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Oblique Flying Wing Studies

Richard Seebass

20.1  Introduction

In 1968, as mentioned in Chapter 1, there were 97 thousand aircraft arrivals and departures
Kennedy International Airport providing air travel for nearly 8 million passengers. By 1993
million international passengers used Kennedy, but this required only 92 thousand arriva
departures. The introduction of the Boeing 747, DC 10 and other large aircraft, starting in 1
made this possible. Kennedy, and many other airports, are near their capacity. This, in part
motivation for large transport studies. One aircraft is naturally suited to being large and to f
supersonic: the Oblique Flying Wing (OFW). This aircraft represents a radical departure
past configurations.

The Oblique Flying Wing (OFW) as a moderate size SST is considered in deta
Chapter 19. As a sequel to that chapter, we review some important aerodynamic results fo
OFW. Next we review other studies of the OFW. We then provide new aerodynamic resu
our own that derive largely from the application of the theoretical tools developed in Chap
and the geometric tools of Chapter 9. We conclude by delineating the advantages and dis
tages of an Oblique Flying Wing.

20.2  Linear Theory

The supersonic area rule tells us that the wave drag of an aircraft in a steady supersonic
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the average wave drag of a series of equivalent bodies of revolution. These bodies of revo
are defined by the cuts through the aircraft made by the tangents to the fore Mach cone f
distant point aft of the aircraft at an azimuthal angleθ. This average is over all azimuthal angles
as depicted in Figure 140 for an OFW. For each azimuthal angle the cross-sectional area
equivalent body of revolution is given by the sum of two quantities: the cross-sectional area
ated by the oblique section from the tangent to the fore Mach cone’s intersection with the air
projected onto a plane normal to the freestream; and a term proportional to the compon
force on the contour of this oblique cut, lying in theθ = constant plane, and normal to th
freestream.

Figure 140 Fore-Mach cone (left) for the linearized solution, intersecting the OFW:
detail right.

For minimum wave drag due to lift, each of the equivalent bodies of revolution du
lift must be a Kármán ogive [408]. Likewise, for minimum wave drag due to volume, or du
thickness, each of the equivalent bodies of revolution due to volume, or due to caliber, mu
a Sears-Haack, or a Sears, body [409], [410]. Because the wing also serves as the fusela
OFW should have a small wetted area as well. These conditions can be met by an elliptica
flying obliquely, so that its normal Mach number is subsonic, as Jones and Smith pointe
long ago [411], [412]. An ellipse has the important characteristic that its chord length distr
tion is elliptical regardless of the angle of the chord to the center line. For minimum wave
due to volume, the thickness distribution must be parabolic; for minimum wave drag du
thickness, the thickness distribution is more complex.

At supersonic speeds the wing must be swept to a sufficient angle that it functions
ciently as a high Mach number subsonic wing in the cross-flow normal to the wing. This
requires a wing derived from supercritical airfoils, or a full supercritical wing design. Since
wing must house the passengers, it must be a relatively thick wing in order not to be so lar
to be impractical.

The drag of an oblique elliptic wing can be expressed using our theoretical unders
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ing of drag at supersonic speeds. The individual components of drag are the skin friction
the induced drag, the wave drag due to lift, and the wave drag due to volume. The lower b
for this drag, for a given lift and volume, is given by

. (109)

Hereq is the dynamic pressure of the free stream,Sf the reference area for skin friction
andCf the skin friction coefficient. The first term represents the wing’s skin friction drag, wh
we may reasonably approximate by the turbulent drag on a rectangular flat plate of the
area and streamwise chord.

The second term is the induced drag for an elliptically loaded wing, whereL is the lift.
We recognize this expression as the induced drag of the wing in the flow normal to it, that

L2/(πqnb
2), whereqn is the dynamic pressure of the normal flow andb is the unswept wing’s

span. We then interpret the productqnb
2 asqcos2λ b2 or qs2, whereλ is the sweep angle, ands

is the span normal to the free stream.

