE4/J5
(20-degree sweep) 174 ft 2 in (n-degree sweep)
105 ft 9 in
318 ft
46 [t
9,000 sq ft
675,0001b
Mach 2·7 (1,800 mph)
64,000 ft
Over 4,000 miles
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Three-view of the Aerospetielel BAC Concorde in its final
production configuration; the prototypes had a shorter fuselage.

The production form of the Tupolev
Tu-144, which differed in many details from
the prototypes.
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SST Prototype Airplane
Model 2707-300

Fuselage length 287 ft
Wing span 142 ft

u.s. SST Program
(1968-1971 )



BOEING NEW AIRPLANE FAMILY
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BACK TO BASICS -- THE MODERN SUBSONIC
TRANSPORT

• The Boeing family of jet transports emerge as the
dominant force in the world market.

• The competition and the marketplace are changing and
we now live in a post-OPEC world of uncertain fuel
prices and supply. The commercial airplane business
has "matured".

• Significant developments (1965-1985):

Boeing 747 vs Lockheed C-5
DC-IO vs LI0ll
Airbus
767 and 757 - fuel efficient, quiet and expensive

• Issues for the 1990s:

- Where do we go from here?
Product line
Technology

Air traffic growth vs overcrowded airports
Fuel prices and fuel availability in a changing world
Aging airplanes
Deregulation
Etc. Etc.

--- ---- --- ---- .-.~.---~.-



Boeing 747SI'

Boeing 747·200

Lockheed C·SA Galaxy



Issues

Dominant design criteria

Performance

Airfield environment

System complexity and
mechanical design

Transport Aircraft Design
Objectives and Constraints

Civil Military

Government regulations and
community acceptance

I
I

I
I
I,

• Economics and safety

• Maximum economic cruise
• Minimum off-design penalty .

in wing design

• Moderate-to-Iong
runways

• Paved runway
.' High -level ATC and

land ing aides
• Adequate space for ground

maneuver and parking

• Low maintenance-
econom ic issue

• Low system cost
• Safety and reliability
• Long service life
• Must be certifiable

(FAA, etc.)
• Safety oriented

• Low noise mandatory

• Mission accomplishment
and survivability

• Adequate range and response
• Overall mission accomplishment

• Short-to-moderate
runways

• All types of runway surfaces
• Often Spartan

ATC, etc.
• Limited space available

• Low maintenance-
availability issue

• Acceptable system cost
• Reliability and survivability
• Damage tolerance
• Military standards

• Performance and safety
• Reliability oriented

• Low noise desirable
• Good neighbor in peace
• Dectabil ity in war



--- ------------- ------------------------

Mcl)onnell
Douglas DC-IO-30

o

Lockheed L-IO)) TriStar

Newhouse, J., The Soorty Game, NY: Knopf, 1982.



Arrangement 767-200

Passengers
Basic Mixed Class
Basic All Tourist
High Density

Engines
Containers

211
230
290·
(2) JT9D· 7R4 or CF6·80A
(22) LD·2

'More than 255 passengers
requires optional second
overwmq exit

L •. j

GENERAL ARRANGEMENT
737-300

94 FT·9 IN.f------- (28.9M)------+!

41 FT.SIN.l(12.7 M)

17 FT·2 IN.
{5.2 M)

1
36 FT-6 IN.

(11.1 M)

1-------105 FT·7IN.------..j
(32.2M)
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for 777-200 Airplane



Chanqe in Environment
Direct Operating Cost

Mid-1970s
• Expensive fuel
• Low "real" interest

Current Reality
• Inexpensive fuel
• Higher "real" interest

Unpredictable World Jet Fuel Prices

5

4 Actual

3
Dollars
per U.S.
Gallon 2
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Aeronautical Technology Development
Subsonic

Performance
Index

lift/Drag
Ratio

Maximum Uft
Coefficient

Direct
Operating
Cost

t
Good

Jet Engines
Swept Wings

j

,...---Practlcal Limit

I
No New
ConstraintsAluminum

Commercially
Available l

No New
Methods

1900 20 40 60 80 2000

Intuition and testing lr Intuition and testing
.plus computations

Subsonic aeronautics is a maturing
technology. When progress is compared to what is
practical and what is theoretically possible, we see
a convergence. The gap between the practical limit
and the level of performance we have currently
achieved is shrinking. There are a number of ways
to deal with this situation:

• Continue work in finer and finer increments until
the achieved performance converges with the
practical limit of the technology

• Plan technological breakthroughs that will raise
the practical limit boundary, or exploit dormant
technologies that would have the same effect,
e.g., laminar flow control

• Start a new ball game, wherein the gap between
the limit and present achievement allows more
competitive leeway (e.g., supersonic and
hypersonic transports)

All of these approaches are in the cards.

Fuel cost
Noise
Corrosion

Durabilily /damage

Flying qualiues
Certification
standards
Guaranlees

Safety

20



DREAM AIRPLANES
(One Person's Dream May Be Another's Nightmare)

Jm111
.:After DiningWith Airbus ... Boeing

s,~
Sauna & Jacuzzi

Weights

Manufactur-ing

!= . ~~~
Piano

Payloads
Marketing

Flight Controls

~?5~Pw
The Boeing Company

Propulsion

~uu_uuu~

Schizophrenia

--=

Aerodynamics

Structures



'Possibles' could enlarge Boelnq family of airplanes
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747-look new aircraft

Largest span: 83.5m (with fold) 79.25m (without fold)

Overall length: 70.65m

Benchmark doubledeck

Overall length: 76.13m

Single deck

Alternate double deck

Overall length: 74.49m

Overall length: 74m

Overall length: 71.54m

747X

Overall length: 86m

Boeing - New Large Airplane
and 747X design studies

FLIGHT INTERNATIONAL 9 - 15 June, 1993



High Speed Civil Transport

M .84 = 10.3 hr
M 2.4 = 4.3 hr

Honolulu
M 2.4 = 7.3 hr
(l-hr stop)

Sydney ~

~ 4f

HSCTTrip Time
Comparison to
Subsonic Airplane
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Mach 2.4 Contrquratlon

Mach 3.8 Configuration

Mach 6.0 Configuration

.~

Mach 3.2 Configuration

Mach 4.5 Configuration

Mach 10.0 Configuration
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System
average
Mach
number

6 Unconstrained
great circle routing

8

4 Subsonic overland
waypoint routing

2
Subsonic overland
great circle routing

o
o 2 4 6 8 10

Design cruise Mach number

-..

