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Alternative Configurations

Conventional Design
A cylindrical fuselage with a low mounted, high aspect ratio wing, a 
horizontal tail and a vertical fin for stability and control, and engines 
mounted either under the wing or directly to the fuselage for thrust
This design layout has lasted for almost 60 years
Traditional approach is incremental technological progression
It is believed that this design morphology and paradigm has or is soon 
to reach its limits of further development potential

Future requirements call for 
Further improvement in vehicular and operational efficiency
Reduction in the environmental impact both from a benign ecological 
influence perspective, and, due to many airports incorporating a 
comprehensive noise and emissions based fees structure 
Ever increasing operational autonomy and safety

Advanced concepts are borne from the motivation to achieve a 
somewhat greater magnitude improvement

A spectacular leap forward in design efficacy is only accomplished 
through concurrent optimisation of aerodynamics, propulsion, structures 
and system disciplines, i.e. holistic design
Typically, such configurations achieve greater than 20% reduction in 
fuel burn and greater than 10% reduction in design weights
By virtue of combining these improvements into a common platform, 
the result generally produces a configuration that radically departs from 
the conventional, in many instances appearing quite unusual

Among the many possibilities being investigated by manufacturers
Three-surface
Blended Wing Body
Strut/Truss Braced wings
Dual wings and biplanes
Oblique Wing
Joined Wings
C-wing
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Alternative Configurations (cont.)

Design offices cannot rely very much on existing databases or 
empirical laws, nor on experience accumulated by engineers

Owing to such minimal practical experience with advanced 
configurations, the technical risk is considered to be very high
Best approach to estimating various functional relationships is via 
quasi-analytical algorithms

Various morphology concepts expounded by NASA
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Alternative Configurations (cont.)

Three-surface aircraft
The three-surface aircraft is based on ideas developed on fighter 
aircraft

It has an additional pair of Canard wings in front of the wing, generates both 
positive lift and pitching moment while giving opportunity to minimize drag in a 
variety of flight conditions
May improve flight control characteristics
Improved qualities during cruise and high lift conditions are also expected

There are two types of three-surface configurations
Lifting Canards – typically fixed surface serving only as a lift-balancing 
surface 
Control Canards – all movable surface with double hinged flaps, scheduled in 
accordance with elevator deflection 

This particular aircraft concept is generally configured to be naturally 
unstable and flight control computers are used for stabilising the aircraft
Three-surface layouts can be configured to have positive static 
longitudinal stability

Can assist in reducing significant levels of wave drag for high-speed 
transports with large trim drag qualities
Alternatively, the horizontal stabiliser can be configured to generate positive 
lift together with the wing and the third [Canard] surface used to achieve 
balance (trimming)

Drawbacks include weight penalty, maintenance cost, ramp safety, and, 
increased design, development and manufacturing cost

Various three-surface transport 
designs
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Alternative Configurations (cont.)

Blended Wing Body
Also known as the “flying wing” or “span-loaders” is an old concept 
developed during World War II
The idea is to produce an aircraft with a physical wing thickness large 
enough to permit seating of passengers/payload within the wing itself

By dispensing with the usual cylindrical pressure-vessel fuselage, the wetted 
area can be dramatically reduced
Additionally, can fashion a wing design that is tailored to promote close 
approximation to an elliptical lift distribution
Aerodynamic lift coincides with vehicle inertial loads
Shape lends itself to desirable area distribution – improved high-speed drag
It is argued that the configuration can generate a significant relative double-
digit increase in operating lift-to-drag ratio

It is therefore no surprise that it is currently being investigated by 
industry and by research centres

The main interest in this concept is the large reduction in fuel consumption 
compared to conventional designs, combined with a large transport capacity 
(up to 1000 passengers)
It is expected that the next generation (at least 20-30 years from now) of 
large civil transport aircraft will be based on the flying wing concept

Disadvantages 
Integration of pressurised passenger cabins, cargo compartments, fuel tanks 
and landing gear
Emergency egress – arrangement of exits and risks during ditching
Lack of window cut-outs for passengers
Passenger comfort during vehicle in-flight manouevres 
Configuration not practical for aircraft smaller than large narrow-bodies

Boeing (left) and Airbus (right) BWB design studies
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Alternative Configurations (cont.)

Truss/Strut-Braced Wings
Pfenninger has long advocated strut bracing to improve the 
performance of conventional transports
Structural benefits 

The vertical force of the strut produces a shear force discontinuity along the 
span
This shear force discontinuity creates a break in the bending moment slope, 
which reduces the bending moment inboard of the strut
The strut vertical offset provides a favourable moment that creates a
spanwise bending moment curve discontinuity; this discontinuity further 
reduces the bending moment inboard of the strut
A decrease in bending moment means that the weight of the material 
required to counter that moment will be reduced, thus, the strut provides 
bending load alleviation to the wing

Allows for reduced wing thickness and sweep, resulting in an enhanced 
extent of low drag laminar flow, as well as increased span
Pfenninger’s designs for such aircraft yielded L/D values in the 40s, 
over twice current levels of ultra-long haul equipment
The concept was not adopted primarily because there was debate 
whether a transonic strut braced wing could be designed with 
acceptable shock drag

This can possibly be mitigated in light of future CFD capabilities

Pfenninger Strut-Braced Wing concept (NASA Photo)
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Alternative Configurations (cont.)

Strut-Braced Wing with alternative engine installations, and, 
shear force and bending moment Diagrams

Ref: Virginia Polytechnic 
Multidisciplinary Design Optimization 
and Industry Review of a 2010 Strut-

Braced Wing Transonic Transport
Gundlach et al, 1999
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Alternative Configurations (cont.)

Design studies of the 2010 SBW transonic transport completed by 
Virginia Polytechnic have shown a potential to shave up to 10% of 
MTOW defined by design mission requirements
One approach for major drag-due-to-lift reduction is wingtip engine 
placement

Whitcomb and others have shown that up to 50% drag-due-to-lift reductions 
are obtainable
Detrimental to field performance during OEI conditions, e.g. minimum control 
speeds
Probably requires a third engine in the empennage region and utilisation of 
thrust vectoring on all engines to handle the OEI problem

The “Green” aircraft SBW proposal by Airbus as part of the
2020 Vision project
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Alternative Configurations (cont.)

Closely Coupled Dual-wings
Result of experimentation done by Olson, Selberg and Rhodes

Showed that both closely coupled dual-wing and swept forward swept 
rearward (connected at the wingtip) systems exhibit aerodynamic advantages 
over single wing configurations

Adaptive Tandem Wing
The wing structure involves a tandem arrangement, joined at the tip
Under low-speed conditions a structure is deployed across the inter wing gap, 
on both the upper and lower surface, to provide a large single flying surface

The optimisation of the deployed inter-wing cover provides the low speed 
performance of the wing

At high-speed conditions the structure is withdrawn to expose the tandem
wing arrangement

As the tandem wing is only exposed under high-speed conditions it need only be 
optimised for high speed performance only
The image inserts show the configuration in High speed mode 

Purported to be simpler, cheaper, lighter and more easily maintained due to 
deployment mechanisms and structures

Adaptive Tandem Wing concept (BAE Systems research)
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Alternative Configurations (cont.)

Bi-planes
Known to decrease vortex-induced drag at the same operating lift as a 
monoplane; based on work done by Prandtl, Munk and Kroo
Investigations show this configuration could be used for transonic and 
low-supersonic speeds

Tendency to lower the wave drag due to lift and/or volume
Still valid for supersonic flight if Mach cones do not intersect

One example is the Twin-Oblique Lifting Surface (TOLS)
A hybrid concept which comprises two independent, fixed, skewed wings 
linked by a wing-pylon-engine bracing structural system (WPEBS)

TOLS draws upon the following concepts
Oblique Wing 
Closely coupled dual-wings
Strut-Braced Wing

The Twin Oblique Lifting Surfaces (TOLS) configuration
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Alternative Configurations (cont.)

Oblique Wing
Vogt first put forth a variable sweep oblique wing aircraft design 
proposal in the 1940s

It was an unconventional asymmetric aircraft design, it was one of the first 
concerted attempts to reconcile conflicting conditions of wing sweep 
optimality for low and high speed performance

Campbell, Drake and Jones found interest in such a configuration
because analysis and wind tunnel testing indicated that elliptical 
oblique wings would provide minimum wave drag in supersonic flow

Disadvantages
Problems with low-speed aero-elastic divergence associated with a high 
aspect ratio, forward swept semi-wing
Adequate handling of longitudinal and lateral motion coupling produced by 
the interaction of highly non-linear aerodynamic and inertial moments
Lack of rigid body and wing structural mode coupling
Requires a wing pivot mechanism

Example of an operational oblique wing prototype
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Alternative Configurations (cont.)

Joined-Wing
This layout is based on an idea by Prof. Prandtl published in 1924
Postulated to have a very high aerodynamic efficiency both in terms of 
drag and maximum lift

Significant reduction in vortex-induced drag
Purportedly triangulation generated by having forward wings low and aft wing 
high can be aligned with the net force vector (lift plus drag)

Good stability and control
Should give an opportunity for a significant reduction in the gross  
weight of the aircraft via a reduction in fuel useful load (improved 
specific air range)
The aerodynamics of this configuration is very complex due to the 
interference between the two wings
Disadvantages

Empty weight reduction is minimal or comparable 
Increased level of interference drag
Rotation of the aft wing’s lift vector
Inability to attain a very high lift coefficient for the aft wing
Ramp safety
More complicated further product development from baseline

Loughborough University/Virginia 
Polytechnic “Ikelos”

Lockheed proposal (left) and 
released by University of Pisa (right)
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Alternative Configurations (cont.)

C-Wing
Proposed by Kroo and McMasters is essentially adding a pair of 
horizontal winglets to a pair of winglets
Some of the passengers are seated inside the pressurized inner wing
This configuration limits wing span while affording good vortex-induced 
drag efficiency
When configured properly and attached to a highly swept wing, the 
horizontal winglets act as T-tail type horizontal stabilizers 

The winglets also functional for directional stability and control

Large C-wing transport proposals: Stanford University (top left 
and right) and NASA (bottom left)
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Alternative Configurations (cont.)

Other Choices
From: Bushnell, D.M., “Advanced Civilian Aeronautical Concepts”,
Discussion paper, NASA-Langley Research Centre, 1996
Parasol Wing

This is an old approach wherein reflections of the fuselage nose shock 
provides favourable interference lift and subsequent aft body region thrust
Estimated L/D improvements are in the range of 25-30%
Required advanced technologies include flow separation control for the 
shock-boundary layer interaction regions and fluidic or variable physical 
geometry to work the “off-design” issues

Strut-Braced “Extreme Arrow”
Pfenninger has also advocated an externally strut-braced HSCT with truly 
revolutionary cruise performance – an L/D of order 20, over twice that of the 
best of the current approaches
The strut bracing allows use of an extreme arrow wing planform with minimal 
wave drag-due-to-lift and extensive laminar flow (“controlled”)
Mid-wing fuel canisters are used to provide favourable wave interference and 
load alleviation with extensive “natural” laminar flow on both the fuel canisters 
and the fuselage

Alternative HSCT Approaches
Northrup studied a “reverse delta” configuration for purposes of obtaining 
extensive regions of “natural” laminar flow on the wing
Some “novel” general concepts with application across the configuration 
spectrum include use of flow separation control at cruise to allow full 
exploitation of inviscid design precepts

Benefits include enhanced wing leading edge thrust, increased upper surface lift, 
increased fuselage lift/camber (reduced wave DDL) and enhanced performance of 
favourable wave interference (via shock-boundary layer separation control)

Asset supersonic laminar flow business jet concepts
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Alternative Configurations (cont.)
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Alternative Configurations (cont.)
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Abstract  

In the past the engineering spirit and imagina-
tion was the driver for new aircraft develop-
ments, combined with new technologies, which 
have led to new aircraft programmes, each new 
programme showing at least a 10% economical 
benefit to its competing flying aircraft. During 
the last two decades technological progress 
seems to have decelerated or – in other words - 
the aircraft industry has achieved a high techni-
cal standard and has become a mature industry.  
 There are however a lot of new technical 
concepts like Flying Wing, Tandem Wing, Three 
Surface Aircraft Concepts etc. where the inven-
tors claim enormous advantages compared to 
today’s conventional airliners. But does the 
market need these new vehicles? 
 The Institute of Aeronautical Engineering 
at the Technische Universität München has ini-
tiated a scenario process with students and ex-
perts from industry to establish and analyse a 
series of air transport scenarios for the year 
2030 out of which the market possibilities for 
future civil transport aircraft have been identi-
fied.  
 In all scenarios, most of the market re-
quirements could be fulfilled by conventional 

configurations, but sometimes with some strin-
gent requirements like for example noise re-
quirements. Some of the requirements however 
lead to  configurations in unconventional lay-
out. 
 In a next step these unconventional con-
figurations have been further analysed with re-
spect to additional needs in new technologies, 
development methods and tools and operational 
requirements. Based on these additional de-
mands from all  scenarios, a fairly robust tech-
nology strategy can be developed. 
 The paper will shortly describe the scenario 
process, will develop the methodology to define 
the robust technology strategy and will use a 
typical, possible scenario to demonstrate  and 
validate the proposed method.  

1  Introduction 
In the past the engineering spirit and imagina-
tion was the driver for new aircraft develop-
ments, combined with the introduction of new 
technologies, which had led to new aircraft pro-
grammes showing at least a 10% economical 
benefit to its competing aircraft flying already. 
During the last two decades technological pro-
gress seems to have decelerated. But it could 
also be argued, that the commercial aircraft in-
dustry has achieved a high and efficient techni-
cal standard and has become a technically ma-
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ture industry. A typical sign of a mature indus-
try is the fact that market forces are dominant to 
technological progress and innovation. Another 
fact which supports the thesis of a mature indus-
try can be the fact, that most of the aircraft fly-
ing today are looking more or less the same.  
The payload is transported in a circular cross 
fuselage, the necessary aerodynamic lift is gen-
erated by a pair of wings which are fixed in the 
middle of the lower part of the fuselage, the 
wings are moderately swept, aircraft control is 
assured by the empennage and their control sur-
faces at the end of the fuselage, the main under-
carriage is fixed to the wing and can be retracted 
into the fuselage, the engines are installed sym-
metrically under the wings. There are only few 
exceptions to this configuration, which has 
proven to be successful. If we compare the latest 
designs from Airbus and Boeing, i.e. the A330 
versus the B777, or the A321 vs. the B757, it is 
difficult even for specialists, to differentiate 
which type of aircraft it might be. It can be con-
cluded that today’s aircraft look all very similar 
and even the new concept for a 500-seater from 
Airbus, the A380, has selected this configura-
tion concept. This configuration is called the 
“Conventional Configuration” (CC), which has 
evolved over the past decades as the optimal 
design for an efficient economical passenger 
transport aircraft. 
 

 
Figure 1 

 
 Nevertheless there are a lot of good ideas 
for new aircraft configurations (see fig.1 and 
[1]), which look fairly unconventional com-

pared to the flying aircraft today. The so called 
“Unconventional configurations” are designed 
and promoted by various highly qualified engi-
neers, who all claim, that their configurations 
have a lot of specific advantages compared to 
the conventional designs. 
 There is however no consistent view, which 
of these “Unconventional Configurations (UcC)  
may be viable for a certain task and/or market 
segment and which not. There are normally two 
camps. The engineers from the aeronautical in-
dustry, who all have a lot of good arguments, 
why these UcC can not work and a lot of “killer 
arguments” against the UcC are provided such 
as: emergency evacuation will never be possi-
ble; airport infrastructure will not fit; the aero-
dynamic interference from a moveable fore-
plane will be counterproductive to the main 
wing etc., etc. The engineers from the scientific 
community have a lot of positive arguments in 
favour for the UcC, such as: a better aerody-
namic L/D; better structural concept with a 
weight saving potential; less trim drag and the 
strong argument, that the industry is becoming 
far too conservative and new ideas are no longer 
investigated. 
 

 
Figure 2 

 
 The Institute of Aeronautical Engineering 
in Munich follows and has accepted a change in 
paradigm and proposes a new system approach, 
where the operating environment and the market 
will define the aircraft need and hence the nec-
essary technology level (see fig 2) instead of the 
technical and technological driven approach. 
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 Being conscious, that market forces will 
decide in the future, the need to start from a 
market perspective becomes obvious. The time 
focus for the market scenario should be rather 
long (30 years) in order to take into account the 
long large development cycles in the aeronauti-
cal industry. Therefore a market scenario for the 
year 2030 and later (called 2030+) was chosen 
and the best methods to be used were investi-
gated. 
 The use of the scenario methodology has 
the big advantage that very different views and 
pictures of the future will be developed, but al-
ways a clear path is outlined, how to get from 
today into this particular scenario. In addition 
the participants in such a process learn a lot 
about the more and less important parameters in 
a scenario process, they get a better understand-
ing, which parameters can be influenced by an 
actor in the complex market and which are 
driven by market dynamics and can not be in-
fluenced directly.  

2. Scenario technique and process in air 
transport 
The use of scenarios to look into the future and 
develop several different views of the future is a 
well established tool and methodology for better 
understanding future market requirements. Sev-
eral references are describing the scenario 
methodology [2] – [5] (see fig. 3). 
 

 
Figure 3 

 
 It should however be mentioned, that the 
best understanding about the methodology and 

the usefulness of scenarios is in participating 
directly in a scenario process and discuss and 
elaborate together with other specialists the fu-
ture market environment. As part of the educa-
tional training programme in Aeronautics, the 
Institute of Aeronautical Engineering is offering 
each year a specific course in Scenario tech-
nique to their students. Each year the subject is 
changing and normally, the subjects are selected 
together with an industry partner who provides 
the thematic and timely focus and supports the 
course with some specialists from industry. 5 
different scenario workshops have been con-
ducted up to now with a high appreciation from 
industry about the good contribution and moti-
vation of the students and the good quality of 
the results [6],[7],[8]. 
 The use of scenarios in the conceptual air-
craft design focuses in three different aspects 
[9]. The results of the scenario process are used 
to develop from the future market environment 
a technical product idea and determine from 
them design requirements. Another possibility is 
the identification of mandatory and/ or useful 
technologies which are mandatory or supportive 
for the new configurational concept. The third 
aspect is related to the development of evalua-
tion criteria. These aspects are outlined in ref. 
[8],[9] and [10]. The five basic steps of the sce-
nario method are outlined in fig. 4. 

 

 
Figure 4 
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Figure 5 

3 The scenario process “ Unconventional 
Aircraft Configurations 2030+” 
For this project, a time horizon of 30 years has 
been chosen. If we bare in mind, that the con-
figuration concept of the future A330/A340 
programme from Airbus has been developed 
already in 1976 and certification has started in 
1992, this indicates that new concepts have to 
be developed fairly early before any chance of 
realisation will occur. On the other hand, a time 
horizon of 30 years is fairly long for a scenario 
process and all results are coupled with a very 
large uncertainty and risk. Therefore the frame-
work had to be defined before. The following 
key questions had to be answered before the 
process (see fig. 5). 
 From which conditions and requirements in 
the global air transport business up to the year 
2030 will it depend that a future aircraft concept 
will be of a conventional or can be of an uncon-
ventional type (see fig.6)? 
 How could the spectrum of requirements 
develop in alternative scenarios? 
First of all, the air transport system of today had 
to be carefully analysed to better understand the 
interrelationship of all participating partners. On 
the aircraft industry side factors like ability and 
willingness to invest, time of development, de-
velopment cost, accessibility to basic technolo-
gies and airline structure had to be investigated. 
These factors had to be analysed and structured 
and the most important had been defined. 
 

 
Figure 6 

 
 For these factors a careful description and 
reasonable assumptions for the probable future 
development had to be defined. An analysis of 
the dependency between the different assump-
tions builds the frame for the different scenar-
ios. Out of these multiple scenarios, some (in 
the a.m. scenario process only three) typical and 
different scenarios had to be selected. 
 All three scenarios have been outlined in 
detail in [8], but are described with their main 
features in fig. 7. In this paper we will only 
show the principle procedure in the context of 
one scenario, which was called “A Flying 
World” and shows a fairly positive environment 
for the aeronautical industry. 
 Fig. 8 indicates in a cartoon, how the stu-
dents have characterised the scenario of a “Fly-
ing World”. 
 Fig. 9 gives more details about this sce-
nario. In terms of society, economy and politics, 
the scenario A is described by high mobility, 
ecological sensibility and increasing depletion 
of oil resources, leading to high fuel prices and 
the search for alternative energies. In the airline 
world, main aspects are strong airline competi-
tion, growing airspace capacity with more point 
to point connections and a sound airline eco-
nomical basis, where small airlines prove to be 
more flexible than big alliances. With regard to 
aircraft manufacturers and their products, many 
new aircrafts with new technologies will appear 
on the market, rising development costs and 
time can be partly compensated with modern 
tools and methods, and smaller manufacturers 
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can overcome the existing duopoly from Airbus 
and Boeing. 
 

 
Figure 7 

 

 
Figure 8 

 

 
Figure 9 

 
 For each of these scenarios a set of re-
quirements for aircraft configurations has been 
developed. These “Standard and requirement” 

documents are per se neutral with respect to a 
configuration. But in these documents, uncon-
ventional demands are included which will in-
fluence and have impact on today’s configura-
tion and also those requirements which only can 
be met by new and unconventional designs. 
 
 The deduced configurations are in so far not 
pushed by their technical concept but pulled by 
market needs and requirements.  
These requirements are derived by different ac-
tors in the air transport scene as airlines , pas-
sengers, airports, air traffic control, from the 
regulating bodies and political demands and 
conditions and finally from the aeronautical in-
dustry with respect to economy and product 
strategy. 

For each scenario a list of criteria had been 
formulated with regard to passenger and cargo 
transport like 
• transport performance, range, capacity, 

speed; 
• economy for the airline 
• safety for passengers and cargo 
• environmental aspects like noise, emis-

sions, recyclable materials,  etc. 
• requirements to turnaround, development 

potential and image 
 
A specific payload range diagram had been 

generated for each scenario showing all interest-
ing areas for intra- and intercontinental ranges 
(fig. 10). After these general considerations a 
requirement document has been generated for 
each aircraft category, deduced strictly from 
market needs (Fig. 11). Later on configuration 
proposals have been developed for each re-
quirements document. First it was investigated, 
whether the requirements could be reasonably 
met by conventional configurations. If this was 
not possible unconventional solutions and ap-
propriate configurations have been considered 
and discussed. Most of the requirement profiles 
could be fulfilled by conventional configura-
tions, which is fairly obvious. However some 
requirements could only be met by unconven-
tional configurations. 
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Figure 10 

 

 
Figure 11 

4 Definition of a robust strategy 
The next step in the process is the selection 

of different “unconventional configurations” out 
of the different scenarios. For each configura-
tion, the standard and requirement documenta-
tion exists and has to be properly described.  

Figure 12 gives a general overview of this 
step. In the above mentioned scenario process, 
six possible new configurations have been iden-
tified, where unconventional features could be 
important for the success of the concept. Fig. 13 
shows a typical example of the market applica-
tions for scenario A . It should be mentioned, 
that the requirements for the new freighter air-
craft in scenario A will not automatically lead to 
a “Blended-Wing-Body” configuration. But at 
least the need for a fast Turnaround time leads 
to a new concept with nose- or rear-loading 
door possibilities [15]. 

 
Figure 12 

 
In Scenario A the need for two new con-

cepts has been identified i.e. the “Green SR 
People Mover” and the “BWB Freighter fam-
ily”.  Under the so called “green aircraft” two 
different aspects are combined, i.e. the “low 
noise aircraft” and the “alternative fuel aircraft”. 

 

 
Figure 13 

 
These requirements or configuration profiles are 
answers to different possible future develop-
ments. But as it is unclear which scenario will 
happen or is more likely to happen, a common 
set of requirements out of different scenarios 
has to be derived. The goal for a robust strategy 
is achieved when out of a variety of scenarios 
common requirements can be obtained which 
lead then to configurations which are not opti-
mal for individual scenarios, but fairly robust 
and the best compromise to meet the needs for a 
broad range of scenarios. 
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Figure 14 

 
Fig 14 shows the principle procedure for 

the development of a robust strategy.  
However , the goal of a scenario process for 

students is less the development of a robust 
product strategy but more the demonstration of 
the process and the definition of a set of differ-
ent possible new concepts, which fulfil the fu-
ture market needs or at least may be of interest 
for specific market niches. Six principle new 
concepts (see fig. 15) are the result of the sce-
nario process and are of interest for further in-
vestigations. Each concept is based on a set of 
requirements, which was typical for a specific 
scenario.  

 

Today

VSTOLVSTOL

Conventional AircraftConventional Aircraft

Dedicated Cargo AircraftDedicated Cargo Aircraft

Supersonic TransportSupersonic Transport

„Green“ Aircraft„Green“ Aircraft

UHCAUHCA

 
Figure 15 

 
As a general result from the scenario process, it 
can be stated, that some of the different scenar-
ios lead to requirements, which can not simply 
be met by conventional configurations. There is 
room for new concepts in specific market 
niches.  

 One of the objective of a scenario process 
may be the definition of a robust product strat-
egy for the next 30 years. But normally it will 
be more appropriate to define a robust technol-
ogy strategy. The development of new tech-
nologies and especially the development of 
those technologies, which fit to several project 
needs and are most efficient and applicable in 
different scenarios is an obvious target for sce-
nario processes [9],[11],[12]. Technologies need 
a much longer time for their development and 
their readiness for application. It is very impor-
tant to have the most efficient and most cost ef-
fective technologies available, when the market 
will need and require new products [14]. 

6 Summary 
Assuming a time horizon of thirty years and 
more, as it is assumed for the development of 
completely new aircraft concepts, there are a lot 
of uncertainties and deficiencies about the de-
velopment of market, customer needs and re-
quirements and necessary technologies. The pa-
per outlines, in which way scenario processes 
could be used to reduce these uncertainties in a 
systematic and methodological way. Different 
outputs can be obtained from scenarios, i.e. re-
quirements, evaluation criteria and technologies.  
 With the proposed process, the future strat-
egy will be based upon detailed market analysis 
and a global analysis of market related factors. 
This procedure will not replace the classical 
marketing tools like market forecast etc. but will 
be helpful to reduce the risk of uncertainties in a 
systematic and methodological way, which is 
always connected to long term forecast. Another 
important fact is the participation and discussion 
during a scenario process, as the complex envi-
ronment will be carefully structured and the use-
ful discussion between different experts im-
proves the understanding for the global market. 
This will help considerably to increase the con-
fidence level of a robust product strategy. 
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At any one time when we are to set the course for the future, we should
first check that the objective is clear: not using whatever is available, but
using it because it serves the objective. In the field of technology
integration in a irliners, we think the we should first ask the market to tell
us what the main drivers are, then ask the Engineering Community about
the technical opportunities that are at hand.

But, prior to make a decision, we should  be animated by a vision: our
aim, our responsibility, our contribution to the needs people have to
move around the planet.
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Dream and vision

“I have often listened to you with enthusiasm, when you refer to the borders not as
separating the countries but rather as connecting them. I, too, have made it a lifelong
task of mine to add a cultural element to my work, which should result in uniting
countries and reconciling their people.
Our experience of today's civilisation suffers from the fact that it only
happens on the surface of the earth. We have invented barricades
between our countries, custom regulations and constraints and
complicated traffic laws and these are only possible because we are not
in control of the 'k ingdom of the air', and not as 'free as a bird'.

O. Lilienthal,
letter to Moritz von Egidy,
January 1894

Source Source LilienthalLilienthal-Museum -Museum AnklamAnklam

Dreams are authorized to build-up the v ision. Some people have
contributed to make dreams come true, and in the field of a viation, Herr
Otto Lilienthal is certainly one person we should remember. Like others,
he has not spared efforts, putting his engineering skills in the adventure,
spending all his money, and at the end, giv ing his life.
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What people thought in year 1970

Many thought year 2000 would seeMany thought year 2000 would see

AirbusAirbus  vision was differentvision was different

!! VTOL aircraft dominate Short and Medium RangeVTOL aircraft dominate Short and Medium Range

FamilyFamily  would be a keywordwould be a keyword
And And TechnologyTechnology  that brings benefitsthat brings benefits

AndAnd  Market WatchMarket Watch  : what is needed ? and when ?: what is needed ? and when ?

!! Supersonic & Hypersonic For Long RangeSupersonic & Hypersonic For Long Range

!! Size go beyond 1000 seats and 150 tons of freightSize go beyond 1000 seats and 150 tons of freight

!! Propulsion to be either Hydrogen or NuclearPropulsion to be either Hydrogen or Nuclear

……

Dreams can remain dreams. When looking at what the “experts”
believed in 1970 the air Transport industry  would look like in year 2000,
they were pretty definite!

Look at what happened in fact. Sometimes, the chains of the past are
too heavy to allow us to imagine the ruptures that could happen.
Sometimes, the rupture scenario is pushed in such a w ay that it would
pre-suppose that all the environment also is subject to a rupture. In the
pictures shown, there w as absolutely no v ision of the environmentalist
pressure around the world that makes the air transport vehicle an
“unfriendly” neighbor.

So, we need to enlarge our horizons.
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World average : 0.3 trips per year

“Frequent Travelers”
Countries up to 3 trips per year

Nigeria

PR China

Bolivia

South Africa

Saudi Arabia

Greece Canada

New Zealand

 Japan
  Switzerland

USA

* Passengers carried by airlines domiciled in the country* Passengers carried by airlines domiciled in the country SOURCES : ICAO, Standard & SOURCES : ICAO, Standard & PoorsPoors

Huge Potential, linked to Wealth
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Look at Passengers, what can they afford ?

We all believe that a ir transport has become part of mankind way of life.
Untrue!

Only a small portion of the world population “enjoys” the aircraft as a
mean of transportation. There is room for improvement in our domain,
before we will see the aircraft take part in everyone’s life.

Growth, expansion is a buzz word in our industry. We will have to pa y
attention to the way we allow that growth to happen, and the
consequences of such growth. Please note that as the economic
development is determining the access  to the airplane, the airplane
operating cost is the prime issue here.
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Lots of reasons why people use Air Travel …

Meet peopleMeet people

BusinessBusiness

FamilyFamily

HolidaysHolidays

DiversityDiversity

And people, they are so diverse! Different reasons for travel, meaning
different expectations, different w ays to enjoy the journey,  different
w ays to look at the airplane. We believe that, in spite of the concurrent
development of telecon supports, people will w ant to continue going
around the planet.

To those who put the telecon and the air journey in a competitive
situation, I might simply note that we are now asked to develop telecon
means…aboard the airliners: the more you travel….the more you
communicate…the more you communicate…the more you travel.

Another aspect that we have to consider when imagining the next
vehicles and their interiors, access…is the population structure: the age
distribution is changing, as is the size of the people.
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But aircraft don’t carry only passengers …

! Aircraft carry only 1% of world-wide
freight in volume …

! … but 38% in value

! Freight grows more rapidly than
Passenger Market

! It’s extremely diversified : flowers,racing
cars, live animals, “Beaujolais Nouveau”,
computers …

There is a lso the “silent” passenger, I mean the freight. A significant
contributor to our industry, that is diversifying, and participate to the
globalisation of the economy. Air transport of goods contributes to
accelerate it. Speed and cost efficiency are the keywords here.
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Freight journeys

California
Microprocessor - Intel

California
Microprocessor - Intel

Mexico
Keyboard - Keytronic

Mexico
Keyboard - Keytronic

France
Sound Card - SoundBlaster

France
Sound Card - SoundBlaster China

Power Supply 
Private Label

China
Power Supply 
Private Label

Japan
DRAM Chips - Toshiba

CD-ROM - NEC

Japan
DRAM Chips - Toshiba

CD-ROM - NEC

Taiwan
Network Card - 3Com
Monitor - Private Label

Cooling Fan - Private Label

Taiwan
Network Card - 3Com
Monitor - Private Label

Cooling Fan - Private Label

Singapore
SCSI Card - Adaptec

Disk Drives - Western Digital

Singapore
SCSI Card - Adaptec

Disk Drives - Western Digital

Malaysia
Floppy Drive

Sony

Malaysia
Floppy Drive

Sony

Hong Kong
Video Card - Number 9
Microprocessors - Intel

Hong Kong
Video Card - Number 9
Microprocessors - Intel

Del Computer ComponentsDel Computer Components

Just as an example, the pc on which I am working for this
presentation comes from all over our planet. Flying one w ay,
sometimes flying back and forth, just to make that little piece of
equipment : it would be inconcievable to ha ve the elements
shipped from harbour to harbour, w asting time and increasing
cost and risk.
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A major Airlines’ driver

A few quotes, read in Airline Business May 2002

“We need to find an industry answer to the huge increase in war-risk costs”
L. Mullin, Delta

“The business people are on the plane but business fares have declined”
G. Bethune, Continental

“ The vicious circle of continuous operating cash-flow losses and spiralling debt to
replace the aircraft fleet is unsustainable” A. Light, Salomon Smith Barney

Opening one magazine and retaining the keywords that some leaders of
the airline industry  are using when asked about their business: money,
costs, revenues… I t is a ll there. The economic efficiency of whichever
airplane we deliver to them will determine success or failure in a very
competitive market. We believe that our a irplanes will be evaluated
around their economic efficiency, that is their overall life cycle cost and
their earning power capabilities.
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The Airline revenue nightmare

Low yields, still decreasingLow yields, still decreasingLow yields, still decreasing

We said earlier that more people w anted to travel, and that the market is
always more competitive. The airlines see, and they contribute to it, a
down trend in their unit revenue. They put tremendous efforts in the
parallel reduction of their unit costs. Some operators are now adays
referred to as “low-cost”.

The airplanes we will deliver over the coming years and decades will
have to integrate the picture of the cost-revenue equation.As we do not
believe that a significant portion of the passenger community will accept
to see the ticket prices to go up.
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The neighbours pressure

High Speed Train 300 km/h, 100 m away     92 dB(A)

 Express Train 100 km/h, 100 m away          88 dB(A)

 Bus in town, 8 m away               82 dB(A)

 A320 during take-off, 700 m away          70 dB(A)

Flying is certa inly exciting, but not for everybody… Airport neighbors
don’t seem to enjoy it. And they are more and more numerous.

Besides the airport neighborhood context, there is the growing concern
that we share about the respect of the Environment and the aim of
protecting a greener planet.

Air transport has a high degree of visibility, sometimes out of proportion
with it real contribution in noise and emissions. It is a fact, and our
airliners will need to be exemplary with their environment signature.
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Answering the demand with the right tools

Life would be simple if one solution would fit everyone. This is not the
case: diversity in demand, in geographic conditions, in markets require
us to propose, at any given moment, a set of airplanes each
responding to one set of requirements.
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Emissions

Meeting the Challenges

Drag Reduction Weight Reduction

Cost Reduction

Safety & Security

Priorities forPriorities for
R&T ActionR&T Action

SFC

Comfort & Convenience

Noise

In facing the challenge of diversity  and the need to address the
cost/revenue elements, the env ironment and the passenger service
issues, we will have to  integrate simultaneously aerodynamics, structure
weights, noise reduction, manufacturing cost reduction, while offering a
better space for the end customer.
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SPFDB/titanium in pylonSPFDB/titanium in pylon New nose conceptNew nose concept

LowerLower fuselage fuselage
shells Weldedshells Welded

Upper deckUpper deck
floor beamsfloor beams

CFRPCFRP

Inner wingInner wing
AdvancedAdvanced
alloysalloys

Fixed leading edgeFixed leading edge
ThermoplasticsThermoplasticsCentre Centre wingwing

box CFRPbox CFRP

UpperUpper
fuselage skinsfuselage skins

GlareGlare TailTail in CFRP in CFRP

GlareGlare Laser weldingLaser welding

A380 horizontal tail planeA380 horizontal tail plane

Anti-weight technology

! New structural concepts

! New light-weight materials

Starting with the aircraft weight, weight being one enemy of the aircraft
performance, new materials and new structural concepts contribute to
reach our targets. Significant testing is needed to validate the new
materials before the decision is made to apply them.
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                Aluminium layer
                Glass fibre/adhesive layer

    Aluminium layer
          Glass fibre/adhesive layer

Aluminium layer

Overlap splice using the "Self Forming Technique"

metal layer fiber layer fuselage outside adhesive

fuselage inside

GLARE Technology

! GLARE is a hybrid material, build-up from
alternating layers of aluminum foils and
unidirectional glass fibers,
impregnated with an epoxy based adhesive.

! The "splicing concept" arranges two aluminum foils
adjacent to each other (or with a slight overlap),
resulting in one of the aluminum layers.
Such splices are staggered with respect to each other,
while the fiber adhesive layers are continuous.

This is the case with Glare, a hybrid material that is selected for some of
the fuselage panels of the A380
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Crack

Crack extension by Crack extension by 
sawcutsawcut necessary, since necessary, since
crack stopped propagation.crack stopped propagation.