The third and fourth terms are the minimum wave drag due to lift and volume, wheV

is the wing’s volume andβ2 = M2 - 1. The two lengths,ll and lv, are the averages over all azi
muthal angles of the individual lengths of the equivalent bodies of revolution, appropria
adjusted for the variation of the component of the force lying in theθ = constant plane.

If the loading in one oblique plane, say spanwise, is elliptical, and the wing has
elliptic planform, the loading will be elliptical in all azimuthal planes. To obtain an elliptic loa
ing will require one or more of: wing bending; twist variation; camber variation.

If such an elliptic wing has a parabolic thickness distribution, the equivalent body
to volume in all azimuthal planes is that of a Sears-Haack body. The wing’s thickness is s
passenger height. If we minimize the wave drag due to the wing’s thickness, that is due
caliber of the equivalent body, then for the same caliber body as the Sears-Haack body, th
is given by Eq. (109) withV reduced by√(8/9).

As noted above, the lengths in the last two terms are the average over all azim
angles of theeffectivelengths for lift and volume for each azimuthal angle, as determined by
supersonic area rule. Thusll is the actual length for that azimuthal plane divided by cosθ. To cal-
culate these lengths we must determine the angle at which the tangent to the Mach cone c
plane of the wing.

For simplicity we assume that the wing lies in a horizontal plane. We recognize,
ignore, the fact that the wing must incline its lift vector slightly or be otherwise trimmed to o
set the leading edge suction which occurs on only one side of the wing. This results in
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plane inclination of about one degree.

If we write down the expression for the fore Mach cone depicted in Figure 140,
consider its apex to be at a large radial (and thereby axial) location, this equation become
for its tangent plane. This plane intersects the horizontal plane, and thereby the wing, in
that makes an angle with the y-axis,ϕ, given by

(110)

Now that we know the angle cut by the tangent to the Mach cone, we also know
length of the equivalent body of revolution for that plane is

(111)

The loading on the cut made through the wing is composed of two parts: that due t
lift, and that from the leading edge suction; we ignore this latter force. With these approx
tions we may determine the two lengthsll andlv [413]:

(112)

. (113)

Herem= β cotλ; for a wing with subsonic leading edge,m< 1; for large sweep, that is

small m, Eq. (112) givesll
-2 = l(0)-2/2. Identifying l(0) as the wing length, we see that eq. (109

is equivalent to Eqs. (50) and (108) in the previous chapters 4 and 19.

The minimum drag arising from the lift of a wing in supersonic flight, i.e., the sum
the induced drag and wave drag due to lift, was first given by Jones [411]. It can also be d
mined by applying Kogan’s theorem [414]. And this theorem can also be used to show th
oblique, elliptically loaded wing has the minimum inviscid drag for a given lift [415].

We may use Eqs. (109) and (112) to determine the inviscid drag of an oblique lif
line. This gives

. (114)

This is the result first derived by Jones, using the principle of combined flows [4
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[416]. The linear result for an arbitrary elliptic wing is more complex. We give the result h
for an oblique wing of large aspect ratio [413]:

(115)

wherem is related to the sweep angle and aspect ratio by

and G, which vanishes for a lifting line, is

HereA is the swept wing’s aspect ratio, that is,s2 divided by the wing area.

An oblique elliptic wing simultaneously provides large span and large lifting leng
The reduction in the wave drag of an oblique wing of finite span also comes from being ab
provide the optimum distribution of lift in all oblique planes.

Figure 141 and Figure 142, taken from Jones [417], illustrate the aerodynamic ad
tages of the oblique wing. The first compares the minimum inviscid drag due to lift of
oblique elliptic wing with that of a delta wing of the same span and streamwise length. The
ond figure compares the wave drag due to volume of an oblique elliptic wing and a swept
having the same aspect ratio and the same thickness.