Current Baseline Airplane

Maximum takeoff weight
Fuselage length
Wingspan
Triclass seating
Cruise speed
Design range
Takeoff field length
Approach speed

700,000 Ib
3tOh
130h
292 passengers
Mach 2.4
5,000 nmi
1',OOOr.
155kn
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Blohm and Voss (Vogt)
Oblique Wing Fighter
Concept (1944)

NASA AD-1 Oblique Wing
Demonstrator (1978)

13m
1

113m
I

Iser,

TAKEOFF fI 370

CRUISE fi 7130

15.25.,
s ar r

Typical seclion ('A'·'A')

landing configuration

40 teet- __ --.I,
Approxlnate scale

entrance lobby M2 OBLtOUE FLYING WING
TRANSPORT AIRCRAFT
ALEX VAN OER VELOEN
ROBERT T. ,JONES
02-12-19BB

Handley Page Slewed-wing proposal, about 1961



747-400 Stretch

747 Double Deck

New Large Airplane

Large Airplane Development



PRACTICAL APPROACH TO HLFC APPLICATION

MAIN FEATURES:
• CONVENTIONAL SPARBOX CONSTRUCTION
• SUCTION IN L.E. REGION ONLY

• NATURAL LAMINAR FLOW OVER SPARBOX
} HHLFC'

• RETAINS GOOD PERFORMANCE AS TURBULENT WING

SUCTION
SURFACE ~(PERFORATED
TITANIUM)

ANTI-ICING E~~~~~~~~~~~~~~~~~~~~~~~-~--,1'
//;// ~~~-----L-A--.L-=~:.-:J:'--=- / ---.•...

(5, SUCTION FLOW DUCT CRUISE FLAP
~ KRUEGER FLAP / INSECT SHIELD

SMOOTH CORROSION PROTECTIVE PAINT
OVER CONVENTIONAL WING STRUCTURE

HLF DEMO CONCEPT

M ~ 0.84
C :;, 15.40 FT
RC ~ 50 x 106

ALE = 28-

SUCTION
DUCTS

HlF
SUCTION
SURFACE

HLFC TEST SECTION

KRUEGER FOR HIGH LIFT
AND INSECT PROTECTION



LAMINAR FLOW - THE CHALLENGE AND THE
POTENTIAL

INTRODUCTION

Commercial air transportation has experienced .revolutionary
technology advances since WWII. These technology advances
have resulted in an explosive growth in passenger traffic.
Today, however, many technologies have matured, and
maintaining a similar growth rate will be a challenge. We have
come to the point where more complex technology must be
addressed. At the Boeing Company we see the potential
benefits of laminar flow as being worthy of the challenge.

TYPES OF LAMINAR FLOW CONTROL

NATURAL
LAMINAR FLOW

NLF

x/c

"Symposium on Natural Laminar Flow and Laminar
Flow Control Research," NASA-Langiey Research
Center, March 16-19, 1987 (Proceedings in Press).
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LFC PERSPECTIVE

~
I'

DC3

FUEL

The previous figures have shown some of the reasons for our interest
in laminar flow. With potential gains of the magnitude shown, the
obvious question is why laminar flow control isn't being applied? To
put this matter in context, the data for long range transport aircraft
shown in this figure has been assembled from several sources (Dept.
of Transportation),

Since the era of the DC-3 we have seen dramatic improvements in
commercial airplane performance and direct operating cost (DOC)
reduction. For several decades fuel costs remained low and the
contribution of the fuel to DOC remained relatively small. Only since
the early 1970s has this equation changed. and, with the advent of
OPEC and other related factors. we have entered an era where fuel
prices have fluctuated dramatically. While detailed predictions of
future fuel costs are controversial. the probability of a generally
upward trend over time seems certain. From the viewpoint of our
commercial airline customers, the cost of fuel is a major element of
their overall DOC and will continue to influence their purchase
decisions.

20

15

DIRECT
OPERATING
COST

10 LABOR
CENTS PER +
SEAT MILE CAPITAL
(1986
DOLLARS)

5

o
31%

1940 45 50 55

U.S. INTERNATIONAL
MAJORS COMPOSITE'
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I 1!r:J!~
60 .1970 75 80 85 86YTD

YEAR t t
OPEC

LAMINAR FLOW RESEARCH 1-1-=-~_.~~~~ C-SA ·DOT FORM 41 DATA
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LAMINAR FLOW POTENTIAL - SUBSONIC

Many claims have been made over the past several decades
regarding the potential advantages of "Iarninarizing" a transport type
airplane. These claims have ranged from wildly optimistic
projections to the pessimistic prognosis that it is technically feasible
but economically and operationally absurd.

To place these views in perspective, consider the results of a limited
number of trade-studies relating to the fuel savings anticipated from
full and partial laminarization of transport aircraft. As shown in this
figure, the increments in projected fuel savings are significant. The
projections vary considerably depending on· the nature of the
laminar flow control concept employed, the extent of the airframe
components to be laminarized, and the mission range of the vehicle.
The conclusion one draws from these limited data is that, for long
range subsonic transports,. the potential fuel saving from laminar
flow control is worth investigating.