Crack Length 2a [mm]Crack Length 2a [mm]

2a0

CyclesCycles

X  2524, t=1.80mm
!!!!GLARE4, t=1.95mm

GLARE: Excellent Crack Growth Behavior

" A340 Large Panel Damage Tolerance Tests
# crack above broken frame
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Major Monolithic CFRP and Thermoplastics Applications

Floor BeamsFloor Beams
for upper Deck:for upper Deck:

CFRPCFRP

Rear Pressure Bulkhead:Rear Pressure Bulkhead:
CFRP, RFI, non crimped fabricsCFRP, RFI, non crimped fabrics

Horizontal Tail Plane:Horizontal Tail Plane:
CFRP, ATL for torsionCFRP, ATL for torsion
box and elevatorsbox and elevators

CFRP Vertical Tail Plane:CFRP Vertical Tail Plane:
CFRP, ATL for torsionCFRP, ATL for torsion
box and ruddersbox and rudders

Wing: GlassWing: Glass
ThermoplasticThermoplastic

J-noseJ-nose

CFRP Outer Flaps:CFRP Outer Flaps:
CFRP, ATLCFRP, ATL

Center Wing Box: CFRP, ATLCenter Wing Box: CFRP, ATL

Un-pressurized Fuselage:Un-pressurized Fuselage:
solid laminated CFRP, AFPsolid laminated CFRP, AFP

Flap track panelsFlap track panels
CFRP, RTMCFRP, RTM
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Vision of Composites / Hybrid Materials Application 2020

• GLARE® Fuselage • CFRP Fuselage

Immediate FutureImmediate Future
25% Weight Share in A380 (2004)
• Section 19 and 19.1
• HTP / VTP
• Movables
• Beams
• Center Wing Box
• Wing Ribs
• Cowlings, Fairings
• Fuselage partly GLARE®

30% Weight Share in A400M (2006)
• Wings

Future (2020)Future (2020)
> 65% Composite Weight Share
• Composite / Hybrid Fuselage
• Objectives:
   30% Fuselage Weight Reduction,

40% Cost Reduction

Alternative

Future Perspectives- Structures

It has been an Airbus tradition to introduce new technologies step by
step, as new airplane programs or new variants were under study.
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CFRP Wing CFRP Wing –– Full Scale Test Full Scale Test

Future Perspectives - Structures
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Welding Technology for lower Fuselage Panels

! Near term material candidates:
Al 6xxx-series Alloys:  Al 6013, Al 6056

! Advanced alloys under development:
AlMgSc & AlMgLiSc & AlCuLiSc

! Initial application: Stringer-to-skin LBW
for lower fuselage skins.

! Technology readiness for fuselage panels:
" LBW of single & double curved panels confirmed.

" More than 50 panels manufactured and successfully tested.
" Initial application: A318

! Examples for potential further applications.
" Fuselage panel/clip and clip/frame.

" Panel/frame in cockpit area.

" Center fuselage pressure bulk heads.

We estimate that welding techniques could lead to about 10% in weight
reduction while delivering a 20% reduction in production costs.  As an
example, the panel riveting speed goes from typically .15 or .25 meter
per minute up to 8 to 10 meters per minute.
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Full-Scale demonstrator: Resin Film Infusion (RFI)

A380 Rear Pressure BulkheadA380 Rear Pressure Bulkhead
  - Full-scale Manufacturing Trials -- Full-scale Manufacturing Trials -

Airbus FacilityAirbus Facility
Stade (Germany):Stade (Germany):

Manufacturing Technology:Manufacturing Technology:
Resin Film Infusion, using a
stitched non-crimped fabric as
textile preform

5.5m x 6.2m (oval)5.5m x 6.2m (oval)

A380 rear pressure bulkhead produced with resin film infusion
technology using a non-crimped fabric as textile preform.
A340-500/600 bulkhead is manufactured with prepreg tapes. The
advantage of CFRP design is a weight reduction of 27% compared to
Al-design.

Another composites manufacturing technology is resin transfer moulding.
One of the difficulties with “conventional” composites manufacturing ,
using pre-impregnated material - “prepreg”, is that because the
component is cured in an autoclave on a tool, all tolerances are thrown
to the other surface.
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Size Constraint

Manufacturing
Process

Costs

Reduction
of assembly
costs

Increase of material cost

CC
00  = 1
 = 1

CC
11  = C
 = C

00  x f
 x f

Composite

Target for 
    composites

Material CostMaterial Cost

Metal

Overcome
size constraints

Reduce material costs
(lower price, better utilization) 

Cost of Composite Structures

Lines of constant component cost C

A careful cost/advantage ana lysis has to be conducted before the
application of composites is made.
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Airbus facility Saint Nazaire (France)

Laser Welding ProcessLaser Welding Process

Beam Guidance

NC + Sensor

Laser Beam Guidance

NC + Sensor

Seam Tracking System

Roller Guiding System

NC

Stringers

Skin

Process Control System

Evaluation of Plasma

Emission

Airbus facility Nordenham (Germany)

Welded panel

Laser beam welding for fuselage shells

Here we see 2 Airbus facilities for the welding of both stringers to skins,
and frame sections to skins.

Quality control is ensured through rigorous in-process monitoring

The tooling is also very simple and flexible, a holding fixture is all that is
required.

Lasers are not only used to cut and weld parts, but increasingly for
measurement.

Flexibility in tooling is a key objective within AIRBUS, especially for the
A380 programme, and the use of laser measurement helps to make
major strides towards this goal even in major assembly stages.
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Automated Tape Laying (ATL)

Airbus

facility

Stade

(Germany): Vertical Tail: Torsion Box Panels
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Wing production

Courtesy Air & Cosmos
24 mai 2002

Going to a moving line concept on a sub-assembly like the A320 wings
allows for a reduction of production costs and delays by more than
10%. This concept, we feel, is very appropriate for an airplane  part that
is insensitive to customer customization.
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Conventional wingtip
with larger vortex
and higher drag

Conventional Conventional wingtipwingtip
with larger with larger vortexvortex
and higher and higher dragdrag

BEFOREBEFOREBEFORE

Blended winglet
with smaller vortex
and less drag

Blended wingletBlended winglet
with smaller with smaller vortexvortex
and less and less dragdrag

AFTERAFTERAFTER
! Winglets technology

Drag/lift technology
! Laminar flow research to improve air flow

Operating costs reduction and added airplane productivity is obtained
through a refinement of the aerolines . Improving the a irflow on the surface
is one area for research, here above shown in actual flight testing on an
A320. The way the wing works evolves with the addition of wing tip
devices, whether wing fences, or winglets. Each wing design must be
tested with different shapes to determine which gives the best result
overall.

Airbus has now launched a technology programme entitled Aircra ft Wing
with Advanced Technology OpeRation (AWIATOR). It is contributing 60%
of the 80 million Euro budget. A large variety of technologies will be
investigated, developed and flight-tested on Airbus’ flying testbed A340,
MSN001. AWIATOR aim is to achieve a five to seven per cent reduction
in drag, a two per cent reduction in fuel burn in long-range operation, and
a noise reduction of 2 EPNdb. The programme will look at new devices to
reduce the aircra ft w ake, new airbrakes, very large wing tip devices, new
devices for flow control..

Alongside Airbus engineering teams in Europe, more than twenty industrial
partners in Europe and Israel as well as European research institutes will
jointly work to develop and validate the sophisticated technologies. They
will be supported by a number of European universities and test centers.
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80m80m

Datum 3.8m fenceDatum 3.8m fence

Matrix of wind tunnel test options

! Many different options tested

! 23 options tested at low speed (initially)

! 8 options tested at high speed (initially)

! Range of sizes from 3.8m to 6m

! Variations of cant angles & toe angles included

! 3.8m fence included (+ toe effect) at both low
speed & high speed for correlation with datum
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Drag / lift technology

! « Three surface aircraft » concept:
" Lift distribution " On Board noise" Operational consequences

This is an example of research being conducted on lift surfaces .
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Innovation in systems

Variable frequency test benchVariable frequency test bench

Water test benchWater test bench

High pressure hydraulic test benchHigh pressure hydraulic test bench

All systems can be the target for innovation. New technologies in
electrical supply and distribution, in hydraulic supply, in w ater and waste
that matters so much (weight, comfort, aircraft dispatch reliability). Full
scale testing must be in place years before the airplane is put in service.
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A380 innovation in cockpit & navigation

The The ““Airbus Cockpit PhilosophyAirbus Cockpit Philosophy””, results of customers feed-back,, results of customers feed-back,
experience, and research experience, and research on new technologyon new technology

! Cockpit improvements are driven by

Flight safety enhancements, Lessons

learnt from airlines and product

added values:

"" take-off acceleration monitoring,  take-off acceleration monitoring, 

"" on-board Information System on-board Information System

"" thrust indication thrust indication

"" vertical situation awareness, collision avoidance vertical situation awareness, collision avoidance

"" enhanced crew rest enhanced crew rest

"" camera/video, taxiing aids camera/video, taxiing aids

"" larger & interactive displays,  larger & interactive displays, 

"" FMS interface,  FMS interface, 

"" enhanced ECAM,  enhanced ECAM, 

"" navigation on airports,  navigation on airports, 

The Airbus approach in the domain of cockpît innovation is to retain the
much airline praised inter-operability (Crew cross qualification between
families of a irliners) while introducing on the last generation the new
technologies that enhance the sa fety, the crew procedures, the crew
a wareness, its comfort, etc.
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 Inmarsat LES

Airline Airline 

Network operations
center (NOC)

 
AirportAirport

GatelinkGatelink

L-band

Broadband TV / data satellite

@@

Ku-band

...

To other NOCs

Service
Provider

Inmarsat satellite

AFIS - global scope

• Access for several users of various applications and services:

Flight crew

Cabin crew

Passengers

• Communication media

Existing ones: VHF/HF/ Satcom

New ones:    Gatelink

          High Speed Data communication through satellites

• Ground network     Airport / Airline / Ground operation center

• End to end service provider: from the airline to the aircra ft including
content:

- weather maps

-e-mail and internet connections for passengers

Conclusion: Wide scope

Many potential users

Many players
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Engines

Undercarriage

High Lift Devices

Fuselage

Addressing the noise sources

The aircraft external noise is an area that receives close attention and
benefits from extensive research. Although the engines are the principal
source of noise at take-off, the airframe contributes significantly during
approach, a phase that concern significant populations around airports.

Outlined above are the main sources on which we are working: landing
gears and high lift devices.
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Reducing the noise generation (1)

! Moving from QC4 to QC2 on the A380

! Improved aircraft trajectory

! Actions taken :

" Powerplant
" Engines (116” fan,…)
" Nacelle

" Aerodynamic

" Flutter

" Aircraft configuration
" Slides
" Rotor burst
" Wing/nacelle/pylon changes

+15"+15" +7"+7"

Slat profile

Existing D-Nose profile

Droop Nose

D-Nose profile for Droop Nose

When it became apparent that the market expected that an airplane like
the A380 due to enter service in 2006 had to pass the stringent noise
requirement of London Heathrow airport (QC2 at take-off), a significant
redesign of some areas of the airplane/engine combination was
initiated. There w as a cost in weight and performance, however the
noise performance level was considered as having the n°1 priority .
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Theoretic Optimum

Source: DLR

Realisable Fairings

Source: DLR

Source: DLR

Source: DLR

Fairings for Noise Reduction
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Aerodynamic Noise – High Lift Devices

Slat:

Slat edge

Slotflow

Transition Pylon/Wing

Slat Track

Flap:

Flap Track

Transition Wing/Fuselage

Interaction Jet/Flap

Flap edge
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Noise Reduction – Aircraft Configuration

! Rear fuselage-mounted engines with
appropriate empennage (V tail…)

! Shielded noise sources:
" Upstream: Fan noise
" Downstream: Fan, Combustion, Turbine noise
" Limited shielding for jet noise;

! 5-9 dB improvement before source
modifications

One could think of using the fuselage and the tail to shield the engine
noise from reaching the ground. This is one configuration that the Airbus
Future projects organization works on when looking for the lowest
possible noise signature.
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The ever-changing passenger

19601960 19901990

19601960 19901990

! On-board baggage

! More leisure
! Less Business
! More demanding

Don’t forget the passenger who, by the w ay, is paying for the trip. He
keeps changing, getting bigger, heav ier (in most cases), more
demanding, and wants to carry more stuff along… We will need to
accommodate his numerous requirements.
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In the AircraftIn the Aircraft
•Taking-off
•Reading
•Eating
•Watching the movie
•Sleeping (trying to …)
•Descending
•Landing

 At Airport At Airport
•Arriving
•Checking-in
•Searching for the gate
•Searching for their
  boarding pass, ID,
  belongings, etc ...

 At Airport At Airport
•Pass control
•Waiting for bags
•Running for their
  connection ...

StressStress 
& & 
FatigueFatigue
levellevel

Flight lengthFlight length

FF

SS

Dealing with passenger stress ...

The a ir journey is not a complete pleasure: the body suffers, the brain
and the heart, because of the stress. What can we bring to the
passenger to relieve the tension, guarantee  his health (air quality ,
enough volume, some freedom of movement, etc).
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! Via interactive seat-display
" E-Mail (message service)
" On-board Internet
" News, Sports, Business, Weather

Passengers Access to Services

! Via personal laptop
" E-Mail
" On-board Internet
" News, Sports, Business, Weather
" Live Internet (under study)
" Connectivity via

" low speed modem
" high speed USB or Ethernet
" wireless LAN

The passenger does not w ant to be disconnected. The air journey is not
a journey on a cloud. He/she has left a place, certain people, he/she is
going to meet with other people in another place. He/she is leaving, or
he/she comes back, leading to a dif ferent set of feelings.
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Business Class Beds

Information Center Place to meet

Standing Supports

Crew Rest Compartment

 Medical Room

Future Perspectives - Cabin Comfort

Whether in materials, in connections, or in cabin volume uses, new
technologies allow for less weight, better flexibility//convertibility, or new
opportunities.



44

© Airbus juillet 02  ref. AI/GA 010038/02

And beyond in time ? Product Line of 2020 ?

SMALLER ?

BIGGER ?

FARTHER ?

CHEAPER ?

GREENER ?

FASTER ?

Where do we go from now? We will keep the eyes and ears open to
make sure the market drivers are well understood and not overlooked.
As far as we can see, we are convinced that the Air Transport industry
shall be governed by economic efficiency and environmental concern.
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Multidisciplinary Design Optimization and Industry Review of a 2010

Strut-Braced Wing Transonic Transport

John F. Gundlach IV

(ABSTRACT)

Recent transonic airliner designs have generally converged upon a common cantilever low-

wing configuration.  It is unlikely that further large strides in performance are possible

without a significant departure from the present design paradigm.  One such alternative

configuration is the strut-braced wing, which uses a strut for wing bending load alleviation,

allowing increased aspect ratio and reduced wing thickness to increase the lift to drag ratio.

The thinner wing has less transonic wave drag, permitting the wing to unsweep for increased

areas of natural laminar flow and further structural weight savings.  High aerodynamic

efficiency translates into reduced fuel consumption and smaller, quieter, less expensive

engines with lower noise pollution. A Multidisciplinary Design Optimization (MDO)

approach is essential to understand the full potential of this synergistic configuration due to

the strong interdependency of structures, aerodynamics and propulsion.  NASA defined a

need for a 325-passenger transport capable of flying 7500 nautical miles at Mach 0.85 for a

2010 date of entry into service.  Lockheed Martin Aeronautical systems (LMAS), our

industry partner, placed great emphasis on realistic constraints, projected technology levels,

manufacturing and certification issues.  Numerous design challenges specific to the strut-

braced wing became apparent through the interactions with LMAS, and modifications had to

be made to the Virginia Tech code to reflect these concerns, thus contributing realism to the

MDO results.  The SBW configuration is 9.2-17.4% lighter, burns 16.2-19.3% less fuel,

requires 21.5-31.6% smaller engines and costs 3.8-7.2% less than equivalent cantilever wing

aircraft.
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Chapter 1

Introduction

Over the last half-century, transonic transport aircraft have converged upon what appears to be

two common solutions.  Very few aircraft divert from a low cantilever wing with either

underwing or fuselage-mounted engines. Within the cantilever wing with underwing engines

arrangement (Figure 1.1), a highly trained eye is required to discern an Airbus from a Boeing

airliner, or the various models from within a single airframe manufacturer.  While subtle

differences such as high lift device and control system alternatives distinguish the various

aircraft, it is unlikely that large strides in performance will be possible without a significant

change of vehicle configuration.

  

Figure 1.1.  Conventional Cantilever Configuration.

Numerous alternative configuration concepts have been introduced over the years to

challenge the cantilever wing design paradigm.  These include the joined wing [Wolkovitch

(1985)], blended wing body [Liebeck et. al. (1998)], twin fuselage [Spearman (1997)], C-wing

[Mcmasters et. al. (1999)] and the strut-braced wing, to name a few.  This study compares the

strut-braced wing (SBW) to the cantilever wing.  No attempt has been made to directly compare

the strut-braced wing to other alternative configurations.  Rather, the cantilever wing

configuration is used for reference

The SBW configurations (Figures 1.2-1.4) have the potential for higher aerodynamic

efficiency and lower weight than a cantilever wing as a result of favorable interactions between

structures, aerodynamics and propulsion.  Figure 1.5 shows schematic shear force and bending

moment diagrams for a strut-braced wing.  The vertical force of the strut produces a shear force

Trailing Edge
Break

Low Wing

Underwing Engines

Conventional
Tail
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discontinuity along the span.  This shear force discontinuity creates a break in the bending

moment slope, which reduces the bending moment inboard of the strut.  Also, the strut vertical

offset provides a favorable moment that creates a spanwise bending moment curve discontinuity.

This discontinuity further reduces the bending moment inboard of the strut.  A decrease in

bending moment means that the weight of the material required to counter that moment will be

reduced.  The strut provides bending load alleviation to the wing, allowing a thickness to chord

ratio (t/c) decrease, a span increase, and usually a wing weight reduction.  Reduced wing

thickness decreases the transonic wave drag and parasite drag, which in turn increases the

aerodynamic efficiency.  These favorable drag effects allow the wing to unsweep for increased

regions of natural laminar flow and further wing structural weight savings.  Decreased weight,

along with increased aerodynamic efficiency permits engine size to be reduced.  The strong

synergism offers potential for significant increases in performance over the cantilever wing. A

Multidisciplinary Design Optimization (MDO) approach is necessary to fully exploit the

interdependencies of various design disciplines.  Overall, several facets of the analysis favorably

interact to produce a highly synergistic design.

     

Figure 1.2.  Strut-Braced Wing with Fuselage-Mounted Engines.

    

Figure 1.3.  Strut-Braced Wing with Tip-Mounted Engines.

Single Taper
Wing

T-Tail

Fuselage
Engines

Strut
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Single Taper
Wing
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Tail Wingtip
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Figure 1.4.  Strut-Braced Wing with Underwing Engines.

Shear Force

Bending Moment
Cantilever

Cantilever

SBW

SBW

Figure 1.5.  Strut-Braced Wing Shear Force and Bending Moment Diagrams.

Werner Pfenninger (1954) originated the idea of using a Truss-Braced Wing (TBW)

configuration for a transonic transport at Northrop in the early 1950s (Figure 1.5).  The SBW can

be considered a subset of the TBW configuration.  Pfenninger remained an avid proponent of the

concept until his recent retirement from NASA. Several SBW design studies have been

performed in the past [Pfenninger (1954), Park (1978), Kulfan et. al. (1978), Jobe et. al. (1978),

Turriziani et. al. (1980), Smith et. al. (1981)], though not with a full MDO approach until quite

recently [Grasmeyer (1998A,B), Martin et. al. (1998)].  Dennis Bushnell, the Chief Scientist as

NASA Langley, tasked the Virginia Tech Multidisciplinary Analysis and Design (MAD) Center

Single Taper
Wing

Conventional
Tail

High Wing

Strut Underwing
Engines
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to perform MDO analysis of the SBW concept [Grasmeyer (1998A,B)].  Table 1.1 summarizes

the major strut braced wing design studies prior to the Virginia Tech work.

Figure 1.5.  Werner Pfenninger SBW Concept (NASA Photo).

Table 1.1. Summary of Past Truss-Braced Wing Studies.

Authors/Sponsor Organization Study

Year

Type of Aircraft Improvements Comments

Pfenninger, W./

Northrop

1954 Long-Range,

Transonic Tranport

Dollyhigh et. al./ NASA 1977 Mach 0.60-2.86 Fighter 28% Reduction

in Zero-Lift

Wave Drag

Several Strut

Arrangements,

Allowed t/c Reduction

Park 1978 Short Haul Transport Little

Improvement

Aerolasticity Effects

Considered

Kulfan et. al. and Jobe et. al./

Boeing

1978 Long Range,

Large Military Transport,

Higher TOGW

than Equivalent

Cantilver

Wingspan = 440 ft.,

Laminar Flow Control

Turriziani et. al./ NASA 1980 Subsonic Business Jet 20% Fuel

Savings over

Cantilever

Aspect Ratio = 25

Smith et. al./ NASA 1981 High-Altitude Manned

Research Aircraft

5% Increase in

Range over

Cantilever
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This study was funded by NASA with Lockheed Martin Aeronautical Systems (LMAS) as

an industry partner.  The primary role of the interactions with LMAS was to add practical

industry experience to the vehicle study.  This was achieved by calibrating the Virginia Tech

MDO code to the LMAS MDO code for baseline 1995 and 2010 technology level cantilever

wing transports.  The details of the baseline cantilever aircraft were provided by LMAS.  LMAS

also reviewed aspects of the Virginia Tech design methods specific to the strut-braced wing

[Martin et. al. (1998)].  The author worked on location at LMAS to upgrade, calibrate and

validate the Virginia Tech MDO code before proceeding with optimizations of conventional

cantilever and strut-braced wing aircraft.

Performance may be determined from numerous perspectives.  Certainly range and

passenger load are important.  Life cycle cost, take-off gross weight (TOGW), overall size, noise

pollution, and fuel consumption are all candidate figures of merit.  Other factors such as

passenger and aircrew acceptance and certifiability are less easy to quantify but may determine

the fate of a potential configuration.

A technology impact study is used to further understand the differences between 1995 and

2010 technology level aircraft, and to see how the SBW and cantilever configurations exploit

these technologies.  If the SBW can better harness technologies groups, then greater emphasis

must be placed on these.  Also, synergy in technology interactions will become apparent if the

overall difference in 1995 and 2010 design TOGW is greater than the sum of the TOGW

differences for the individual technology groups.

The SBW may have wingtip engines, under-wing engines inboard and outboard of the strut,

or fuselage-mounted engines with a T-tail.  Underwing and wingtip engines use blowing on the

vertical tail from the APU to counteract the engine-out yawing moment.  Landing gear is on the

fuselage in partially protruding pods for SBW cases.  The strut intersects the pods at the landing

gear bulkhead and wing at the strut offset.

The baseline cantilever aircraft (Figure 1.1) has the engines mounted under a low wing and

has a conventional tail.  The landing gear is stowed in the wing between the wing box and kick

spar. This study uses cantilever configuration optima, rather than a fixed cantilever wing

geometry, so direct comparisons with the SBW configurations can be made.  The differences in

T-tail fuselage-mounted engine and underwing engine cantilever designs is small, so detailed

results for only the underwing engine cantilever aircraft are presented here.
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Chapter 2

Problem Statement

The primary mission of interest is a 325-passenger, 7500 nautical mile range, Mach 0.85

transport (See Figure 2.1).  Reserve fuel sufficient for an extra 500 nautical miles of flight is

included, and fixed fuel mass fractions are used for all non-cruise flight segments.  An economic

mission aircraft that has reduced passenger load and a 4000 nautical mile range, while still

capable of fulfilling the full mission, is also considered.  Range effects on TOGW and fuel

consumption are investigated. Additional goals are to determine the relative benefits of the strut-

braced wing configurations over the cantilever configuration at various ranges and to find the

sensitivity of all configurations to various technology groups.  The selected objective functions

are minimum-TOGW, minimum-fuel weight, and maximum range.  The technology impact

study and range investigations use minimum-TOGW as the objective function.

11,000 FT

T/O Field Length

7500 NMi Range 11,000 FT

LDG Field Length

500 NMi Reserve

Climb

Mach 0.85 Cruise

140 Knot
Approach
Speed

Mach 0.85

Figure 2.1.  Baseline Mission Profile.
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Chapter 3

Methodology

3.1 General

The Virginia Tech Truss Braced Wing (TBW) optimization code models aerodynamics,

structures/weights, performance, and stability and control of both cantilever and strut-braced

wing configurations. Design Optimization Tools (DOT) software by Vanderplatts R&D (1995)

optimizes the vehicles with the method of feasible directions.  Between 15 and 26 user selected

design variables are used in a typical optimization.  These include several geometric variables

such as wing span, chords, thickness to chord ratios, strut geometry and engine location, plus

several additional variables including engine maximum thrust and average cruising altitude

(Table 3.1).  As many as 17 inequality constraints may be used, including constraints for range,

fuel volume, weights convergence, engine-out yawing moment, cruise section Cl limit, balanced

field length, second segment climb gradient and approach velocity (Table 3.2).  There are also

two side constraints to bound each design variable, and each design variable is scaled between 0

and 1 at the lower and upper limits, respectively.  Take-off gross-weight, economic mission take-

off gross weight, fuel weight and maximum range are important examples among the many

possible objective functions that can be minimized.

Some new design variables and constraints presented here were not used by Grasmeyer

(1998A,B).  New design variables include the wing/strut vertical aerodynamic offset, required

thrust, economic mission fuel weight and economic mission average cruise altitude.  The

wing/strut aerodynamic offset is a surface protruding vertically downwards as shown in Figure

3.1.  The required engine thrust is the thrust needed to meet a number of constraints.  The engine

thrust constraints will be described in more detail later in the text.  The economic mission fuel

weight is the fuel needed to fly the 4000 nautical mile economic mission, and the economic

cruise altitude is the average cruising altitude for the economic mission.
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Figure 3.1. Wing/Strut Aerodynamic Offset. (LMAS Figure)

Table 3.1.  Design Variables.

1. Semi-Span of Wing/Strut Intersection
2. Wing Span
3. Wing Inboard ¼ Chord Sweep
4. Wing Outboard ¼ Chord Sweep
5. Wing Dihedral
6. Strut ¼ Chord Sweep
7. Strut Chordwise Offset
8. *Strut Vertical Aerodynamic Offset
9. Wing Centerline Chord
10. Wing Break Chord
11. Wing Tip Chord
12. Strut Chord
13. Wing Thickness to Chord Ratio at Centerline
14. *Wing Thickness to Chord Ratio at Break
15. Wing Thickness to Chord Ratio at Tip
16. Strut Thickness to Chord ratio
17. Wing Skin Thickness at Centerline
18. Strut Tension Force
19. Vertical Tail Scaling Factor
20. Fuel Weight
21. Zero Fuel Weight
22. *Required Thrust
23. Semispan Location of Engine
24. Average Cruise Altitude
25. *Econ. Mission Fuel Weight
26. *Econ. Mission Average Cruise Altitude

      *New Design Variable

Offset

Strut

Wing
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Table 3.2 shows that the number of constraints has more than doubled after the research

performed by Grasmeyer (1998A,B).  New constraints include the climb rate available at the

initial cruise altitude, wing weight convergence, maximum body and contents weight

convergence, balanced field length, second segment climb, missed approach climb gradient,

landing distance, economic mission range, maximum economic mission section lift coefficient

and thrust at altitude.  The maximum body and contents weight convergence and wing weight

convergence constraints are usually turned off when the lagging variable method is used to

calculate the corresponding weights.  Further details on the weights convergence constraints and

the lagging variable method will be given in the structures and weights section.  Grasmeyer

(1998A,B) calculated the required thrust of the engine by setting the engine thrust equal to the

drag at the average cruise condition.  In the present code the field performance and rate of climb

at initial cruise altitude frequently dictate the required thrust so the thrust at altitude must be met

as a constraint.

Table 3.2. Constraints.

1. Zero Fuel Weight Convergence
2. Range Calculated >7500 nmi
3. *Initial Cruise Rate of Climb > 500 ft/min
4. Cruise Section Cl Limit< 0.7
5. Fuel Weight < Fuel Capacity
6. Cn Available > Cn Engine-Out Condition
7. Wing Tip Deflection < Max Wing Tip

Deflection at Taxi Bump Conditions (25 feet)
8. *Wing Weight Convergence
9. *Max. Body and Contents Weight Convergence
10. *Second Segment Climb Gradient > 2.4%
11. *Balanced Field Length < 11,000 ft
12. Approach Velocity < 140 kts.
13. *Missed Approach Climb Gradient > 2.1%
14. *Landing Distance < 11,000 ft
15. *Econ. Mission Range Calculated > 4000 nmi
16. *Econ. Mission Section Cl Limit< 0.7
17. *Thrust at Altitude > Drag at Altitude

*New Constraint
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Each constraint now has a constraint flag in the input file that turns the constraint on if the

flag is set to 1 or off if the flag is set to 0.  The user now has the option of selectively turning off

any constraints by setting the corresponding constraint flag equal to zero, without the need to

recompile the code.

Active and violated constraints are now printed during run time.  Constraints that are not

active or violated are not printed.  This feature is very useful, because the code user can observe

aspects of the optimization path and determine why the initial guess may not be a feasible

design.  By witnessing the violated constraints, the user can terminate the current run, modify the

input file, attempt a new optimization and find a feasible design from the new inputs.

The MDO code architecture is configured in a modular fashion such that the analysis

consists of subroutines representing various design disciplines.  The primary analysis modules

include: aerodynamics, wing bending material weight, total aircraft weight, stability and control,

propulsion, flight performance and field performance.  Figure 3.2 is a flow diagram of the MDO

code.  Initial design variables and parameters are read from an input file.  The MDO code

manipulates the geometry based on these inputs and passes the information on to the structural

optimization and aerodynamics subroutines.  The drag is calculated by induced drag, friction and

form drag, wave drag, and interference drag subroutines.  Additionally, the induced drag

subroutine calculates the wing loads.  The wing loads are passed to the structural optimization

subroutines, which then calculate the aircraft structural weight.  The wing bending material

weight is calculated in WING.F.  Other components of the aircraft structural weights are

calculated in FLIPS.F, the weight estimation subroutine modified from FLOPS [McCullers] with

LMAS equations.  The propulsion analysis calculates the specific fuel consumption at the cruise

condition.  The specific fuel consumption, L/D, and aircraft weight are passed to the

performance module, which calculates the range of the aircraft.  The stability and control

subroutine determines the engine-out yawing moment and the available yawing moment.  The

field performance subroutine, FIELD.F, calculates the take-off and landing performance.  All

constraints and the objective function are evaluated and passed to the optimizer.  The optimizer

manipulates the design variables until the objective function is optimized and all the constraints

are not violated.  Details of the analysis will be discussed in further depth in the following

sections.
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Baseline
Design

Geometry
Definition

Structural
Optimization/

Weight

Range 
Performance

Aerodynamics

Stability and
Control

Propulsion

Optimizer

Induced
Drag

Friction and 
Form Drag

Wave Drag

Interference
Drag

Offline CFD 
Analysis

Initial Design Variables

Weight

Updated Design Variables

Field 
Performance

L/DSFC

Objective Function, 
Constraints

Figure 3.2.  MDO Code Architecture.

Differences between the analysis and parameters of cantilever and SBW configurations are

present in the design code, as is necessary for such dissimilar vehicles.  The primary difference is

in the analysis of the wing bending material weight, as discussed in the structures and weights

section.  The strut has parasite drag and interference drag at the intersections with the fuselage

and wing.  Also, some geometry differences are justified, such as setting the minimum root chord

for the cantilever wing to 52 feet to make room for wing-mounted landing gear and kick spar.

The SBW, devoid of any need for a double taper, has the chord linearly interpolated from root to

tip.  The SBW has a high wing and fuselage mounted gear.  It is important to note that, even

though the external geometry of the fuselage is identical for all cases, the fuselage weights will

generally be different.  This is because the fuselage weight is a function of the overall aircraft

weight, tail weights, and engine and landing gear placement, all of which vary within a given

configuration and from one configuration to another.
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3.2 Objective Functions

The baseline mission requires that the aircraft carry 325-passengers for 7500 nautical miles at

Mach 0.85.  An economic mission of 4000 nautical miles with a reduced passenger load is also

of interest, because commercial aircraft seldom operate at their design mission.  The economic

mission take-off gross weight is minimized for a minimum-economic mission TOGW case, and

sometimes evaluated for the minimum-TOGW case.  Range effects on take-off gross weight are

investigated.  A minimum-fuel objective function is also considered.

The economic mission is a 4000 nautical mile range, reduced passenger load flight profile

for an aircraft also capable of flying the full 7500 nautical mile, full passenger load mission.  The

economic mission may be evaluated in two ways.  In the first case, the objective function is

minimum economic mission TOGW, and the full mission weights must converge and meet all

constraints.  In the second case, the economic mission TOGW is evaluated for the full mission

minimum-TOGW aircraft.  The economic fuel weight and economic cruise altitude are selected

by the optimizer such that the economic take-off gross weight is minimized, while meeting all of

the appropriate constraints.

In the first case, the aircraft geometry, weights, altitude and other variables are allowed to

vary as with any other optimization.  In addition to these variables, the economic fuel weight and

economic cruise altitude are also design variables.  Economic range and economic maximum

section lift coefficient at cruise constraints are added to the usual constraints.

In the second case, all design variables are now fixed at the minimum-TOGW optimum

values.  All constraints except for the economic range and economic cruise altitude are turned

off.  Now the only two design variables are economic cruise altitude and economic fuel weight,

and the two constraints are economic range and economic maximum section lift coefficient at

cruise.

The economic cruise section Cl limit is the same value as the full mission maximum section

Cl. However, it is important to have two separate constraints, because the two mission profiles

tend to have different average cruise altitudes.  The maximum allowable economic section lift

coefficient typically limits the economic average cruise altitude.

The economic flight profile is analyzed at economic cruise weight, which is given by:

FuelEconEconZFZFEconCruise WWWW ⋅+∆−=
2

1
,



13

and at the economic average cruise altitude.  The change in economic zero-fuel weight due to

reduced passenger and baggage load, DWZF,Econ, was provided by LMAS.  The aerodynamics

subroutine is called to find the L/D, and other terms such as the specific fuel consumption at this

condition are determined.  Then the Breguet range equation is used to find the calculated range.

The technology impact study investigates the relative benefits of several technology groups

when applied to baseline 1995 technology level aircraft.  A 1995 aircraft represents the current

technology level similar to that of the Boeing 777.  Each case is optimized for minimum-TOGW.

A technology factor of 1 is associated with a metallic 1995 aircraft benchmark.  LMAS prepared

several factors to be applied to various vehicle component weights, tail volume coefficients,

specific fuel consumption, induced drag, and constants for wave drag and laminar flow.

Groupings were made in the following categories: natural laminar flow, other aerodynamics,

systems, structural weights and propulsion.

The natural laminar flow group allows laminar flow on the wing, strut, tails, fuselage and

nacelles.

Table 3.3.  Natural Laminar Flow Technology Group.

1995 2010

No Laminar Flow Transition x/c Calculated on Wings, Strut,

and Tails as a Function of Sweep and Mach

Number.  Transition Reynolds Number on

Fuselage and Engine Nacelles Set to 2.5x106.

Laminar Tech Factor Applied

The other aerodynamics group includes the effects of riblets on the fuselage and nacelles, active

load management for induced drag reduction, all moving control surfaces and supercritical

airfoils.

Table 3.4.  Other Aerodynamics Technology Group.

1995 2010

Low Airfoil Tech Factor Applied (For Wave

Drag Korn Equation)

Other Aerodynamic Tech Factors = 1.

High Airfoil Tech Factor Applied

Induced Drag Tech Factor Applied

Fuselage Turbulent Drag Tech Factor Applied
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Systems technologies include integrated modular flight controls, fly-by-light and power-by-light,

simple high-lift devices, and advanced flight management systems.

Table 3.5.  Systems Technology Group.

1995 2010

1995 Horizontal Tail Volume Coefficient

All Systems Tech Factors = 1.

Horizontal Tail Volume Coefficient Reduction

Controls Weight Tech Factor Applied

Hydraulics Weight Tech Factor Applied

Avionics Weight Tech Factor Applied

Furnishings and Equipment Weight Tech

Factor Applied

Airframe technologies reflect composite wing and tails and integrally stiffened fuselage skins.

Table 3.6. Structures Technology Group.

1995 2010

Weights Tech Factors = 1. Wing Weight Tech Factor Applied

Horizontal Tail Weight Tech Factor Applied

Vertical Tail Weight Tech Factor Applied

Body Weight Tech Factor Applied

The propulsion technology is reflected in reduced specific fuel consumption.

Table 3.7.  Propulsion Technology Group.

1995 2010

Specific Fuel Consumption Tech Factor = 1. Specific Fuel Tech Factor Applied

3.3 Geometry Changes

Previous work by Grasmeyer (1998A,B) used a constant wing thickness to chord ratio, t/c, on the

outboard panel and an average t/c for the inboard section.  Calibrations with LMAS baseline

designs proved troublesome with this formulation, so the actual t/c values at the root, breakpoint

and tip are now separately defined to be more consistent.