Figure 141 (left) Drag due to lift; oblique elliptic wing and delta wing, M = √2 (Ref [417]).
Figure 142 (right) Wave drag due to volume of oblique elliptic and swept wings as a

function of Mach number (Ref. [417]).
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To fix our ideas on the relative size of the various contributions to the total drag,
the possible maximumL/D let us consider a concrete example.

20.3  The OFW as the NLA

Studies by McDonnell Douglas Aerospace West provide guidance on how many passen
large OFW might carry, how much it might weigh, and at what speeds and altitudes it migh
for the Mach number range 1.3-1.6 [418], [419]. We choose a freestream Mach number of√2 for
simplicity, and a sweep angle of 60 degrees for ease of control and aeroelastic stability. H
speeds are possible with more sweep, but the wing’s control becomes increasingly difficult
60 degrees being judged acceptable in previous studies.

These parametric studies guide us to conclude that a high aspect ratio, 800 pas
aircraft will have a wing with a maximum chord of about 55 feet and a span of about 550
This 10 -1 maximum chord to span ratio provides an aspect ratio of 12.7, a wing area of 2
square feet and a wing volume of 127,815 cubic feet. This OFW should have a trans-P
nautical mile range.

A conservative guess as to its weight and volume provides an OFW transport tha
enter cruise at about 1.9 million pounds and leave cruise at a weight of 1.3 million pounds
nominal conditions we take the weight to be 1.6 million pounds and the cruise altitude to 
43,500 feet.

Using these results and the nominal conditions, we calculate the turbulent skin fric
drag on a flat plate, and more directly, the other terms to conclude that the drag in pound

D = 4.37 × 104 (skin friction) + 2.31 × 104 (induced)

+ 5.19 × 103 (wave-lift) + 3.74 × 104 (wave-volume),

Here we use the well-verified method of Sommer and Short, assuming adiabatic
to calculate the skin friction [420], [421]. This drag gives an inviscidL/D of 24.4 and a viscous
L/D of 14.6. The minimum drag OFW of the same thickness (but less volume) has inviscid
viscousL/D values of 26.0 and 15.2. If we correct this lifting line result using Eq. (92), t
respective viscousL/Ds are reduced to 14.5 and 15.1.

A practical design, with the engines in the wing and only one vertical fin, sho
nearly achieve theseL/Ds. In Chapter 19, Van der Velden describes in some detail a 250 pas
ger oblique wing with four external engines that cruises with its wing swept to 68 degree
Mach 1.6 and 50,000 feet. This OFW has a 5000 nautical mile range. Its 19% thick wing h
maximum chord of about 50 feet and a span of about 370 feet. Its maximum cruiseL/D is about
eleven. Because the component of the Mach number normal to the wing is only 0.6, a 19%
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20.4  Other Oblique Flying Wing Studies

The recent interest in OFWs derives from studies at Stanford by R.T. Jones, A. Van der V
and his thesis advisor, I. Kroo. The early Stanford studies by Jones led to studies by the Sy
Analysis Branch at NASA Ames, a Boeing in-house assessment of the concept, and contr
studies funded by NASA at Boeing, McDonnell Douglas, and Stanford. These culminate
wind tunnel tests of two candidate wings as well as small radio controlled models to evaluat
speed stability and control issues.

An excellent synopsis of the NASA supported work is provided by Galloway et
who describe these studies and discuss the conclusions NASA drew from their own, an
contracted investigations [422]. Some of the discussion that follows derives directly from
report. A NASA artist’s concept of an OFW is shown in Figure 143.

20.4.1 Stanford Studies

As his Ph.D. thesis at Stanford, Van der Velden undertook the development of a general e
tion tool for preliminary design of commercial supersonic aircraft, including the OFW [42
[425]. This resulted in the preliminary design of an OFW that provided additional impetus
guidance to the NASA Systems Analysis Branch in their own studies of such aircraft.