FUEL
SAVING,
PERCENT

SUBSOt::-JIC TRANSPORT FUEL SAVING

30

•

• Boeing studies
A Other studies

20
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o 2000 4000
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Northrop X-21A

Length .•••••.•.•••.•........................ 75.2'
Wlngapan .............................•..... 93.5'
WIng area .•...••••.................. -.... 1,250 sq.'
Helght..; •••. , •.....•..•......•........• , .. 25.55'
AccommodaUon •..•.....•....•......•.•.•....... 5
CIo •• welghl ••.......................•. 83,000 Ibs.
Empty welghl •..•.••...••............••.. 45,828 Ibs.
Max. altitude .•.•.......................... 42,500'
Range •. , •••....•...•.................. 4,780 mnos
Max. apeed •..•...•.........•............ 560 mph

Summary: The X-21As proved conclusively that
boundary layer control technique, known as Laminar
Row Control, Is both effective and viable. However,
they also demonstrated that LFC Incurred certain
maJntenance penalties that were not easily overcome.
Additionally, It proved that production technology for
manufacturing LFC surfaces and related components,
was feasible, but econorntcatty prohibitively expen-
sive for all but experimental aircraft.



WHY LAMINAR FLOW HAS NOT BEEN USED

While the economics of long range transport operation does much to
explain the lack of emphasis on laminar flow technology
development, it does not fully address the question of why this
technology has not been used.

One reason is that early experience with natural laminar flow
airplanes was rather negative. There was not enough appreciation.
for the effects of skin surface condition and waviness. Smooth
structure simply could not be built in those days. Recently, however,
when we carefully smoothed the wing of a 30-year old T-33 trainer,
we got extensive runs of laminar flow over almost the entire flight
envelope.

The unfortunate history of the X-21 is another factor. Perhaps this
program occurred too soon but it was driven by the potential
application to the C-S. According to a summary (ref. 4) -given at the
1974 NASA Langley laminar flow workshop, the X-21 "failed" in
spite of many impressive accomplishments. Due to an incorrect
design' detail, that in retrospect appears easily avoidable, primary
objectives of the test program were not met. Progress on the C-S
program could not wait for the design of a new wing and thus,
laminar flow lost a major opportunity to display its real potential:
The technical community recommended continuing a research
program, but funds could not be made available. For laminar flow
research this began a hiatus which was to last a decade.

Given its history, laminar flow technology was clearly not ready for
application in a commercial environment. The risk was much too
great, and necessary performance gains were more easily
achieveable through other, more conventional technologies such as
propulsion, structures, materials, and avionics. Generally speaking,
the risk-benefit ratio for laminar flow had to be improved.

Failures of early application
+

Low cost of fuel
+

Competing technologies
+

Competition for funds

High risk/reward ratio
"Workshop on Laminar Flow Control," compiled
by C. T D'Aiutolo, NASA-Langley Research Center,
AprrI6-7, 1976 (Proceedings Volume)



ANTONOV AN-225 MAIYA
Country of Origin: USSR.
Type: Ultra heavy-lift freighter.
Power Plant: Six 51.590 Ib st (23400 kgp) Lotarev D-18T
turbofans.
Performance: (Manufacturer's estimates) Max cruise speed.
528 mph (850 km/h); normal cruise (with lnternalpevload).
466 mph (750 krn/h): range (with 440,917-lb/200 000 kg pay-
load). 2.795 mls (4 500 km) at 435 mph (700 km/h).
Weights: Max take-off. 1.322.750 Ib (600000 kg).
Accommodation: Flight crew of six-eight. Freight hold of
141-ft (43-m) length can accommodate up to 551.1451b
(250000 kg) of freight. or (externally) Buran space shuttle, a
component of the Energia launch vehicle. or other outsize
payload carried above fuselage. .
Status: The first An-225 was flown on 21 December 1988. and
a small number is expected to be built for the support of Soviet
space programmes.
Notes: Evolved from the An-124 (see pages 22-23) and by far
the world's largest and heaviest aircraft. the An-225 Mriya
(Dream) is the result of a three-and-a-half year programme to
develop a special-purpose heavy-lift transport vehicle primarily
intended to carry large components of the Energia launch
vehicle or the Buran space shuttle on special attachment points
on top of the fuselage. For more conventional transportation
tasks. the An-225 can accommodate outsize loads in its 21-ft
(6.4-m) by 14·43-ft (4.4-m) cross-section freight hold. By
comparison with the An-124, the An-225 has additional wing
sections carrying two more turbofans, fore and aft fuselage
plugs and an increased-span dihedralled tailplane with end plate
fins and rudders. In addition. the number of independent twin-
wheel undercarriage units has been increased to cater for the
higher weights. Extensive use is made of systems thoroughly
proven by the I\n-124. including the quadruplex fly-by-wire
control system.

Dimensions: Span. 290 It 0 in (88.40 m); length. 275 It 7 in
(84.00 m); height. 59 ft 4! in (18.10 m).

---

C>

c:=> <:> co
<>



ADVANCED CONFIGURATIONS FOR VEI~Y
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ABSTRACT

The prospect of developing a new very large subsonic commercial transport airplane (VLSCTA)
with approximately 50% greater passenger capacity than current models of the Boeing 747 presents
some major challenges as well as some major opportunities, A configuration for such an airplane
developed along the traditional lines of the basic B-47n07n47 paradigm suggests that major
problems arise in extrapolating much beyond the size of an existing 747-400. Further, possible
technological advances such as hybrid laminar flow control show only modest advantages when
applied in a practical manner to conventional transport airplane configurations. For reasons
described in the text of this note, a small conceptual design exercise was begun to examine possible
unorthodox configurations for a "600-650 passenger airplane" which might potentially resolve
some of the more obvious problems (runway/taxiway limits, emergency passenger evacuation)
associated with conventional configurations. The purpose of this note is to describe one possible
alternative large airplane configuration (a single deck 3-surface airplane with a highly non-planar
wing) which emerged from this study and suggest the need for a different organizational approach
to the design of such a vehicle should it prove to have some merit. The objective in reporting this
effort is to stimulate a constructive discussion of how we might deal in the future with unorthodox
airplane configurations and associated technology development, rather than to attempt to sell the
specific configuration discussed.