     Changing the formulation introduced some complications.  Although WING.F, the wing

bending material weight subroutine, requires t/c inputs for these three locations, it assumes that
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the tip t/c and break t/c are identical.  WING.F was modified to correct this.  Andy Ko modified

the t/c interpolation such that the thickness and chord are interpolated linearly rather than linearly

interpolating the t/c.  This ensures that the wing contours remain conic sections, and the new

formulation better reflects reality.  Figure 3.3 shows the new and old t/c formulations.

Root t/c
Break t/c

Tip t/c

a) New Definition.

Inboard Average t/c Outboard Constant t/c

b) Old Definition.

Figure 3.3.  t/c Definitions.

For a strut-braced wing configuration, the wing has a single taper and the strut has no taper.

There is a series of if-then statements in subroutine CONVERT that will automatically

interpolate the wing breakpoint chord and set the strut tip chord equal to the strut root chord.

The wing breakpoint chord is calculated in this way so that the wing outboard panel is not

permitted to have excessive taper (taper ratio > 1).  The strut chord is held constant, because the

wing/strut intersection interference drag is no longer a function of strut tip chord.  Compounding

the problem, the strut-offset thickness is increased when the strut tip chord is increased.  An

increase in strut offset thickness is lighter for a given bending load, because the moment of

inertia is higher.  These effects combine to produce taper ratios well in excess of 1.0 if the taper

ratio is not constrained.

FLIPS.F and FLOPS [McCullers] use different average wing thickness conventions. The

original FLOPS uses:

10

//5/4
/ TipBreakRoot

Average

ctctct
ct

+⋅+⋅
=
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and FLIPS.F uses the convention:

5

//4
/ TipRoot

Average

ctct
ct

+⋅
=

The SBW code originally did not account for the engine moment arm for fuselage mounted

engines.  The lateral distance from the aircraft centerline to the center of a fuselage-mounted

engine is now calculated as:

PylonEnginefuselageEngine hDDY +⋅+⋅=
2

1

2

1

and this value is substituted for the wing-mounted engine YEngine value normally used for the

required yawing moment coefficient calculation.

3.4 Aerodynamics

Numerous iterations of both the Virginia Tech TBW code and Lockheed’s version of FLOPS

[McCullers] were made so that drag polars produced by each code are consistent at reference

design conditions.  The drag components considered in the Virginia Tech MDO tool are parasite,

induced, interference and wave drag.  Unless specified otherwise, the drag model is identical to

previous Virginia Tech SBW studies [Grasmeyer (1998A,B)]

To calculate the parasite drag, form factors are applied to the equivalent flat plate skin

friction drag of all exposed surfaces on the aircraft.  The amounts of laminar flow on the wing

and tails are estimated by interpolating Reynolds number vs. sweep data for F-14 and 757 glove

experiments [Braslow et. al. (1990)].  Transition locations of the horizontal and vertical tails now

follow the same procedures as for the wing and strut, whereas they were considered fully

turbulent in previous studies [Grasmeyer (1998A,B)].  The fuselage, nacelle, and pylon transition

locations are estimated by an input transition Reynolds number of 2.5 million.  Laminar and

turbulent flat-plate skin friction form factors are calculated by a hybrid formulation using

Lockheed’s Modular Drag (MODRAG) formulas and the FRICTION algorithm [Mason] in the

Virginia Tech TBW code.  The wing, tail surfaces, nacelle and fuselage wetted areas and form

factors for friction drag calculations now use the LMAS formulation.  The wing thickness

distribution for the form/friction drag is found from the new thickness calculation procedure.

The engine equivalent length/diameter ratio used for the form drag is modified.  The old

formulation has identical form factor formulas for both the nacelle and fuselage, but the LMAS
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procedure has two distinct formulas.  Previously, the pylon drag was greater for the wing-

mounted engines than for fuselage-mounted engines, but now the drags are equal.  The form drag

multiplying factor is now the same for both underwing and fuselage-mounted engines. The

parasite drag of a component is found by:

ref
DD S

S
FFCC

fp
⋅⋅=

The induced drag module [Grasmeyer (1997)] uses a discreet vortex method to calculate the

induced drag in the Trefftz plane.  Given an arbitrary, non-coplanar wing/truss configuration, it

provides the optimum load distribution corresponding to the minimum induced drag.  This load

distribution is then passed to the wing structural design subroutine, WING.F. Induced drag

reductions are employed on the wingtip-mounted engine case [Grasmeyer (1998A,B), Patterson

et. al. (1987), Miranda et. al. (1986)], with the relative benefits wingtip engines decreasing as the

aspect ratio increases (Figure 3.4).  The field performance section gives more detail on the

wingtip-mounted engine drag reduction.

Figure 3.4.  Wingtip-Mounted Engine Induced Drag Reduction. [Grasmeyer (1998A,B)]

An additional profile drag due to lift term was added to help correlate the LMAS and VPI

drag polars at off-design conditions.  The equation is:
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where fbreak and CLbreak are constant inputs determined from correlation with LMAS drag polars.

The overall effect of this drag component at design conditions is small, because CL is close to

CLbreak.

The interference drag between the wing-fuselage and strut-fuselage intersections are

estimated using Hoerner (1965) equations based on subsonic wind tunnel tests.  The wing-strut

interference drag is based on Virginia Tech CFD results [Tetrault (1998)], and is found to be:

Offset
CD

18=   (Counts)

Tetrault (1998) used the USM3D CFD code with VGRIDns unstructured grid generator for this

analysis.  Figure 3.5 shows the correlation between the CFD results and the interference drag

equation.  A hyperbola is used to fit the data because the interference drag is expected to greatly

increase with decreasing arch radii.

Wing/Strut Interference Drag Vs. Arch Radius
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Figure 3.5.  Wing/Strut Interference Drag vs. Arch Radius Correlation [Tetrault (1998)].

The wave drag is approximated with the Korn equation, modified to include sweep using

simple sweep theory  [Grasmeyer (1998A,B), Malone et. al. (1995), Mason (1990)].  This model



19

estimates the drag divergence Mach number as a function of airfoil technology factor, the

thickness to chord ratio, the section lift coefficient, and the sweep angle by:

Λ⋅
−

Λ
−

Λ
=

32 cos10cos
/

cos
la

dd
cct

M
κ

The airfoil technology factor, ka, was selected by Lockheed to agree with their original

formulation.  The wing thickness now uses the new thickness calculation procedure.  The critical

mach number is:

3/1

80

1.0





−= ddcrit MM

Finally, the wave drag coefficient of a wing strip is calculated with Lock’s formula [Hilton

(1952)] as:

ref

strip
critd S

S
MMc

wave
4)(20 −=

The total wave drag is found by integrating the wave drag of the strips along the wing.

The drag polars output from the Virginia Tech MDO tool and Lockheed’s modified FLOPS

agree within 1% on average for cantilever wing designs.  Figure 3.6 Shows a comparison

between Virginia Tech and LMAS drag polars for a 1995 technology level cantilever wing

aircraft.  Note that LMAS does not have a SBW design for direct comparisons, so all correlations

were done with cantilever aircraft.  The laminar technology factor, airfoil technology factor and

all other aerodynamic constants are the same for all configurations, but the former two vary

between 1995 and 2010 technology levels.

Technology factors for the technology analysis may be applied to the induced drag term and

the turbulent friction drag of the fuselage and nacelles.  The induced drag technology factor is

applied to the induced drag directly in AERO.F.  The turbulent friction drag technology factor is

passed from AERO.F to FDRAG.F, where it is multiplied by the turbulent skin friction term.
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Figure 3.6.  Virginia Tech and LMAS Drag Polar Comparison.

3.5 Structures and Weights

The aircraft weight is calculated with several different methods.  The majority of the weights

equations come from NASA Langley’s Flight Optimization System (FLOPS) [McCullers].

Many of the FLOPS equations were replaced with those suggested by LMAS in FLIPS.F.  The

FLIPS.F and original FLOPS methods do not have the option to analyze the strut-braced wing

with the desired fidelity, so a piecewise linear beam model was developed at Virginia Tech to

estimate the bending material weight [Naghshineh-Pour et. al. (1998)].

The piecewise linear beam model represents the wing bending material as an idealized

double plate model of the upper and lower wing box covers.  The vertical offset member

discussed in the aerodynamics section was added to the wing/strut intersection to help reduce the

interference drag at this intersection.  The structural offset length is assumed to be the length of



21

the aerodynamic offset plus some internal distance within the wing.  This offset must take both

bending and tension loading.  Vertical offset weight increases rapidly with increasing length, but

the interference drag decreases.  The offset length is now a design variable, and the optimizer

selects its optimum value.  Fortunately, the vertical offset imposes bending moment relief on the

wing at the intersection, and the resulting overall influence on the TOGW is negligible.  A 10%

weight penalty is applied to the piecewise linear beam model to account for non-optimum

loading and manufacturing considerations.  An additional 1% bending material weight increase

is added to the SBW to address the discontinuity in bending moment at the wing/vertical offset

intersection.  Figure 3.7 shows the wing weight calculation procedure.

wing bending wt. strut tension wt. offset bending wt.

•
•

wing bend. wt. • tech. fact.
•  non-optimum factor

strut tension wt.  tech. fact.
 non-optimum factor

offset bending wt.
• non-optimum factor•

•

wing weight
wing bending weight

strut weight
strut tension weight

offset weight
offset bending weight

overall wing weight
(wing, strut + 750, offset)

FLOPS/FLIPS equations
(total wing wt.)

Wing weight subroutine
(wing bending wt.)

Figure 3.7. Wing Weight Calculation Procedure.

Several modifications have been made to WING.F for the current study.  The number of

spanwise steps between vortices is decreased from 300 to 30.  The taxi load factor was increased

from 1.67 to 2.0.  A fuel weight distribution error was corrected.  A modification was made to

the cosine component of the structural wing chord interpolation.  The engine load factor of 2.5

was multiplied by 1.5 to account for the safety factor, so the current value is now 3.75. The

wing-box chord to wing chord ratio was decreased from 0.5 to 0.45.  The minimum gauge

thickness was changed from 0.004 to a value specified by LMAS.  Aluminum wing allowable

stress went from 51,800 psi, the value found in Torenbeek, to a value specified by LMAS.  The

wing/strut vertical structural offset is now included.  The new wing thickness distribution

procedure is also now included in WING.F.
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Earlier Virginia Tech studies [Grasmeyer (1998A,B), Naghshineh-Pour et. al. (1998)] have

shown that the critical structural design case for the single-strut is strut buckling at -1 g loading.

To alleviate this stringent requirement, a telescoping sleeve mechanism arrangement is employed

such that the strut will engage under positive a load factor, and the wing will essentially act as a

cantilever wing under negative loading.  LMAS provided a 750-pound weight estimate for the

telescoping sleeve mechanism based on landing gear component data.  Also, the SBW must

contend with the –2 g taxi bump case, where the strut is also inactive.

The wingtip deflection at the taxi bump condition constraint for underwing engines

previously only considered the wingtip deflection and not the engine ground strike.  Now the

sum of the engine diameter, pylon height and downward wing deflection at the engine location

give the overall wingtip deflection.  The wingtip deflection constraint will be violated if either

the wingtip deflection or engine deflection exceed the maximum allowable wingtip deflection

value.

Weights calculated in the Virginia Tech TBW code are identical to FLOPS with the

exception of nacelle, thrust reverser, landing gear, passenger service, wing, fuselage and tail

weights.  The above weights are now calculated from proprietary LMAS formulas. Weight

technology factors are applied to major structural components and systems to reflect advances in

technology levels from composite materials and advanced electronics.

Subroutine FLIPS.F uses a combination of FLOPS weights equations and LMAS equations.

The equations themselves are not presented here, but some highlights are described.  To account

for manufacturing considerations, the cantilever wing bending material weight from WING.F is

multiplied by a factor of 1.1.  Similarly, SBW wing bending material, strut bending material and

strut offset bending material weights from WING.F are multiplied by 1.11 to account for the

discontinuous bending moment along the wing at the wing/strut intersection.  Systems, landing

gear and tail surface weights are calculated first.  Then the wing weight, fuselage and zero fuel

weights are calculated.

Traditionally, some aircraft weights are implicit functions, and internal iteration loops are

required for convergence.  However, utilizing the optimizer for zero fuel weight convergence is

more efficient and provides smoother gradients.  DOT also selects the fuel weight so that the

range constraint is not violated.  The wing and maximum body and contents weights are also
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implicit functions.  The fuselage, wing, and zero fuel weight equations have the following

functional dependencies.

WFuse(WBodyMax,in, WZF,in, WFuel)

WWing(WWing,in, WZF,in, WFuel)

WZF,Calc(WWing, WFuse)

WBodyMax(WFuse, WZF,Calc)

Earlier versions of FLIPS.F let the maximum body and contents weight and the wing weight be

design variables that had to converge with their calculated values.  Now a lagging variable

method is employed.  With this procedure the input wing and maximum body and contents

weight inputs are set to their respective output values from the previous iteration.  The input

values for the first iteration are input from the input file.  Convergence of wing and maximum

body and contents weights are rapid with the lagging variable method and leads to better

conditioning of the optimization problem than if these two variables converge as design

variables.  The original FLOPS weight subroutine does not rely on such convergence methods

for any fuselage or wing weight terms and thus has better problem formulation conditioning.

To find the landing gear weight, the landing gear length is calculated by methods differing

from both FLOPS and LMAS weights equations.  All SBW landing gear lengths are set to 7 feet

to allow for ground clearance at landing and for service vehicles, as specified by LMAS.  The

main landing gear length for the cantilever wing case has a 4-foot ground clearance, plus the

nacelle diameter and pylon height.  The four-foot nacelle ground clearance was selected

arbitrarily.  The nose gear is 70% of the main gear length.

The GE-90 engine reference weight is now lower than previous studies, because this

quantity no longer includes the inlet and thrust reverser weights.  These are now calculated by

proprietary LMAS formulas.  The reference engine weight is calculated by an engine scaling

factor equal to the ratio of required thrust to reference thrust.  The wing bending material weight

depends on the weight hanging from the engine pylon.  This engine pod weight was modified to

allow for the new engine weight accounting system.
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3.6 Cost Analysis

The FLOPS cost module is used to calculate the acquisition cost, direct operating cost and

indirect operating cost in a similar manner as previous studies by Grasmeyer (1998A,B).  The

total cost for this formulation is found by:

Total Cost = Acquisition Cost + Direct Operating Cost + Indirect Operating Cost

Originally, the FLOPS cost module used the weights produced by the FLOPS weight module for

calculations.  Now a subroutine COST passes an array of FLIPS.F weight data to FLOPS,

overwrites the FLOPS weights, and then calculates cost based on the new FLIPS.F weights.

FLOPS is called in a similar method to what was previously done to retrieve the weights data.

Now only the cost information and not the FLOPS weights are returned to the main code from

COST.

3.7 Stability and Control Analysis

The horizontal and vertical tail areas are first calculated with a tail volume coefficient sizing

method.  The user specified tail volume coefficients are now based on LMAS statistical data.

Grasmeyer (1998A-C) had the tail geometry fixed to that of the Boeing 777.  Tail geometric

parameters such as taper ratio, aspect ratio and quarter chord sweep are held constant regardless

of tail area, but the parameters vary between T-tail and conventional tails.  An option exists to

input the tail area rather than calculate it from the tail volume coefficient method, but this was

not utilized for this study.  The tail moment arm is held constant for a given case.  The variable

used for the tail moment arm, or the distance from the center of gravity to the aerodynamic

center of a tail surface, was previously used to define the distance from the leading edge of the

wing to the leading edge of the tail surface.  Now the distance between the leading edges is

calculated from the tail moment arm and wing and tail geometry.  Details of the tail geometry

formulation are found in Appendix 1.

A vertical tail sizing routine was developed to account for the one engine inoperative

condition [Grasmeyer (1998A-C)].  The engine-out constraint is met by constraining the

maximum available yawing moment coefficient to be greater than the yawing moment

coefficient required to handle the engine-out requirement.  The aircraft must be capable of

maintaining straight flight at 1.2 times the stall speed, as specified by FAR requirements.  The

operable engine is at its maximum available thrust.  Vertical tail circulation control is permitted
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only on the underwing and wingtip-mounted engine cases, resulting in vertical tail lift coefficient

augmentation and greater available yawing moment.  The change in vertical tail lift coefficient

for the wingtip-mounted engine and underwing engine outboard of the strut SBW cases is set to

1.0.

The engine-out yawing moment coefficient required to maintain straight flight is given by:

ww

EngEE

n bSq

Y)DT(
C

req ⋅⋅
⋅+

=

where TE is the thrust of the good engine, DE is the drag on the inoperable engine, and YE is the

lateral distance to the engine.  The lateral force of the vertical tail provides most of the yawing

moment required to maintain straight flight after an engine failure.

The maximum available yawing moment coefficient is obtained at an equilibrium flight

condition with a given bank angle and a given maximum rudder deflection.  FAR 25.149 limits

the maximum bank angle to 5o, and some sideslip angle is allowed.  The stability and control

derivatives are calculated using empirical methods based on DATCOM as modified by

Grasmeyer  (1998A-C) to account for vertical tail circulation control.

To allow a 5o aileron deflection margin for maneuvering, the calculated deflection must be

less than 20o-25o.  The calculated available yawing moment coefficient is constrained in the

optimization problem to be greater than the required yawing moment coefficient.  If the yawing

moment constraint is violated, a vertical tail area multiplying factor is applied by the optimizer.

3.8 Propulsion

A GE-90 class high-bypass ratio turbofan engine is used for this design study.  An engine deck

was obtained from LMAS, and appropriate curves for specific fuel consumption and maximum

thrust as a function of altitude and Mach number were found through regression analysis.  The

general forms of the equations are identical to those found in Mattingly (1987) for high-bypass

ratio turbofan engines, but the coefficients and exponents are modified.  Figure 3.8 shows the

correlation between the specific fuel consumption and thrust at altitude models and a GE-90-like

engine deck.  The steps in the specific fuel consumption found in Figure 3.8 are caused by

sudden increases in Mach number at the beginning of each climb segment for the LMAS flight

profile.  The engine size is determined by the thrust required to meet the most demanding of

several constraints.  These constraints are thrust at average cruise altitude, rate of climb at initial
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cruise altitude, balanced field length, second segment climb gradient, and missed approach climb

gradient.  The engine weight is assumed to be linearly proportional to the engine thrust.  The

engine dimensions vary as the square root of their weight, as is typically done in dynamic scaling

of aircraft components.  The modified engine dimensions are passed to the aerodynamics and

structures routines (neglected in previous Virginia Tech SBW studies).  Some concerns have

arisen regarding the range through which a GE 90-like engine may be scaled, however no other

suitable model is available.  The specific fuel consumption model is independent of engine scale.

A specific fuel consumption technology factor is applied to reflect advances in engine

technology.  The formulas for the thrust and specific fuel consumption at altitude are:
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3.9 Flight Performance

The calculated range is determined from the Breguet range equation.
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The L/D, flight velocity and specific fuel consumption are found for the average cruising altitude

and fixed Mach number.  Wi/Wo is the ratio of initial cruise weight to the zero-fuel weight.  The

initial cruise weight is 95.6% of the take-off gross weight to account for fuel burned during

climb to the initial cruise altitude.  A reserve range of 500 nautical miles is used as an

approximation to the FAR requirement [Loftin (1980)].

The available rate of climb at the initial cruise altitude is required be greater than 500

feet/second.  The average cruise altitude is generally a design variable and is thus known for

every iteration.  The initial cruise altitude is not known and the following procedure is used to

find its value.  Mach number and lift coefficient must be constant throughout cruise, and in order

for this to be true:
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where W is the weight at the flight condition and M and CL are specified.  The weight is the

initial cruise weight, M is set at 0.85 and CL is the value from the average cruise condition.  The

initial altitude is the altitude at which this equation is satisfied for the above conditions.  A secant

method is employed to solve for the initial cruise altitude by finding the density and sound speed

from the STDATM subroutine.  If the initial cruise altitude and average cruise altitude are both

in the stratosphere, then the temperature is constant and the formula simplifies to:
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The initial cruise rate of climb is:
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with the thrust and weight equal to their values at the initial cruise condition, and the appropriate

unit conversions are used.  The L/D is assumed to be equal to the average cruise L/D.  The

maximum observed L/D difference is 2.6%.
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3.10 Field Performance

Take-off and landing performance utilizes methods found in Roskam and Lan (1997).  The field

performance subroutine calculates the second segment climb gradient, the balanced field length,

the missed approach climb gradient, and the landing distance.  LMAS reviewed the field

performance subroutine and decided that it produced results acceptably close to those obtained

by their own methods for the 1995 and 2010 technology level cantilever baseline aircraft.

Reference drag polars for the aircraft at take-off and landing were provided by LMAS.

Trends are assumed to be the same for both the SBW and cantilever configurations.  The actual

drag polars utilize corrections based on total aircraft wetted area and wing aspect ratio.  The total

aircraft wetted area is calculated in AERO.F.  It was assumed that, with the level of fidelity of

this systems study, the high lift characteristics of the vehicles may be tailored in many ways such

that the corrected drag polars can be attained.

A correction factor to the lift dependent drag terms, f, is used for the take-off and landing

drag polars of wingtip-mounted engine SBW aircraft.  The correction factor is found by an

interpolation procedure first developed by Grasmeyer (1998A,B) for cruise induced drag.  Note

that for all cases other than wingtip-mounted engines, f = 1.  The factor depends strongly on CL

and varies from one flight condition to another.  The factor f can be found by the following

procedure:

LCf ⋅−= 35.016

LCf ⋅−= 20.0112
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All calculations are done for hot day conditions, as specified by LMAS, at sea level.  LMAS

specified that the temperature of the airport be 83 oF.  Density and sound speed corrections were

made to the outputs of the standard atmosphere model.

The balanced field length equation found from Roskam is given below.

SL

TO

TO
TO

L

TO S

WT
h

Cg

SW
BFL

ρρµργ /
7.2

’/

1/

*3.21

863.0

22

∆
+





+

−





+

⋅⋅∆+
=

Some of the parameters are:

Min222 γγγ −=∆



29

fthTO 35=

02.0010.0’ max +⋅= TOLCµ

ftSTO 655=∆

The second segment climb gradient is the ratio of rate of climb to the forward velocity at full

throttle while one engine is inoperative and the gear is retracted.  The second segment climb

gradient, g2, is found by:
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The minimum second segment climb gradients for aircraft having 2-4 engines are presented in

Table 3.3.  The engine thrust at second segment climb is a function of density and Mach number

according to a modified version of Mattingly’s equation presented in the propulsion section.  The

mean thrust for the take-off run is determined from the suggested formula in Roskam and Lan

(1997):
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The maximum take-off lift coefficient is the minimum CL associated with V2 = 1.2Vstall or

the CL for the tail scrape angle.  CLstall is read in through the input file and is independent of

configuration.  The tail scrape lift coefficient is:

CLscrape = CLa=0+CLa·(Anglescrape-Marginscrape)

where CLa=0 and CLa are found from LMAS take-off lift curves and drag polars.  Currently the

tail scrape CL is the most critical.  A 0.5-degree scrape margin is used to match the LMAS CL.

Roskam and Lan (1997) methods are also used to determine the landing distance.  Three

legs are defined.  The air distance is the distance from clearing the 50 ft. object to the point of

wheel touchdown, including the flare distance.  The free roll distance is the distance between

touch-down and application of brakes.  And finally, the brake distance is the distance covered

while braking.

The air distance is given by:
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where hf is the 50-foot obstacle height, VF is the velocity at flare, n is the number of g's at flare,

and γ is the glide slope.  n is assumed to be 1.2.  γ is set to the radian conversion of 2-3 degrees
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as suggested in Roskam and Lan (1997) since the throttle can be arbitrarily set to match this

value.  The flare velocity is assumed to be equal to the approach velocity.  The lift coefficient is

the least of the CL associated with V=1.3*Vstall or the CL to meet the tail scrape requirement.  The

drag coefficient is calculated with gear down.

The free roll distance is given by:

TDFRFR VtS ⋅=

where tFR is the time which the aircraft is in free roll, and VTD is the touch-down velocity which

is assumed to be the approach velocity.

The braking distance is found by:
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where Fm is the mean braking force.  The first step in calculating the mean braking force is to

calculate the static braking force:

LandingBrakeStatic WF ⋅= µ

Next, the initial braking force is:
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The braking factor is:
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And finally, the mean braking force is:

StaticBrakem FKF ⋅=

Corrections must be made to the landing lift curves and landing drag polars in ground effect

during the braking segment of landing using equations found in Roskam and Lan (1997).  First,

the effective aspect ratio in ground effect is:
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The ratio of the lift curve slopes in and out of ground effect is:
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The effective angle of attack in ground effect is:
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The ground roll drag coefficient is:
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where f is the wingtip-mounted engine lift dependent drag factor.  The ground effect factor for

the drag polar, σ’,  is given by:
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Note that ground effect is not considered at take-off.  The balanced field length equation does not

require aerodynamic information for conditions other than second segment climb.

The missed approach climb gradient is calculated in the same way as the second segment

climb gradient with few exceptions.  First, the weight of the aircraft at landing is assumed to be

73% of the take-off gross weight, as specified by LMAS.  Second, all engines are operational.

Third, the landing drag polar is used, which is distinct from the take-off drag polar. Minimum

missed approach climb gradients for aircraft having 2-4 engines are presented in Table 3.3.  The

FAR minimum missed approach climb gradient constraint and landing distance constraint are

never violated in this study.
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Table 3.8.  Minimum Second Segment and Missed Approach Climb Gradients.
Number of
Engines

Minimum Second Segment
Climb Gradient

Minimum Missed Approach
Climb Gradient

2 0.024 0.021
3 0.027 0.024
4 0.030 0.027

The drag polars take the general form:
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 when CL>CLBreak, and kBreak=0 otherwise.  The factors e and eBreak are read in from the input file.

The minimum drag coefficient, CDm, is found by:
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where CDmFactor is read in from the input file.  All factors are based on LMAS drag polars for

aircraft take-off and landing configurations.

The wing aspect ratio used for the take-off and landing drag polars, ARW, takes a different

form than the wing aspect ratio used for wing weight estimation.  The wing aspect ratio used by

FLIPS.F is the square of the wingspan divided by the reference area.  The reference area is the

wing area minus the Yehudi flap area.  ARW is the square of the wingspan divided by the wing

planform area.  The drag polar correlation made with LMAS data is unaffected because the

LMAS drag polars were for single taper wings without Yehudi flaps.  The reason for using a

different aspect ratio for these drag polars (k and kbreak terms) is that the reference area based

aspect ratio becomes very large for the cantilever wing.  In this case the wing root chord is

restricted if the wingtip chord and wing break chord are both small.  This is because the

reference area is the area enclosed by the leading and trailing edges of the outboard panel and

their inboard projections.  The balanced field length and second segment climb constraints are so

difficult to meet that the cantilever wing aircraft would manipulate this geometry specification to

give wings with very narrow outboard panel chords.  Obviously, this is an artificial effect,

because aircraft do not reduce the wing break chord to meet field performance requirements.
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Chapter 4

Results

4.1 Summary

The results of this study include minimum take-off gross weight and minimum fuel weight

designs at various technology levels and range requirements.  The cases are arranged in three

parts: point optima (Figure 4-1a-c), sensitivity analysis, and range investigations.  A total of 75

cases are presented.

Figure 4-1a is a matrix of the 14 primary cases of interest.  The columns are arranged by

configuration and the rows by mission. .  Each element in the matrix is a half-wing planform of

an optimum design.  The configurations from left to right are the cantilever, T-Tail SBW with

fuselage-mounted engines, SBW with wingtip-mounted engines, and the SBW with underwing

engines outboard of the strut.  The missions from top to bottom are the 2010 technology full

mission minimum TOGW, 2010 technology full mission minimum fuel, 2010 technology

economic mission minimum TOGW, and 1995 technology full mission minimum TOGW.  Each

element in Figure 4-1a will be described in greater detail later.  Figure 4.1b shows how a given

configuration can change with various missions.  Vicki Johnson (1990) presented her cost optima

results in a similar format.  Figure 4.1c demonstrates how varied the final planform of a given

mission are for the configurations.

Note that a color-coding representation of the various configurations has been introduced in

Figure 4.1a-c.  The cantilever wing is black, T-tail fuselage mounted engine SBW is red, the

wingtip-mounted engine SBW is blue and the underwing-engine SBW is green.  This color

convention is used in figures and tables from this point forward.
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a) Study Matrix.

b)   Variations within a Single Configuration for Different Objective Functions.

Figure 4.1.  Wing Planforms for Different Configurations and Objective Functions.
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c)  Variations within a Single Objective Function for Different Configurations.

Figure 4.1.  Continued.

4.2 Minimum Take-Off Gross Weight Optima

Table 4.1 lists the results of the minimum-TOGW cantilever, fuselage-mounted engine T-Tail

SBW, wingtip-mounted engine SBW and underwing engine SBW with the engines mounted

either inboard or outboard of the strut.  Figures 4.2a-c show the graphical output of the four main

cases. The SBW is superior to the cantilever configuration for the minimum-TOGW objective

function.  While the SBW has between 9.2-17.4% decrease in TOGW for minimum TOGW

designs, the savings in fuel consumption are even more impressive.  A SBW has between 14.3-

21.8% lower fuel burn than a cantilever configuration when optimized for minimum-TOGW, and

between 16.2-19.3% lower fuel weight when both are optimized for minimum fuel weight.

a) Isometric Views.

Figure 4.2.  2010 Minimum-TOGW Designs.
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b) Planview from Below.

c) Wing Planform Comparison.

Figure 4.2. Continued.
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Table 4.1. 2010 Minimum-TOGW Designs.

Cantilever SBW SBW SBW

Wing-Eng. T-Tail Tip Engines Underwing

225.3 226.0 198.6 220.1 Span (ft)

52.0 30.2 31.8 29.4 Root Chord (ft)

5307 4205 3907 3970 Sw (ft2)

9.57 12.15 10.10 12.20 AR

15.14% 14.28% 14.36% 14.00% Root t/c

10.55% 6.58% 7.56% 7.15% Break t/c

7.40% 6.56% 6.85% 7.37% Tip t/c

34.2 29.9 30.2 29.8 Wing Λ1/4 (deg)

20.5 23.5 21.6 Strut Λ1/4 (deg)

68.8% 56.8% 62.4% η Strut

37.0% 100.0% 83.8% η Engine

75793 59463 51851 56562 Tmax (lbs)

42052 40429 40736 40097 Cruise Altitude (ft)

23.38 25.33 25.25 25.30 L/D

63706 59581 41854 50287 Wing Wt. (lbs)

47266 42473 25213 33335 Bending Matl (lbs)

186295 159629 145618 151342 Fuel Wt. (lbs)

540230 490312 446294 464556 TOGW (lbs)

1563.24 1507.06 1461.97 1480.44 Total Cost ($M)

87.49 82.69 76.70 79.01 Acquisition Cost ($M)

583.68 538.49 504.86 518.75 DOC ($M)

892.07 885.88 880.41 882.68 IOC ($M)

9.2% 17.4% 14.0% % TOGW Improvement

14.3% 21.8% 18.8% % Fuel Improvement

21.5% 31.6% 25.4% % Thrust Reduction

3.6% 6.5% 5.3% % Cost Reduction

ACTIVE ACTIVE ACTIVE ACTIVE Shock Cl Constraint

ACTIVE ACTIVE ACTIVE 2nd Segment Climb

ACTIVE ACTIVE ACTIVE Balanced Field Length

Initial Cruise ROC 

ACTIVE ACTIVE Wingtip Deflection

ACTIVE Engine Out

Approach Velocity

Fuel Volume

Some trends can be observed from these results which will be found in most cases to follow.

In general, the T-tail fuselage-mounted engine SBW has nearly the same span as the cantilever

wing configuration.  The underwing engine SBW cases have less span than either the T-tail

fuselage-mounted engine SBW or the cantilever wing due to the wingtip deflection constraint.

Similarly, the wingtip deflection constraint limits the span of the wingtip-mounted engine SBW
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such that it has the least span of all arrangements.  The configurations, from lightest to heaviest,

are the wingtip-mounted engine SBW, underwing engine SBW, T-tail fuselage-mounted engine

SBW and cantilever wing.  At a 7500 nautical mile range, the same order applies for fuel weight,

moving from least to most fuel burned.  Figure 4.2c shows the wings of the four main

configurations for the 2010 minimum-TOGW cases.  Note that there is a break in the trailing

edge of the cantilever wing, and the SBW cases generally have much less sweep and less wing

area.

As discussed in Chapter 1, the SBW sweep reduction is largely due to a reduction in t/c (5.2-

7.5% lower for 2010 minimum-TOGW SBW cases), which reduces transonic wave drag.  The t/c

reduction allows the SBW wing to have less sweep than a cantilever wing for the same amount

of wave drag.  The sweep reduction promotes natural laminar flow.  It also decreases the wing

structural weight.  The combination of these effects drives the SBW wing sweep to lower values

than for the cantilever wing configuration (usually around 4o less sweep).

4.3 Minimum-Fuel Optima

Table 4.2 lists the results of the minimum-fuel cases, and Figures 4.3a-c show the corresponding

graphical outputs. These aircraft have greater wingspans to increase the L/D and for flight at

higher altitudes.  The cantilever wing uses 4.62% less fuel, the minimum-fuel T-tail SBW uses

6.76% less fuel than its minimum-TOGW counterpart, the wingtip-mounted engine SBW uses

2.19% less fuel and the underwing engine SBW uses 2.41% less fuel.  The fuel reduction for the

wingtip-mounted engine and the underwing engine SBW cases are relatively small because the

wingtip deflection constraint limits the wingspan. The minimum-fuel-SBW TOGWs are 9.7-

19.9% lower than an equivalent cantilever design.  The cantilever wing configuration L/D

increases from 23.4 to 26.4 going from the minimum-TOGW to the minimum fuel objective

function, from 25.3 to 29.2 for the T-tail fuselage mounted engine SBW, from 25.3 to 26.1 for

the wingtip-mounted engine case and from 25.3 to 26.3 for the underwing engine SBW.  The

L/D increase for the wingtip-mounted engine and underwing engine SBW configurations from

changing the objective function from TOGW to fuel weight is very small, because the wingspan

experiences little change.  Improved aerodynamic efficiency for all configurations except for

wingtip-mounted engine and underwing engine cases is achieved by increasing the wing span,

but this incurs a cost in structural weight.  The increase in TOGW when the objective function is
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changed from TOGW to fuel weight is 16,915 pounds for the T-tail SBW and 21,663 pounds for

the cantilever wing.  TOGW changes for the underwing engine SBW and wingtip engine SBW

cases are small.

Fuel burn is likely to be an increasingly important factor in aircraft design from two

perspectives.  First, as the Earth’s petroleum resources are depleted, the cost of aviation fuel will

rise.  Any reduction in fuel demand will be welcome if the fuel price becomes a larger part of

transport life cycle cost.  Second, strict emissions regulations stemming from environmental

concerns will limit the amount of pollutant discharge permitted by an aircraft.  Beyond engine

design, reducing the overall amount of fuel consumed for a given flight profile by improved

configuration design will also reduce the total amount of emissions.

Airport noise pollution can limit the types of aircraft permitted to use certain urban airfields

and impose operational restrictions on those that do.  Simply speaking, minimizing engine size

can also be expected to reduce the noise generated if the engine is of similar design.  Minimum-

TOGW SBW engine thrust is reduced by 21.5-31.6% over the equivalent cantilever design.

Perhaps the noise pollution at an airport can be reduced by a similar amount.
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Table 4.2.  Minimum Fuel Optimum Designs.
Cantilever SBW SBW SBW

Min Fuel T-Tail Min FuTip Eng Min FWing Eng

260.9 262.1 204.3 230.6 Span (ft)

52.0 28.4 32.0 29.1 Root Chord (ft)

5793 4723 3933 4113 Sw (ft 2̂)

11.75 14.54 10.61 12.92 AR

12.97% 12.20% 14.07% 13.78% Root t/c

9.27E-02 6.22% 7.52% 7.12% Outboard t/c

5.21E-02 5.95% 6.88% 7.52% Outboard t/c

32.5 28.3 31.7 30.5 Wing Λ1/4 (deg)

22.0 24.3 22.3 Strut Λ1/4 (deg)

65.9% 53.8% 60.2% η Strut

37.0% 100.0% 82.9% η Engine

71032 56304 52285 54973 Tmax (lbs)

43783 42723 40765 40518 Cruise Altitude (ft)

26.37 29.23 26.08 26.34 L/D

92991 85558 47120 56488 Wing Wt. (lbs)

78456 68276 30914 39593 Bending Matl (lbs)

177692 148838 143425 147695 Fuel Wt. (lbs)

561893 507227 449926 466858 TOGW (lbs)

1578.38 1518.53 1464.85 1481.49 Total Cost ($M)

92.66 87.54 77.76 80.12 Acquisition Cost ($M)

590.96 543.02 506.22 518.41 DOC ($M)

894.76 887.98 880.87 882.96 IOC ($M)

9.7% 19.9% 16.9% % TOGW Improvement

16.2% 19.3% 16.9% % Fuel Improvement

20.7% 26.4% 22.6% % Thrust Reduction

3.8% 7.2% 6.1% % Cost Reduction

ACTIVE ACTIVE ACTIVE ACTIVE Shock Cl Constraint

ACTIVE 2nd Segment Climb

ACTIVE ACTIVE ACTIVE Balanced Field Length

ACTIVE Initial Cruise ROC 

ACTIVE ACTIVE Wingtip Deflection

Engine Out

Approach Velocity

Fuel Volume
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a) Isometric View.

b) Planview from Below.