Morris, in his Stanford Ph.D. thesis, examined the integrated aerodynamic/control
tem needed for a rigid oblique wing aircraft (OWA), that is, an oblique wing with fusela
[426]. He showed that by tilting the pivot axis, adverse coupling could be reduced and han
qualities improved. He subsequently extended these studies to the integrated aerodynam
control system design of an oblique flying wing. The configuration matched that of a NA
design for a 400 passenger OFW [427]. Morris noted the utility of designing the control law
the principal axes. He then demonstrated this control law with two radio-controlled OFWs.
first was ten feet in span and flew successfully at up to 65 degrees sweep. The second
twenty foot span OFW powered by two pivoting, 5 horsepower, ducted fan engines. Ten
chord trailing edge flaps were controlled by a Motorola 68020 CPU and a 68881 math copr
sor. The aircraft was designed to be able to fly at sweep angles from 35 to 65 degrees.
sensors were a 3-axis rate gyro, a 2-axis wind vane and an airspeed indicator.
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Figure 143 A NASA artist’s concept of an OFW.

In addition to the ten trailing edge control surfaces, two flying vertical fins, two thr
tles and four landing gear struts were driven by commercially available actuators. Actu
bandwidth limited the static stability margin to -1.8%. This aircraft flew in May 1994, succe
fully completing a four minute flight circling the field twice, changing its sweep from 35 to
degrees and back. It circled the field by turning toward the trailing tip, which resulted in sw
angles as low as 20 degrees because of the high damping in yaw. Morris, his model aircra
some of his results are depicted in some Figures of Chapter 19.

20.4.2 Boeing Studies

After their own in-house study of an OFW transport, the Boeing Company, under contract
NASA, developed an OFW design that would fit current airport designs and meet current
requirements. To satisfy the FAA requirement that the passengers face no more than 18 d
away from the flight direction on takeoff and landing (or have head restraints), the aircraft
designed to take off without sweep, which required folding wing tips. The landing gear track
set at 60 feet.
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The FAA requirement on passenger orientation is, of course, met by, and may a
with, the upper deck seat angles on Boeing 747 aircraft. One may argue that if passenger
seated facing rearward in a seat with side head cushions, a much larger angle might be pe
ble.

Passenger entry and emergency egress, engine and landing gear integration, as
airport compatibility and terminal utilization were studied [428]. Four engines are placed u
the passenger compartment. This configuration, because it is designed to take off w
sweep, could not become the New Large Aircraft. Nevertheless it could accommodate 4
460 passengers and demonstrated an OFW could be designed with existing regulator
straints.

20.4.3 NASA Studies

Waters, et al. studied the design of OFWs. They considered their aerodynamics, structure
layout [429]. This first comprehensive study highlights several critical issues for OFWs. Pr
pal among them were the design of the structure to carry the pressurization load, and the
of the landing gear to meet FAA taxi bump requirements.

Galloway et al. assessed the economics of 200, 400 and 500 passenger subsonic
ports (M = 0.85), 300 passenger OWAs operating at Mach numbers 1.6 and 2.0, a 400 pas
OWA operating at Mach 2, and 291, 440, and 544 passenger OFWs operating at Mach 1.6
They assumed a five year development period, with 500 aircraft produced in the 15-year
ery schedule.

Aircraft prices varied from $114M to $158M for the subsonic transports, from $17
to $239M for the OWAs, and from $212M to $260M for the OFWs. For a manufacturer and
operating airlines to achieve a 12% return on their investments required 11 to 10.1 cen
Revenue Passenger Mile (RPM) for the subsonic transports, decreasing with increasing
12.4 to 12 cents per RPM for the OWA and 14.2 to 11.1 cents per RPM for the OFWs, a
decreasing with increasing size. This trend toward economic equality between OFWs
advanced subsonic transports is depicted in Figure 144. The fares on a large OFW should
pete well with the fares of its subsonic counterparts.
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Figure 144 NASA Ames economic assessment of the revenue required per RPM t
provide a 12% return on investment (ROI) for advanced subsonic transports,
and for a M = 1.6 OFW (OAW) aircraft as a function of size (from Ref. [430]).