INTRODUCTION

The conceptual design study and the subsequent recognition of its interdisciplinary design
implications reported in this note had their origins in several diverse activities in which the first
author currently is involved:

1. Teaching Airplane Design. Some of the initial configuration concepts discussed here were
generated as part of an effort to explain to co-workers and students at the University of
Washington "What a 'configurator' does." This exercise has gotten out of hand as will be
described presently.

2. Aerodynamics Research and Development Process Management Team. As a member of
this team, the author has an informal on-going task labeled rather ambiguously "a different
perspective." The organizational implications that emerged from this conceptual design
study are one example of a somewhat different perspective on our overall R & D effort.

3. BCAG Engineering Division Summer Intern Program (Ref. 1). For the past five years the
author bas coordinated curriculum development for the training portion of this program.
For.19g3 it had been tentatively decided to use the issues (rather than the specifics) from a
very latg~subsonic commercial transport airplane (VLSCTA) effort as the basis for
developing a new set of intern design exercises for the program. Homework for this
effort started a bit early-with the results reported here.

4. A fifty-year fascination with everything that flies (especially big flying machines).

From these items sprang the following ideas regarding some possible opportunities to capitalize on
the huge size of an airplane considerably larger than a Boeing 747 rather than fight with the
problems its size poses, and an appropriate approach to organizing an R & D effort to address such
opportunities.

SOME CONFIGURATION OPTIONS FOR A NEW LARGE AIRPLANE

The basic very large airplane problem revolves around accommodating (in some comfort) over 600
passengers in an efficient airframe which is to be compatible with existing airports (gates,
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taxiways, runways, etc.), meets customer requirements, and expected noise regulations, safety
standards, etc. The obvious approach has been to take a proven configuration recipe, blow it up to
the size required, and then tinker with it until it works. The Boeing 747 has worked very well for
about twenty-five years based on the original Boeing B-47/B-52(707 /KC-135 paradigm. The
evolution of this basic configuration paradigm and its merits are shown in Figure 1 and has been
well documented recently by George Schairer (Ref. 2), Bill Cook (Ref. 3) and Roskan (Ref. 3)
which follows from Torenbeck (Ref. 4). This approach thus represents a logical point of departure
for very large airplane configuration studies. What we get is shown in Figures 2 and 3. It also
suffers from quite a shopping list of hang-ups (or potential showstoppers if design solutions
cannot be found). In the end it may be thought of as the ultimate cookie-cutter airplane from a long
line of successful recapitulations (by Boeing and its competitors) on a good basic scheme. The
question that arises is: Is this basic, almost fifty year old paradigm really the appropriate (or best)
one for an airplane substantially larger than a 747? Perhaps not, and it is useful to consider why
this may be. Consider:

1. The ideal cruising airplane (at least from an aerodynamicist's viewpoint) wants to be a
simple, elegant flying wing. Everything that does not contribute to the efficient generation
of lift should be placed in or on the wing provided that in doing so no significant weight
penalty is incurred.

2. A typical business class passenger may be assumed to be approximately six feet talL A
typical transonic cruise air foil is currently about 12% of wing chord in thickness. Thus,
if the wing chord exceeds about 70 feet, it becomes feasible to imagine placing the payload
in the wing rather than in a drag and weight producing fuselage. [Note: As shown in
Figure 3, the MAC of the conventional very large airplane shown is about 33 feet while
the root chord is almost 50 feet. Thus we are getting closer, but not close enough with
existing airfoils, to being able to build a greater than 600 passenger span loader flying
wing.]

3. Contrary to popular myth, aerodynamics is not a sunset technology and there are still a
few tricks in our bag which have yet to be exploited in a transport airplane. Among these
"new" items are:
a) Laminar flow control.
b) Active (e.g. Griffith/Goldschmied Refs. 6 and 7 and Fig. 4) and passive (slotted

cruise) boundary layer control airfoils.
c) Really non-planar wings (i.e. far beyond "visible technology" winglets).

4. There are similar opportunities in other disciplines. Among these we may list:
a) Fly-by-wire/fly-by-light active-control systems.
b) Composite (anisotropic) structural materials.
c) Computer tools to deal with "designed aeroelastics," non-planar wings, etc.

5 . The traditional approach to developing a new airplane has been to dice up the overall
problem into "Smallparts that individuals and small groups can deal with, and then
organized within fairly strict discipline boundaries, work each problem separately
assuming that after being passed back and forth into various hands in sequential steps, the
sum of these discrete parts will somehow add up to a good, competitive airplane. In very
many cases this process has worked=witness Boeing's sales record over the past thirty
years. At the same time it may be argued that we have become organizationally and
intellectually "muscle bound" by our past success.

After stirring the above ideas around for a while and becoming increasingly discontented with the
configuration shown in Figure 3, the alternative schemes shown in Figures 5 and 6 and then
Figures 9 through 12 began to suggest themselves. It should be made clear here that what is
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displayed was never intended to be more than a sort of qualitative and unofficial concept scoping
exercise wherein the objective was to see if a plausible alternative airplane configuration could be
identified which directly addressed specific problems and issues confronting a very large program
during the early stage in design work.

The large size of any greater-than-600-passenger airplane immediately suggests a span loader
configuration e.g. Fig 6. Serendipitously, a "flying wing" is also a good candidate for
Iaminarization. A quick (and crude) calculation suggests that using conventional airfoil
technology, the needed wing still isn't physically thick enough until it carries around 800
passengers or it is swept exorbitantly, which is of course antithetical to the requirements for LFC.