Figure 4.3. 2010 Minimum-Fuel Designs.

Figure 4.3c shows the overlay of the four 2010 minimum-fuel optima.  Again, the cantilever

wing has a break in the trailing edge, greater sweep and more area than the SBW designs.

Similar wingspan trends are found in the minimum-fuel and minimum TOGW cases.  The T-tail
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SBW has the largest wingspan, the cantilever concept is slightly less, and then the underwing

engine SBW, followed by the wingtip-mounted engine SBW.

c) Wing Planform Comparison.

Figure 4.3.  Continued.

4.4 Economic Mission Analysis

Table 4.3 shows the results of the economic mission analysis.  It is important to realize that while

the economic mission aircraft is optimized for the minimum economic mission TOGW, the

aircraft must also be capable of performing the full mission.  Only the cantilever wing and T-tail

fuselage-mounted SBW cases are considered. The economic mission analysis did not yield any

strikingly different results except for the unexpected similarity in aircraft TOGW when

optimized for either the full 7500 nautical mile mission or the 4000 nautical mile economic

mission (see Table 4.3).  The economic mission and full mission optima have little in common

for a given configuration except for the similar TOGW at a design condition.  The economic

mission aircraft have 16.9-20.5 feet less span (see Figure 4.4), cruise at lower altitudes, and have

a lower L/D than their full mission equivalents for both the SBW and cantilever cases.  By

decreasing the wing span at a reduced passenger and fuel load, the wing bending material weight

is less and so is the resulting economic TOGW.  Apparently, the L/D decrease associated with

the span reduction at the full mission scenario adversely affects the full mission TOGW for the

minimum economic TOGW optimum. The TOGW at the 7500 nautical mile range is negligibly

increased (0.8-1.3%) for those vehicles optimized for the economic mission compared to those

Cantilever

T-tail SBW

Underwing
Engine SBW

Wingtip
Engine SBW
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optimized for the full mission.  The economic mission TOGW is slightly lower for the full

mission optimized cantilever wing case, but the difference is very slight.  In other words, the

weights at the economic mission condition for the cantilever wing economic mission optimum

and the full mission optimum are about the same within the fidelity level of the analysis.

Figure 4.4.  Economic Mission Minimum-TOGW and Full Mission Minimum-TOGW Wings.

Table4.3.  Economic Mission Results.

Cantilever Cantilever SBW SBW

Wing-Eng. Econ Mission T-Tail T-Tail Econ 

225.3 208.4 226.0 205.5 Span (ft)

52.0 52.0 30.2 32.1 Root Chord (ft)

5307 4611 4205 3948 Sw (ft 2̂)

9.57 9.42 12.15 10.70 AR

15.1% 15.3% 14.3% 14.4% Root t/c

10.6% 10.8% 6.6% 7.2% Outboard t/c

7.4% 7.0% 6.6% 6.6% Outboard t/c

34.2 34.5 29.9 30.2 Wing Λ1/4 (deg)

20.5 20.3 Strut Λ1/4 (deg)

68.8% 69.0% η Strut

37.0% 37.0% η Engine

75793 80909 59463 64846 Tmax (lbs)

42052 38151 40429 38182 Cruise Altitude (ft)

23.38 21.90 25.33 23.27 L/D

63706 57360 59581 50244 Wing Wt. (lbs)

47266 41585 42473 33536 Bending Matl (lbs)

186295 197896 159629 171022 Fuel Wt. (lbs)

540230 547499 490312 494374 TOGW (lbs)

-0.2% 0.7% % Econ TOGW Improv.

421276 422124 384220 381707 Econ TOGW

ACTIVE ACTIVE ACTIVE ACTIVE Shock Cl Constraint

ACTIVE ACTIVE ACTIVE ACTIVE 2nd Segment Climb

ACTIVE ACTIVE Balanced Field Length

Initial Cruise ROC 

Wingtip Deflection

ACTIVE ACTIVE Engine Out

Approach Velocity

Fuel Volume

Economic Mission

Full Mission

Cantilever
T-tail SBW
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4.5 Range Investigations

Figures 4.5 and 4.6 show the effects of range on TOGW and fuel weight. In each graph,

minimum TOGW is the objective function.  The SBW becomes increasingly desirable as the

design range increases.  The T-tail fuselage-mounted engine SBW TOGW reduction relative to

the cantilever configuration steadily improves from 6.0% at a 4,000 nautical mile range up to

12.9% at 11,000 nautical miles.  Similarly, the TOGW for the wingtip-mounted engine SBW

steadily improves from 11.8-23.7% from 4,000 to 11,000 nautical miles, and the underwing

engine SBW improves from 9.5-19.2% over the same range span.  The T-tail SBW fuel weight

savings fluctuates within about 11.3-16.8%, but it generally improves as the design range

increases. The wingtip-mounted engine SBW fuel weight savings generally improves with range

with values ranging from 17.6-25.8%.  Similar trends are found for the underwing engine SBW

with values ranging from 16.0-24.6%.  The wingtip-mounted engine SBW is superior at all

ranges in TOGW, but the underwing engine SBW burns less fuel as range increases.  This shows

that much of the wingtip-mounted engine SBW TOGW reduction is due to low structural weight

rather than fuel consumption benefits relative to the underwing engine SBW case.  Maximum

fuel weight is set at 400,000 pounds. The T-tail SBW maximum range is 13,304 nautical miles at

this fuel weight, whereas the cantilever configuration can only reach 11,906 nautical miles, or

the SBW has 11.7% greater maximum range. To orient the reader, an aircraft can reach any

destination on Earth with a 12,000-nautical mile range.  The maximum range of the underwing

engine SBW is 17.4% greater than the cantilever wing at the same maximum fuel weight.  The

wingtip-mounted engine SBW can not attain the same range as the other cases because the

wingtip deflection severely limits the wingspan.  The underwing engine SBW can move the

engines inboard to meet the wingtip deflection constraint.  At the maximum range condition, the

underwing engine SBW engine location actually moves slightly inboard of the strut.  In general,

the SBW can either have a reduced fuel weight for a given range or an increased range for a

given fuel weight relative to the cantilever configuration.  Range case data tables can be found in

the Appendix 2.
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Take-Off Gross Weight vs. Range
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Figure 4.5.  Effect of Range on TOGW for All Configurations at Minimum-TOGW.
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Figure 4.6.  Effect of Range on Fuel Weight for All Configurations at Minimum-TOGW.

4.6 Technology Impact Study

The first step in performing the technology impact study is to find 1995 minimum-TOGW

optima for all configurations.  All weights technology factors are set to 1.0, no natural laminar

flow is allowed, the wave drag airfoil technology factor is reduced and the tail volume

coefficient is increased.  Figures 4.7a-c show the graphical output of the 1995 minimum-TOGW
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designs.  Note that the wing sweep is greatly increased over the 2010 technology equivalents.

SBW wing quarter chord sweeps increase by 6-7 degrees, and the cantilever wing sweep

increases by about 5.5 degrees at the 1995 technology level.  The sweep is increased to reduce

the transonic wave drag, which is more critical with the lower airfoil technology factor.  Also,

there is no aerodynamic benefit in having low sweep when natural laminar flow is not permitted.

Figure 4.7c shows an overlay of the four 1995 minimum-TOGW wings.  Like other cases,

the T-tail SBW and cantilever wing have approximately the same wingspan, and the wingtip-

mounted engine SBW has the least wingspan.  Unlike earlier cases though, the underwing engine

SBW has the greatest wingspan.  This span increase helps increase the L/D by reducing the

induced drag.  The associated structural penalties are offset by the ripple-through effect of the

fuel reduction due to increased aerodynamic efficiency.  The 1995 technology level wingtip-

mounted engine SBW wingspan is reduced by about 16.4 feet to meet the wingtip-deflection

constraint with the higher engine weight.

a) Isometric View.

Figure 4.7.  1995 Minimum TOGW Designs.
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b) Planview from Below.

Figure 4.7. Continued.

Figures 4.8-4.11 show the results of the technology impact study.  The top of the left figure

is the 1995 technology level aircraft and the bottom is the 2010 technology level aircraft.  Each

step represents the resulting change in TOGW when a technology group is applied to the 1995

technology level aircraft.  The sum of the TOGW changes of the technology groups when

applied individually is on the left of the figure, and the overall change in TOGW between 1995

and 2010 technology level is presented on the right of the figure.  The right figures show the

TOGW and selected weight components of each aircraft.

The technology impact study shows that SBW configurations are more sensitive to

improvements in natural laminar flow than the cantilever wing configuration.  The sum of the

changes made in each technology group is less than the total difference between the 1995 and

2010 SBW designs for all cases, showing that there is generally no overall synergism in the

technology group application.  The cantilever wing configuration is more responsive to all

technology groups except for natural laminar flow than any of the SBW cases, suggesting that

the cantilever wing aircraft will benefit more from development of these technologies than the

SBW.  However, the SBW is superior to the cantilever wing in TOGW and fuel consumption for
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Engine SBW
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Underwing Engine
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all technology levels investigated here.  Technology impact study data tables can be found in

Appendix 3.

c) Wing Planform Comparison.

Figure 4.7.  Continued.
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Sum Change = -28.8%

1995 Technology
TOGW= 645,462
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Fuselage-Engine SBW Aircraft Technology Impact Analysis
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Figure 4.9.  T-Tail SBW Sensitivity Analysis.
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Figure 4.10.  Tip-Mounted Engine SBW Sensitivity Analysis.
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Sum Change = -27.6%

1995 Technology

TOGW= 600,534

2010 Technology
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Underwing-Engine SBW Aircraft Technology Impact Analysis
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Figure 4.11.  Underwing-Engine SBW Sensitivity Analysis.

4.7 Cost Analysis

The FLOPS cost module [McCullers] was used to determine the acquisition cost, direct operating

cost and indirect operating cost of all vehicles.  The acquisition and direct operating costs are

less for the SBW cases than for the cantilever wing cases.  The acquisition cost is a function of

zero fuel weight.  Typical acquisition cost reductions of the SBW designs range from 5.5-16.0%,

with the wingtip-mounted engine SBW offering the greatest improvement.  Direct operating cost

is a function of fuel weight, so naturally the SBW cases offer improvements.  SBW direct

operating cost improvements over the cantilever wing configuration range from 8.1-14.3%, again

with the wingtip-mounted engine case offering the greatest benefits.  The indirect operating cost

is a weaker function of TOGW, and the SBW has 0.8-1.6% improvement in this area.  With this

formulation, the total aircraft cost is the sum of the acquisition cost, direct operating cost and

indirect operating cost.  The total aircraft cost reductions for the SBW cases range from 3.8-

7.2%.  The SBW cost reductions are not as impressive as the fuel consumption and TOGW,

because the costs are also strong functions of the number of passengers and other parameters that

do not vary.
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4.8 General Configuration Comparisons

The tip-mounted engine SBW is lighter than the fuselage mounted engine SBW because of

engine inertia relief on the wing and induced drag reduction at take-off and cruise.  Field

performance constraints largely dictate the engine size, so any drag reduction produces large

benefits.  Although the tip-mounted engine vehicle is the lightest of the SBW cases, this

configuration raises important issues.  LMAS noted that the resultant net thrust and vertical tail

lift at the engine-out condition would be at a 45-degree angle to the flight path.  Obviously, this

is not a practical flight condition.  Even when circulation control is allowed, the engine-out

constraint imposes severe limitations on the wing span, so the relative benefits are reduced as the

TOGW increases.

The underwing engine SBW is a compromise between the wingtip-mounted engine SBW

and the fuselage-mounted engine SBW.  By not forcing the engines to remain at the tip, the wing

can extend beyond the engines freely without running into the engine-out constraint.  Because

the height of the pylon plus the diameter of the nacelle is considered in the wingtip deflection

constraint, it is often more difficult to satisfy than on the wingtip-mounted engine case.  This

constraint often forces the engines inboard towards the strut.

An underwing engine SBW case with the engines inboard of the strut is generally heavier

than if the engines were located outboard of the strut.  Engines provide inertia relief to the wing

and are more effective for reducing the bending moment at the wing root as they move farther

outboard.  Thus, it is not surprising to see that the inboard engine case is heavier than the

outboard engine case.  The inboard engine case does offer the advantage of not requiring

circulation control on the vertical tail, and may be a more viable candidate design solution.  This

configuration still offers advantages over the T-tail fuselage-mounted engine SBW.  The T-tail

fuselage-mounted engine case has no inertia relief on the wing due to the engine placement.

Problems arise when engine/strut interference is considered, because the engine exhaust will

blow on the strut when the underwing engine is located inboard of the strut.  As a result, this case

is not given further consideration.

One can learn much about an optimum design by noting the active constraints.  In every

optima presented here, the section lift coefficient limit constraint is active.  This indicates that

the aircraft do not fly at the altitude for best L/D and are thus penalized.  Typically, the engines

are sized based on balanced field length, second segment climb or rate of climb at initial cruise
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altitude.  The wingtip-mounted SBW engine sizing is dictated by the balanced field length and

sometimes by rate of climb at initial cruise altitude.  This is because the field performance

requirements are greatly relaxed by the induced drag reductions from the tip engines.  Other

cases generally have the engines sized based on balanced field length and second segment climb.

One of the early concerns regarding the SBW configuration is the large increase in

wingspan compared to cantilever wings seen in previous studies [Grasmeyer (1998A,B)].  More

refined modeling of the wing structure and added realism brought about through work with

LMAS has lessened the earlier trend.  Indeed, now the T-tail SBW has about the same span as

the cantilever configuration for the minimum TOGW and minimum fuel designs.  The

underwing engine SBW span is either slightly more or less than the cantilever wing, depending

on the case.  Part of the reason for the reduced underwing engine SBW span reduction is that the

engine deflection is now part of the wingtip deflection constraint, making it much harder to

satisfy.  The optimum wingspans fall within the FAA 80-meter gate box limitation for all

designs.
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Chapter 5

Conclusions

Virginia Tech transport studies have shown the potential of the SBW over the traditional

cantilever configuration.  After much added realism by a major airframe manufacturer, the MDO

analysis shows that the SBW still demonstrates major improvements over the cantilever wing

configuration.  Significant reductions in TOGW and cost were found, but the greatest virtues of

the SBW may be its improved fuel consumption and smaller engine size.  The SBW TOGW is

reduced 9.2-17.4% for minimum-TOGW designs.  The minimum-fuel optimum SBW aircraft

burn 16.2-19.3% less fuel than an equivalent cantilever wing aircraft.  Minimum-TOGW SBW

aircraft engines are 21.5-31.6% smaller than a similar cantilever wing engine. These results

indicate that the SBW will be more economically viable, reduce the consumption of natural

resources, limit pollutant discharge and reduce noise pollution for urban airports.  Advantages of

the SBW increase with range, suggesting that this configuration may be ideal for larger, long-

range transports.

The SBW exhibits a strong sensitivity to natural laminar flow technology.  This implies that

greater emphasis should be placed on laminar flow than on other systems and technologies in the

development of the SBW.  An investment in natural laminar flow technologies will give a greater

return for the SBW than the cantilever wing configuration.  Although the cantilever wing

configuration shows more sensitivity to all other technology groups, the SBW is still lighter for

every case.

The cooperative relationship with LMAS focussed on adding realism to the SBW design

effort for direct comparisons with the cantilever design.  Realism often takes the form of weight

penalties and expanded performance analysis, which inevitably detracts from SBW theoretical

potential.  Presently efforts are underway to identify technologies and strut/truss arrangements to

exploit the strengths of the strut.  In other words, limiting the SBW design arrangements so that

the aircraft takes the appearance of a cantilever wing with a strut may not be the most

appropriate approach to realize the full potential of the SBW. Some possible design

modifications are discussed in the recommendations section.

Finally, the SBW is likely to have a more favorable reaction from the public and aircrews

than other competing configurations, especially for those who suffer from a fear of flying.
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Affirmative passenger and aircrew acceptance is probable because other than the addition of a

visually innocuous strut and a high wing, there is little to distinguish the SBW from the existing

airliner fleet.  Radical appearances of the blended-wing-body, joined wing, twin-fuselage, C-

wing or other candidate configurations may cause apprehension in many flying patrons.
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Chapter 6

Recommendations

One can envision a number of extensions to the general SBW layout studied here, with some

ideas more daring than others.  Such concepts include variations of analysis, configuration, or

mission.  This limited study demonstrates only a few of the advantages of the strut-braced wing.

Configuration changes may allow the SBW to exhibit further benefits.  The strut vertical

offset thickness has been assumed as identical to that of the strut.  However, the strut offset must

take much greater bending loads.  Imposing drag penalties as a function of offset thickness but

also allowing the thickness to vary will likely yield lower total weights.

One possible way to counter the engine-out problem for the tip-mounted engine

configuration would be to add a more powerful engine on the centerline (Figure 6.1).  If one of

the tip engines fail, the other can be shut off and the centerline engine would provide the

necessary thrust for the critical cases.  This may raise unique dilemmas when attempting to

certify this configuration because it is essentially a two engine aircraft from an engine failure

point of view, but there are physically three engines.  The FAA would have to decide if the

vehicle should meet the two or three-engine requirements.

Small Wingtip Engine

Large Centerline
Engine

Figure 6.1.  SBW with Large Centerline Engine and Small Wingtip Engines.

An arch strut, first suggested by Dr. Joseph Schetz, will eliminate many complex and heavy

moving parts by allowing the strut to bend. By eliminating the threat of strut buckling, the

demanding -2 G taxi bump case will no longer place such critical demands on the strut.

The vertical distance between the strut and the wing at the fuselage plays a significant role
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in strut effectiveness.  As the vertical separation increases, a smaller component of the strut force

causes compression on the main wing.  This lessens the wing skin thickness required to

counteract buckling, and reduced the overall wing weight.  A double-deck fuselage would

greatly increase the vertical separation of the wing and strut at the fuselage.  Other means of

achieving a greater separation include using a parasol wing (Figures 6.2-6.3) or attaching the

strut to downward-protruding landing gear pods (Figure 6.3).  These arrangements may facilitate

underwing engines inboard of the strut/wing intersection without unwanted exhaust interference

effects with the strut.

Figure 6.2.  Parasol SBW Layout.

Vertically Protruding
Landing Gear Pods

Pylon

Inboard
Underwing Engine

Figure 6.3.  Parasol SBW with Landing Gear Pod Extensions.

Locating engines above the wings (Figure 6.3) can add inertia relief without interfering with

the strut.  Blowing over the upper wing surface will help decrease the take-off distance.

Furthermore, inboard engines will not demand exotic schemes like vertical tail blowing to meet

the engine-out constraint.

Perhaps the most fanciful of strut variations is to make the SBW a hydrofoil flying boat

Engine Above
Wing
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(Figure 6.4).  The FAA may be concerned that the SBW aircraft cabin may flood more quickly

with its high-wing after a water landing than a low wing cantilever configuration.  Virtue may be

found in addressing this concern.  Landing gear pods could extend out from the fuselage to act as

sponsons, while the strut then extends up towards the wing.  The fuselage and strut are partially

submerged while the aircraft is at rest in the water.  The strut is effectively a hydrofoil, lifting the

aircraft out of the water as it accelerates.  Retractable steps may be necessary to break rear

fuselage suction.  Imagine a luxury airliner flying from one port of call to the next in the

nostalgic tradition of the Pan Am clippers of old.  McMasters (1999) developed a similar concept

for a C-wing configuration.  Such a vehicle could also be used for cargo or utility for island

nations or in major ports.

Vertically Protruding
Landing Gear Pods

Engine Above
Wing

Hydrofoil

Figure 6.4.  Hydrofoil SBW Configuration.
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Appendix 1. Tail Geometry

This appendix details the calculation procedure for finding the distance from the wing leading

edge to the leading edge of the two tail surfaces given their tail moment arms used for stability

and control analysis.  The input variable dx_htail and dx_vtail no longer represent the distance

from the leading edge of the wing to the leading edge of the respective tail surface.  Now these

variables represent the distance from the aircraft center of gravity to the aerodynamic center of the

tail surface in question.  Figure A1.1 shows the new convention.  The center of gravity is assumed

to be at the wing aerodynamic center.  So dx_htail and dx_vtail are tail moment arms used for tail

volume coefficient sizing.  The tail areas are:

htaildx

MACSTVC
S wwHT

HT _

⋅⋅
=    and    

vtaildx

bSTVC
S wwVT

VT _

⋅⋅
=

where S is the planform area of a tail surface, TVC is tail volume coefficient, Sw is the wing

planform area, MACw is the wing aerodynamic chord and bw is the wing span.  The input file has

an integer variable tvc_flag to control whether or not to use the tail volume coefficient sizing

method or to simply input a constant tail area.  If the tail volume coefficient flag is set to 1 in the

input file, then the tail volume coefficient method is employed.  Otherwise, if it is set to 0, then

input tail areas are used.
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Horizontal
Tail AC

CG

dx_htail

LWLE,VTLEXNose,WLE

Figure A1.1.  Length Definitions.

Previously, the span, root chord and tip chord of the horizontal and vertical tail surfaces, and

the rudder span and average chord were input directly.  This was the most convenient way to

handle the tail geometry if the tail size remains constant.  In studies by Grasmeyer (1998A-C), the

tail size and geometry were held fixed at the value of the Boeing 777.  Because the tail volume

coefficient method allows the tail size to vary with the wing geometry, defining tail lengths is no

longer convenient.  To remedy this, the tail geometry was parameterized in terms of aspect ratio,

taper ratio, sweep, and percentage chord and span of the rudder.  The lengths are found from the

dimensionless parameters and areas by:

)1(

2

HT

HT

HT

HTroot

AR

S

C
λ−

⋅
=         and         

)1(

2

VT

VT

VT

VTroot

AR

S

C
λ−

⋅
=

HT

HT
HT S

b
AR

2

=      and    
VT

VT
VT S

b
AR

2

=

where bHT and bVT are the spans of the respective tail surfaces including their projections into the

fuselage.
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HTHTrootHTtip CC λ⋅=    and   VTVTrootVTtip CC λ⋅=

( )HTHTroot
HT

HT C
AR

b λ−⋅⋅= 1
2

   and  ( )VTVTroot
VT

VT C
AR

b λ−⋅⋅= 1
2

( )
2

% VTtipVTroot

rudderrudder

CC
CC

+
⋅=

VTrudderrudder bbb ⋅= %

Once the lengths are calculated, they are used in the same way as before for the stability and

control analysis and for drag calculations.  Since the variables dx_htail and dx_vtail no longer

represent the distance from the wing leading edge to the leading edge of the respective tail

surfaces, this value must be found for the DXF file generator.  Figure A1.2 shows the wing

geometry and terms used to define the wing.

bW

s1

s2

m2

m1

MAC1

MAC2

CWroot

CWbreak

CWtip

Figure A1.2.  Wing Geometry for Tail Length Calculations.

The first step in this procedure is to find the mean aerodynamic chords (MAC) of the

inboard and outboard wing panels.
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Then the leading edge sweep of the leading edge is found, assuming that the leading edge sweep

for the inboard panel is the same as the outboard panel.

( ) 










 Λ++−=Λ −
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1
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4
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/c,W

W
WbreakWtip

W

LE,W TAN
b
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b
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The streamwise-distance from the leading edge of the segment root to the leading edge of the

segment tip is:

( )LEWbreak
W TAN

b
s ,1 2

Λ⋅⋅= η        and      ( ) ( )LEWbreak
W TAN

b
s ,2 1

2
Λ⋅−⋅= η

Now, the streamwise-distance from the leading edge of the wing root chord to the leading edge of

the mean aerodynamic chord of each segment can be found by:

( ) ( )WbreakWroot
WbreakWroot CC

CC
sm +⋅

⋅+
⋅=

3

2
11     and

( ) ( )WtipWbreak

WtipWbreak CC
CC

ssm +⋅
⋅+

⋅+=
3

2
212

The areas of each segment are:

( )WbreakWrootbreak
W

W CC
b

S +⋅⋅= η
41       and    ( ) ( )WtipWbreakbreak

W
W CC

b
S +⋅−⋅= η1

42

Now the overall MAC and distance from the leading edge of the root chord to the leading edge of

the MAC are calculated as the area weighted average of the components:
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The same general procedure is duplicated for the tails.  Calculations are simplified, because

the each tail surface consists of only one component.  The procedure for calculating the MAC and

distance form the root leading edge to the mean aerodynamic chord of each tail surface is as

follows:
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Finally, the distance from the leading edge of the wing to the leading edge of the each tail

surface now becomes:

HTHTWWHTLEWLE MACmMACmhtaildxL
4

1

4

1
_, −−++=

VTVTWWVTLEWLE MACmMACmvtaildxL
4

1

4

1
_, −−++=

For a conventional tail, the horizontal root trailing edge is farther aft than the vertical tail root

trailing edge, and there is a nominal separation of 3 feet from the aft end of the fuselage.  The

corresponding distance between the nose of the aircraft and the leading edge of the wing root for a

conventional tail is:

HTLEWLEHTrootFuselageWLENose LCLX ,, 3 −−−=

For a T-tail aircraft, a similar argument applies except the vertical tail root trailing edge is a

nominal distance of 3 feet from the aft end of the fuselage.  The distance from the nose of the

aircraft to the wing root leading edge now becomes:

VTLEWLEVTrootFuselageWLENose LCLX ,, 3 −−−=

The values XNose,WLE , LWLE,HTLE , and LWLE,VTLE are passed to DXF.F and calculations proceed as

before.  One new modification is that T-tail flag is now passed to DXF.F and the leading edge of

the root chord of the horizontal tail is automatically attached to the tip chord leading edge of the

vertical tail, regardless of the dx_htail value.
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Appendix 2. Range Analysis

These tables summarize the results of minimum-TOGW optima designed to fly at the specified
ranges.  Each of the four configurations have separate tables.

Table A2.1.  Cantilever Wing Range Effects.
Cant Cant Cant Cant Cant Cant Cant Cant Cant

4000 5000 6000 7000 8000 9000 10000 11000 Max

4000 5000 6000 7000 8000 9000 10000 11000 11906 Range (nmi)

196.4 202.4 211.2 220.2 231.0 239.8 248.9 249.4 250.2 Span (ft)

52.0 52.0 52.0 52.0 52.0 52.0 52.0 52.0 52.0 Root Chord (ft)

4343 4498 4757 5121 5534 5746 6223 6160 6480 Sw (ft 2̂)

8.88 9.10 9.37 9.47 9.64 10.01 9.96 10.09 9.66 AR

15.61% 15.17% 15.12% 15.04% 15.14% 14.99% 15.01% 14.87% 14.69% Root t/c

10.75% 10.58% 10.63% 10.48% 10.62% 10.61% 10.62% 10.62% 9.83% Outboard t/c

5.49% 5.28% 5.00% 5.02% 5.21% 5.36% 5.01% 5.25% 6.20% Outboard t/c

34.1 34.0 34.1 33.8 34.1 34.2 33.9 34.2 33.4 Wing L1/4 (deg)

60655 64883 68917 73499 78184 83986 91426 103085 118178 Tmax (lbs)

42573 41919 41814 42094 42127 41058 41188 38992 36987 Cruise Altitude (ft)

21.69 22.13 22.68 23.17 23.68 24.03 24.29 23.97 23.30 L/D

41461 46610 53031 59970 68424 78424 88661 98142 108286 Wing Wt. (lbs)

27223 31882 37653 43901 51539 61269 70703 80205 90005 Bending Matl (lbs)

97179 120225 144765 171752 201312 235901 276144 330385 399848 Fuel Wt. (lbs)

405310 439630 477044 518210 563994 617150 678548 755682 852366 TOGW (lbs)

78.07 80.43 83.09 85.98 89.22 92.70 96.74 100.82 105.57 Acquisition Cost ($M)

543.38 550.63 561.32 575.50 592.71 614.34 641.19 677.05 857.95 DOC ($M)

941.93 920.42 906.02 895.97 888.84 883.97 880.82 879.57 930.78 IOC ($M)

ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE Shock Cl Constraint

ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE 2nd Segment Climb

ACTIVE Balanced Field Length

ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE Engine Out

ACTIVE Approach Velocity

Fuel Volume
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Table A2.2.  T-Tail SBW Range Effects.

SBW-fuse SBW-fuse SBW-fuse SBW-fuse SBW-fuse SBW-fuse SBW-fuse SBW-fuse SBW-fuseSBW-fuse SBW-fuse

4000 5000 6000 7000 8000 9000 10000 11000 12000 13000 Max

4000 5000 6000 7000 8000 9000 10000 11000 12000 13000 13304 Range (nmi)

198.8 208.5 215.0 220.9 228.1 234.3 233.6 244.9 261.2 257.9 262.5 Span (ft)

27.3 28.3 28.2 30.1 30.4 32.0 34.6 36.9 38.7 42.0 43.3 Root Chord (ft)

3334 3648 3763 4137 4344 4683 4983 5495 6126 6509 6807 Sw (ft 2̂)

11.86 11.92 12.29 11.80 11.97 11.73 10.95 10.91 11.14 10.22 10.12 AR

13.94% 13.78% 13.71% 13.78% 13.80% 13.88% 13.60% 13.10% 13.20% 13.23% 13.21% Root t/c

7.54% 7.13% 7.12% 6.95% 7.15% 7.17% 6.75% 7.09% 7.14% 6.83% 6.68% Outboard t/c

6.86% 6.53% 6.79% 6.36% 6.72% 6.65% 5.69% 6.58% 6.92% 6.25% 6.08% Outboard t/c

27.5 28.7 29.1 29.9 30.2 31.1 31.0 30.1 31.0 31.1 30.6 Wing Λ1/4 (deg)

20.7 20.6 21.0 20.8 21.1 21.2 21.6 22.6 22.9 22.1 21.8 Strut Λ1/4 (deg)

66.1% 67.2% 67.4% 68.7% 68.4% 68.5% 68.6% 63.2% 67.2% 66.0% 66.7% η Strut

48134 50840 53778 58187 61843 66897 75658 82100 88492 103686 108450 Tmax (lbs)

40025 40697 40263 40951 40859 40943 40415 40540 40881 41571 41656 Cruise Altitude (ft)

23.50 24.47 25.01 25.23 25.64 25.80 25.30 25.61 26.07 25.34 25.22 L/D

41236 47042 52298 56970 62689 68530 73411 83976 97297 103034 108225 Wing Wt. (lbs)

6493 7343 8019 9023 9912 11107 12413 12612 15855 15227 15688 Strut Wt. (lbs)

2231 2540 2835 3247 3478 3801 4646 5614 6333 7025 7109 Offset Wt. (lbs)

27104 31950 36805 40184 45501 50321 53544 63953 75851 79733 84097 Bending Matl (lbs)

86202 104107 124129 147456 171325 199396 237726 274929 315517 377323 399999 Fuel Wt. (lbs)

380952 409516 439224 473298 508164 548776 601136 657972 721974 804260 837288 TOGW (lbs)

11.3% 13.4% 14.3% 14.1% 14.9% 15.5% 13.9% 16.8% % Fuel Reduction

6.0% 6.8% 7.9% 8.7% 9.9% 11.1% 11.4% 12.9%   % TOGW Reduction

75.14 77.46 79.43 81.73 83.92 86.44 89.20 92.99 97.39 101.24 103.01 Acquisition Cost ($M)

512.07 515.17 521.51 533.11 544.32 560.02 584.19 608.56 636.00 674.93 759.17 DOC ($M)

936.54 914.97 900.24 890.03 882.32 876.83 873.52 871.14 869.73 869.87 895.99 IOC ($M)

ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE Shock Cl Constraint

ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE 2nd Segment Climb

ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE Balanced Field Length

Engine Out

Approach Velocity

Fuel Volume
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Table A2.3.  Tip Engine SBW Range Effects.

SBW-tip SBW-tip SBW-tip SBW-tip SBW-tip SBW-tip SBW-tip SBW-tip SBW-tip SBWtip

4000 5000 6000 7000 8000 9000 10000 11000 12000 maxr

4000 5000 6000 7000 8000 9000 10000 11000 12000 12114 Range (nmi)

178.6 191.1 191.9 195.8 198.5 198.5 198.4 209.0 222.0 215.2 Span (ft)

30.2 30.9 30.8 31.6 33.6 35.7 36.1 40.4 47.9 51.2 Root Chord (ft)

3305 3640 3643 3812 4049 4176 4349 4966 6043 6413 Sw (ft 2̂)

9.65 10.03 10.11 10.06 9.73 9.44 9.05 8.79 8.16 7.22 AR

14.39% 14.37% 14.33% 14.34% 14.31% 14.14% 14.24% 13.97% 13.70% 13.62% Root t/c

7.34% 7.55% 7.46% 7.51% 7.49% 7.29% 7.37% 7.04% 6.80% 6.80% Outboard t/c

6.85% 6.87% 6.85% 6.83% 6.85% 6.76% 6.82% 6.90% 6.67% 6.40% Outboard t/c

28.9 30.0 30.0 30.1 30.6 31.4 31.4 32.0 32.3 32.6 Wing Λ1/4 (deg)

23.6 23.5 23.6 23.5 23.6 24.1 23.8 25.5 25.9 25.2 Strut Λ1/4 (deg)

56.2% 56.6% 56.6% 56.6% 56.8% 55.5% 56.3% 56.5% 57.0% 57.9% η Strut

45000 46292 47626 49813 53814 60390 66005 67753 69668 73316 Tmax (lbs)

40708 40708 40708 40708 40357 39557 40557 40257 40257 39057 Cruise Altitude (ft)

23.84 24.55 24.91 25.10 24.99 24.88 24.94 24.98 24.26 22.75 L/D

30879 35660 37578 40260 42667 45642 47014 52999 60860 59913 Wing Wt. (lbs)

4125 4918 4873 5021 5235 4807 5260 6112 6873 6630 Strut Wt. (lbs)

3113 3837 3834 3976 4181 4186 4406 5078 5566 5969 Offset Wt. (lbs)

16695 20301 21961 24014 25580 28026 28499 32902 37963 35638 Bending Matl (lbs)

80057 97131 114874 134991 158957 186235 213127 245034 294200 326248 Fuel Wt. (lbs)

357540 383050 405305 431677 462911 499382 533471 576456 641327 677111 TOGW (lbs)

17.6% 19.2% 20.6% 21.4% 21.0% 21.1% 22.8% 25.8% % Fuel Reduction

11.8% 12.9% 15.0% 16.7% 17.9% 19.1% 21.4% 23.7% % TOGW Reduction

71.48 73.45 74.44 75.84 77.46 79.34 80.87 83.35 86.98 87.93 Acquisition Cost ($M)

490.32 492.56 494.14 500.44 511.38 525.80 537.57 554.51 585.55 627.26 DOC ($M)

931.36 910.19 895.06 884.52 877.03 871.67 867.11 864.11 863.36 872.78 IOC ($M)

ACTIVE  ACTIVE ACTIVE ACTIVE ACTIVE  ACTIVE ACTIVE ACTIVE Shock Cl Constraint

2nd Segment Climb

ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE Balanced Field Length

ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE Wingtip Deflection

ACTIVE ACTIVE ACTIVE ACTIVE Engine Out

Approach Velocity

ACTIVE ACTIVE ACTIVE ACTIVE Initial Cruise ROC
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Table A2.4.  Underwing Engine SBW Range Effects.