Computational Fluid Dynamics tools were used extensively to optimize a real
Mach 1.6 OFW design with the wing swept to 68 degrees [431]. Related numerical studies
also conducted by Cheung [432]. This optimized design, and that by McDonnell Dou
reported in the following section, were tested in the NASA Ames 9- by 7-foot Supersonic W
Tunnel at Mach number 1.6 [433]. The NASA design was tested at Mach numbers between
- 1.80 with unit Reynolds numbers of 1.0 to 4.5 million per foot. The angle of attack was va
from 0 to 6 degrees at a single sweep angle of 68 degrees. The 1.8% scale model include
nacelles and two vertical fins, one on the top and the other on the bottom of the trailing tip
results of these studies are not yet published. Preliminary results indicate that the experi
validate the numerical studies which resulted in a design that, while not optimum, was rea
in layout. The experimental wing aloneL/D, corrected to flight conditions at 52,000 feet, give
an estimated L/D of 10.5 [private communication, R. Kennelly].

20.4.4 McDonnell Douglas Studies

The studies by McDonnell Douglas Aerospace West have already been used to provide gu
on how many passengers a large OFW might carry, how much it might weigh, and at what s
and altitudes it might fly. They first considered a Mach 1.6 wing swept to 68 degrees [418].
is the design tested by NASA. They subsequently studied OFW designs for Mach numbe
0.85, 0.95, and 1.3 over a large range of sizes. These designs were compared to point des
a conventional subsonic transport and a blended wing body atM = 0.85. At this Mach number
the blended wing body shows greater promise.
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A subsequent study concluded that a Mach 1.3, 750-800 passenger OFW, with a
nautical mile range, would require an unswept aspect ratio of about 10 [419]. With a pass
cabin height of 82 inches and a nominal airfoil thickness of 17%, the chord becomes abo
feet and the span about 455 feet. This results in a wing area of 20,788 square feet, a volu
109,660 cubic feet, and an aircraft takeoff gross weight of 1.6 million pounds, with 0.75 mil
of this weight in fuel. A sweep angle of 62.5 degrees was used; withM = 1.3 this provides a
nominal normal Mach number of 0.6 and an estimatedL/D of 10.75. This aircraft is depicted in
Figure 145.

Figure 145 McDonnell DouglasM = 1.3 OFW capable of carrying 800 passengers 5146
nautical miles (Ref. [419]).

20.5  Nonlinear Theory

Following simple sweep theory, we must examine the section design of an OFW for the no
component of velocity. At cruise conditions, the flow over an OFW is that behind the nearly
ical shock wave emanating from the leading tip. The wing is swept so that the component o



Richard Seebass328

air-
umber

to
ign an
a

wave
m the

per-
ock
ave
sub-

st a
using

onical

hap-
first

ply to

the
flow normal to the wing’s leading edge will be sufficiently subsonic that a thick, shock-free
foil may be found. We have assumed this sweep to be 60 degrees, and a freestream Mach n
of √2, giving a normal Mach number of 0.707, and a tangential component of 1.23.

Boerstoel provides guidance on how thick a non-lifting airfoil might be if designed
be shock free [434]. His results, and those of others, suggest it should be possible to des
18% thick shock-free airfoil for a normal Mach number,Mn, of 0.76. This suggests to us that
17% thick airfoil with acl of 0.6, corresponding to a wingCL of 0.15, might be shock free for a
Mach number of 0.7. The importance of a nearly shock-free design stems not from the
drag of the cross-flow shock wave, but rather from the need to avoid separation arising fro
adverse pressure gradient imposed on the boundary layer by this shock wave.

The normal component of the flow accelerates over the wing to become locally “su
sonic.” The return of this component to “subsonic” cross flow is normally through a sh
wave, just as it is on supercritical but not shock-free airfoils. This cross-flow shock w
adversely affects the boundary layer and, thereby, the wing’s lift and drag, just as it does on
sonic, supercritical airfoils and wings [435].