A "conventional" wing of this sort also presents a lot of other problems, particularly with respect to
passenger loading and emergency evacuation, gate clearance and engine placement. On the other
hand, recent precedents regarding the use of folding wing tips on the Boeing 777 and
establishment of ETOPS as a more-or-less okay thing to do, sur 't that a further step forward
might be to reconsider the use of various forms of active bound, .ayer control on a commercial
transport airplane. Since what is wanted is an unconventionally thick cruise airfoil, an obvious
candidate is the Griffith airfoil invented in Britain fifty years ago and more recently advocated in
this country by Fabio Goldschmied (Refs. 6 and 7) and others (Ref. 8). Limited (low-subsonic)
test data and calculations suggest it might work provided enough suction is provided. What all this
implies with regard to the problem at hand is shown in Figures 4 and 5. It should also be noted
that a span loader configuration is automatically going to have a lot of wing area which means in
turn that at cruise conditions airfoil section lift requirements will be rather low and therefore offers
an opportunity to trade section lift for thickness while retaining adequate critical Mach number on a
wing of acceptable (for LFC purposes) sweep. High-lift system requirements are similarly
reduced, at least in principle. As a final side benefit, the rather unorthodox geometry of a
Griffith/Goldschmied airfoil suggests the possibilities that when it exceeds a given thickness, the
entire aft wing spar/pressure bulkhead area becomes available as the location of emergency escape
doors, thus potential ameliorating a major problem with any large airplane configuration.

The sort of configuration which emerges from this line of thinking is shown in Figure 6 and still
fails because of its likely enormous wing span and an assortment of handling characteristics
problems both in the air and on the ground. To address the "wing span" problem(s), a recent
study by Kroo at Stanford (summarized in Figs. 7 and 8) is of considerable interest. Kroo has
calculated the induced drag span efficiency factors for a wide range of non-planar (when viewed
from the front or rear) wing configurations and shows the clear advantage of a wing with very
large "winglets" compared to a planar wing of the same projected area and span. Well, we knew
that, but a bit more intriguing from his menu of unorthodox wing shapes is the "C-wing"
configuration which amounts to a pair of small horizontal winglets on top of the ordinary (very
large) vertical winglets. While this configuration shows only a small increase in span efficiency (in
a Treffefz plane sense) compared to the simpler wingleted configuration, quite a different picture
emerges when one contemplates sweeping such an arrangement by a conventional amount (say,
about 35° on all surfaces). This arrangement puts the horizontal "winglet-lets" in roughly the
position of aT-tail horizontal stabilizer relative to the rest of the wing and operating with a down
load.

From this point it doesn't take much imagination to transform the simple span loader in Figure 6
into the C-wing configuration shown in Figures 9 and 10 which along the way became a 3-surface
Qfu! a canard!) airplane for the reasons outlined in Refs. 9 and 10. This new configuration retains
many of the features of the span loader with a projected wing span reduced to that of the conventional
(baseline) very large airplane with its wing tips folded and about the same (on paper) induced drag
characteristics as the conventional baseline with 281 feet of span. The price is a pair of winglets
which are each roughly the size of the vertical stabilizer on a 747 (which is still a lot shorter than
the tail height of the baseline). This all goes on and on from here as outlined in Figure 10.
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BUT WHAT DO WE "DO WITH IT?"

The airplane configuration thus described is unconventional in more ways than its mere size and
configuration suggest. Traditional design/evaluation approaches which deal with each technology
element from a discipline specific viewpoint are not capable of adequately dealing with the
opportunities for interdisciplinary synergism a fully integrated system approach could provide. As
an example, it is hard to recall a commercial airplane program in which airfoil technology had any
very direct relation to the problems confronted by a payloads group. [Note: At Boeing the
Payloads organization deals with everything a passenger sees upon entering the airplane (e.g.
seats, interior panels, lighting, galleys, lavs, etc.)]. In the configuration proposed here,
aerodynamic and payload issues are tightly bound together and seem to demand a bit more than
simple "design/build teams" and "concurrent engineering" to satisfactorily resolve.

As a first step towards organizing a proper research and development effort, the organizations
involved should experiment with not only the advanced technologies which might be incorporated
in future products, but also the new organizational structures which will conduct such design and
development efforts. Two key elements of an advance organizational structure which can be
envisioned are:

1. Traditional discipline (aerodynamics, structures, etc.) boundaries should be erased=except
in so far as necessary skills are retained and as specific discipline identifications serve
some useful administrative function.

2. Our new products should be thought of as complete systems made up of major
interlocking subsystems, the design of which are to be conducted by appropriate (and
perhaps non-traditional) teams of people with the right expertise and outlook.

The conceptual design proposed earlier serves as a convenient vehicle to describe in more specific
terms how this might work.

Consider two major aspects of the overall airplane system proposed here: air flow and noise.
Neither of these is a traditional "sub-system" but to satisfactorily resolve the many varied issues
involved, they may be thought of as "processes" to be managed (designed) with ensembles of
mechanical devices which do add up to a "system." Thus consider a design organization which
includes:

1. An Air Flow Management Team
A major job of this team would be the traditional one of developing the overall
aerodynamic configuration of the vehicle (as ajoint effort between aero configurations,
stability and control, propulsion, structures, weights, and so on). In this case, however,
much of the aerodynamic advantages (and disadvantages) of the configuration depend on
efficiently sucking (or possibly blowing) various quantities of air inside the airframe.
Thus the central job of this team is to synergistically deal with all the air that flows through
and around the configuration. Thus it should deal not only with the lift and drag
optimization of the vehicle but the combined flow of the environmental control system, the
various boundary layer control systems, the de-icing flow and the associated auxiliary
power unit (APU) and engine systems, etc. Such a team would be made up of individuals
(supported by a myriad of satellite groups looking at specific elements of each
sub-subsystem) who adopt a new attitude: What can I (as, say, an aerodynamicist)
proactively, rather than reactively, do to solve a problem traditionally assigned the
responsibility of some other member of the team with expertise in another discipline?
How might I creatively "compromise" my design to solve someone else's problem,
perhaps even before they realize they have one?