SBW-wingSBW-winSBW-winSBW-wingSBW-wingSBW-wingSBW-wingSBW-wingSBW-win SBW-wingSBW-wing

4000 5000 6000 7000 8000 9000 10000 11000 12000 13000 maxr

4000 5000 6000 7000 8000 9000 10000 11000 12000 13000 13979 Range (nmi)

204.5 207.8 224.5 229.9 236.8 242.3 249.6 249.9 259.9 262.3 262.5 Span (ft)

28.1 30.2 29.5 29.4 29.8 31.4 32.8 34.8 36.8 39.7 42.5 Root Chord (ft)

3447 3778 4022 4117 4312 4651 4989 5304 5795 6258 6712 Sw (ft 2̂)

12.13 11.43 12.53 12.83 13.01 12.63 12.49 11.78 11.65 11.00 10.27 AR

13.07% 13.31% 12.95% 12.88% 12.76% 12.79% 12.79% 12.84% 12.81% 12.84% 12.89% Root t/c

6.59% 7.55% 6.73% 6.47% 6.38% 6.47% 6.89% 6.86% 6.86% 6.89% 7.46% Outboard t/c

8.49% 9.05% 8.39% 8.25% 8.18% 8.12% 8.41% 8.25% 8.32% 8.21% 8.43% Outboard t/c

27.0 28.4 27.4 27.0 27.5 27.6 28.8 29.3 29.8 30.3 31.4 Wing Λ1/4 (deg)

24.9 25.9 25.3 25.1 25.3 25.6 26.3 26.0 26.2 26.2 26.6 Strut Λ1/4 (deg)

62.9% 59.2% 63.8% 64.4% 63.2% 62.8% 61.6% 63.9% 64.3% 65.5% 63.3% η Strut

86.6% 87.5% 82.9% 82.5% 80.7% 79.5% 79.5% 72.4% 72.5% 67.5% 60.7% η Engine

45208 49335 51172 52913 56209 60796 65416 73022 79275 90162 103557 Tmax (lbs)

40728 41282 41987 41622 41444 41715 41672 41425 41510 41042 40519 Cruise Altitude (ft)

24.50 24.26 25.74 26.09 26.66 26.70 26.92 26.50 26.66 26.11 25.47 L/D

38381 40276 48720 53247 59849 64850 71711 76620 85929 93477 100744 Wing Wt. (lbs)

5419 6091 7844 7811 8908 10141 9786 12120 13159 14486 14607 Strut Wt. (lbs)

2263 2620 2810 2648 3161 3866 3890 4929 5597 6500 6666 Offset Wt. (lbs)

23714 24525 32417 36669 42753 46945 53006 56997 65162 71401 77267 Bending Matl (lbs)

80520 100938 116978 137046 158367 184422 212310 249139 286181 338617 399824 Fuel Wt. (lbs)

366842 394693 422759 450678 483205 520031 560812 610516 664945 736297 816265 TOGW (lbs)

17.1% 16.0% 19.2% 20.2% 21.3% 21.8% 23.1% 24.6% % Fuel Reduction

9.5% 10.2% 11.4% 13.0% 14.3% 15.7% 17.4% 19.2%   % TOGW Reduction

73.25 75.06 77.49 79.08 81.30 83.52 86.06 88.61 91.98 95.61 98.84 Acquisition Cost ($M)

496.57 503.48 506.98 513.44 523.50 537.60 553.40 575.30 598.23 631.16 833.68 DOC ($M)

933.40 912.29 897.72 887.03 879.40 873.83 869.70 867.05 865.21 864.88 926.32 IOC ($M)

ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE Shock Cl Constraint

ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE 2nd Segment Climb

ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE Balanced Field Length

ACTIVE ACTIVE ACTIVE ACTIVE Wingtip Deflection

ACTIVE ACTIVE Engine Out

Approach Velocity

ACTIVE ACTIVE ACTIVE Initial Cruise ROC

ACTIVE Fuel Volume
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Appendix 3. Technology Impact Study Results

These tables summarize the results of the technology impact study of minimum-TOGW optima

with various technologies.  Results for each of the four configurations are presented in separate

tables.

Table A3.1  Cantilever Wing Sensitivity Analysis.

1995 Conv 1995 Conv 1995 Conv 1995 Conv 1995 Conv 1995 Conv 2010 Conv Tot Change -171614
Wing Eng. NLF Aero Airframe Propulsion Systems Wing-Eng. Sum Change -27.5%

7500.1 7496.5 7500.1 7500.1 7500.0 7500.1 7499.8 Range

214.9 211.5 217.9 215.2 210.4 213.9 225.3 Span (ft)

52.0 52.0 52.0 52.0 52.0 52.0 52.0 Root Chord (ft)

8.8 8.3 8.6 8.2 8.5 8.6 8.5 Root Chord (ft)

5413 5213 5198 4959 5254 5415 5307 Sw (ft 2̂)

8.53 8.58 9.13 9.34 8.43 8.45 9.57 AR

15.61% 15.27% 16.36% 15.26% 15.39% 15.65% 15.14% Root t/c

10.65% 10.32% 11.73% 10.83% 10.28% 10.61% 10.55% Break t/c

6.20% 5.78% 6.66% 5.52% 5.75% 5.25% 7.40% Tip t/c

39.8 39.0 36.7 40.4 39.3 39.8 34.2 Wing Λ1/4 (deg)

37.0% 37.0% 37.0% 37.0% 37.0% 37.0% 37.0% η Engine

108861 104599 98437 94274 106772 105789 75793 Tmax (lbs)

35640 35598 37253 36112 35519 35943 42052 Cruise Altitude (ft)

19.94 20.68 20.83 20.39 19.79 20.15 23.38 L/D

98791 93734 87267 75388 94109 96260 63706 Wing Wt. (lbs)

280900 262535 253180 246252 268265 271935 186295 Fuel Wt. (lbs)

430948 420028 408324 387600 422738 422209 353928 Zero Fuel Wt. (lbs)

711844 682770 661501 633848 691004 694142 540230 TOGW (lbs)

1745.56 1714.78 1693.33 1666.17 1723.94 1722.98 1563.24 Total Cost ($M)

102.51 100.54 98.56 94.81 101.02 99.55 87.49 Acquisition Cost ($M)

729.68 704.50 687.65 667.66 712.13 712.26 583.68 DOC ($M)

913.37 909.74 907.12 903.69 910.78 911.17 892.07 IOC ($M)

-4.1% -7.1% -11.0% -2.9% -2.5% -24.1% % TOGW Reduction

-1.8% -3.0% -4.5% -1.2% -1.3% -10.4% % Fuel Reduction

ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE Shock Cl Constraint

ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE 2nd Segment Climb

Balanced Field Length

Wingtip Deflection

ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE Engine Out

ACTIVE ACTIVE ACTIVE Approach Velocity

Initial Cruise ROC

Fuel Volume
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Table A3.2.  T-Tail Fuselage-Mounted Engine Sensitivity Analysis.

T-Tail SBW T-Tail SBW T-Tail SBW T-Tail SBW T-Tail SBW T-Tail SBW T-Tail SBW Tot Change -155150

1995 NLF AERO Airframe Propulsion Systems 2010 Sum Change -28.80%

7500.0 7499.5 7499.2 7499.5 7498.9 7497.8 7499.9 Range

214.4 210.9 208.4 212.7 211.8 212.2 226.0 Span (ft)

37.7 36.3 35.9 35.1 37.1 37.5 30.2 Root Chord (ft)

8.1 7.3 8.1 7.6 7.9 7.8 7.0 Tip Chord (ft)

4910 4598 4581 4541 4770 4805 4205 Sw (ft 2̂)

9.37 9.68 9.48 9.96 9.41 9.37 12.15 AR

13.68% 13.36% 14.19% 13.65% 13.74% 13.64% 14.28% Root t/c

7.07% 6.61% 7.13% 6.72% 6.82% 6.85% 6.58% Break t/c

7.48% 6.93% 7.55% 7.43% 7.39% 7.33% 6.56% Tip t/c

36.9 35.6 32.9 37.1 36.4 36.6 29.9 Wing Λ1/4 (deg)

23.7 24.5 21.6 26.4 24.6 24.4 20.5 Strut Λ1/4 (deg)

65.5% 67.6% 67.5% 66.1% 64.5% 68.8% 68.8% η Strut

89515 81836 83553 78461 86991 87404 59463 Tmax (lbs)

36700 36576 37851 37046 36628 36648 40429 Cruise Altitude (ft)

20.10 21.89 20.88 20.48 20.07 20.10 25.30 L/D

88200 81346 75472 67152 85143 84196 59581 Wing Wt. (lbs)

50794 46012 41735 48129 48876 47679 42500 Bending Matl (lbs)

253141 220879 230181 225527 241120 247624 159629 Fuel Wt. (lbs)

392000 377036 372286 356850 386141 383556 330683 Zero Fuel Wt. (lbs)

645000 597922 602480 582378 627268 631176 490312 TOGW (lbs)

1675.30 1624.60 1631.86 1611.11 1656.17 1656.34 1507.31 Total Cost ($M)

95.30 92.40 91.70 88.90 94.10 92.30 82.70 Acquisition Cost ($M)

675.00 633.00 640.00 625.00 659.00 661.00 538.00 DOC ($M)

905.00 899.00 900.00 897.00 903.00 903.00 886.00 IOC ($M)

7.3% 6.6% 9.7% 2.7% 2.1% 24.0% % TOGW Reduction

12.7% 9.1% 10.9% 4.7% 2.2% 36.9% % Fuel Reduction

ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE Shock Cl Constraint

ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE 2nd Segment Climb

ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE Balanced Field Length

Wingtip Deflection

Engine Out

ACTIVE ACTIVE ACTIVE ACTIVE Approach Velocity

Initial Cruise ROC

Fuel Volume
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Table A3.3.  Wingtip-Mounted Engine SBW Sensitivity Analysis.

Tip SBW Tip SBW Tip SBW Tip SBW Tip SBW Tip SBW Tip SBW Tot Change -100107
1995 NLF AERO Airframe Propulsion Systems 2010 Sum Change 19.7%

7499.7 7496.1 7499.9 7495.5 7499.6 7499.9 7499.7 Range

182.2 181.9 182.6 176.5 183.0 181.1 198.6 Span (ft)

38.8 38.1 38.4 37.1 40.8 38.7 31.8 Root Chord (ft)

7.6 7.0 7.2 7.4 6.8 7.3 7.5 Tip Chord (ft)

4221 4099 4165 3931 4360 4171 3907 Sw (ft 2̂)

7.86 8.07 8.01 7.93 7.68 7.87 10.10 AR

14.17% 14.09% 14.37% 14.16% 14.14% 14.23% 14.36% Root t/c

7.71% 7.17% 7.78% 7.81% 7.03% 7.77% 7.56% Break t/c

7.49% 6.99% 7.39% 7.55% 6.97% 7.58% 6.85% Tip t/c

39.2 38.2 36.7 39.9 39.5 39.7 30.2 Wing Λ1/4 (deg)

26.5 26.9 25.2 26.3 27.6 26.9 23.5 Strut Λ1/4 (deg)

58.7% 58.6% 58.5% 58.0% 63.9% 57.3% 56.8% η Strut

100.0% 100.0% 100.0% 100.0% 100.0% 100.0% 100.0% η Engine

71302 65587 66961 67511 65621 70164 51851 Tmax (lbs)

38540 38376 38650 38513 38567 38301 40736 Cruise Altitude (ft)

20.68 22.38 21.53 20.57 20.65 20.81 25.25 L/D

55668 53356 52426 42179 54596 55190 41854 Wing Wt. (lbs)

25462 24475 23606 23555 24543 25279 25213 Bending Matl (lbs)

210173 187580 196448 197894 200271 206309 145618 Fuel Wt. (lbs)

336228 328318 329010 314928 331191 332432 300676 Zero-Fuel Wt. (lbs)

546401 515984 525459 512826 531463 538821 446294 TOGW (lbs)

1574.13 1540.89 1551.70 1540.12 1558.07 1562.00 1462.46 Total Cost ($M)

84.84 83.30 83.49 80.74 84.02 82.80 76.70 Acquisition Cost ($M)

596.45 568.37 577.87 570.59 582.99 587.28 504.86 DOC ($M)

892.84 889.05 890.24 888.67 890.98 891.89 880.41 IOC ($M)

5.6% 3.8% 6.1% 2.7% 1.4% 18.3% % TOGW Reduction

10.7% 6.5% 5.8% 4.7% 1.8% 30.7% % Fuel Reduction

ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE Shock Cl Constraint

2nd Segment Climb

ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE Balanced Field Length

ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE Wingtip Deflection

ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE Engine Out

ACTIVE Approach Velocity

Initial Cruise ROC

Fuel Volume
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Table A3.4.  Underwing Engine SBW Sensitivity Analysis.

Wing SBW Wing SBW Wing SBW Wing SBW Wing SBW Wing SBW Wing SBW Tot Change -135978
1995 NLF AERO Airframe Propulsion Systems 2010 Sum Change 27.6%

7498.2 7498.0 7499.9 7498.9 7498.5 7497.3 7499.3 Range

227.1 217.1 212.7 217.9 223.0 226.8 220.1 Span (ft)

36.0 34.7 33.8 33.8 35.7 35.9 29.4 Root Chord (ft)

7.9 7.7 7.6 7.5 7.9 7.9 6.6 Tip Chord (ft)

4981 4601 4412 4501 4860 4969 3970 Sw (ft 2̂)

10.36 10.25 10.26 10.54 10.23 10.35 12.20 AR

13.81% 13.89% 14.22% 13.60% 13.81% 13.82% 14.00% Root t/c

7.26% 7.50% 7.00% 6.62% 7.21% 7.29% 7.15% Break t/c

7.64% 8.08% 7.32% 7.21% 7.65% 7.66% 7.37% Tip t/c

36.2 35.4 31.1 36.1 36.1 36.3 29.8 Wing Λ1/4 (deg)

24.9 27.0 24.3 25.3 25.3 24.9 21.6 Strut Λ1/4 (deg)

63.7% 62.5% 64.1% 62.7% 63.2% 63.7% 62.4% η Strut

79.5% 82.6% 83.9% 80.7% 80.7% 79.5% 83.8% η Engine

77745 72939 73927 70892 76285 76530 56562 Tmax (lbs)

38536 38481 38891 38446 38561 38682 40097 Cruise Altitude (ft)

21.03 22.57 21.48 21.00 20.90 21.17 25.30 L/D

82685 71738 65728 60285 78471 82048 50287 Wing Wt. (lbs)

45999 38202 34038 40883 42893 45638 33335 Bending Matl (lbs)

228225 200881 208875 207958 218235 224112 151342 Fuel Wt. (lbs)

372222 354888 348929 338608 365947 368511 313214 Zero-Fuel Wt. (lbs)

600534 555770 557802 546574 584174 592442 464556 TOGW (lbs)

1627.49 1580.68 1584.22 1573.58 1610.57 1614.87 1480.44 Total Cost ($M)

91.40 88.16 87.07 85.28 90.24 89.30 79.01 Acquisition Cost ($M)

636.54 598.53 602.89 595.45 622.80 626.99 518.75 DOC ($M)

899.55 894.00 894.25 892.86 897.53 898.57 882.68 IOC ($M)

7.5% 7.1% 9.0% 2.7% 1.3% 22.6% % TOGW Reduction

12.0% 8.5% 8.9% 4.4% 1.8% 33.7% % Fuel Reduction

ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE Shock Cl Constraint

ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE 2nd Segment Climb

ACTIVE ACTIVE Balanced Field Length

ACTIVE ACTIVE ACTIVE ACTIVE ACTIVE Wingtip Deflection

Engine Out

Approach Velocity

Initial Cruise ROC

Fuel Volume
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ABSTRACT

This paper presents a new Trans-Atlantic high
performance executive transport suitability equipped to
offer accommodation for 19 first class passengers. The
unique feature of this conceptual design is application of
Twin Oblique Lifting Surfaces or TOLS configuration.
Minimum goals for the design included: similar maximum
takeoff gross weight; satisfactory field performance; good
stalling characteristics; and, competitive fuel burn
qualities at high-transonic and low-supersonic speeds,
i.e. M0.90-1.20, compared to contemporary M0.75-0.85
large and super-large business jets. The vehicle is to be
powered by two medium by-pass derivative engines
based on the BMW-Rolls Royce BR715 in an effort to
maximize the likelihood of availability, ensure adequate
en route performance efficiency and fulfillment of yet to
be ratified Stage 4 noise compliance requirements.

INTRODUCTION

The oblique wing concept has fallen in and out of favour
over the latter half of the Twentieth Century. It gathered
notoriety with Vogt’s variable sweep oblique wing aircraft
design proposal in the 1940s designated as the Blohm
and Voss P2021. This unconventionally asymmetric
aircraft design was one of the first concerted attempts to
reconcile conflicting conditions of wing sweep optimality
for low and high speed performance of an aerospace
vehicle. Around the same period, Campbell and Drake2 at
NACA conducted experimentation on similar layouts. It
was subsequently championed by Jones3,4 who found
interest in such a configuration because analysis and
windtunnel testing indicated that elliptical oblique wings
would provide minimum wave drag in supersonic flow.

Notwithstanding the potential offered by oblique wings,
there exists a distinct absence of such aircraft in both the
military and civilian operational arenas. From a
programme perspective, it is potentially a large risk
venture. Historically, difficulties have included the
following: problems with low-speed aeroelastic
divergence associated with a high aspect ratio, forward
swept semi-wing; in the absence of a mature automatic
control systems technology knowledge-base, the
adequate handling of longitudinal and lateral motion
coupling produced by the interaction of highly non-linear
aerodynamic and inertial moments; lack of rigid body and
wing structural mode coupling; the drawback of having
an obligatory wing pivot mechanism; and, the sense it is
a highly exotic configuration.

Alternative configurations that challenge the traditional
cantilevered single wing have also been examined. As a
follow on from experimentation done by Olson and
Selberg5, studies by Rhodes and Selberg6 showed that
both closely coupled dual-wing and swept forward swept
rearward (connected at the wingtip) systems exhibit
aerodynamic advantages over single wing configurations.
They found the low drag of multi-surfaces were due to a
combination of two and three dimensional drag
reductions, tailoring the three dimensional drag for the
swept forward swept rearward design, and improved
structural efficiency through connection thus permitting
higher aspect ratios.

Another example of unconventional planform design is
the strut-braced wing (SBW) and origins of this concept
can be traced back to Pfenninger’s research of a long-
range transonic transport truss-braced wing study7 done
in the mid-1950s. Proponents of SBWs cite as a result of



favourable interaction between structures, aerodynamics
and propulsion, potential for higher aerodynamic
efficiency and lower Maximum Takeoff Weight (MTOW)
can be realised. Encouraging results from design studies
of the 2010 SBW transonic transport completed by
Virginia Polytechnic (Gundlach et al8) show a potential to
shave up to 10% of MTOW defined by design mission
requirements.

In view of the significant potential for performance
enhancement and with due regard given to the difficulties
discussed above, a new hybrid concept is proposed here
which comprises two independent, fixed, oblique (or
skewed) wings linked by a wing-pylon-engine bracing
structural system (WPEBS). This configuration, coined as
Twin Oblique Lifting Surfaces or TOLS (Figure 1), is
intended to produce a new aircraft design perspective
that will afford acceptable en route efficiency at high-
transonic and low-supersonic speeds with an
unconventional operational flexibility of satisfactory field
performance and stalling characteristics.

Figure 1. Introducing the TOLS configuration.

Even though commercial aviation and the charter
industry provide transportation at more competitive rates
for the upper echelon of customers, they have proven to
be both inefficient and unreliable. Due to a growing
dissatisfaction with commercial airliner services, there
are strong indications demand will shift towards business
aviation. There are some newly emerging business and
corporate aviation concepts to improve affordability and
quality of contemporary air travel. Today, prospective
customers can choose from five distinct methods of
owning or chartering business jets:

• Traditional ownership – outright ownership and
complete responsibility for operation;

• New and used fractional ownership – allotment of
time based on a given fractional ownership of a new
or used business jet;

• Branded charter – privately owned fleet of similarly
outfitted business jets offering chartered service;

• “By-the-seat” charter – chartered seats sold in scope
similar to commercial operators; and,

• Business airline charter – regularly scheduled flights
using business jets between city pairs deemed
profitable.

Traditional business jet ownership is the most
dependable means of travel, but comes at an
appreciable expense. As a result, the charter services
and fractional ownership have demonstrated to be
schemes attracting the majority of commercial aviation
customers as well as enticing clientele who would
normally not purchase business jets to consider fractional
ownership. In view of the great potential of growth, a new
conceptual aircraft design targeting this market niche is
taken to be a potentially lucrative venture.

UNIQUE CONCEPTUAL DESIGN PREDICTION
INFERENCES FOR THE TOLS CONFIGUATION

Almost all conceptual design synthesis methods rely on
empirical or handbook methods based on datasets of
similar aircraft. In effect, the analysis methods assume a
level of weights, aerodynamics and performance within
the bounds of the aircraft survey dataset. With regards to
the unconventional nature associated with TOLS
configurations, a series of unique conceptual design
prediction algorithms must be formulated in order to
ensure consistent account of weight and aerodynamics,
and to establish minimum goals with confidence. The
main considerations that ideally would be reviewed for
study of this unique configuration are addressed below.

WING WEIGHT RELIEF – With respect to SBWs,
Gundlach et al8 reason the vertical force of the strut
produces a shear force discontinuity along the wing span
creating a break in the bending moment slope, thus
reducing the magnitude of bending moment inboard of
the strut. Also, the strut vertical offset generates a
favourable moment that creates a spanwise bending
moment curve discontinuity further alleviating the
bending moment inboard of the strut. For SBWs, this
condition translates into a significant rationalisation of
weight and thus allows for thinner wing sections
promoting a decrease in zero-lift and transonic wave
drag. It also gives scope to decrease vortex-induced drag
via an increase in wing aspect ratio; combining to yield
an improved aerodynamic efficiency.

Even though TOLS configurations employ dual-wing
planforms skewed in opposite sense to each other, a
legitimate parallel to SBWs and the associative benefits
therein can be drawn. The WPEBS system which links
individual oblique lifting surfaces is akin to the bracing
effect produced by an offset strut – in this context, the
offset strut height being equivalent to each of the four
engine pylon heights.



INTERFERENCE DRAG DUE TO WING-ENGINE-
PYLON BRACING SYSTEM – To quantify the
interference drag between the wings and WPEBS
intersections, a combination of form factors9 and a wing-
strut interference drag model developed using
Computational Fluid Dynamics (CFD) techniques by
Tetrault (reproduced in the 2010 SBW transonic
transport study by Gundlach et al8) was employed.
Tetrault shows the wing-strut interference drag (∆CDint)
model is best described utilising a hyperbolic fit to the
CFD results because interference drag was found to vary
inversely with arch radius (or offset strut height), viz.

os
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where hos is the offset strut height in feet, and, ∆CDint is
expressed in drag counts.

For the final TOLS configuration selected in this study, a
total increment of drag due to dual-wings, WPEBS and
empennage interference effects was predicted to be 40
drag counts, or, typically 10% of the total en route drag.
This contrasts as proportionately 2-3 times greater
constituent contribution compared to contemporary
subsonic transport aircraft.

MULTIPLANE VORTEX-INDUCED DRAG – The
shortcoming of contemporary reference wing definition
conventions (ESDU, Boeing Wimpress, Airbus Gross and
Net) is an inadequacy to appropriately and consistently
represent multi-surface wing designs. These methods
are only suited to the single cantilevered wing premise,
thus producing a geometric to aerodynamic qualities
disconnect. One objective was to derive an expression
that quantifies the TOLS equivalent reference wing
aspect ratio (ARE) with consistency so that the vortex-
induced drag factor to be used for ensuing calculations
can be based directly on the geometric attributes of an
equivalent single reference wing.

To address this requirement, a starting point is Prandtl’s
“two-surface” vortex-induced drag equation as presented
by Kendall10. Prandtl indicates that, “The total [induced]
drag (of a multi-surface) consists of the sum of all the
separate drag and of as many mutual drags as there are
combinations of the wings in twos”. For speeds greater
than M0.40 and with no account of compressibility
effects, the elliptically loaded two-surface vortex-induced
drag factor equation can be related to an analytical
expression derived by Obert11:
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where Prandtl’s mutual drag factor σ accounts for gap
effect as presented by Kerber and can be found in

Durand12, S and b are the constituent area and span
respectively for wings 1 (lower) and 2 (upper), SW is the
reference wing area, and, α and β are coefficients of
proportionality equal to 1.05 and 0.0070 respectively as
derived by Obert.

To round off, Munk’s stagger theorem states no change
in the vortex-induced drag will occur due to longitudinal
location as long as the surface loads remain unchanged.
This means Prandtl’s mutual drag factor may be applied
to any multi-surface configuration without any
consideration given to the longitudinal location of the
semi-wing surfaces relative to each other.

DESIGN SPECIFICATIONS

A business jet aeroplane design must concurrently fulfil a
number of requirements as dictated by today’s discerning
clientele: a premium on passenger comfort, a high
degree of operational readiness and exceptional
performance characteristics. High passenger comfort
levels are paramount since the cabin living volume can
act as an executive office or conference room. Also, a
business jet is viewed as an aid to saving time and
increasing productivity, and so, dispatch-reliability should
be maintained at very high levels. Superior performance
attributes afford a great deal of operational flexibility. The
ability of operating in and out of relatively short airfields,
of expediently climbing to cruising altitudes above
inclement weather or avoiding congested airways
altogether, and cruising at significantly faster speeds
than conventional aircraft at comparable en route
efficiencies would all combine to produce a vehicle with
unmatched appeal.

In view of the mission role discussed above, the hard
specifications that were deemed necessary for the
success of this proposal are defined below.

• The vehicle must accommodate at least 19
passengers seated with a 1.40 m (55 in.) pitch;

• Takeoff field length less than 1830 m (6000 ft) at
ISA, sea level conditions;

• Effective operation at 5000 ft (1524 m) airport
pressure altitude and at ISA+20°C conditions;

• Initial cruise altitude of at least FL 470;
• Time to climb to typical bandwidth of cruise flight

levels in around 15-25 minutes;
• Service ceiling not less than FL 510 and High-Speed

Cruise (HSC) Mach number not less than 1.20;
• Maximum range not less than 4000 nm (7408 km) at

Typical Speed Cruise (TSC) of M0.95, and, 3500 nm
(6482 km; this represents a westbound Trans-
Atlantic flight between LHR and JFK with 85%
probability winds) at Maximum Cruise (MCRZ)
assuming NBAA IFR mission rules and reserves,
and, a maximum passenger complement;

• Landing reference speed to be not greater than 135
KCAS at Maximum Landing Weight (MLW) and ISA,
sea level conditions;



• A competitive en route Specific Air Range (SAR)
efficiency at TSC compared to similarly sized
contemporary large and super-large business jets;

• Low parts count and relatively simple construction,
avoidance of complex double curvature in fuselage
geometry;

• Should fit into existing Air Traffic Control (ATC)
patterns, and noise levels should comply to current
version of yet to be ratified Chapter 4 definition;

• The vehicle shall be certified according to FAR 25
and JAR 25 transport category aircraft requirements.

In addition to these, a soft specification was set to
provide for a suitable cargo hold, i.e. a target total
volume of 0.28 m3 (10 cu.ft) per passenger.

DESIGN PREAMBLE

FUSELAGE DESIGN – The design cycle began by
establishing the fuselage size in isolation. The height,
width and resulting fineness basically catered to
providing ample volume in accommodating the
necessary 1.40 m (55 in.) seat pitch for passengers.
Ancillary attention was paid to minimizing frontal area as
well as producing a lower Volume2/Length4 (or volume-
reference length ratio) for minimum zero-lift and wave
drag respectively. The width of the fuselage was also
influenced by the requirement of allowing at least 610
mm (24 in.) of aisle width between passenger seats.
Finally, consideration was also given to ensure space for
landing gear, avionics, supporting systems and fuel was
sufficient. The geometric layout of the fuselage was
loosely based on the 50 PAX Saab 2000 high-speed
turboprop13. Apart from catering to a higher pressure
differential, the cylindrical cabin has mostly been
retained, however, extensive modifications have been
introduced to the forward fuselage to meet the
requirements imposed by operating in the high transonic
and low supersonic speed regime.

ENGINE SIZING AND SELECTION – Even though this
design study involves a hypothetical or “paper” engine
using methods conceived by the author14 and
investigations made by Svoboda15, the results derived
from initial analysis were used to propose a plausible
engine the market could conceivably design and
manufacture. As expected, the engine optimisation
process focused on the cruise condition for sizing.
Preliminary investigations showed a suitable engine
should meet the following criteria:

• Target maximum static thrust of 71.2 kN (16000 lb.f)
at sea level standard conditions;

• Cruise By-Pass Ratio (BPR) of around 3.0 to reduce
the thrust lapse rate at given speed and altitude;

• Overall Pressure Ratio (OPR) of at least 30 to keep
the overall engine efficiency as high as possible;

• Relatively high engine Turbine Entry Temperature
(TET) to maintain required specific thrust
characteristics.

The BMW Rolls-Royce BR715 is identified as an ideal
candidate for future derivative development work. With
the current configuration of 1 fan, 2 boosters, 10
compressors, 2 low pressure turbines and 3 high-
pressure turbines, the basic layout can be retained but
the requirement of an en route design BPR decrease
from 4.8 to 3.0 will have with it an associative reduction
in fan diameter from 1.53 m (60 in.) to approximately
1.25 m (49 in.). This has a beneficial effect of reducing
the engine empty weight by almost 454 kg (1000 lb). The
design point Thrust Specific Fuel Consumption (TSFC)
degrades somewhat from 0.63 at M0.76 and 35000 ft to
approximately 0.73 at 45000 ft and M0.95.

Operation at low supersonic speeds will reduce the
possibility of maintaining an exceptionally high pressure
recovery. Nonetheless, the axisymmetric intake was
found to be satisfactory for speeds slower than M1.50.
Providing due consideration is given to applying sharper
lip geometry, the single normal shock wave of a pitot
intake would yield only about a 2% reduction compared
to the two-dimensional shock intake as cited by
Whitford16. Also, this design ensures efficient structural
shape for low duct weight and minimum wetted area for
given stream-tube flow area.

EMPENNAGE SIZING – With variation of wing geometry
and placement, associated changes to the empennage
were made accordingly. Approximate dimensioning was
based on the inequality constraint of keeping the vertical
tail volume coefficient greater than or equal to 0.090.

AEROFOIL AND PLANFORM GEOMETRY – The
selection of aerofoil section thickness and general wing
design characteristics were based on studies presented
by Kroo17. Numerical optimisation techniques have shown
that a wing thickness (t/c) of up to 14.0% is acceptable
for oblique wing design proposals. Indeed, van der
Velden and Torenbeek18 have taken this notion further by
employing a higher t/c of 15.0% for their supersonic
oblique wing transport design. With respect to planform
geometry design, taper ratio and wing twist needs to be
selected such that unbalanced lift loads are avoided. This
circumstance fortuitously gives scope to approximate the
elliptical load distribution ideal as well.

DESIGN PREDICTION

SYNTHESIS CODE – To perform the required
parametric calculations, the QCARD-MMI software
package developed by Royal Institute of Technology
(KTH) Department of Aeronautics was utilised. QCARD-
MMI, or Quick Conceptual Aircraft Research and
Development Version 2001, is a MATLAB based
computer program and embodies the quasi-analytical
conceptual design prediction methods developed by the
author14. The system places an emphasis on assisting
the user to interactively draft, predict and optimise
coherently during the conceptual aircraft design
generation process.



A variety of known regional aircraft were input and
QCARD-MMI predictive powers were inspected against
each respective vehicle’s manufacturer Performance
Engineers’ Handbook (PEH) or its equivalent. Indications
have shown very good agreement against published
results9 with typical errors frequently falling within a
bandwidth of ±5% for weight; engine performance -
TSFC and thrust lapse; aerodynamics - total drag for All
Engines Operational (AEO) and One Engine Inoperative
(OEI) at low and high speed, maximum lift for clean wing
and for given flap setting; and, operational performance -
takeoff including minimum control speed limitations and
initial climb, en route climbing, cruise, complete mission
and landing. Additionally, QCARD-MMI methodology was
benchmarked against the General Aviation Synthesis
Program (GASP) developed by NASA-Ames Research
Centre19. To ascertain consistency of the high-speed
aerodynamics and engine thrust-burn modules, QCARD-
MMI was tested on a supersonic design completed by
van der Velden and Torenbeek18 and was found to be in
good agreement in the high transonic and low supersonic
regime. The only significant discrepancy was observed in
the friction drag component with a conservative
prediction of +24%.

The points to follow outline the prediction algorithm
methodology for a select array of core disciplines
analysed by QCARD-MMI.

Drag – Drag calculations are partitioned into three  
distinct groups, namely, friction, vortex-induced and
wave. Friction drag that is independent of lift is predicted
using the component build-up method at a representative
Mach number and altitude (generally Long Range Cruise
[LRC] and optimum altitude) and subsequently used to
derive an equivalent characteristic length for off-
reference conditions. This approach is coined Equivalent
Characteristic Length Method (ECLM) and a full
treatment can be found in the author’s previous work9.
This component also accounts for interference, 3-
dimensional effects, roughness and excrescences using
the conventional form factor approach. The vortex-
induced drag is calculated using an analytical expression
derived by Obert11, which approximates vortex-induced
drag factors computed for a wide variety of commercial
transport aircraft. Wave drag accounts for the presence
of significant compressibility effects. The Critical Mach
number (MCR) is approximated with the Korn equation20

modified to include simple sweep theory with
adjustments made using empirical data given by Obert11.
The total wave drag is estimated using the zero-lift and
lift related components (representing geometric
difference) from the total drag equation for supersonic
cruise drag given by Jones21. Using this as a basis, an
exponential drag rise and divergence model originating
from Torenbeek’s22 proposed algebraic structure is
dynamically constructed employing empirical guidelines
for drag divergence properties presented by Raymer23.

Maximum Lift – The clean wing maximum lift is computed  
for any original planform geometric definition using a
MATLAB module developed by KTH called TORNADO24.
The TORNADO software with a 3-dimensional Vortex-
Lattice Method (VLM) calculates aerodynamic properties
of multi-wing designs that are swept (symmetric or
otherwise skewed), tapered, cambered, twisted and
cranked with dihedral. Unlike the classical VLM
approaches, TORNADO models the wake coming off the
trailing edge of every lifting surface as flexible and
changing shape according to the flight state considered.
With a distorting wake, non-linear effects such as the
interaction of multiple surfaces can be simulated more
consistently.

Since the primary assumption of any VLM is linearity, the
prediction of maximum lift coefficient (CLmax) is taken from
empirical data describing the relative increment of CL with
change in angle of attack between the beginning of lift
non-linearity and CLmax. Even though thickness effects are
neglected, the slope of the mean camber surface is
accommodated. Camber data is sourced from a
comprehensive aerofoil library compiled for another
MATLAB based program developed by KTH called
PABLO25 (low-speed aerofoil analysis using one-way
coupled inviscid and boundary layer model). High-lift
produced by flap and slat deflection is estimated based
on methods presented by Young26. This reference uses
empirical correlation from assorted accumulated data
and predicts with adequate accuracy the aerodynamic
characteristics of high lift devices.

Propulsion – An engine model taken from previous work  
done by the author14, based on the premise of
exponential decay and proportional to variation of flight
level and speed was expected to generate an adequate
description of thrust lapse and TSFC variation. For
accuracy, two distinct models describing takeoff-climb,
and, maximum cruise thrust characteristics are
employed. Linear performance deterioration models to
account for effects of off-ISA temperature deviations are
also considered. Since these expressions do not permit
direct sensitivities to more pertinent working parameters
like BPR and OPR, a new hybrid model was developed
to include this aspect using research compiled by
Svoboda15.

Weight – Aircraft constituent weight estimates of wings,  
vertical tail, fuselage, landing gear, avionics, electrical,
hydraulic, environmental control system (ECS), anti-icing,
auxiliary power unit (APU) and other equipment on board
were obtained with the aid of methods developed by
Linnell27, Scott and Nguyen28 and the author14. Formulae
to account for weight relief due to presence of fixed
masses on the wing (to be discussed in the Optimisation
section) were also introduced into the MTOW
transcendental algorithm. Owing to the absence of a
consistent conceptual prediction method, wing weight
estimation for this study did not include account of the
TOLS configuration structural efficiency due to WPEBS



inter-wing connection. This produced a prediction almost
8% greater than that of a single wing with the same area,
aspect ratio and strength.

Estimates for engine weight, and, complement of pylons
and nacelles were obtained using methods detailed by
the author14. A completion allowance of 2170 kg (4785 lb)
was predicted from estimated interiors for contemporary
large and super-large business jets. This figure did not
intentionally include a crew rest area (saving almost 400
kg; 880 lb) as standard since it was assumed almost all
missions would be completed within an 8-hour duty
cycle.

Weight of fuel is estimated using a quasi-analytical
procedure developed by the author. The integral wing
and centre tanks are described by a series of truncated
pyramid geometries with adjustments made to reconcile
an over-estimated volume compared to the more elliptical
face of aerofoil sections. Elliptic paraboloids more
accurately describe volume encased by the forward
fuselage fairing and saddle tanks. The aft fuselage
auxiliary tank is simply predicted assuming a cylinder
with segment cutout bounded by the circular cross-
section and chord. All tank volume constituents were
further reduced in volume to account for presence of
structure based on recommendations made by
Torenbeek22.

Performance Definitions – A series of guidelines were  
adhered to when evaluating the operational performance
attributes of each design candidate. Since the design
engine sizing requirements for this exercise was
understood to focus on en route cruise, it was surmised
that both takeoff and climbing performance would still be
acceptable even with a significant amount of engine de-
rate for each of these two mission phases. The takeoff
performance was defined using engine de-rate for
normal takeoff thrust, with no facility for Automatic Power
Reserve (APR), as a free variable. The selection of an
appropriate de-rate level was based on one that yielded
a minimum (twin engine) OEI second segment climb
gradient of 2.4% at takeoff flaps of 30°, an airport
pressure altitude of 5000 ft, ISA+20°C ambient
conditions and MTOW at brakes release. A
philosophically similar set of criteria were also employed
for AEO en route climbing; in this instance, maximum
climb thrust de-rate for the engines was determined by a
vehicle candidate clearing FL 510 with residual climb rate
of 300 fpm at the fastest forward speed technique
assuming ISA still air and MTOW at brakes release.