We can fix our ideas for supersonic flow by considering supersonic conical flow pa
wing with subsonic leading edges and conical camber. Such a wing will, unless designed
special tools, have a cross-flow shock wave like that depicted in Figure 146. While this flow is
supersonic, the cross-flow plane equations are mixed, being hyperbolic outside the c
shock wave and inside the local “supersonic” cross-flow region, but elliptic elsewhere.

Figure 146 Embedded shock wave in a conical cross-flow.

The fictitious gas method for the design of supercritical airfoils, as discussed in C
ter 7, applies to conical supersonic flows as well. This extension to supersonic flows was
demonstrated by Sritharan [436]. Recently, we have suggested that this method may ap
fully three-dimensional supersonic flows [437].

The axial component of the flow over the oblique wing causes a disturbance to

M∞ > 1

MC = 1
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Mach number distribution of the normal component along the span. We may approximate
axial flow by that over a slender body of revolution whose cross-sectional area equals that
wing, by using the linear theory. The resulting variation of the normal Mach number in the s
direction is shown in Figure 147. We see that there is essentially a linear variation abou
mid-chord value (y = 0) in the normal component of the Mach number, requiring different a
foil designs, or at least thickness, along the wing. We recognize, then, that the upper surfac
vature and thickness of wing sections should be decreasing toward the wing trailing tip, in
to avoid creating a cross-flow shock or increasing a shock’s strength if one has already fo
Our objective is to find out how well we might do in designing an OFW using supercritical
foils that we develop and then appropriately blend to form the wing.

Figure 147 Estimated variation in the normal Mach number component along the wing
span;Mn = 0.707 aty = 0. Axial flow at Mt = 1.23, direction from left to right.

As noted earlier, the OFW with the minimum (induced and wave) drag due to lift
an elliptic load. The OFW area distribution that minimizes the wave drag due to volume, or
to thickness, is the Sears-Haack body for volume, and the Sears body for thickness. The f
corresponds to a parabolic thickness distribution; the latter to a wing that has the same
section, but thinner outboard sections. In the studies reported here we have minimized th
due to lift, and varied the thickness somewhat about a constant thickness to chord ratio
corresponds to a nominal elliptic thickness distribution and results in more volume, and
wave drag, than necessary. Thus these results should be considered very conservative, w
haps twice the wave drag needed for the volume required for the passengers and fuel.

20.6  Results

At first we perform a preliminary airfoil design using the fictitious gas method. A 17.4% th
baseline airfoil is generated using the geometry tools described in Chapter 9 for a flow ofM =
0.707 withCl = 0.6. For choosing the fictitious equations used in the Euler solver, we presc
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a new energy equation to change the equations inside a local supersonic region so that t
main elliptic there [413]. This results in a shock-free flow with a smooth sonic line, but the wr
gas law, inside the supersonic region. As described in Chapter 7, the correct mixed type str
of the transonic flow is recovered in the next step: supersonic flow recalculation by means o
method of characteristics, using the just calculated data on the sonic line for the initial va
This recomputation of the flow with the correct equations of state has a lower density in th
personic flow and provides a modified, and thinner, airfoil design. The result is the slightly
tened section shown in Figure 6 of Chapter 7 with a thickness of 17%.

Figure 148 Wing geometry parameters: planform, twist distribution and thickness
factor along span; support airfoils and their blending weight.
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We use this shock-free, redesigned airfoil as the center section for an OFW. We
the planform to be comprised of two ellipses, as shown in Figure 148, with an overall 10:1
ratio providing an unswept aspect ratio of 12.7. Other airfoil sections are developed for sli
higher and lower Mach numbers based on the variation of the normal Mach number dow
wing as determined previously using linear theory. We then use the geometry genera
Chapter 9 to determine a blending of candidate wing sections. Numerical computations
performed using NASA Langley’s CFL3D [438], [439]. To achieve the elliptic load distributio
twist is varied along the wing span. The twist variation is linear near the center, stro
decreases at the trailing tip, and slightly increases at the leading tip. But different Mach num
and sweep angles require differing twists. An elliptic loading is therefore best realized by b
ing the wing up at the tips. For simplicity we have used wing twist in our studies.