-5-
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2. A Noise Management Team
A major problem identified in connection with the new large airplane program is that of the
community noise generated by such a huge, heavy airplane. It is apparently not now clear
how a 747-type configuration with reasonable operating economics and safety margins can
meet even current Stage 3 noise regulations. This issue holds for any large airplane
configuration of course, and on a more fanciful level might be dealt with by trying to
manage the noise that, after all reasonable steps have been taken to get rid of it, remains
unavoidably present. Recognizing that there is a sometimes fine line between "noise" and
"music," suppose we manage the noise we have with a team that includes a perceptual
psychologist and a musician. Thus, if I as an aerodynamicist on the team have a stray
vortex which I can control, I might add its dulcet woodwind tone to the Symphony for a
New Large Airplane on Approach is G-Whiz Major which my team is trying to compose.
And so on.

If one continues to think along such lines, it becomes clear that our enabling research efforts ought
to be conducted along similar lines. The principle "new" things we need to do are:

1. Use our imaginations.
2. Adopt a new attitude (i.e. think with a truly "one team" outlook).
3. Forget old organization boundaries (without forgetting the bases of our individual

expertise).
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A NEW LARGE SUBSONIC COMMERCIAL TRANSPORT AIRPLANE?
(Greater than 600 passenger capacity)

What you get if you follow the now traditional
707/747 recipe in configuring a new large
transport airplane.
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Figure 2. The Traditional (Evolutionary) Approach to the Development of a Baseline
Configuration for a Possible Very Large Subsonic Commercial Transport
Airplane.

HANG-UPS OR SHOW-STOPPERS?

-Taxiway Limits
-Runway Limits
-Ga te Limits
-Community Noise
-Wake Vorticies
-Material Size/Availability
-Emergency Evacuation

An Alternative Configuration
Paradigm Needed?
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HANG-UPS OR SHOWSTOPPER?

In the Design of Very Large Transport Aircraft

• Runway Limits
• Taxiway Limits
• Terminal Gate Limits
• Community Noise
• Wake Vorticies
• Material Size/Availability
• Emergency Evacuation
• Ditching/Floatation
• Passenger Comfort and Physiological Limits

-- -- ---------------- --



~- -~------ ---------

Hybrid Lvninu
Flow Control ---- __ -"- B747-XL

Concept S(udy

MTOW: 1,400,00Ibs.

Wing Span: 300 ft. (170 fl. folded)

Wing Area: 9,000 ft (trap)

Aspect Ratio: 10

Passengers: 600-800 (50 abreast seating)

Features: • GriffithlGoldschmied airfoil inboard
• Hybrid laminar flow control (with

Krueger bug shield leading edge high-
lift device

• Flat panel, multi-panoramic view!
entertainment system interior

• Largely composit structures
4x 95,000 lb. thrust very high
by-pass ratio turbofan engines

GrillilM>oldschmied
Airloillnboard

,."..,

From the Desk of John McMaslcr; December 1991

Figure 6. A First Attempt to Develop an Alternative Configuration for aVery Large
Subsonic Commercial Transport Airplane.



A NEW LARGE SUBSONIC COMMERCIAL TRANSPORT AIRPLANE?
(Greater than 600 passenger capacity)

/
possible new configuration paradigm?

(Unique to this class of airplane!
Based on 707/747 configuration paradigm7
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GEOMETRIES ANALYZED
All with fixed span, area, and total lift.
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Span Efficiency of Various Nonplanar Shapes
Height I Span = 0.2

e = induced drag efficiency factor
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A NEW LARGE SUBSONIC COMMERCIAL TRANSPORT AIRPLANE7
(Greater than 600 passenger capacity)

/ \
Based on 707/747 configuration paradigm7 Possible new configuration paradigm7

(Unique to this class of airplane)

RGE SIZE
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Figure 9. A Second Alternative Configuration Candidate for a Very Large Subsonic Transport Airplane
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Figure 10. Configurations and Size Comparisons for Very Large Subsonic
Commercial Transport Airplanes.



Two engines forward and two aft
provides good loadability and
wing provides shielding of fan
noise from uPDer aft mounted
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Figure 11. General Features of a Three-Surface Spanloader Very Large Subsonic
Commercial Transport Airplane.



•.._---------_. ,----_ .•. ".,--_._-

RETURN TO A NEW ERA OF COMPLETE
PASSENGER SATISFACTION



Emergency Evacuation

Business Class

222 _ 2J 244

Airbus
~

McDonnell DouglasMOOn

____________ 1100·

--~-----
36 Abreast -Tourist

Figure 12. Payload and Emergency Evacuation Features of a Candidate Very Large
Subsonic Commercial Transport Airplane.

--------------- -------



,~
~~

I'
':. '"

'-=-
'I~-----------------~

Boeing Patent Application filed June 28, 1993

~

I ' ,/;~
,'I--'=>"'----.--1" ; III---,---=Y'"

---r---'---lli i 'III-J---Y"

(McMasters, Kroo and Pavek)



From the desk of John McMasters May 1993

crew or 40 (pilots, flight attendants, musicians, etc.)

Wing Span: 400 ft.

Wing Area: 0.65 acres

Max. Take-off Wt.: 2,547,000 lbs.

Power: 6 x GE 150 turbofans
( @ 151,000 lbs tho each)

1250 passengers

a

Boeing Model 747-400.

BOEING SUPER CLIPPER



...And Perhaps Eventually by a Process of
Convergent Evolution ...



Concluding Comments

• The past 100 years of aeronautical development has done much to
clarify flight in nature.

• Further investigations of natural flight technology may lead to ideas of
practical use in aeronautical technology.

• Whether of practical value or not, the examples shown are the sort of
tent poles that keep our imaginations from collapsing around us.

• A study of paleoecology (of which biotechnology is a subset) makes a
grand hobby encompassing, life, the universe and everything.
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AFTERWORD

WHAT THE H ... IS A "REYNOLDS NUMBER?"

"Reynolds number is one of those terms engineers made up to make them
good company at dinner .... We use it to get dates."