The Optimum Trajectory-Profile Algorithm (OTPA) in
QCARD-MMI utilises an interval halving numerical
scheme with climb distance as the free variable for given
flight level. The algorithm caters to a myriad of objective
function evaluations, including unconstrained maximum
SAR, constrained maximum SAR at given speed
technique and unconstrained minimum time (maximum
block speed) flight technique evaluation. For accuracy, a

default of 5 segments is assumed for the entire mission
profile. In this particular study, each of the numerically
integrated en route mission computations was limited to
a maximum of three cruise-steps to simulate actual
operational procedures. As a margin for establishing the
validity of en route cruise speed minimum goals, a
residual of 100 fpm was imposed to identify the engine
thrust limit. Even though consideration for altitude
capability constrained by high-speed buffet (1.3g margin)
is important, owing to the lack of a coherent conceptual
method to determine this aspect, experience dictated that
engine thrust limited altitude would be the most likeliest
of constraints for the interim. Finally, all en route mission
computations adhered to flight techniques, reserves and
contingency policies stipulated by NBAA IFR guidelines
including 200 nm alternate and 30 minutes hold.

DESIGN OPTIMISATION

A very limited scope of multivariate optimisation was
undertaken in this study. The objective here was to
ascertain in a relatively quick manner if the TOLS
configuration exhibits feasibility. Many of design variables
were systematically bounded for the global optimisation
process after formulating the best objective function
result for that given sub-space. For example, once initial
estimates yielded an idea of the most likely engine
candidate dimensions and weight, a generic trade study
between engine lateral coordinate wing placement and
aircraft empty weight was examined. To assist in this
process, weight relief factors were drawn from semi-
analytical methods of contemporary transport aircraft
wing weight estimation done by Torenbeek29.

CANDIDATE SELECTION – Various combinations of
wing area, complementary wing skew angles, thickness
and aspect ratio were analysed to determine an
acceptable trade off between good field and en route
performance. Each candidate MTOW design point was
defined as one in which 19 PAX at 100 kg (220 lb) can
be accommodated with maximum fuel load. A myriad of
possible performance constraint criteria to inspect for
sensitivity and subsequently identify feasible solutions
were reviewed.

The hard specification takeoff field length (TOFL)
constraint of 1830 m (6000 ft) was initially found to be a
limiting condition. Further scrutiny revealed the engine
inoperative decision speed (V1) should be considered as
a primary parameter because a combined effect of high
wing loading and minimum control speed (VMC) limitations
produced reference speeds that became quite high. As
an orthogonal delineation to the V1 decision speed trade,
two separate en route performance inequality constraints
were examined: maximum PAX range at MCRZ speed
technique, and, range with maximum payload assuming
constrained maximum SAR technique at M0.95. The first
choice, which proved to be the most limiting, of maximum
range at MCRZ speed technique assuming a payload of
19 PAX at 100 kg (220 lb) each with NBAA IFR flight



guidelines and reserves, 200 nm alternate and 30
minutes hold was finally designated as the primary en
route constraint criterion. Consequently, the selection
process focused on maximising range, and, minimising
takeoff field length as well as lowering the V1 takeoff
safety speed.

In terms of final selection in this study, thrust-to-weight
(T/W) and wing loading (W/S) needed to be maximised in
order to rationalise the gross weight, thereby theoretically
reducing the equipped price. This is explained by the
presence of a fixed powerplant (hence thrust level) and
the fact decreasing reference wing area allows less
available space for fuel. In stark contrast, reference wing
area and aspect ratio needed to be maximised (minimise
W/S) in order to minimise takeoff and landing distances
as well as the respective reference speeds. For given
reference wing area, aspect ratio needed to be reduced
to increase available fuel volume thence to maximise
range performance. To reconcile these conflicting effects,
the requirements were plotted on a series of charts that
allowed definition of bounded geometric regions in which
freedom of selection existed. An example of a simplified
final T/W and W/S trade study for the high-performance
executive transport is given in Figure 2. Note the final
candidate for selection was subsequently given the
designation of TOLS-X.

Figure 2. Simplified representation of final selection for
TOLS-X design.

It can be discerned for an optimal wing skew of 31.0°, the
T/W and W/S sensitivity study indicates that
approximately 482 kg/m2 (98.7 lb/sq.ft) and T/W of 0.426
are appropriate. This design candidate with MTOW equal
to 34493 kg (76043 lb) and reference wing area of 71.6
m2 (771 sq.ft) produces a vehicle which can operate out
of runways less than 1830 m (6000 ft), and is capable of
completing 3500 nm (6480 km) range at MCRZ speeds
of up to M1.22.

AIRCRAFT DESIGN DESCRIPTION

OVERVIEW - The TOLS-X vehicle is a tricycle, employs
dual-winged planforms with relative skew, and, twin

turbofan using podded engine installations connected
with pylons between the upper and lower skewed
planforms. The vehicle is pressurised and incorporates
only a vertical tail for empennage. The landing gear is
retractable and each leg is twin wheeled. The vehicle
accommodates a flight crew of two and an optional flight
attendant. The standard configuration seats a maximum
of 19 passengers. The powerplant is a medium BPR
derivative of the BMW Rolls-Royce BR715 turbofan
designated as BMW Rolls-Royce BR71X. It is projected
the engines shall comply with the yet to be determined
Chapter 4 noise levels. The vehicle shall be configured in
a manner such that Extended Twin Operations (ETOPS)
approval shall be granted with minimal modifications. The
vehicle is designed to comply with FAR 25 U.S
airworthiness regulations and the European JAR 25
rules. Table 1 supplies a synopsis of TOLS-X design
weights, merit values and geometry data. Figure 3
(overleaf) shows a three view general arrangement of the
TOLS-X high performance executive transport design.

Table 1. Design weights, merit values and geometry
data for TOLS-X vehicle.

Weights  
Maximum Ramp Weight 34593 kg 76264 lb
Maximum Takeoff Weight 34493 kg 76043 lb
Maximum Landing Weight 31000 kg 68343 lb
Maximum Zero Fuel Weight 20660 kg 45547 lb
Basic Operating Weight 17968 kg 39612 lb
Maximum Payload 2693 kg 5937 lb
Maximum Usable Fuel 14729 kg 32472 lb

Merit Parameters  
Wing loading 482 kg/m2 98.7 lb/sq.ft
Thrust-to-weight 0.426

External Dimensions  
Overall span 20.5 m 67 ft 2 in.
Height 7.48 m 24 ft 7 in.
Overall length 29.6 m 97 ft 1 in.
Wheel base                            14.2 m 46 ft 7 in.
Wheel track 2.74 m 9 ft

Fuselage Dimensions   
Length 27.3 m 89 ft 6 in.
External diameter 2.31 m 7 ft 7 in.

Wing Geometry  
Total reference area 71.6 m2 771 sq.ft.
Reference wing aspect ratio 8.79
Quarter chord skew ±31.0°

Vertical Tail Geometry  
Area 15.0 m2 162 sq.ft.

INTERIOR ARRANGEMENT – The pressurised vessel of
the fuselage includes the cockpit, passenger cabin and
baggage compartment. The cockpit accommodates a
crew of two. Facility for one flight attendant is also to be
available.

The standard layout of the cabin permits 19 passengers
to be accommodated in sleeper-seats arranged 9 rows to



Figure 3. TOLS-X general arrangement.

port (left) and 10 rows to starboard (right) of the centre
aisle with a seat pitch of 1.40 m (55 in.). Each seat
extends out to 1.83 m (72 in.) when fully reclined and
with the footrest deployed. Overhead baggage bins
running the entire seating length of the passenger cabin
are installed on the starboard side. Provision is also
made for a forward stowage and closet compartment
located starboard, and galley located aft of the cabin on
the port side of the aisle. The toilet is located at the front
of the cabin. The standard cabin allows no provision for a
crew rest area since almost all TOLS-X missions will last
less than 8 hours in duration. A baggage compartment
with approximately 5.35 m3 (189 cu.ft) of volume is
located rear of the cabin. Figure 4 elucidates the interior
arrangement of the cabin with 19 seats, toilet, stowage-
wardrobe and galley.

Lavatory

Entrance /
Emergency Exit

Service / 
Emergency Exit

Galley

Baggage Hold

Stowage / 
Wardrobe

Crew
Stowage

Baggage Door APU

Attendant

Auxiliary 
Fuel Tank

Avionics

Air
Stairs

Figure 4. TOLS-X standard interior for 19 PAX.

The main door, 1.60 m x 0.69 m (63 in. x 27 in.) with sill
height of 1.68 m (66 in.), is located on the port side of the
fuselage front section to permit crew and passengers to
have access to the cabin. An aft, starboard service door,
1.22 m x 0.61m (48 in. x 24 in.) permits unobstructed
passage to the galley. Access to the baggage
compartment is only from the port side of the rear
fuselage section through an up-and-over baggage bay
door with dimensions 1.32 m x 1.35 m (52 in. x 53 in.).

WING CHARACTERISTICS – The wing t/c variation of
15.0% at the root and 12.0% near the tip, complementary
wing quarter chord skew of ±31.0° and reference wing
aspect ratio of 8.79 generates an optimal speed schedule
which varies between M0.80-0.98 at altitudes above FL
410. Each skewed wing is separated by almost one
fuselage diameter or non-dimensional gap (with respect
to local wing chord) of 1.06, hence, based on results
posted by Rhodes and Selberg6, flow blockage effects
are not surmised to be significant. The wing thickness
distribution assists in housing more volume for fuel, and,
promotes structural efficiency thus rationalising weight
and increasing stiffness.

The wing profile is designed for high-speed natural
laminar flow (HSNLF)30, and tentatively chosen to be
HSNLF-1-0213, with a t/c of approximately 14.8% at
each semi-wing MAC spanwise locale. Built-in wing
washout was designed to optimise the wing lift
distribution for low-speed flight (to assist the control-
configured system in promoting satisfactory stall
progression) with consideration given to minimising
penalties incurred to high-speed aerodynamic qualities.
The semi-wings have no leading edge devices and high-
lift is effected by two panels of simple plain flaps, or
flaperons, that extend out to 65% of each wing semi-
span. High-speed buffet and flutter problems are not
envisaged at faster speed flight since the bow shock
wave emanating from the forward fuselage does not
coincide with the forward TOLS wingtips until
approximately M1.26. To assist in minimising the
detrimental effects in this regime, modifications are
envisaged for the TOLS-X wing such that the leading
edge becomes akin to (more rounded nose) super-critical
wing sections.

CONTROL SURFACES – Longitudinal and lateral-roll
control are produced by three distinct surfaces, namely,
the upper and lower fixed skewed wings and the vertical
tail. Each of the four semi-wings employ the use of three
simple plain flaps tasked to act in the duplicitous role of
flaperon. The wing mounted flaperon relative chord
length is 25% of the local swept wing chord. The
maximum deflection is set at 30° TEU (-) and 75° TED
(+). Symmetric flaperon deflection provides pitch control;
while asymmetric deflection of the flaperons coordinated
with rudder-assist provides roll control authority through
an aileron to rudder interconnect. It would be desirable to
minimize out-of-trim rolling moments on each of the
oblique wings - for this reason some amount of positive



and negative dihedral for the upper and lower planforms
respectively have been considered at the wingtips.

FLIGHT CONTROL SYSTEM – The design is to be
control-configured with longitudinal, roll and lateral
control accomplished via a full 6 degrees-of-freedom
Stability Augmentation System (SAS). This approach will
assist handling qualities and shall negate any questions
on how the onboard pilot will react to an asymmetric
highly coupled aircraft. Vehicular manoeuvring and trim is
to be effected with differential combinations of aileron
and flap deflection (flaperons). Each upper and lower
semi-wing will have three segment flaperons. The
common primary and secondary control surfaces located
on the wings will be simply flapped arrangements thus
reducing complexity with an added benefit of allowing for
a cleaner wing free of flap fairings and blisters.

For each upper and lower wing planforms, application of
a TOLS configuration avoids the problem of pronounced
aerodynamic centre (a.c.) shifting since wing chords are
not as large as conventional symmetric swept layouts.
Also, due to the fact lift produced by each respective
forward and aft semi-wing panel is countered in a
complementary fashion, a collective a.c. locale forward of
the aft-swept semi-wing panels is fortuitously
established. For oblique wing aircraft, aerodynamic
coupling of the pitch, roll and yaw axes produces a
condition where trim in roll predominates with increasing
angle of attack. This effect also has a tendency of
influencing the pitching moment and the asymmetric lift is
also responsible for a yawing effect as well. With TOLS
configurations, a less pronounced result of simultaneous
disturbances around pitch, roll and yaw is expected since
the four semi-wing panels will collectively offset each
other. It is emphasized that aerodynamic coupling due to
the asymmetric layout of the upper and lower wing in
side-view will still be an issue but is postulated to be at a
more manageable (therefore at more easily solvable)
level.

TOLS-X flight control is to be a triplex fly-by-wire with two
digital modes (a primary and backup) and an analog
mode. Trim for this configuration requires the equilibrium
of six highly non-linear forces and moments. In view of
the longitudinal and lateral motions being coupled, a
good deal of research will need to take place on
identifying optimal combinations of control surface
deflection. One method is to decouple the dynamic
modes so that handling quantities are similar to those of
a conventional symmetric swept wing aircraft. With
respect to oblique wing aircraft designs, Kroo17 indicates
that several approaches to address this control law
definition problem are under investigation. One area of
research suggested by Kroo is to compile data about the
correlation of aerodynamic coupling to handling qualities
and pilot ratings. In principle, the results and conclusions
drawn from these studies would be relevant to aircraft
employing TOLS configurations.

In an attempt to exploit benefits from control-configured
vehicles, a possibility exists to reduce structural weight
via manoeuvre load alleviation. For vehicles operating in
the transonic speed regime and for those having high
aspect ratio wings, this function reduces the wing root
bending moment by re-orienting the spanwise lift
distribution so that the magnitude of outboard loading is
minimized. This effect is achieved by scheduling the
flaperon deflections in a relative manner using advanced
control laws. A technology factor to reflect benefits
associated with manoeuvre load alleviation was not
employed for this particular study.

EMPENNAGE – The empennage consists of a single
surface vertical tail with no provision given for a
horizontal stabiliser. A vertical fin and rudder constitutes
the vertical tail. The rudder comprises one segment, is
supported by two hinges attached to the rear of the
vertical stabiliser and the deflection range is 30° for both
TE left (+) and TE right (-). The vertical tail has an aspect
ratio of 1.0 and taper ratio of 0.35. With a quarter chord
sweep of 48°, increased moment arm due to sweepback
of the fin is beneficially generated.

UNDERCARRIAGE – The landing gear is a tricycle type
arrangement consisting of two main gear assemblies
mounted on the fuselage lower portion just aft of the
lower oblique wing root centre-section, and a nose gear
mounted on the forward fuselage beneath the flight deck.
Extension and retraction is hydraulically actuated and
electrically controlled. The nose gear retracts forward into
the nose gear bay while the main gears shall retract
rearward into the main landing gear bay located in the
fuselage fairing aft of the lower oblique wing. For the
main landing gear, a trailing arm design shall be adopted.
All shock absorbers are of the oleo-pneumatic type, and
each gear strut is equipped with two wheels. The main
gears shall be equipped with two power operated carbon
brake assemblies that provide anti-skid performance.
The nose gear shall have a hydraulically powered
steering system with shimmy damping.

STRUCTURAL DESIGN – Fore and aft variation of the
TOLS planforms distributes volume uniformly with that of
the fuselage thus negating the need for fuselage cross-
section reduction and complex double curvature. The
skewed wingbox structure is to become continuous
between regions close to the wingtips, and, both upper
and lower assemblies shall be mated to the fuselage in
one piece. Individual ribs and other sub-assemblies such
as constituents that make up the wingtips are to be
duplicated as much as possible. Advantages include
greater parts commonality between each of the four
semi-wing panels and much simpler construction
compared to symmetrically swept aircraft wings.

Fuselage – The structure of the fuselage consists of  
three major assemblies: front - nose with cockpit; centre -
cabin; and, aft - rear section including the aft fuselage
auxiliary fuel tank and cargo compartment. With the



exception of fore and aft sections, the fuselage is
cylindrical with a 2.31 m (7.6 ft) maximum diameter
cross-section.

The front section comprises the radome, nose landing
gear attachments, electronics/avionics, the hydraulic bay
and pilot compartment. The centre section constitutes the
passenger cabin including windows, entrance/emergency
exits, overhead baggage racks, stowage compartments
and seat attachments. Plug type doors are standard. The
floor is capable of withstanding a maximum floor loading
of 732 kg/m2 (150 lb/sq.ft). Two specially reinforced
frames are to be incorporated for upper and lower wing
interface. Space has been provided below the floor and
within the region of the wing-fuselage attachment fairing
for fuel storage as well as systems and equipment
installation, and, landing gear housing. The aft section
consists of: a rear pressure bulkhead; auxiliary fuel tank;
baggage compartment; compartments for ancillary
electrical/electronic systems; and, empennage
supporting structure. The baggage compartment floor
area and volume are 2.55 m2 (27.5 sq.ft) and 5.35 m3

(189 cu.ft).

The fuselage maximum pressure differential is 64.2 kPa
(9.3 psi). The pressurised area is confined by a flat
bulkhead located forward of the flight deck and a flat rear
bulkhead located forward of the aft fuselage auxiliary fuel
tank. In the regions cut by the upper and lower wings, the
pressurised area maintains integrity by way of a pressure
floor and ceiling outside the wing carry-through sections.

Wing – The upper and lower wing structures are  
complete and continuous assemblies and interfaced to
the fuselage top and belly by two reinforced frames. The
structure accommodates flaperons or simple plain flaps,
integral fuel tanks, one centre fuel tank and the main
landing gear attachment assembly. Each wing structure
consists of two spars, upper and lower skins, stringers
and ribs. Air loads are carried by the front and rear spars
that are located at 15% and 60% of local swept chord
respectively. Each of the rear spars from outer wing to
WPEBS interface, then towards the wing-fuselage
interface closes out the flaperon bay and supports control
systems therein. This spar also closes out the integral
fuel tanks as well; the entire box beam encloses two
distinct integral fuel tanks. The central wing torsion box
consists of two beams that run in the same sense as
wing skew. Aft of the lower wing planform centre
wingbox, a box beam yielded from a Keelson and closed
by a beam perpendicular to the fuselage contour houses
the main landing gear as well as various equipment and
systems.

The wing leading edges are detachable parts, made of
metal and facilitate anti-icing. The flaperons are each a
mono-spar structure hinged on four supports attached to
the wing rear spar and collectively extend out to 80% of
wing semi-span. The two most inboard flaperons that
extend out to 65% semi-span also act as the secondary

flight control surface group, i.e. high-lift arrangement, in-
flight spoilers, speed-brakes and ground spoilers with
interconnected controls to prevent asymmetric operation.
The entire flaperon system acting as spoilers can be
deployed in unison during rejected takeoff procedures
and landing ground-roll.

Aeroelasticity – A structural divergence problem or lack  
of structural stiffness of the forward semi-wings (lower
wing to port and upper wing to starboard) was initially
surmised by the author as causing greatest potential for
difficulties with TOLS configurations. However, Jones
and Nisbet31 have shown analytically and experimentally
that due to lift load alleviation during rolling motion when
the forward wing is deflected, oblique wing aircraft could
be flown at speeds faster than the clamped divergence
speed without instability. This result established the
notion that structural divergence for TOLS would
probably be a mute point in relation to the other primary
consideration of upward bending for instance.

Wing deformation demonstrates the importance of
bending for the forward semi-wings since there exists a
direct influence on wing aerodynamic qualities and
formulation of a consistent control system protocol
suitable for the entire flight envelope. The undesirable
traits of this phenomenon are postulated as being
minimised by virtue of the WPEBS integration. A
somewhat reduced cantilever ratio from the WPEBS
juncture point to each of the four respective wingtips is
perceived as countering any weight penalties incurred
compared to the equivalent cantilevered wing premise.
As another avenue to improve structural efficiency,
consideration might be given to aeroelastic tailoring31.
This would involve entertaining the notion of employing
carbon fibre materials technology for TOLS-X even
though this particular study adheres to application of
metal alloys only.

FUEL TANKS AND SYSTEM – Similar to the Gulfstream
G200, Embraer Legacy, Bombardier CL-604 Challenger,
Dassault F900EX and Bombardier Global Express
business jets, fuel is stored in multiple cells within the
wing and fuselage. Locales include: an integral tank in
the lower wing centre section (capacity 867 litres; 229
USG); one in each of the four semi-wings (totalling 5712
litres; 1509 USG); saddle and underfloor tanks forward of
the lower wing centre-section (capacity of 8564 litres;
2262 USG); and, an auxiliary tank located aft of the
fuselage (3223 litres; 851 USG); the projected maximum
usable fuel capacity is 18366 litres (4851 USG). All
auxiliary tanks located in the fuselage were required to
supplement the four wing fuel tanks, which were too
small to hold more than 31% of required fuel. To improve
balance and loadability, a selective fuel management
system shall be incorporated.

To limit centre of gravity shifts with changes in aircraft
attitude and restrict fuel sloshing, wing ribs act as
integrated baffles in each wing tank. Access doors to the



fillers are installed in upper wing panels for each semi-
wing. Gravity refuelling is made possible via these fillers.
A single point pressure refuelling facility is located rear of
the aft fuselage auxiliary tank. Gravity de-fuelling is
accomplished via dump valves installed on the wing
tanks’ lower surface. Fuel is to be supplied to each
engine by an engine driven integral fuel pump. A DC
electrically powered positive displacement pump in each
fuel tank is to be provided for redundancy.

PROPULSION SYSTEM - The powerplant installation
consists of two hypothetical BMW Rolls-Royce BR71X
turbofans and is a derivative based on the BMW Rolls-
Royce BR715 turbofan. The engines are to be flat-rated
to ISA+20°C ambient conditions. The nacelles are
located at 42% semi-span and do facilitate thrust-
reversing capability. Each podded installation is a pylon-
nacelle-pylon arrangement in which the pylon provides
redundant support. Each pylon has two spars
(longerons) - upper and lower major bulkheads, and is
attached to the wing at four primary points through the
use of two mid-spar fittings, an upper link and a diagonal
brace (drag strut). Each nacelle adopts a long ducted
shape, measures 5.70 m (18.7 ft) in length and is
vertically aligned between each upper and lower wing
stations such that the pylon heights are congruent.

AERODYNAMIC DESIGN QUALITIES

High-lift Characteristics – In a concerted effort to avoid  
undue sophistication for the sake of promoting improved
dispatch reliability, reducing zero-lift drag increments
incurred from flap supports; avoiding the structural
complications of multi-track supports and extension
mechanisms, and, the associative weight penalties of
utilising chord extending leading edge and trailing edge
flaps, the TOLS-X design utilizes a simple plain flap for
high-lift. The array of flap settings available for field
performance is designated as 0°, 15°, 30° and 60°.

Experimental data had shown that this arrangement is
characterized by an optimum flap deflection angle of 60°
and an optimum flap chord ratio of approximately 0.25.
The TORNADO VLM module within QCARD-MMI
software package was executed to set minimum goals for
TOLS-X high-lift performance.  For a takeoff flap setting
of 30º, the incremental contribution was estimated to be
∆CL30 = 0.51. Similarly, for a landing flap setting of 60°, a
∆CL60 of 1.03 resulted, thus giving a predicted maximum
lift coefficient of 2.26. The landing CLmax compares
favourably with contemporary large and super-large
business jets; the TOLS-X minimum goal is
approximately 0.09 or 4% less than the best performing
high-lift configuration employing both double slotted
trailing edge flaps and leading edge slats.
Notwithstanding comparable lift coefficients between
TOLS-X and contemporary business jets with flaps
deployed, one undesirable trait is the higher wing loading
does translate into somewhat higher stalling speeds and
hence reference speeds.

Subsonic En route Drag – The greatest disadvantage  
TOLS configurations have is a noticeable zero-lift drag
penalty – attributable to shorter wing chords being
approximately half of single wing vehicles. This
generates a lower magnitude of Reynolds number and in
conjunction with a very preliminary assumption of 5%
chordwise flow transition for wing surfaces only, a
correspondingly higher value of skin friction results. In
this study, TOLS-X was predicted to produce a vehicular
skin friction coefficient of between 0.0040 and 0.0042,
which can be considered to be towards the much higher
threshold of modern transport aircraft. Even though the
possibility was not thoroughly investigated in this study, it
is highlighted that using HSNLF aerofoil sections
designed specifically for a lower Reynolds number
operation to draw out the extent of chordwise
laminarisation could reduce such a drag penalty.

Transonic Wave Drag Increment – The difference in  
zero-lift drag coefficient between the fastest Mach
number and the Critical Mach (MCR; where compressibility
effects become significant) is defined as transonic wave
drag. Figure 5 shows the breakdown of drag constituents
for M0.80, M0.95 and M1.20 forward speeds. MCR was
found to occur around M0.73 for an operational CL range
of between 0.3-0.5. This value is similar to the MCR

speeds found on contemporary turbofan transport
designs employing the now mainstay super-critical wing
sections. Based on wing reference area, the total wave
drag coefficient (volume and lift dependent) increment at
M1.20 was predicted to be 146 counts. The maximum
cross-section area was derived from the cross-section
area development plot generated by QCARD-MMI and is
shown in Figure 6. Note that the streamtube area has
been subtracted from the cross-sections, i.e. 10% of the
nacelle inlet capture area was retained to account for an
inlet mass-flow ratio of 0.90.

Figure 5. Total and constituent breakdown of TOLS-X
drag at various cruise speeds (85% MTOW).

Because wave drag is more a function of cross-section
area than reference wing area, it is appropriate to
consider the wave drag coefficient based on cross-
section area. Figure 7 presents transonic aerodynamic
performance of TOLS-X plotted against results obtained



Figure 6. Cross-section area development plot of TOLS-
X configuration at sonic speed.

Figure 7. Historic correlation of wave drag sourced from
Jobe33, and, Saltzman and Hicks34 compared
to TOLS-X concept.

for military and experimental aircraft published by Jobe33,
and, Saltzman and Hicks34. The ordinate is referenced to
maximum cross-section area from which the equivalent
diameter is derived for the fineness ratio merit function
on the abscissa. It is discernable that the TOLS-X
configuration in keeping with satisfactory area-ruling
practise exhibits quite desirable transonic wave drag
traits; showing qualities in step with significantly older
and aerodynamically efficient transonic configurations
than contemporary military and experimental aircraft.

Lift-to-Drag Ratio and Aerodynamic Efficiency – Figure 8  
shows the variation of lift-to-drag (L/D) with Mach
number for three operating lift coefficients of 0.3, 0.4 and
0.5. A bounded speed range is presented for each
operating CL and this is attributable to limitations in
instantaneous gross weight as dictated by the TOLS-X
vehicular definition.

At a typical commercial Trans-Atlantic operation altitude
of FL 370, TOLS-X can achieve an operating Long
Range Cruise (LRC) M*L/D (or aerodynamic efficiency
merit function) value of 10.9; this figure is approximately
22% lower than contemporary single-aisle long-range
transports flying at an LRC speed schedule of M0.80. If
one considers a TOLS-X typical cruise speed technique
of M0.95  (corresponding to an operating CL of 0.475 at
FL 470), M*L/D values close to 12.0 are predicted, and

this contrasts as +12% over the single-aisle long-range
transports flying at MCRZ speed schedule of M0.85
(12% slower). In addition, TOLS-X displays an M*L/D
advantage of anywhere between +4% to +25%
compared to the super-large business jets at M0.85. At a
cruise speed of M1.22, M*L/D parity occurs between
TOLS-X and super-large business jets at MCRZ. Even
though, en route efficiency is somewhat lacking at
contemporary business jet LRC speed schedules and
altitudes, it is evident that TOLS-X is optimized
specifically for missions above FL 410 and speeds
greater than M0.90.

Figure 8. Variation of L/D ratio with Mach number for
operating lift coefficients of 0.3, 0.4 and 0.5.

FLIGHT ENVELOPE, PERFORMANCE SYNOPSIS AND
COMPETITIVE ANALYSIS – The unique aerodynamic
design behind TOLS and WPEBS integration allows for a
much broader flight envelope compared to contemporary
large and super-large business jets. Flight at FL 510 and
speeds up to M1.26 (723 KTAS) are achievable. The
flight envelope is presented in Figure 9.

Figure 9. Flight envelope for TOLS-X business jet
transport.

Figure 10 shows the predicted TOLS-X payload-range
capabilities, whilst Table 2 (overleaf) summarises
estimates of the major performance characteristics and
compares these with current market equipment.



Comparison of TOLS-X to these vehicles is based on
technically analysed data taken from originally published
marketing information.

Figure 10. Payload-range envelope for TOLS-X
business jet transport.

Cabin – TOLS-X cabin and baggage volume is the  
biggest in the class of large and super-large business
jets. The gross cabin volume less baggage is superior by
at least 30%, and the baggage compartment is at least
11% larger than competitor aircraft. The 190-220 mm (7-
9 in.) difference in maximum internal and floor width
between Dassault products and Gulfstream GIV-SP and
the TOLS-X design produced in this study indicates the
superiority of F2000 and F900EX in terms of cabin cross-
section.

Takeoff and Landing – Takeoff distance for TOLS-X is  
approximately 4-12% longer (maximum +192 m; +630 ft)
compared to the F2000, F900EX and GIV-SP. This can
be regarded as satisfactory because the hard
specification limit of 1830 m (6000 ft) has not been
violated. One unsavory aspect of TOLS-X takeoff field
performance is the reference speeds. A decision speed
of 165 KCAS is quite fast, approximately +15 KCAS to
+35 KCAS upon comparison to the large and super-large
business jets. Further scrutiny showed this speed is
equivalent to a B737-400 at Flaps 5, but since the TOLS-
X V2 speed does not violate an upper threshold exhibited
by contemporary commercial transports, was considered
to be within the realm of tacit acceptability. Nonetheless,
one suggestion might be to investigate ways in reducing
this without compromising the global design
considerations. The landing distance at MLW is
estimated to be 881 m (2890 ft) with corresponding
landing field length equal to 1468 m (4820 ft) at ISA, sea
level ambient conditions. TOLS-X displays better
attributes in this respect compared to the large and
super-large business jets. A landing reference speed of
133 KCAS is another positive trait comparable to that of
the F900EX. In view of the above analysis, it can be
surmised intentions of producing a vehicle to conduct
effective operations in and out of relatively short airfields
has been realised with TOLS-X.

Table 2. Parametric review of TOLS-X against
contemporary large and super-large business
jets.

TOLS-X Falcon 2000 Falcon
900EX

GIV-SP

External Length (m) 29.6 20.2 20.2 26.9

External Height (m) 7.48 7.07 7.56 7.44
Fuselage Diameter (m) 2.31 2.50 2.50 2.38

Engines
2 x RR-BMW

BR71X
2 x CFE

CFE738-1-1B
3 x Honeywell

TFE731-60
2 x RR

Tay Mk 611-8
Unit Output (kN) 71.2 26.3 22.3 61.6
Span [Excl. Winglets] (m) 20.5 19.3 19.3 23.2
Ref. Wing Area (m2) 71.6 47.8 47.8 88.3
Ref. Aspect Ratio (-) 8.79 7.80 7.82 6.08
Q.Chd Sweep (deg.) 31.0 25.6 25.6 26.8
Wing loading (kg/m2) 482 347 465 383
Thrust-to-Weight (-) 0.426 0.324 0.306 0.371
Cabin Seating Length (m) 14.0 5.73 7.70 7.77
Internal Height (m) 1.83 1.89 1.89 1.89
Max. Internal Width (m) 2.16 2.35 2.35 2.23
Cabin Floor Width (m) 1.70 1.92 1.92 1.68
Cabin Vol. Less Bagg. (m3) 49.9 25.2 35.8 38.4
Baggage Volume (m3) 5.35 3.80 3.60 4.79
MRW (kg) 34593 16647 22317 34020
MTOW (kg) 34493 16556 22226 33838
MLW (kg) 31000 14969 19051 29937
MZFW (kg) 20660 13000 14000 22226
Spec. BOW (kg) 17968 9730 11204 19278
BOW/MTOW (-) 0.521 0.588 0.504 0.570
Max Payload (kg) 2693 3270 2796 2948
Max Fuel (kg) 14729 5513 9526 13381
Payload @ Max Fuel (kg) 1896 1404 1588 1361
MMO (Mach) 1.26 0.870 0.870 0.880
VMO (KCAS) 440 370 370 340
Certified Ceiling  (ft) 51000 47000 51000 45000
TOFL, sl ISA, MTOW (m) 1823 1760 1631 1661
LD, sl ISA, MLW (m) 881 953 1073 972
VREF at MLW (KCAS) 133 122 132 149
CLB Schedule
Initial Cruise Altitude (ft)

320KCAS/M0.80
51000

260KCAS/M0.75
41000

260KCAS/M0.72
39000

300KCAS/M0.75
41000

LRC Speed (Mach) 0.90 0.75 0.77 0.77
Max Cruise (Mach) 1.22 0.83 0.85 0.85
Range(1) @ LRC (nm) 4460 3110 4320 4125
SAR(1) @ LRC (nm/kg) 0.336 0.656 0.509 0.348
Range(1) @ MCRZ (nm) 3560 NA 3549 3200
SAR(1) @ MCRZ (nm/kg) 0.268 NA 0.417 0.271

 (1)  8 PAX @ 200 lb per PAX, NBAA mission and IFR reserves.

Climb – TOLS-X maximum rate of climb of 5340 fpm at  
sea level is around 30-56% higher than contemporary
large and super-large business jets. It is common
practise to assign at least two distinct climb modes, or
more specifically, two different speed schedules for climb
control that complements cruising techniques. A slow
climb speed technique (CLB Mode L) and faster climb
speed schedules (CLB Mode H) are also formulated with
regards to optimal climb trajectory profile state and time
function adherence and designated divergence criteria
respectively. Owing to the considerable amount of
specific excess power available at maximum climb thrust,
a 33% de-rate was invoked by setting the criterion TOLS-
X should cruise initially at maximum service ceiling or FL
510 using CLB Mode H speed techniques.
Notwithstanding the significant maximum climb thrust de-
rate, this still translates into exceptional time-to-climb to
altitude FL 370 and maximum service ceiling of FL 510 in
13 minutes and 23 minutes respectively assuming
MTOW at brakes release. Even though TOLS-X
frequently flies in the drag rise and divergence regime
that promotes optimum (or maximum SAR) altitudes
below the service ceiling, further increases in de-rate
were disregarded to permit operator flexibility of slotting
into higher altitudes if traffic congestion at lower airways
becomes an issue.



Cruise – LRC, TSC and HSC show an appreciable  
difference between the TOLS-X and contemporary large
and super-large business jets. LRC is at least 75 KTAS
and TSC (at M0.95) is 85 KTAS faster than the F900EX
and GIV-SP business jets above the tropopause. The
maximum cruise speed capability of up to +210 KTAS for
TOLS-X has opened up a totally new regime of lower
block times. It is evident that the Dassault range of
aircraft display quite superior en route performance
efficiency characteristics compared to TOLS-X; as
exemplified by a greater than 50% better SAR (at 14%
and 30% slower speeds for LRC and HSC respectively)
of the F900EX. The GIV-SP however, has SAR attributes
more in-line with TOLS-X consistently demonstrating a
+4% to +1% advantage but again at 14% and 30%
slower speeds for LRC and HSC respectively. Even
though the F900EX has more desirable en route burn
attributes, TOLS-X has fulfilled the main objective of
matching en route efficiency characteristics to a primary
competitor, namely the GIV-SP, whilst permitting a
marked increase in block speed performance.

CONCLUSION

The TOLS-X vehicle proposal is an executive jet concept
that accommodates a maximum of 19 passengers and
affords excellent comfort through speed, spaciousness
and amenities not paralleled by contemporary large and
super-large business jets. This business/corporate jet
works off a contemporary turbofan technology level, i.e.
by virtue of being a derivative of the BMW Rolls-Royce
BR715. The marked increase in block speed of TOLS-X
does require a trade off in higher fuel flow as denoted by
lower Specific Air Range (SAR) values compared to the
smaller and lighter Dassault F2000 and F900EX
business jets. However, upon comparison to an
equivalent airframe in size and weight, such as the
Gulfstream GIV-SP, it was found that comparable SAR
values are produced at speeds that are 17-44% faster.
Irrespective of the dramatic increase in cruising speeds,
effective field performance has been maintained and
permits the original hard specification of operations in
and out of relatively short airfields.

Various issues needed to be addressed with the Twin-
Oblique Lifting Surfaces (TOLS) design. One drawback
was the greater structural weight of TOLS integrated with
the wing-pylon-engine bracing structural system
(WPEBS) compared to a cantilevered single wing
equivalent. It was appreciated from the outset that the
TOLS configuration would possess some benefit from a
structural efficiency perspective. Ideally, a piece-wise
linear beam model would have been employed in
estimating the bending material weight. Unfortunately,
owing to an absence of this functionality, and even an
equivalent conceptual method, possibilities of
investigating for leaner structural weight was not realised.
The higher wing loading and modest lift increments at
lower flap deflections using the assumed plain flapping
arrangement translates into higher stall speeds and

hence reference speeds during takeoff. Another
disadvantage was an increase in zero-lift drag due to a
significantly lower Reynolds number generated by the
smaller local wing chords characteristic of TOLS
configurations and a preliminary assumption of 5%
chordwise laminarisation on wing surfaces only. This
aspect can be enhanced with application of aerofoils
specially optimised (such as modified HSNLF-1-0213
section) for low Reynolds number thus promoting further
aft chordwise flow transition. As a final note for
improvement, since this particular investigation
concentrated on a very limited scope of multivariate
optimization, it is suggested that application of Multi-
Disciplinary Optimisation (MDO) techniques would be an
advantageous step. This procedure should realise the
most efficient vehicular candidate when considering all
the primary disciplines concurrently.