In Figure 148 we depict the blending of supercritical sections and the variation of t
used to achieve a nearly elliptic loading at the shock-free design point. The twist was v
from -10 to +5.5 degrees; a wing section thickness factor varied from 0.3 to 1.5 from the tra
to the leading tip. Between the center section and trailing tip, the three support airfoils sh
were blended to comprise the wing. This provided an inviscid L/D of 14.36 at aCL of 0.15. We
explored the variation inL/D with angle of attack, as shown in Figure 149. We find the max
mumL/D is 14.37 at aCL of 0.146. The inviscid pressure distributions at five span stations,
spanwise load distribution, and isotachs on three grid surfaces are depicted in Figure 84.
results correct those given earlier [437].

Using the skin friction estimate provided earlier gives a viscousL/D of 10.19, which is
consistent with the result given in Chapter 19. Higher values are surely possible as the de
wing’s volume, 152,189 cubic feet, is considerably larger than that required.

Figure 149 Lift-to-drag ratio as a function of angle of attack, * denotes the shock-free
airfoil design point.
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Figure 150 Pressure distributions at five span stations (y1-dashed,y2-dotted, y3-solid, y4-
triangle, y5-circle), and isotachs on three grid surfaces for OFW with elliptic
load distribution obtained with varying wing sections and nonlinear twist
distribution.

20.7  Conclusions

The advantages of the OFW are its low aerodynamic drag at all speeds, and its low stru
weight. The variable geometry afforded by changing the wing sweep from, say, 45 degre
take-off, to 60 degrees or higher in supersonic cruise, provides excellent subsonic, transon
supersonic performance, low airport noise, and less concern about emissions in supersoni
because it would fly at lower altitudes than an SCT (HSCT) in supersonic flight.

Because of its aerodynamic efficiency at transonic and supersonic speeds, it also
the prospects of a 50% or more increase in speed on overwater routes, and as much as
increase on over land routes. And it may do this at no more than current subsonic transpor
operating costs because of its increased productivity. A large OFW could ultimately ca
25% of the revenue passenger miles [440].

The OFW’s disadvantages are the multiple new technologies that would be introdu
its match to existing certification requirements and runway widths, the non-ideal shape fo
structure required to contain cabin pressurization, the need for active control, the limited s
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of Mach 1.6 or less, and the psychological impact of an unsymmetrical configuration.

Much remains to be determined about the OFW’s aerodynamics, structures, and
trol. Leading edge computational technologies should make it possible to address the
servo-elasticity of an OFW. If promising results are obtained to the technical challenges o
OFW, then an experimental aircraft program is warranted to verify these findings and ex
related issues. The world-wide excess military aircraft production capability could mak
experimental aircraft program less expensive than it might otherwise be.

Adam Brown has pointed out that, “... as the size of an aircraft is increased, econo
of scale can be obtained. But at some point, the engineer’s dreaded ‘square/cube’ law take
and increasing size actually results inworse structural efficiency. The Very Large Aircraft
appears to be close to this cross-over point” [441]. This suggests, then, that we must sid
this dreaded law by considering new geometries. Among them, the OFW is the aerodyn
and structural optimum. The larger an OFW is, the higher its aspect ratio may be, increasin
ther its aerodynamic performance. Thus the OFW appears to be an ideal candidate for
large transport.

It is unlikely that such a radical change in aircraft design would first occur in a la
commercial aircraft. Thus an OFW is more likely to be first introduced as a military carg
tanker aircraft, or as a smaller supersonic transport. Because of its high efficiency and pr
tivity, and the requirement for active control, a commercial OFW might first enter service
cargo aircraft in order to demonstrate its safety for commercial passenger service.
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