A Boeing (Engineering) V.P.
who shall remain unnamed

Reynolds number is one those terms often heard around the wind tunnel that,
even among some of the engineers who use it, is poorly understood. Like a lot of
technical jargon, it turns out to be a lot easier to tell you where its at than what it
is. A basic reason Reynolds number is hard to understand is that the usual
(technically correct) explanations of it are based in some industrial strength
mathematics which is about as clear to most of us as a coded message from Mars.
Unfortunately, most engineers, having "gotten mathematics," have a hard time
explaining stuff like this in any other way. As it turns out, you don't have to be a
rocket scientist to get a useable grip on the term if you're willing to think a little
bit and read a couple of paragraphs of modestly technical explanation. Let's try
to get at Reynolds number in the following way ...

This story is about aerodynamics which is actually a rather specialized branch of
classical physics (as explained to us by Isaac Newton over 300 years ago) called
fluid mechanics. Fluid mechanics deals with, among other things, the motion of
both liquids and gases including air, water, molasses, freon, alcohol, etc. All of
these substances share a number of common characteristics and properties. They
all have a density, all are "compressible" (which in practical terms means that
sound-pressure disturbances-travel through them at some [mite speed), and all
have viscosity and so on. "Aerodynamics" as we're used to thinking about it can
happen in any fluid if we account for the differences in the magnitudes of the
density, viscosity, etc. of the various fluids. For example, water is about 980
times denser than air and sound travels through water roughly five times faster
than through air. To really understand all this, one has to study fluids at the
molecular level--that is, how do each of the zillions of individual molecules in a
cubic inch of air or molasses behave. That is the subject for another lecture,
however. All we need here is some notion of fluids having viscosity and a speed
at which sound is transmitted (or simply a "speed of sound"). Here in the
basement of the Aero Lab, the speed of sound of air on an ordinary day is about
750 mph. Viscosity is a little harder to deal with and we'll return to that in a
minute. Water, by the way, is about 200 times more viscous than air.

To get at Reynolds number (and several other things related to it) we have to
understand why we test models of anything (airplanes for example) in the first
place. Basically, if we're going to spend a lot of money developing some
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complicated thing that we hope to sell for a lot of money we'd better get it right.
In the beginning of this whole process we don't have the final prototype yet and
we can't justify the risk of just building it to find out if it works, so we build
some models of what we might eventually build and test them instead. For these
tests to be of any use, the model had better behave pretty much like the full size
version. How we do this in aerodynamics (fluid mechanics) is not easy, but
science gives us some help. Specifically, we apply the theory of dynamic
similarity. What this theory says when we're doing aerodynamics is:

If we build an exact replica (exact shape but different in size) of our intended
final product, the flow of a fluid (and the forces thus generated) on the model
will be identically related to those on the full scale object if the correct
"similarity parameters" are matched. In wind tunnel testing there are three
main similarity parameters, all of which depend on each other. They are:

1. Force coefficient (Newton number) = CF == dynamic pressure x reference area
Force

where: Force == lift, drag, skin friction, etc.

Dynamic Pressure = ~ x fluid density x (fluid speed)? = ~ PV2

Reference Area = whatever area one chooses (but usually the wing area).

fluid speed V
2. Mach Number = M = speed of sound in the fluid = a

fluid density x fluid speed x reference length _ pVL
fluid visocilty - Il3. Reynolds Number = Rn

Note: In our wind tunnel tests we usually hold the model stationary and blow
the air past it. We then measure the forces (lift or drag) which this air
flow produces. About four hundred years ago, Galileo proved (as a
primitive form of the theory of relativity) that this is exactly equivalent
to moving an airplane at the same speed through a stationary
atmosphere. If the airplane is flying through the air while the wind is
blowing, the story still doesn't change--everything just gets more
complicated.

What the above hocus-pocus says is: We want, as an example, to develop the new
Boeing 787. Like all Boeing airplanes it's going to be big and we want to get it
right. Among other things, we want to know what the lift and drag forces on the
real airplane are going to be before we commit to building one. So, we build a
1/10 scale model of it (actually 1/10 scale version of its exact shape) and put it in

2
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the wind tunnel. In these tests we measure the forces (lift and drag) that the
model produces and we know (by measurement) what the density and
temperature of the air is in the tunnel and we also know the speed of the air
blowing over the model. Knowing these things we can calculate the force
coefficients (Newton numbers) for a model of an airplane of this shape. If we do
this right, these Newton numbers do not have any dimensions=they are just a set
of numbers which describe the important forces on an airplane of this shape
flying at a given (known) speed. The question is: Do these numbers relate in
some way to the forces which will be produced on the real airplane? The answer
is yes! If, in our test, we somehow produced the right Mach and Reynolds
numbers.

The Mach number is easier to grasp in this little exercise. By its definition, Mach
number is just the ratio of the speed of the air (or the airplane) to the speed of
sound in the air under the test or flight conditions. Thus, an airplane (no matter
how big or small it is) flying at 80% of the speed of sound is flying at eight tenths
(0.8) Mach number. We call any airplane speed less than the speed of sound
"subsonic." The forces on an airplane change significantly (everything else being
equal) as the Mach number changes, and these changes are big enough that we
have to take special care to test our model at the right Mach number conditions.
Thus, we build wind tunnels which consume a lot of power to be sure we can
measure model forces at the right (speed-to-speed of sound) conditions.