This paper has shown the potential of the TOLS layout
integrated with WPEBS for high-speed mission capability
compared to the conventional wisdom of delta wing
designs employed on all modern supersonic business jet
proposals. It is granted the highly exotic nature of the
TOLS configuration will be met with less than a
favourable reaction from crews and passengers alike.
Notwithstanding this negative aspect, it must be
highlighted that unless a radical shift in vehicle
configuration design is entertained, significant strides in
performance will not come to fruition - not even
incremental increases in speed up to the high transonic
to low supersonic regime. The results in this study
demonstrate there exists a feasibility, and if the
abovementioned areas of conservative assessment can
be rationalised through future research, it is projected the
TOLS layout will become even more of an appealing
proposition.
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Executive Summary

This white paper documents the work of the NASA Langley Aeronautics Technical Committee
from July 1996 through March 1998 and addresses the subject of Synergistic Airframe-Propulsion
Interactions and Integrations (SnAPII).  It is well known that favorable Propulsion Airframe Integration
(PAI) is not only possible but Mach number dependent -- with the largest (currently utilized) benefit
occurring at hypersonic speeds.  At the higher speeds the lower surface of the airframe actually serves as
an external precompression surface for the inlet flow.  At the lower supersonic Mach numbers and for
the bulk of the commercial civil transport fleet, the benefits of SnAPII have not been as extensively
explored. This is due primarily to the separateness of the design process for airframes and propulsion
systems, with only unfavorable interactions addressed.  The question ‘How to design these two systems
in such a way that the airframe needs the propulsion and the propulsion needs the airframe?’ is the fun-
damental issue addressed in this paper.  Successful solutions to this issue depend on appropriate tech-
nology ideas.

In order for a technology (idea) to be applicable it must successfully pass through the two filters of
technical and technological.  The technical filter addresses the questions: Does it violate any fundamen-
tal laws?, Does it work as envisioned?, Can it successfully be demonstrated?; whereas, the technological
filter addresses the question: Does it make any sense in the real world?

This paper first details ten technologies which have yet to make it to commercial products (with
limited exceptions) and which could be utilized in a synergistic manner.  Then these technologies, either
alone or in combination, are applied to both a conventional twin-engine transonic-transport and to an
unconventional transport, the Blended Wing Body.  Lastly, combinations of these technologies are
applied to configuration concepts to assess the possibilities of success relative to five of the ten NASA
aeronautics goals.  These assessments are subjective but point the way in which the applied technologies
could work together for some break-through benefits.

The following recommendations are made to continue the work initiated in this document:

(1) Based upon the evaluation presented herein of the potential benefits of applying SnAPII tech-
nologies in achieving the Agency's aeronautics goals, we recommend that system studies be initiated to
independently assess our findings and perhaps provide the basis for future research in the SnAPII arena
to be incorporated into new and existing programs. Those concepts that successfully pass the systems
analyses could also be reasonable candidates for small-scale flight testing.

(2) Not withstanding recommendation number one, it is recommended that all future systems
studies in aeronautics consider the application of SnAPII technologies (identified in the first part of this
paper), in addition to the technologies currently funded in the aeronautics program for the evaluation of
system benefits. This is an appropriate time to re-look at these with advancements in such areas as com-
putational fluid dynamics, materials, manufacturing, as well as new methods to further optimize these
technologies.  Furthermore, many of these technologies have been adequately tested in wind tunnel set-
tings, but lack flight test verification.  Remotely-piloted small-scale flight testing could conceivably be
utilized to provide data for these technologies in a flight airframe system to reduce risk and bring them
to a higher level of application readiness.

(3) The idea of investigating a combined propulsion/airframe design using a minimum entropy
production method may be a good analytical approach, complementing the systems analyses and exper-
imental studies, to exploiting SnAPII technologies.  Presently, this method has been applied to only
aerodynamic drag-reduction problems, but extending this to SnAPII is a next logical step.
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Preface

 This document provides a compendium of technologies that use propulsive power to affect/enhance
vehicle aerodynamics.  The results generated in the second part of this paper are based on simplified
performance equations and conceptual ideas.  No effort has been made to optimize or even define a
vehicle concept.  Instead, it is hoped that a flavor for the potential benefits that may exist from these
technologies in synergy has been brought forward.  It is the intent of this document to provide the impe-
tus for systems analysis studies in synergistic airframe-propulsion interactions and integrations and, if
justified, a complementary research program.

 The creation of this document required the concerted efforts of the entire Committee.  Listed below
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Abel Torres Boundary Layer Inlet

Steven Yaros Wing-Tip Engines/Turbines

I take this opportunity to acknowledge the essential contributions of a number of individuals.
Thanks go to Chris Gunther, Dee Bullock, and Bill Kluge for their graphics expertise for the second part
of this paper.  Thanks also to LATC member emeritus, Scott Asbury, for providing a thorough review of
the draft version of this paper. A special thanks to Steven Yaros for serving as the compiling editor of
this paper.  Receiving text and figures from eight other authors and organizing all of the information
into a consistent style was truly a formidable task.  Finally, on behalf of the entire committee, I thank
the sponsor of this Technical Committee, Dennis Bushnell, NASA Langley Senior Scientist, for his sup-
port, encouragement, and constructive comments.

Lawrence Huebner
Chairman
1996-97 Langley Aeronautics Technical Committee
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Introduction

Historically, the benefits of propulsion-airframe integration (PAI) have been shown to be highly
dependent upon the cruise Mach number [ref. 1].  At hypersonic speeds, an airbreathing engine is totally
integrated to the airframe.  The vehicle forebody serves as an external precompression surface for the
inlet flow; the midbody contains the internal inlet, combustor, and internal nozzle; and the aftbody
serves as an external expansion surface for the combustion flow.  Thus, the complete engine flowpath is
made up of the entire vehicle lower surface.  At supersonic speeds, it is possible to utilize the flow fields
off of engine nacelles to provide favorable interference drag reductions and interference lift.  Con-
versely, the airframe (body or wings) can be used to precompress the flow entering the engine inlets for
improved engine performance.  However, at subsonic speeds, few appreciable beneficial interactions
are being exploited.  PAI research and analysis is only used to reduce or eliminate problems or unfavor-
able interactions.  Exploiting PAI at lower speeds may lead to more efficient aircraft and/or entirely new
vehicle designs.

In particular, this paper deals with airframe and propulsion technologies and how beneficial interac-
tions and integrations can result in synergistic effects.  This led to the titling of the present work as Syn-
ergistic Airframe-Propulsion Interactions and Integrations (SnAPII).  One basis for this effort can be
attributed to a 1966 report by Rethorst, et al. on the elimination of induced drag [ref. 2].  The authors
state that, “the most expedient means to eliminate induced drag . . . is to exchange the energy otherwise
dissipated in the trailing vortex system into nonuniform energy level flows in the aircraft.” They cited
three possible methods for achieving this, namely, by exchanging this energy to (1) a lower energy level
system in the boundary layer, converting vorticity or angular velocity into pressure on the back of the
wing, (2) an extended uniform energy level system to spread the vorticity over a larger wake, and (3) a
higher energy level system to integrate the vorticity with the propulsion system to recover trailing-edge
vortex energy as pressure.  It is the last of these methods that provides the connection with the present
study.

Induced drag minimization is an inherent part of aircraft design and is carried out not only by exper-
imental methods, but by using several different analyses, which usually involve simplifications such as
a planar wake assumption. Greene [ref. 3] has approached this problem from a different direction, bas-
ing his “viscous lifting line” method on the principle of minimum entropy production. He has analyzed
wing configurations with tip extensions, winglets, and in-plane wing sweep, with and without a con-
straint on wing-root bending moment. The approximate closed-form solutions obtained by Greene could
possibly be extended to numerical optimizations including propulsive effects and their interaction with
the external aerodynamic flow. Such an approach could also include structural and geometric con-
straints and might be valuable in the analyses of SnAPII configurations.

Some of the technologies that were studied use the additional energy added to the airplane system
via the combustion of fuel (stored chemical energy) in the propulsion system in a way that provides ben-
eficial airframe-propulsion interaction.  Other technologies use more passive methods of extracting
energy, such as wing-tip turbines.  It is the intent of this paper to unbound the typical constraints
imposed on basic performance metrics, such as high lift, cruise efficiency, and maneuver, by exploiting
these technologies in a SnAPII way.  One process for doing this is to address the full degrees of freedom
for certain aspects of aircraft design.  These degrees of freedom include: the type of propulsion system
utilized; engine geometric design and placement; interactions between the engine(s) and the body,
engine(s) and wings, engine(s) and empennage, and engine(s) with other engine(s); engine inlet ducting
and nozzle shaping; and interactions of engine-generated flow phenomena.

Combined with the potential technology applications of PAI, one must also address the current air-
plane design philosophy to identify an important perspective on the realistic impact of this effort.  New
technologies and airplane designs are currently guided by “the economics of air travel.”  [ref. 4]  They
must meet the needs of the customer, and focus on utilization, maintenance, and airplane price.  The



8

technologies for new airplane designs need to be focused on solving real problems that make good eco-
nomic sense for those that buy airplanes.  Rubbert [ref. 5] adds that new strategy is market- or customer-
driven, not technology driven.  Furthermore, he states that “the driving factor is economic performance,
the ability of the airplane to do its job at less overall cost, with the utmost in safety and reliability.”

In order to have a good technical idea applied to a new aircraft, it must pass through two filters.  The
first filter addresses the questions:   Does it violate any fundamental laws?, Does it work as envisioned?,
Can it be successfully demonstrated?; whereas the second  filter addresses real world concerns, such as
economics [ref. 6], regulations, and the various operational ‘-ilities’ [ref. 1].  The technology ideas dis-
cussed subsequently make an effort to address the status of readiness for aircraft application.

The objectives of this white paper are to present a concise summary of available technologies that
provide synergistic interactions and integrations of the propulsion and airframe systems.  This includes
brief descriptions of the concepts, current and/or past utilization, technology benefits, and issues for
incorporating them into aircraft design.  Following this, the paper describes the potential application of
these technologies, including quantification of benefits, where possible.  The paper will conclude with a
summarization of the salient points of the paper and recommendations for future research.  It is the
intent of the paper to address the future research recommendations with respect to the latest report from
NASA Headquarters on aeronautics [ref. 7].  Where appropriate, we will take into account the goals
underlying the three pillars of aeronautics and space transportation success.  These pillars are:  (1) to
ensure continued U. S. leadership in the global aircraft market through safer, cleaner, quieter, and more
affordable air travel, (2) to revolutionize air travel and the way in which aircraft are designed, built, and
operated, and (3) to unleash the commercial potential of space and greatly expand space research and
exploration.  In support of these pillars are ten goals.  They are to: improve safety by reducing aircraft
accident rates, reducing emissions and noise, increase air travel capacity while maintaining safety,
reducing the cost of air travel, reducing intercontinental travel time, increase production of general avi-
ation aircraft, provide next-generation design tools and experimental aircraft to increase the confidence
in future aircraft design, and reduce payload cost to orbit by one, then two, orders of magnitude.
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Technology Reviews

Powered Lift Technology

Powered lift refers to a concept of utilizing secondary airflows, typically supplied by means of an
aircraft’s propulsion system, to increase lift (and thus CL,max) through an increase in wing circulation
above that which is theoretically possible for unpowered wings. Numerous concepts have been explored
over the past sixty years to accomplish this goal and several experimental aircraft have been built and
flown for experimental testing (figure 1). However, to date, only one production fixed-wing aircraft, the
McDonnell Douglas C-17 Globemaster, incorporates powered lift into its design (this ignores direct-lift
thrust designs intended for vertical takeoff, as this topic is considered separately for purposes of this
report). The performance, environmental, and safety benefits that may be derived through the use of
powered lift (short takeoff and landing, reduced terminal area noise footprints, increased payload and
range capability, and decreased landing speeds) necessitate an effort to understand the other factors aris-
ing in the decision to either include these concepts in future aircraft designs or not.

Three powered lift concepts are covered herein: a circulation control wing, blown flaps, and an aug-
mentor/Jet wing. Most other concepts are slight deviations of these three with the exception of direct-lift
thrust which is reserved for discussion as thrust vectoring technology. The concepts are discussed sepa-
rately due to their unique technical characteristics, historical background, benefits and penalties, and
configuration integration issues.

Reference.
1.Nielson, J. N.; and Biggers, J. C.: “Recent Progress in Circulation Control Aerodynamics”, AIAA 87-0001, January 1987.

Figure 1. Powered Lift Chronology, from ref. 1
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Circulation Control Wing

Technical Description.Circulation control refers to an aerodynamic configuration that incorporates
an airfoil with a rounded trailing edge, an internal duct, and a slot on the upper surface near the trailing
edge.

On a typical airfoil, the flow from the upper surface cannot turn around the sharp trailing edge with-
out the velocity becoming infinite and, since this is impossible, the flow instead separates from the trail-
ing edge. For a given airfoil angle of attack, separation at the trailing edge occurs for a particular value
of the circulation and, hence, for a particular lift coefficient. A circulation control airfoil [ref. 1], on the
other hand, has a rounded trailing edge, as shown in figure 1. Without blowing, a circulation control air-
foil will have a separation point S1 on the upper surface. With blowing, the separation point S1 can
move around the trailing edge onto the bottom surface. A slot is provided near the trailing edge such
that the flow from the slot is tangent to the airfoil surface. The slot flow is at a higher speed than that of
the local outer-flow and thus energizes the mixing boundary. This action permits the upper flow to
remain attached until it reaches the separation point S1. From inviscid theory, the separation point S2
for the boundary layer on the lower surface coincides with S1; however, for a viscous fluid a “dead air”
region can exist, with S1 and S2 at its extremities. The important principle to note is that there is a
strong interaction between the outer inviscid flow and the jet flow, and that interaction determines air-
foil circulation which thus determines its lift.

The lift of a circulation control airfoil is a direct function of turbulent mixing between the upper sur-
face boundary layer and the slot jet. This turbulence mechanism is one of the major controlling factors
in the process, and a good model of this mechanism is required for the rational prediction of flow about
circulation control airfoils. Much effort has been focused on understanding this mechanism and in
designing optimum circulation control wings (CCW). In 1986, a Circulation Control Workshop [refs. 2
and 3] was held at NASA Ames to establish the status of CCW for commercial and military applications
and to identify research goals that are essential to its implementation for future fixed- and rotary-wing
aircraft. The workshop was well attended by representatives from government agencies, industry and
academia. The workshop resulted in a compilation of fundamental  CCW research needs as well as spe-
cific research needs for CCW technologies for the X-wing, fixed-wing, NOTAR and tiltrotor applica-
tions. Since then numerous numerical [refs. 4 to 8] and experimental [refs. 9 to 14] studies have been
conducted and knowledge of the CCW mechanisms have been greatly enhanced. The design of CCW
wings, with optimum slot placement and size, airfoil shape, and performance is now possible [ref. 8].

Recently (1996) Dr. B. McCormick (Boeing Professor Emeritus) made a presentation titled, “Syn-
ergistic Effects of Propulsion for Aircraft” at LaRC [ref. 15]. In his talk Dr. McCormick presented a
brief summary of high lift systems (mainly pertaining to V/STOL applications), some of which included
circulation control concepts and their integration into the design of an aircraft. His concluding remarks
included a rather strong statement: there are reams of test results in the literature on high lift systems
and that further generic studies of high lift systems are not needed. What is needed, however, is applica-
tion studies leading to design and construction of large scale models and an assessment of the net effect
of integrating high lift systems with propulsion systems.

The basic concept of circulation control (CC) was developed at the David Taylor Naval Ship
Research & Development Center (DTNSRDC) and has continued to be developed since the late 1960s.
Many of these early developments are documented in references 16 and 17. The unique qualities of this
concept are very attractive for many applications in the fields of aerodynamics and hydrodynamics.

To evaluate high lift potential, a Navy A-6/CCW demonstrator aircraft program was initiated in
1968 by DTNSRDC [ref. 18]. The aircraft configuration showing the CCW airframe changes is shown
in figure 2. The principal aircraft modification included the incorporation of a circular trailing edge,
attached to the existing flap, which forms both the Coanda surface, as well as bleed ducting. Existing
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flow fences were removed and outboard flow fences added. The leading edge radius was increased and
a fixed Krueger leading edge flap was added. A CCW air system powered by bleed air from the two
engines was added. The bleed flow was controlled by throttle valves operated by the pilot.

The flight test of the A-6 confirmed previous wind tunnel predictions that the CCW could double
the aircraft lifting capabilities while utilizing bleed air from the engines. A summary of the A-6/CCW
aircraft performance as compared to the conventional A-6 is presented in figure 3. Following this test an
advanced high lift system was developed that combined CCW and upper surface blown (USB) flaps to
produce lift for STOL operations by Navy aircraft [refs. 19 and 20]. This combined system (USB/CCW)
was found to be a very effective, yet simple method to control wing lift augmentation and vertical/hori-
zontal force components. The original airfoil was modified at the trailing edge in order to have minimal
impact on cruise efficiency. Several other modifications are documented in reference 21. The experi-
mental results confirm thrust turning through angles up to 165 degrees and associated benefits as a
STOL and thrust reverser system. Significant improvements in performance as compared to CTOL were
found, since the maximum trimmed lift coefficient increased on the order of 200 percent. High-lift, ver-
tical thrust, and thrust reversing were shown to be generated directly from the cruise configuration
instantaneously and without external moving parts. Control of the thrust on takeoff and landing is
directly controlled by the pilot (via bleed air) which is highly desirable for low speed lateral control.
When compared to other high lift systems involving flaps and actuators, the USB/CCW system has sig-
nificantly less moving parts. This contributes to increased reliability, maintainability, aircraft lifespan,
and affordability (to first order; cost is proportional to weight and part count)..

The NASA Quiet Short-haul Research Aircraft (QSRA) is a high performance STOL powered lift
research aircraft for which extensive low-speed wind-tunnel, flight simulation, and flight research test-
ing has been conducted. In 1981 and 1983 the QSRA was reconfigured with a USB/CCW system and
ground tested for the Navy to verify deflected engine thrust [refs. 22 and 23]. Circulation control capa-
bilities were added and combined with the existing USB capability and are shown in figure 4; results of
a study conducted on this configuration are documented in reference 24. A conclusion of the study was
that flight verification is required to assess overall performance and control characteristics with fully
integrated airframe, propulsion, and control system.

A program applying CCW to a Boeing 737 subsonic transport aircraft was planned and initiated in
1993 [refs. 19, 25, and 26]. The goal was to determine the feasibility and potential of pneumatic circula-
tion control technology to increase high-lift performance while reducing system complexity and aircraft
noise in the terminal area. (Terminal area noise is dominated by airframe noise, i.e., landing gear, flaps,
non-streamlined protrusions). The study was four-phased and included experimental development and
evaluation of advanced CCW high-lift configurations, development of pneumatic leading edge devices,
computation evaluation of CCW airfoil designs, and evaluation of terminal-area performance employ-
ing CCW.

Figure 5 shows the high-lift and control surfaces for a conventional B737 and the B737/CCW air-
craft. In its production version, the B737 employs a triple-slotted mechanical flap with leading edge slat.
This sketch shows both this arrangement and the modified B737/CCW configuration. In the absence of
actual full-scale flight test data for this aircraft, 1/8-scale wind tunnel results were used. The effect of
including CCW was then computed. A comparison of lift coefficient (cl) vs. angle of attack (Alp) for
the conventional and CCW configuration is presented in figure 6, along with a drag polar. The study
verified previous results showing the benefits of CCW.

McDonnell Douglas Helicopter Company (MDHC) has actually employed a circulation control
device on a production helicopter. The anti-torque system of a helicopter has a major impact on the
weight, performance, agility, reliability, flight and ground crew safety, and vehicle survivability.
MDHC has been working on the No-Tail Rotor (NOTAR) concept for the past 20 years. This anti-
torque system is in production and exists on current MD 500 series and Explorer vehicles. MDHC used
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a structured approach to the development of this system. First, the performance of the individual
NOTAR system components was measured and evaluated by experiment. Then, integrated system per-
formance was investigated in ground testing, powered model rotor wind tunnel testing, and flight testing
of 3 different aircraft: OH-6 Demonstrator, MD 520N/530N and MD 900 [refs. 9 and 10].

Currently, commercial utilization of circulation control on production aircraft is limited to rotor-
craft. The McDonnell Douglas 500 series and the Explorer employ circulation control as an anti-torque
device replacing the tail rotor. This application has also reduced the overall noise levels of the rotor-
craft. For fixed wing the utilization is limited to experimental aircraft programs, such as the Navy/
Grumman A-6 and the NASA QSRA, discussed above.

Current and/or Past Utilization.No current nor past production (unclassified) aircraft utilize circula-
tion control wing for powered lift. Experimental aircraft programs have utilized the concepts with
results discussed in the previous section.

Technological Benefits and Penalties.The primary benefit of circulation control is currently focused
on providing high-lift on the order of CL of 8 at zero angle of attack [ref. 26]. This magnitude of perfor-
mance would greatly reduce takeoff and landing speeds, reduce runway lengths, and increase safety of
flight in terminal areas. The resulting steep climbout and approach flight paths due to the STOL capabil-
ity would also reduce the noise exposure to surrounding communities, thus increasing airport capacity.
In addition, greatly increased liftoff gross weight and landing weight provided by the smaller wing area
would allow transport wing designs that are more optimized for cruise and fuel efficiency. Compared to
other high-lift wing/flap systems, the pneumatic CCW configurations reduce complexity and offer the
opportunity to combine high-lift, roll control, and direct-lift-control surfaces into a single multipurpose
pneumatic wing/control surface. Many of these identified benefits are concluded from component stud-
ies and/or studies where the effects on the total system were not fully investigated. In addition, the ben-
efits do not fully account for the economics of design change costs which would be incurred if
implemented on a production type aircraft.

Benefits of a circulation control wing are:

1. potential increase in CL,max by a factor of 4
2. reduction in part count which directly reduces overall cost
3. improved maneuverability and control
4. performance is primarily inviscid, thus reduces Reynolds number sensitivity
5. increased runway productivity by altering wake vortex and allowing several aircraft on same

runway
Penalties and concerns for circulation control airfoils/wings are:

1. potential for increased base drag in cruise
2. decrease in thrust (estimated 5%) due to bleed flow requirement from engine compressor
3. asymmetric failure
4. system reliability
5. increased complexity and potential weight increase
6. cost/benefits analysis needed
7. true benefits unevaluated thus far.

Configuration Integration.There are several factors that need to be considered in designing a circu-
lation control STOL aircraft, including:

1. Characteristics of the circulation control airfoil aerodynamics.
2. The relationship between the engine thrust lost and the bleed air requirement.
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3. The lift loss associated with trimming unusually large pitching moments from circulation con-
trol aerodynamics.

4. Why is the locally obtainable lift coefficient about 6? What are the factors and design parame-
ters that limit this?

5. CCWs may have abrupt wing-stall characteristics.
6. Rounded trailing edges, typical for CCW, must be retracted or modified for good cruise effi-

ciency. (Note: the amount of “rounding” of the trailing edge can be very small to gain
advantage, ref. 13)
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Figure 1. Flow circulation about a circulation control aircraft, from ref. 1.
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Figure 2. CCW airframe modifications, from ref. 19.

Figure 3. A-6/CCW STOL performance, from ref. 15.
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Figure 4. Comparison of existing QSRA wing to a USB/CCW modification, from ref. 14.

Figure 5. High-lift and control surfaces for conventional B737 and B737/CCW aircraft, from ref. 26.
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Figure 6. 1/8-scale wind tunnel lift and drag data for B737 (clean) aircraft compared with predicted
B737/CCW (F30, F40) data, from ref. 26.
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Blown Flaps

Technical Description.Blown flaps are a subset of powered lift technology where the vehicle lift is
augmented by blowing over, under, or through wing trailing-edge flaps using either engine bleed air or
engine exhaust flows.  These systems achieve increased lift by increasing wing circulation and, to some
extent, by deflecting thrust downward.  These systems can significantly increase the maximum lift coef-
ficient (CL,max) of the aircraft and thus, provide STOL capability.  Figure 1 shows the range of CL,max
values possible by various techniques as a function of wing aspect ratio.  Plain wings are limited to val-
ues well below 1.5.  Mechanical flaps increase CL,max to around 2.0. Blowing boundary layer control
(BLC) is limited to values around 4.0.  For CL,max values above 4.0, forced circulation is required; fur-
ther increases require the addition of direct thrust.  Blown flap systems can be grouped into two general
categories, internal flow systems and external flow systems.  The internal flow systems utilize internal
ducts to eject air over the flap(s), and the external flow systems exploit favorable placement of the
engine and flap(s).  The flap systems described herein are categorized in the manner of references 1 and
2.

There are at least four varieties of internal flow blown flap systems.  They are blowing boundary
layer control, the circulation control wing (discussed earlier), the jet flap, and the augmentor wing.
These systems are shown in figure 2.  In all four systems bleed air is ducted to and ejected over the flap
upper surface.

Blowing boundary layer control (BLC) was first explored in the 1920s; systematic studies were per-
formed in the 1940s and 1950s.  This system makes use of engine bleed air to energize the boundary
layer on the upper surface of the wing and delay flow separation.  This allows a much higher maximum
lift coefficient to be achieved.  The Boeing 367-80 (707) prototype airplane demonstrated a BLC high
lift system [ref. 3].  During flight testing, lift coefficients of at least 3.3 at a speed of 73 knots were
obtained.  For comparison, the maximum lift coefficient for a Boeing 707 is approximately 1.7 at a
speed of 102 knots.

The internal flow jet flap is unique in that a large percentage of the engine exhaust is deflected
through trailing-edge slots and over the flap.  This system was initially proposed and tested in 1932, and
it was demonstrated on the Hunting jet flap research airplane in the 1960s.  For this configuration, lift
coefficients greater than 6.0 were measured in the Langley 7x10-Foot Low Speed Wind Tunnel, and
coefficients as high as 9.0 were measured during flight tests of the full scale vehicle [ref. 5].  The aug-
mentor wing is a variation of the jet flap.  It has a shroud assembly over the flap to create an ejector sys-
tem which augments the thrust of the nozzle by entraining additional air.  A DeHavilland C-8A was
modified to include the augmentor wing design [ref. 6].  For this configuration lift coefficients of up to
5.5 were obtained.

There are two varieties of external flow blown flaps systems shown in figure 3.  They are the exter-
nally blown flap (EBF) and the upper surface blown (USB) flap.  Both approaches utilize relatively con-
ventional flap designs.  The EBF approach uses conventional pod-mounted engines which blow exhaust
on the lower surface of the flaps [ref. 7].  The USB design has engines mounted on the upper surface of
the wings and blow exhaust over the upper surface of the wing and flaps [ref. 8].  These two systems
have similar aerodynamic characteristics, and demonstrated operational performance.  During the 1970s
the EBF design was first demonstrated on the YC-15 research aircraft and the USB system was first
demonstrated on the YC-14 research aircraft.  The USB approach has somewhat better noise character-
istics than the EBF approach as the wings tend to shield engine exhaust noise from the ground [ref. 9].

The general performance characteristics of the internal and external flow systems are compared
with deflected thrust approaches in figure 4.  This plot provides an indication of the amount of thrust
used to produce a direct lifting force versus the amount used to increase wing circulation.  Deflected
thrust is another powered lift concept in which the engines are used directly to produce a lifting force
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and wing circulation is not augmented.  Internal flow systems are the most aerodynamically efficient
because they provide the greatest increase in wing circulation for a given level of thrust, followed by
external flow systems.  While this implies that internal flow systems are superior, this result is tempered
by the fact that engines appropriate for use with externally blown flaps have a relatively low fan pres-
sure ratio and provide more static thrust than engines for internally blown flaps designed for the same
cruise thrust.  This difference in engine fan pressure ratio tends to balance out the difference in flap effi-
ciency so that overall performance is not greatly different for the two flap systems.  Clearly the choice
between the various systems needs to be considered in the context of the entire aircraft design.

A unique implementation of the USB concept is the channel wing [refs. 10, 11, 12, and 13].  The
channel wing, often referred to as the Custer Channel wing after its promoter Willard Custer, integrates
the propeller flow with the wing aerodynamics by using the wing as a "shroud" in front of and below the
propeller (Figure 5).  The propeller draws its flowstream over the wing, inducing high upper-surface
flow velocities at low airspeeds.  This increases the circulation of the wing and provides a powered-lift
capability similar to that of jet-powered USB systems.

It is possible for aircraft to employ more than one of these concepts to achieve greater STOL capa-
bility.  One such aircraft is the NASA Quiet Short-haul Research Aircraft (QSRA), first mentioned in
the Circulation Control discussion.  This aircraft was originally configured with inboard USB flaps and
blown BLC ailerons which can be drooped during flight to effectively provide a nearly full-span blown
flap system.  In addition, the wing had a leading-edge flap with blowing BLC [refs. 14 and 15].  This
aircraft was able to obtain maximum lift coefficients as high as 10.

One final point needs to be made regarding high lift systems.  With an increase in the operational
lift coefficient comes a reduction in the vehicle airspeed and a reduction in the effectiveness of conven-
tional control surfaces.  Consequently, jet reaction control or blowing BLC for roll, yaw, and pitch con-
trol may be required.  In addition, increased reliance on powered lift systems also increases the
difficulty of achieving a design that can tolerate engine failures, which increases system complexity.

Current and/or Past Utilization.The McDonnell Douglas C-17 is the only transport currently in pro-
duction employing powered lift technology.  The design employs an externally blown, double-slotted,
trailing-edge flap.  Lift augmentation is achieved by deflecting the flap into the exhaust from engines
mounted under the wing.  An unusual aspect of the C-17 is the fact that it is the first powered-lift air-
plane to demonstrate the value of increased lift capability from powered-lift for increased payload rather
than for emphasis on increased takeoff and landing performance.

Technological Benefits and Penalties.STOL aircraft have enhanced in-flight capabilities that
include steep-gradient and curved-flight departures and approaches, high rates of climb, steep final
descents, high maneuverability, rapid response for aborted landing, and low landing-approach speeds.
These characteristics yield aircraft that require less airspace in the near-terminal area, require less
ground space at the terminal, operate with less noise, and have improved crashworthiness and surviv-
ability because of their low speed capability at near-level fuselage attitudes.  Thus, the use of existing
airport infrastructure could be enhanced by utilizing vacant airspace, operating from separate short run-
ways, minimizing time on the runway, and operating from presently underutilized small terminals.
Also, the cost of new terminals could be minimized, and new modes of operation such as high-speed
transportation directly to and from corporate headquarters and factories could be stimulated.  Applica-
tion to military missions include supply at more desirable, forward sites, operation on damaged run-
ways, and enhanced operations from naval vessels.

All of the technologies discussed in the preceding section have the benefit of increasing the maxi-
mum lift coefficient of the aircraft.  This effect allows all of these technologies to effectively reduce
noise by allowing the aircraft to climb faster and achieve a higher altitude prior to overflying populated
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areas.  This is in spite of the fact that source noise of these concepts generally increases due to the inter-
action of the propulsion system with the wing and flaps.  The equivalent noise footprint of a STOL vehi-
cle may be an order of magnitude less than that of comparable conventional aircraft [ref. 16].  Thus,
resistance to new terminal projects can be minimized due to greater public acceptance.

Two penalties for employing these lift augmentation technologies are increased integration difficul-
ties and mechanical complexity.  The internal flow systems are the most efficient in terms of required
thrust to weight ratio, but they suffer the largest penalties.  They are complex, require more mainte-
nance, have a higher initial cost, have engine performance penalties, and have structural and weight
problems as compared with their external flow counterparts.  The external flow systems do not experi-
ence these difficulties, but have lower aerodynamic efficiency and have higher required thrust-to-weight
ratios.

Configuration Integration.Five primary issues for integrating blown flaps into an aircraft design
are:

1. Engine placement relative to wing (EBF, USB, internal flow)
2. Engine air ducting and routing (internal flow only)
3. Structural layout of the wing box, movable flaps, and ducts
4. Flight control effectors for low-speed or vertical flight
5. Stealth

Engine placement relative to the wing is extremely important to EBF concepts due to the close
interaction of emitted thrust flows with the wing and flap aerodynamics and optimization for both
STOL operations and cruise. USB concepts require careful attention to wing/engine integration to
ensure acceptable cruise performance of the wing aerodynamics. Internal flow designs require the con-
sideration of engine placement for the integration of ducting from the engine exhaust path to the wing
locations desired for blowing. The ducting itself encounters trade-offs between a desire for short duct
lengths for minimum weight and a desire for large radii of curvature for maximum internal flow effi-
ciency. Both the engines and the ducting must consider their volume impacts on the wing box structural
design and possible load path implications. As mentioned, at very low STOL speeds, traditional control
surfaces lose effectiveness, requiring unconventional configurations or control devices. Stealth issues
are important in determining the flap arrangement and engine exhaust locations for military vehicles.
Additionally, the acoustic qualities of STOL operations produce inherent, non-traditional stealth appli-
cations for covert insertions.
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Figure 1. Maximum lift coefficient as a function of aspect ratio.

Figure 2. Internal flow, blown flap systems.
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Figure 3. External flow, blown flap systems.

Figure 4. Comparison of thrust requirements of internally and externally blown flaps with deflected
thrust approaches.
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Figure 5. The Channel Wing
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Augmentor/Jet Wing

Technical Description.The ejector/augmentor wing and Jetwing are two examples of powered lift
technology. Other examples of powered lift include internally and externally blown flaps, upper surface
blowing, thrust vectoring, and lift-fan or direct-lift engines. Envisioned as a means of achieving good
V/STOL performance for military aircraft, these technology concepts have been investigated experi-
mentally and computationally since the 1950's.

Powered lift technologies utilize propulsion bleed and/or exhaust flows to increase wing circulation.
This is accomplished through various means: entrainment of external flows, super-velocity acceleration
of flows, and direct vectoring of propulsive flows in the lift vector orientation. Cross-sectional wing
schematics for various powered lift technologies are shown in figure 1.

There are two general approaches to the ejector/augmentor concept which will be referred to as the
XFV-12A and E-7A concepts due to their usage within those experimental aircraft test programs. The
XFV-12A concept for ejector/augmentor wings is a V/STOL application that typically consists of three
trailing-edge flap elements arranged as shown in figure 2. The center flap element contains ejector aug-
mentors which blow propulsive air in the lift direction. The jet created by these ejectors serves to entrain
airflow over the surface of the other two flaps which act to form a diverging nozzle. In addition, the two
lower flaps contain Coanda surfaces to further assist in flow entrainment. The concept results in a lift
force greater than the propulsive force utilized, thus “augmenting” the power output by the engines. An
internal layout drawing of the XFV-12A is shown in figure 3. Note that both the main wing and the
canard are configured as ejector/augmentor wings and that the vehicle is a single engine, supersonic air-
craft.

The E-7A ejector/augmentor concept is also a V/STOL application and consists of a channel
through each wing, near the root, where a series of deflectable ejector vanes are arranged (figures 4 to
6). Fan air is diverted to these ejectors as well as through an aft centerline nozzle fixed in both a forward
thrust and lift contributing axis. The ejector/augmentors serve to entrain flow from over the wing sur-
face through the channel and thus create a thrust augmentation through supercirculation. The bottom
portion of the wing channel is opened into a nozzle through a complex mechanism and closes to form a
sealed, supersonically viable configuration.

The Jetwing concept, developed by the Bell-Bartoe Aircraft Company, is a STOL concept with two
basic configurations. Figure 7 shows a concept utilizing a second wing, forming an ejector between it
and the main wing. The leading edge section of the main wing contains a duct and plenum through
which air is blown over the upper surface of the wing. This blown flow entrains additional flow through
the ejector area. A Coanda surface on the trailing edge flap serves to create high flow turning angles and
completes the high-lift concept. Figure 8 shows the other version of the concept without the ejector that
utilizes only upper surface blowing and the Coanda flap. An internal layout of the engine and ducting of
the Bell-Bartoe Experimental Jetwing Aircraft is shown in figure 9. Note that all of the airflow, includ-
ing both the fan and core flows, are directed entirely to the wing.

Current and/or Past Utilization.No current nor past production (unclassified) aircraft utilize either
the ejector/augmentor wing or Jetwing design concepts for powered lift. Experimental aircraft programs
have utilized the concepts with results discussed in the previous section. V/STOL technology is gener-
ally viewed as most valuable in military applications where short field capabilities or carrier-based
operations are required. Future civilian requirements in community noise restriction, air traffic conges-
tion, airport layout design constraints, and the business transportation market may present the possibil-
ity of new markets for V/STOL technologies.