By the same token, the forces on our model (again everything else being equal)
.change with changes in Reynolds number. Here we run into a problem though.
Going back to the simple formula for a Reynolds number we see that its value
depends on a "characteristic Iength's-or simply the size of the model. With a
little manipulation we can show that:

Reynolds number = (gas properties) x (model size) x Mach number

This means that if we test our 1/10 scale model in air at the same conditions
(temperature, altitude, etc.) that the full size airplane will fly, and do the test at
the right Mach number, we will be testing at a Reynolds number which will be
only 1/10 that at which the full size airplane will fly. If instead we try to match
Reynolds number, we'd have to fly the model 10 times faster and thus be at
supersonic Mach numbers. You can't seem to win. That in turn means that the
aerodynamics on the model will (usually) not be the same as those on the full
sized airplane desvite the fact that the model and the full sized item are exactly
the same shape. His is exactly what happens in wind tunnels like the BTWT, and
this is one of the reasons Boeing has to employ so many aerodynamicists=we
have all these people running around trying to figure out the right "Reynolds
number corrections" to make to wind tunnel data so we can predict the right
answers on our future products. This limitation on our existing wind tunnels was
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also a primary factor behind our plan to build new high Reynolds number wind
tunnels--a plan which has, alas, been abandoned. From now on we'll just have to
make do with what we've got.

So what is a Reynolds number. After all of the above, we still haven't really said
what a Reynolds number is. Let's now try it one more time this way. Reynolds
number is related to the fact that all fluids have viscosity. This means that when a
fluid (air, etc.) flows over a solid surface it produces a friction force on the
surface. This friction eats energy and causes a major part of the aerodynamic
force we call drag. If a fluid had no viscosity, our airplanes would produce no
drag (and incidentally, the Reynolds number of the flow would be infinity). This
sounds good at first, but it also turns out that if the fluid had no viscosity a wing
would not produce any lift either and we could not build an airplane the way we
do now. From this good news-bad news situation we go back to the fact that all
fluids do have viscosity. It also turns out that when we move a solid object (like
an airplane or a brick) through any real fluid, the fluid produces forces on the
object and the object reciprocates by disturbing the fluid. It fights back. While
air may seem to be nearly weightless and invisible, the mass of air surrounding
an object the size of a Boeing 747 is quite large and you have to horse on it quite
a bit to make it move--or stop moving. Thus, according to our old friend
Newton, the air surrounding our airplane has inertia. Having said something
along the lines that F = ma, Newton thus set the stage for a definition of Reynolds
number. If we calculate the inertia force (ma) of the mass of air being influenced
by an object like an airplane wing and compare that to the friction force
produced by the air scrubbing the wing as it flies through it we have:

inertia force
Reynolds Number = fri iti fnCI IOn orce

Thus, Reynolds number is an index, the magnitude (size) of which tells one
skilled in the art (of aerodynamics or fluid mechanics) the relative importance of
the viscous frictional forces acting on an object in a moving fluid to the size of
the total force acting on that object. The higher the Reynolds number (and
usually it turns out to be in the millions) the smaller the relative influence of
viscous friction forces. These friction forces are never negligible, however, and
a whole raft of complicated cause and effect relations are tied up with the fact
that fluids are viscous substances. It also keeps a whole bunch of us employed
trying to sort them out.

Still doesn't help? How about asking for a one-hour, on-hours short course on all
this as part of your necessary training for the jobs you do. It really is not too
hard to understand all this if you want to. Writing it all down seems to require a
book, however.

4
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SOME DEFINITIONS

FLUID

I.IQUID

PERJ'ECT
FLUID

IDv.L
GAS

Static Pressure

. . .
Temperature

Viscosi CI}

.. .. ~
Den.sity

A subsc.nce which cannot resist a she.r force without moving.

Both liguid. and gases are fluids.

A fluid whose mol.cul.~ .re 50 closely spaced that incermolecul.r

forc •• hold it togeth~r in a definite volume', but w.ithout definite

~hape. A liquid poured into an empty container will fill the

container up to the level 0' ,the volume of liquid poured, and will

form. free surf.ce.

A fluid .in which the spacing between molecules 1s 1.rge compared
to the dimensions of the molecules. A gas has neither fj~ed vol~

or shape. It ~ill expand to fill any empty (closed) container

into which it i8 placed.

A fluid which .is homogeneous (not composed of descrete molecules),
inelastic (incompressible) .nd has no vi&coslty. This.i. the .tuft

of classical (19th Century) hydrodynamic ••

A gas which is homogeneous, compressible, and has no viscosity.

In Continuum Mechanics

The compIessive force per unit area
Acting perpendicular to A surface
plAced in A fluid or on adjacont
fluid elements.

fluid.

A meAsure ot the heat content of •

A me~sure of A fluids resistance

to sh •• r wn.n the fluid is in motion.

The mass per unit volume ot • fluid.

In Kinetic Theory

The Compo~it~on of Dry

A~r at Standard Sea
Level Conditions.

Nitrogen

O"ygsn

(By Volume)

N2}dJo'o.oJC 78.09 ,
~J.c\lJ.

02 20.95 ,

Argon

Carbon
Dioxide

A 0.9J ,

O.OJ ,

~ Diameter ~ 1.5 x 10-8 in.

Average Spacing a 1.5" 10-7 in.

~~lft-J

Air Molecules

>

The time averaged sum of the forc ••

acting perpendicular to a unit ar ••
at surface immersed in _ fluid

caused by the j~ct (And con ••quent

change in momentWl) of fluid

~lecules in motion.. . . . ~ . . .
A measure of the ave~ge kinetic

energy of the ~l.cul••.
* * * * * • • •

A meAsure of the trAnsport of

momentum acro •• the InterfAce6
of adjacent .tre~ of flowing

DX'lecules.
• • • • * • * •

The mass of the total number of

DX'lecules within a given yolum..

Conditions

~
101325.0 2

N/III

15°c

Level Atmo8pheric
En2'l1sh

2116.2 1b/ft2
(14.7 psi)

590 ,.

J40.3 III/s

Hagnified
16.7 mi.llion
times

Pressure

Tempera tUIB

Densi ty 0.002J8 slugs/ftJ

Speed of
Sound

1116.4 ft/sec
(661.5 Ict)

1.572 Jt 10-4
ft2/sec 1.461 Jt 10-5

m2/sec

KinemAtlc..'
Viscosity

Molecules

-.~ Diameter - 1/4 in.

Average Spacing. 2.5

F=1&i_.-~--~
~J160 mi..-.j

in.
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