Technological Benefits and Penalties.Studies have demonstrated that the ejector/augmentor wing
and Jetwing concepts have benefits in performance, noise, emissions, and safety. There may be addi-
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tional benefits in life-cycle cost savings and air traffic throughput achieved through the usage of these
concepts.

There appears to be little publicly available performance data on the ejector/augmentor wing, prob-
ably due to the classification on the Navy/Rockwell XFV-12A program. However, figure 10 shows the
split between circulation lift and jet lift for the ejector/augmentor concept in the XFV-12A at various
flight speeds without indicating the lift coefficient. Note that the lift generated by circulation is zero for
no forward flight, indicating vertical takeoff, and that the ejector/augmentor lift goes to zero at 140
knots. Figure 11 shows the mechanical transition of the XFV-12A ejector/augmentor wing from hover
to cruise.

The proponents of the XFV-12A concept wing demonstrated in laboratory tests that the augmenta-
tion ratio, defined as the ratio of the total thrust generated to the primary thrust injected at the ejector/
augmentor, could exceed 2.0. If such performance was attainable in a flight article, the takeoff and
climbing benefits would be capable of offsetting the additional weight of necessary flow diverters and
ducting.

The General Dynamics E-7A incorporates a very different concept of ejector/augmentors but the
physics of the thrust augmentation procedure are the same. The primary implementation distinction is
that the E-7A utilizes a secondary nozzle for vectored engine core thrust while a portion of the fan-
diverted flow exits through a 2-D afterburning nozzle (figure 5). Figure 12 depicts the thrust distribution
for hovering, transitional, and forward flight. The concept was tested in static and free-flight wind-tun-
nel tests during the late 1980's and early 1990's and appeared to be feasible. There may possibly have
been some issues with both design complexity and stealth configuration that prevented the Lockheed
Martin JAST team from proposing the concept for use in what is now the Joint Strike Fighter (JSF) pro-
gram.

The V/STOL performance capabilities afforded through powered lift generate possible overall air-
craft weight savings through reductions in fuel burn during takeoff, climb, descent, and landing opera-
tions. This reduction in fuel burn is possible due to higher vertical climb/descent rates used to reach or
descend from cruise altitude in a shorter time than otherwise possible. This fuel savings results in an
overall smaller (and lighter) aircraft, possibly costing less to manufacture and certainly costing less to
fuel, and producing reduced emissions through reduced fuel burn. Accelerated climbouts additionally
hold the potential for increased airport operations due to a decrease in necessary aircraft spacing, a vari-
ety of climb and descent profiles available to pilots and controllers, and through achieving community
noise footprints likely superior to conventional aircraft due to shorter dwell times, higher altitudes, and
reduced jet velocities.

In addition to the V/STOL capabilities afforded by the ejector/augmentor wing, these concepts hold
key advantages in noise and “hot footprint” which translate directly to human safety benefits when com-
pared to other V/STOL fixed wing aircraft. Figure 13 depicts noise levels for various powered lift con-
cepts with ejector/augmentor wings and the Jetwing (Upper Surface Blown or USB in that figure)
shown as the minimal noise producing concepts. A V/STOL aircraft produces patterns of hot exhaust
which have two major effects: 1) limiting the proximity and type of materials/objects which can be
present in the landing and takeoff area and 2) causing “hot day” performance and engine damage
through ingestion of exhaust flows. Due to the superior flow mixing and resultant cooling of exhaust
flows in the ejector/augmentor wing and the Jetwing, neither of these issues is a serious performance
limiter. Hot and blast jet exhaust zones are severely decreased for these aircraft, increasing the safe
maintenance and operations area available to personnel conducting pre- and post-flight servicing.

In addition to V/STOL capabilities for takeoff and landing operations, the performance capabilities
of these propulsion integration concepts hold the potential to increase the survivability of military air-
craft due to superior maneuvering capabilities. The University of Tennessee Space Institute published a
paper [ref. 1] including a conceptual design study indicating maneuvering performance enhancements



27

due to the Jetwing concept. Figures 14 and 15 show the reported benefits in turn rate and sustained nor-
mal load factors at sea level and combat altitude. The resulting configuration is shown in figure 16. Bat-
tle damage survivability can be poor depending on the exhaust arrangement of V/STOL aircraft. For
example, Harriers tend to take heat seeking missiles amidship.

Three significant penalties inhibit the adoption of augmentor and Jetwing concepts: additional
weight due to ducting and mechanical systems, constraints on design integration (see configuration inte-
gration) due to ducting and balance considerations, and the expense of system complexity. No data was
publicly available on the details of system weight for any of the experimental vehicles and studies
investigating the penalties associated with design of augmentor and Jetwing concepts must overcome
the large uncertainties associated with systems weight and ducting losses. The associated life cycle cost
-- especially in maintenance -- is a significant unknown with little applicable data existing either within
the public domain or industry proprietary data.

Configuration Integration.Five primary issues for integrating either of these concepts into an air-
craft design are:

1. Center of gravity location
2. Engine air ducting and routing
3. Structural layout of the wing box, movable flaps, and ducts
4. Flight control effectors for low-speed or vertical flight
5. Stealth

Center of gravity location is critical for thrust balance in a VTOL aircraft. It is the major factor in
tail design for STOL aircraft. Engine air ducting allowances must be made in both the fuselage and
wing for fuselage embedded engine aircraft. Significant turn radii are required for diverting the flow
forward in these ducts while preventing separation. The ducts must fit within the thickness of the wing
section making supersonic aircraft much more difficult to integrate while limiting wave drag. Finally,
the ducts will take up volume normally used for fuel. The structural layout options greatly impact the
weight of the wing due to positioning of primary structural members and carrying the structural loads
from numerous, highly aerodynamically loaded flight controls and flaps. Flight control is a critical ele-
ment of a V/STOL design due to limitations on the available effectiveness of primary flight controls.
Many ejector/augmentor concepts for hovering and transitioning flight utilize pneumatic controls func-
tioning off of the diverted propulsion flow. STOL flight controls concepts include both pneumatics and
enlarged main control surfaces. The ability to include powered lift technologies in stealth designs is
debatable. The required geometry and material treatment are difficult to achieve with concepts requiring
large numbers of moving parts, internal chambers, and exposure to engine exhaust gases.
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Figure 1. Powered Lift Concepts, from ref. 1.

 Figure 2. Typical ejector augmentor cross section for augmentor wing, from ref. 2.
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 Figure 3. Propulsion system and augmentor flow for vertical lift, from ref. 2.

Figure 4. Ejector lift/vectored thrust concept combat aircraft, from ref. 3.

Figure 5. Deployment of jet flow for short takeoff, from ref. 3.
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Figure 6. Cross section of ejector system, from ref. 3.

 Figure 7. Two dimensional view of Jetwing concept with ejector installed, from ref. 4.

 Figure 8. Two dimensional view of Jetwing concept without ejector installed, from ref. 4.
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 Figure 9. Jetwing ducting arrangement, from ref. 1.

Figure 10. Increased STOL total lift with vectored augmentor, from ref. 2.
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 Figure 11. Thrust augmented wing in hover, transition/STOL, and conventional flight, from ref. 2.

 Figure 12. Modes of operation of the E-7A, from ref. 5.
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 Figure 13. Noise levels for powered lift concepts, from ref. 1.

 Figure 14. Sustained maneuver performance with afterburner at sea level, from ref. 1.
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Figure 15. Sustained maneuver performance with afterburner at 35000 ft. altitude, from ref. 1.

 Figure 16. Attack aircraft based upon Jetwing concept, from ref. 1.
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Wing-Tip Modifications

Blowing

Technology Concept.Wingtip blowing entails exhausting one or more jets of air from the wingtip in
a generally spanwise direction.  Air for the jet can be bled from the propulsion system, removed from
the flow at the aircraft surface by a laminar-flow-control system, or ducted from the region of the stag-
nation line along the wing leading edge.  Figure 1 shows two different blowing configurations, blowing
from a long-chord slot and blowing from multiple short-chord slots.  This figure and much of the fol-
lowing discussion is summarized from reference 1.

References 2 to 5 describe some early work in this area.  Theses studies considered low-aspect-ratio
wings, large jet momentum coefficients, and jet chords that were a large fraction of the wingtip chord.
The results of these studies were that lift-curve slope could be increased and that blowing increased the
loading across the span with the largest increases occurring near the tip.  Blowing also increased the
maximum lift coefficient.  Flow surveys downstream of the wing with and without blowing indicated
that blowing displaced the primary wingtip vortex outward and upward, diffused the vortex over a
larger area, and reduced maximum vorticity at the center of the vortex.  These studies used jet momen-
tum coefficients ranging from 0.10 to 1.75.  These values were much larger than the typical thrust to
dynamic pressure-wing area ratios of transports of 0.04.

The more recent work found in references 6 to 8 made use of several short-chord jets, more realistic
blowing coefficients typically between 0.001 and 0.008, and low aspect-ratio wings.  These studies
found that blowing from several short-chord jets can produce results similar to those obtained with a
single continuous jet.  The magnitude of the effects are proportional to the blowing coefficient.

One of the most recent and exhaustive investigations into this concept is presented in reference 1.
This study differed from earlier efforts in that a larger aspect-ratio wing was tested and corresponding
Navier-Stokes analyses were performed. The findings of this study were that for moderate aspect-ratio
wings at high subsonic Mach numbers the benefits of spanwise blowing were quantifiable.

Benefits.Wing tip blowing can improve the aerodynamic performance of wings.  The main effects
of spanwise blowing are to increase the wing effective aspect ratio and to increase the loading towards
the wing tips.  Thus, wing tip blowing provides effects that are similar to those of winglets, but the
blowing can be tailored to improve performance of the aircraft throughout its mission instead of just one
design point.  In addition, wingtip blowing can be used asymmetrically to provide roll and lateral con-
trol of the aircraft.  Finally, wing-tip blowing may help to diffuse the wingtip vortex which can poten-
tially make airport operations more efficient by allowing reduced aircraft separation.

Wing tip blowing has some limitations and penalties.  It provides the greatest benefit for low aspect-
ratio wings.  Consequently, it may not be applicable to subsonic transports.  It adds complexity and
weight like other internal flow blowing systems, and the jet momentum coefficients required to achieve
aerodynamic benefits may impose large engine performance penalties.

Applications.Wing tip blowing has not been applied to any aircraft, production or experimental.
The concept performs better on low aspect ratio configurations so single stage to orbit or high speed
civil transport vehicle designs may benefit from this technology.  If wing tip blowing were considered
as part of a larger system like suction boundary layer control, then it may have potential in other config-
urations.
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Engines/Turbines

Background and Technical Description.There has been an awareness for a long time of the large
amount of energy present in the tip vortex that is shed from an aircraft wing during flight, as shown in
figure 1. Devices to harness this energy usually come in three main forms: static, propulsive, and gener-
ative. Although the detailed analyses involved in the flow phenomena are quite complex, the basic con-
cepts are straightforward.

Many static additions, some of which are shown in figure 2, have been proposed for the wing tips.
These devices interrupt the formation of the wing-tip vortex, thus reducing the induced drag of the con-
figuration. The most well-known example of the static device, however, is the winglet. In addition to
reducing the formation of the wing-tip vortex, the design and placement of the winglet utilizes the local
components of lift and drag at the wing tip to create a net increase in aircraft thrust. That winglets are
successful in this task is apparent in the number of aircraft that now use them. For this reason, they are
not covered in this summary of wing-tip devices.

Mounting propulsive devices on the wing tips has been considered since the early 1960’s for pur-
poses of extracting additional energy from the tip vortex. Devices that have been analyzed and tested in
the past include tractor propellers [refs. 1 and 2], pusher propellers [refs. 3 and 4], and fan-jets [ref. 5].
All of them rely on using the already-rotating vortex to lessen the necessary rotation of the engine to
provide a certain level of thrust, and it is for this reason they all rotate counter to the direction of the vor-
tex, figure 3.

In the 1980’s there appeared a great deal of interest in the third type of device, generative, which is
usually referred to as a wing-tip vortex turbine [ref. 6]. These devices are essentially passive, as they are
driven by the wing-tip vortex flow, with the resulting energy of the turbine to be used for pneumatic,
hydraulic, or electrical purposes. As they are driven by the wing-tip vortex, they rotate in the same
direction, figure 4.

Benefits.If propellers are mounted on the aircraft wing tips, rotating in a direction opposite to that
of the wing-tip vortex, there is an increase in the net thrust minus drag of the configuration. According
to reference 7, the reduction in the power required to maintain a given flight condition is the same for
both tractor and pusher configurations, but for different reasons. In the case of a tractor propeller, the
thrust of the propellers will be the same as an isolated propeller, but the induced drag of the wing behind
the propeller will be less than the induced drag of the wing in isolation. In the case of pusher propeller,
the induced drag of the wing will remain the same, but the thrust of the propeller will be greater than the
thrust produced in isolation. Both improvements are essentially equal. The amount of thrust increase
and drag decrease is highly configuration-dependent, but it can be significant.

If the fan-jet is mounted on the wing tip, then the effect of its rotating parts interacting with the vor-
tex flow is significantly reduced because of the recessed location of the rotating parts within the nacelle
and the forward placement of the fan-jet relative to the wing tip. In addition, the nacelle shape itself may
actually increase the vortex strength. The prime benefit from a fan-jet installation on the wing tip is due
to its non-rotating engine exhaust, which tends to dissipate the wing-tip vortex, thus reducing induced
drag.

When considering the wing-tip vortex turbine, it is interesting to consider this passive device in the
limiting case of zero rotation (if it is locked into position) as a static device, like an end plate. In this
configuration, reduction of the induced drag is the only effect of the turbine. In normal operation the
pitch of the turbine blades can be changed, altering the percentage of energy extracted that goes to the
turbine. The wing-tip turbine is thus capable of a continuous trade-off of rotational energy extracted
from the flow versus reduction of induced drag. This capability makes it a convenient device for supply-
ing power or reducing drag, whatever is needed within the flight envelope. Flight test data [ref.8] from a
small aircraft, a Piper PA-28 shown in figure 5, scaled theoretically to the size of a medium transport,
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have shown that the amount of vortex energy recovered by the wing-tip vortex turbine may be sufficient
to generate the power required by an all electric aircraft system or a boundary layer control system [ref.
8]. The energy extracted from the wing-tip vortex does not need to be converted to electric power neces-
sarily, as it may be used to develop pneumatic or hydraulic pressure directly.

All of the above devices that alter the vortex motion also have the advantage that, by doing so, they
reduce the hazard to other aircraft due to this vortex. This is especially true near airports, where tip vor-
tex effects and airplane traffic are at a maximum. Propulsive devices mounted on the wing tips, farther
away from the fuselage than usual, would also be useful in reducing cabin noise levels.

Present and/or Past Utilization.There are no examples of any production configurations that have
utilized either propeller or fan-jet engines at the wing tip for the purposes of altering the wing-tip vortex
structure and extracting flow energy more efficiently. Current tilt-rotor designs tend to have their
engines more outboard than usual, but this is done to ensure the clearance between the inordinately large
propellers and the fuselage. The general feeling seems to be that putting the engines so far out would
reduce the engine-out safety capabilities of the aircraft, as well as introduce a number of stability and
control, aeroelasticity, structural design, and fabrication problems. The structural design problems may
be alleviated using the concept of a truss-braced wing, which is currently being studied [ref. 9].

Although the wing-tip vortex turbine has not been used on a production aircraft, there seems to be
more interest in this concept recently. Fairly recently, Airbus Industrie showed some interest in this
device to be used as a winglet in the locked position during normal flight. It would then be released to
provide electrical power in an emergency [ref. 10]. It was calculated that the vortex turbine could pro-
vide more than twice the power of a conventional ram-air turbine. This effort has been joined recently
by Sundstrand Aerospace [ref. 11].

Applications and Configuration Integration.Although propulsive wing-tip devices have been shown
to possess several advantages over their more conventionally-mounted counterparts, it remains to be
seen whether the stability and control, aeroelasticity, structural design, and fabrication problems can be
overcome. By far the most optimistic approach, and one that future applications may be based on, is
with the truss-braced aircraft. There may also be a synergism between the thick Blended-Wing-Body
concept and the placement of the propulsive units. If such a thick airfoil becomes desirable, then the
Goldschmied Airfoil concept might also fit well into an integrated configuration.

Wing-tip Vortex Turbines seem to be more easily integrated into existing aircraft and future con-
cepts. The idea of getting power from energy that would normally be left in the airstream is attractive,
not to mention that any power extracted would make air traffic that much safer in the area. This power
could be used as electricity for routine, backup, or emergency purposes. Instead of converting the vortex
energy into electrical power, however, it could be used as pneumatic power as a supply for a boundary
layer control system, for example. If it is converted into hydraulic power, it could be used to power flaps
or some sort of active airfoil shaping system. The relative simplicity of a generative wing-tip system
compared to a propulsive wing-tip system makes it that much more attractive.
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Figure 1. Downstream velocity distribution of an aircraft, from ref. 8.

Figure 2. Techniques used to lower the trailing-vortex velocity, from ref. 2.
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Figure 3. Change in velocity components due to vortex flow, from ref. 4.

Figure 4. Vortex and stream flows and the resulting velocity, from ref. 6.
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Figure 5. Test aircraft with vortex turbines on both wingtips, from ref. 8.
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Methods of Increasing Cruise Efficiency

Goldschmied Airfoil

Background and Technical Description.(The final co-op report by J. M. (Farrah) Elliott [ref. 1] was
used to extract much of the salient information presented below.  That paper is to be consulted by the
reader who is interested in a complete background summary of boundary-layer-controlled thick-suction
airfoils.)

The idea of using laminar-flow airfoils with the associated low-drag benefit has been a long-held
goal of aerodynamicists [ref. 2].  In fact, some recent flight studies of current business and commuter
transport airplanes “suggest that significant regions of natural laminar flow exist and that this boundary-
layer behavior is more persistent and durable on certain practical production airplane surfaces than pre-
viously expected” [ref. 3].  However, these regions are not full-chord and do not encompass the entire
span.  Early directed efforts at achieving natural laminar flow on aircraft was toward fighters [ref. 4]
with thin airfoils of the NACA series of laminar-flow airfoils developed before and during World War
II.  However, applications of laminar flow to thicker section have also been considered.  Among those
doing this was A. A. Griffith of the Aeronautical Research Council in the U.K. in the 1940s, who sug-
gested designing an airfoil with a velocity gradient along the chord that is boundary-layer stabilizing
and favorable, except at one place along the airfoil where a velocity-discontinuity and a sharp-pressure-
rise occur.  (Some boundary-layer suction may be needed in order to achieve the extent of laminar flow
desired on both thick- and thin-airfoil sections.)  This suggestion has been experimentally investigated
by Richards and Burge in reference 5 and an example is shown in figure 1.  Applying boundary-layer
suction in the required amount at a location just ahead of the occurrence of velocity discontinuity could
result in a downstream flow which is not separated.

An application of boundary-layer suction was envisioned by Goldschmied in the 1950's as applied
to airships.  Later testing by Goldschmied [ref. 6] found that a self-propelled streamlined body with
boundary-layer suction in the aft region worked well (see fig. 2); in particular, the combination of suc-
tion, a proper suction slot, an aft-mounted external-truncated-conical-ring (i.e., the Ringloeb cusp), and
a tailboom.  He also found that in order for the boundary-layer control to be integrated with the propul-
sion system of a vehicle, two conditions must be met. The levels of suction have to be the minimum to
keep the flow attached, and the thrust of the stern jet must be equal to the sum of the wake drag and the
suction momentum drag.  In the tests with the integrated hull of a typical airplane, Goldschmied suc-
cessfully showed that a large power gain could be achieved by integrating boundary-layer control with
static-pressure propulsion [ref. 7].  He subsequently proposed the application of this concept to airfoils/
wings [ref. 8].

Benefits and Research Opportunities.The use of boundary-layer suction for propulsion was put for-
ward by Kuchemann and Weber [ref. 9] in that one could consider an “...extreme application of bound-
ary-layer suction, which uses air from the boundary-layer on the aircraft surfaces as working air for the
engine and restores it to full free-stream energy, instead of producing a thrust force to overcome the
drag associated with the wake.”

With the use of suction to control the boundary layer through slots and then using that air to provide
static-pressure propulsion by means of a combination suction/blower, this concept will have a 50%
reduction in power required for an integrated hull [ref. 10] at cruise.  In addition, there will be a corre-
sponding reduction in the thrust required and so the noise will also be reduced.  This is because the air
noise from a conventional fuselage can be reduced due to the propulsive system capturing most of the
pressure fluctuations.  Figure 3 shows how Goldschmied [ref. 11] proposed to do this on a small general
aviation aircraft.  He claims that by keeping the thrust coefficient about 0.025 and adjusting the gross
weight of the aircraft against the speed and the volume of the fuselage, an aerodynamic efficiency index
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[(Gross Weight)x(Free Stream Velocity)/(Fan Shaft Power x 550)] of at least 12.0 can be achieved.
These large benefits need to be substantiated independently. Wings should also see reductions in wake
drag with this system at cruise, but it needs to be validated. Moreover, there is research taking place to
systematically quantify the aerodynamic benefits claimed.  The recent work is being lead by J. P. Sulli-
van of Purdue University and has so far resulted in one paper [ref. 12].  This paper reports the results of
a wind-tunnel experiment to test the suction portion of the idea and develop the detailed bookkeeping
needed for thrust/drag.  The resulting calculated section drag coefficients are reported to agree with past
experiments [ref. 13].  Follow-on studies are planned to test the combination of suction/blowing.

Other areas to be researched and/or validated are ways to address the following items: high tran-
sonic drag on this thick wing; reduced critical Mach number; duct losses in the boundary-layer control
system; details of how to integrate the suction/blower with the airframe; and details of how to integrate
the external propulsion system with the airframe and suction/blower system.

Configuration Integration.Goldschmied [ref. 8] proposed for his spanloader (fig. 4) that the power
source for the suction/blower be configuration integrated in the design.  He envisioned using wing-tip
mounted propellers which would rotate against the tip vortices and have a spanwise mechanical shaft
that can be cross-connected between the two engines in case of engine failure.

Applications.There were/are numerous proposed applications contained in reference 1 to airships,
to a glider, shown in figure 5 as taken from reference 14 to use an alternate single-slotted profile, to a
spanloader/freighter, and to transonic passenger transports - of which the V-wing (fig. 6) of H. R. Chap-
lin [ref. 15] is an example. Other applications could be envisioned once the majority of uncertainties
have been researched successfully with the risk both being more fully understood and managed.
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Figure 1. Profile and internal arrangement of Griffith type airfoil with boundary-layer suction and
assumed airfoil velocity distribution over airfoil, from ref. 5.

Figure 2. Configuration 2 - Airship model with tailboom aftbody and empennage, from ref. 6.
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Figure 3. Four-seat GA aircraft layout, from ref.11.
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Figure 4. Goldschmied airfoil and plan view of right half of spanloader, from ref. 8.
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Figure 5. Proposed Australian suctioning glider with sweep-back, from ref. 14.
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Figure 6. Chaplin V-Wing, from ref. 15.
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Boundary Layer Inlet

Background and Technical Description.One of several examples of synergistic propulsion-aerody-
namic interaction is the concept of the boundary layer inlet. Originally conceived for applications in
marine propulsion (combat or cargo-carrying submarines, torpedoes) this approach involves the intake
of the low momentum boundary layer generated on a body (fuselage or wing) to the propulsor (engine)
in order to minimize losses in propulsive efficiency. Propulsive efficiency is a measure of the effective-
ness of the propulsor in converting the energy of the fluid passing through the propulsor into thrust. In
certain marine and in most aircraft applications it is desirable to have propulsors or engines with as high
a thrust to weight ratio as possible. This requirement in turn leads to higher rotational speeds in the pro-
pulsor in order to provide a high level of thrust. The combination of small size (engine weight) and high
rotational speed is connected with a corresponding loss in propulsive efficiency [ref. 1]. The boundary
layer intake arrangement takes advantage of the use of the diminished inlet velocity (low momentum
boundary layer fluid) to the propulsor in order to overcome some of these losses in propulsive effi-
ciency. The amount of work required (shaft or compressor) is directly linked to the inlet velocity. Thus,
by utilizing a lower inlet velocity, the amount of work required is diminished, and therefore, the propul-
sive efficiency of the engine is increased. The theoretical analysis of the boundary layer intake is pre-
sented in detail in references 1 and 2 where it is mainly applied to submerged bodies with a small
propulsor unit. This approach can also be applied to aircraft or air-breathing propulsion missiles as sug-
gested in reference 3. The boundary layer inlet concept, as applied to an airfoil, is illustrated in figure 1
[ref. 4]. The engine is shown mounted on the aft section of the wing swallowing the low incoming tur-
bulent boundary layer momentum. Utilizing this arrangement, a beneficial trade-off between decrease
in drag and increase in the fuel consumption of the engine (losses in compressor due to flow non-unifor-
mity) is achieved.

Benefits.Recently, L. Smith [ref. 3] suggested that for aircraft propulsion, wake ingestion (low-
momentum fluid intake) may be less beneficial, when compared to ship propulsion, because engines
mounted on the aft section of wings only capture a small fraction of the total wetted flow over the wing.
However, the application of this concept is suggested for cruise missiles because a single concentric aft-
located propulsor can be used to swallow the boundary layer generated by the missile's fuselage while a
bottom mounted inlet can be used to supply the core engine with distortion minimized flow. Benefits, in
terms of gains in propulsive efficiency to the boundary layer intake engine, are of the order of 7-15%
[refs. 3 and 5]. Recent studies [ref. 4] indicate possible reductions of 3-7% in aircraft take-off weight.

Present Utilization of Technology.No current or past production aircraft utilizes the boundary layer
inlet concept. This technology has mainly been applied to torpedoes and other marine applications [ref.
3].

Configuration Integration.It is possible to extend this application to conventional aircraft by utiliz-
ing a boundary layer inlet engine mounted on the aft portion of the fuselage (to ingest the boundary
layer) together with wing-mounted engines which take in distortion minimized flow. Additional appli-
cations may include the use of this technology in the Blended Wing Body aircraft concept taking advan-
tage of the large wetted surface area of the fuselage. A major drawback of this concept is the control of
separation (passively and/or actively) required in order to make the heavily distorted boundary layer
flow more uniform. If flow distortion is too great, excessive loads can lead to fan blade fatigue/failure
and rotating blade stall can occur.
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Figure 1. Boundary layer inlet concept, from ref. 5.
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Laminar Flow Control

Background and Technical Description.Laminar flow control (LFC) refers to methods which artifi-
cially laminarize a boundary layer that, left to its own devices, would otherwise be turbulent.  There are
many reasons one may wish to have a laminar, rather than a turbulent, boundary layer.  Such reasons
generally involve significant reductions in skin friction and/or large reduced heat transfer rates possible
with laminar (as compared to turbulent) boundary layers.  Figure 1 illustrates the fundamental drag
reduction potential of laminar contrasted to turbulent boundary layers as a function of Reynolds num-
ber.  Because skin friction accounts for fully half of the total aircraft drag of a typical transport aircraft
at cruise conditions, the appeal of laminar flow becomes obvious.

When applied to an aircraft, particularly an aircraft designed (sized) to cruise long distances, reduc-
tions in skin friction lead to significant reductions in fuel requirements.  An aircraft requiring less fuel
will have a lower structural and operating weight and reduced operating cost as compared to an all tur-
bulent boundary layer aircraft carrying an equivalent payload an equal range. As will be discussed later,
the basic technology exists to accomplish laminar flow control; however, uncertainty in cost and main-
tenance of equipment required to produce laminar boundary layers and manufacture’s concerns of the
risk of developing aircraft dependent on such new technology has so far prevented commercial applica-
tion of LFC.

Engineers have worked since the 1930s on laminar flow control systems for aircraft.  In the early
1960s Dr. Pfenninger and his team at the Northrop Company conducted full scale flight tests on the
USAF sponsored X-21 experimental aircraft.  Extensive regions of laminar flow up to Reynolds num-
bers on the order 20 to 25 million were routinely obtained by the end of the tests [ref. 1].  However,
operational feasibility was not demonstrated.  Because of the potential large skin friction drag reduction
that can be obtained from laminar flow, research continued over the years and became particularly
intense during the energy crises of the 1970s.  Excellent technical and historical overviews of laminar
flow control technology are contained in references 1 through 5.

Typically, LFC schemes place boundary-layer suction ports at and immediately behind the wing
leading edge.  This is a critical area in which to remove the low energy layers of the boundary layer due
to large adverse pressure gradients that can easily amplify instabilities within the boundary layer,
including crossflow disturbances that will lead to premature transition and turbulence.   Cross flow dis-
turbances become quite serious for wing sweep greater than about 20 degrees.  Because most modern
subsonic and supersonic cruise aircraft have swept leading edges for reasons of efficiency, the boundary
layer at and near this swept edge develops a crossflow (spanwise) component to the general chordwise
flow.  Even after the boundary layer crossflow and other instabilities are removed, the flow will eventu-
ally become turbulent if left to its own devices.  Before this occurs, another row of suction ports is intro-
duced, and so on.  Using this technique, the laminar boundary layer can be extended over a considerable
chord length, perhaps in the case of a transonic aircraft to a trailing edge shock position.  An experiment
that proved transonic airfoils could be designed to take advantage of LFC was undertaken by NASA in
the 1980s.  In this experiment, the disposition and type of suction system and variation on the amount of
suction was applied (parametrically) to an airfoil specially designed to promote laminar flow on the top
and bottom surfaces.   Reference 4 provides a summary of this experiment.

At the present time, the preferred method of controlling laminar flow at subsonic speeds is a tech-
nique called hybrid laminar flow control (HLFC).  HLFC techniques place suction panels on the wing
leading edge that can cover as much as the first 25 percent of the top side of the wing chord.  Laminar
flow is then maintained past this suction region by a favorable pressure gradient. The above mentioned
transonic laminar flow airfoil experiment was modified for such a HLFC system.  The experiment was
very successful and the results are summarized in references 6 and 7.
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NASA, Boeing, and the U. S. Air Force participated in a key flight experiment of a HLFC system
on a modified Boeing 757 in the late 1980's [ref. 6].  In this experiment, a glove with a suction panel
constructed of a microperforated (19 million holes) titanium surface and contoured to maximize laminar
flow was mounted over a 22-foot section of the left wing of a Boeing 757.  A Krueger high lift flap was
integrated into the wing to serve as an insect shield during takeoff and low altitude flight.  A thermal
anti-ice system was also incorporated. Results showed extensive laminar flow was routinely achievable.
NASA/Industry flight experiments of HLFC systems to reduce drag on engine nacelles have also shown
promise. However, transonic wind tunnel tests of HLFC nacelles conducted by NASA LaRC in the mid
1990s indicated that a significant integration challenge exists to the successful implementation of HLFC
nacelles on transonic transport configurations. With regard to supersonic HLFC, NASA has just com-
pleted an extensive flight experiment on a General Dynamics F-16XL aircraft.  Again a section of the
highly swept wing was modified with a glove designed to promote laminar flow with a microperforated
leading-edge suction system to remove crossflow disturbances [refs. 8 and 9].

Results from these flight tests and experiments have been encouraging, but detailed results have
been made accessible to U. S.-only sources due to the possible competitive advantage this technology
may someday give American companies.

Reductions in heating rates across a laminar, compared to a turbulent, boundary layer can be partic-
ularly important for high speed aircraft where the kinetic energy of the air stream is converted to heat
(as it decelerates within the boundary layer) that can significantly raise the temperature of the aircraft
surface.  For supersonic aircraft, the reductions in heating rates resulting from laminar flow may allow
lower cost and lighter structural materials.

Studies have also shown the potential benefits of actively cooling hypersonic aircraft [ref. 10].  The
cooled skin of such a vehicle may have extensive regions of laminar flow due to cool skin temperatures.
Other cooling schemes for hypersonic aircraft have studied film cooling of the surface via slot injection
of cool air with a laminar velocity profile.

Benefits.Commercial aircraft designs are driven by the requirements that their acquisition and oper-
ating costs allow them to make a profit for both the aircraft manufacturer and the airline companies.
Profits are driven by aircraft operating costs, passenger appeal (including perceived aircraft safety
issues), and any environmental factors imposed on commercial aircraft.  These environmental factors
can include noise regulations, possible emission reductions, and the ability to land and take off in
adverse weather or congested traffic conditions.  To be viable, a laminar flow control aircraft must gen-
erate greater profit than a comparable conventional (turbulent) aircraft.  It could do this if it had signifi-
cantly lower operating costs, including fuel usage and lower ownership costs.   Obviously laminar flow
technology can lower fuel usage if it reduces drag.  Lower cruise drag translates into less fuel weight to
carry and thus into a lighter weight aircraft which should be less expensive to manufacture.  However, if
the weight or cost of the laminar flow control system reverses these trends, the aircraft will become
more expensive and non-competitive.  Maintenance and safety issues raised by the laminar control sys-
tem must also be carefully weighed.  If, for example, a laminar flow aircraft is sized to complete its mis-
sion should the laminar system fail at the beginning of a trip, benefits of the system would be less than if
the aircraft was sized for a failure halfway through the flight, or no failure of the laminar flow control
system at all.  The perception of risk can profoundly alter the design philosophy of the aircraft design
and ultimately its profitability. In the following sections, a brief summary of five technical studies of the
benefits of LFC applied to aircraft efficiency and operating cost are presented.

In a 1982 report [ref. 11] the Boeing Company reported on the design of a HLFC system for a Boe-
ing 757 aircraft that laminarized 60% of the upper wing surface and 40% of the lower surface.  Analysis
showed it would reduce fuel consumption 8%.  If the empennage was also laminarized fuel savings
would increase to 12%.  If the aircraft could be resized for this laminar system, there would be a further
significant reduction in fuel consumption.
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An  unpublished study by the Mission Analysis Branch at NASA Langley Research Center [ref. 12]
concluded that, with conservative assumptions, the direct operating costs of a modern long range trans-
port aircraft would be reduced 6 percent (fuel price $1.00/gal) if it was designed with HLFC systems.
The assumptions used in this analysis included increased development costs of a billion dollars for the
aircraft calculated over a 500 aircraft fleet (two percent additional flyaway costs) and an additional 5
percent airframe maintenance cost above that of  conventional concepts.  The aircraft was sized with
sufficient reserves to complete one-half  the mission in a turbulent-flow mode should the HLFC system
fail in flight.

A study of the benefits of  HLFC by Arcara and Bartlett is reported in reference 13 for an aircraft
sized for HLFC providing 50 percent chord laminar flow for the wing upper surface and 50 percent
chord for both surfaces of the horizontal and vertical tails.  Results showed a 15 percent reduction in
cruise fuel and a 6.5 to 10 percent reduction in DOC depending on a fuel price variation from $0.65 to
$2.00 per gallon.

ONERA studies from 1990 are reported in reference 14 which concluded HLFC applied to a 150
and a 300 passenger long range aircraft should reduce fuel consumption nearly 15 percent.  HLFC was
applied to the wing, the tail and fin and the engine nacelles.

An unpublished study entitled “Potential Economic Impact of Future Large Aircraft” by the Mis-
sion Analysis Branch  [ref. 15] contains results of applying HLFC to a “conventional” 800 passenger
aircraft. Laminar flow was postulated to cover 60 percent of the wing upper surface, 30 percent of the
lower surface, and fifty percent of the empennage surfaces.  A 6.5 percent reduction in seat mile cost
was calculated for typical 65 percent load factors.  Fuel costs were assumed at $0.60 per gallon.

Several studies of laminar flow applications to supersonic aircraft were sponsored by NASA as part
of High Speed Civil Transport (HSCT) activity.  A supersonic transport will consume more fuel per
passenger mile than a conventional subsonic aircraft; thus, it might be assumed laminar flow would be
particularly attractive to reduce fuel weight requirements.  As an example, typical fuel fractions (fuel
weight /gross weight) are on the order of 40 percent for a long range subsonic transport and can exceed
65 percent for an equivalent range supersonic transport. An additional bonus for supersonic transports is
that transition Reynolds numbers are substantially higher at supersonic speeds than at subsonic speeds
[ref. 8]; thus, a supersonic aircraft may require less suction than subsonic aircraft to achieve laminar
flow.

The study of reference 16 by the Douglas Aircraft Company reports on a comprehensive analysis of
HLFC applied to a Mach 3.2 supersonic transport.  The analysis showed a distinct advantage for a full
chord HLFC system as opposed to a partial chord suction system.  A block fuel reduction of 14 percent
and gross takeoff weight reduction of over 8 percent was obtained over a fully turbulent baseline design.

A Boeing Airplane Company study of HLFC application to a Mach 2.4 supersonic aircraft is docu-
mented in reference 17.  Study results showed a block fuel reduction of 16 percent and a 12 percent
reduction in gross takeoff weight.

Preliminary studies of the benefits of HLFC for supersonic aircraft was undertaken in the 1992
period and recorded in the unpublished study of reference 18.  These studies sized supersonic transport
concepts as a function of the amount of laminar flow assumed to cover wing, empennage and fuselage
surfaces.  Three cases were studied: a conventional concept with all turbulent flow; a concept resized for
30 percent laminar flow over wing/empennage surfaces and 12 percent over the fuselage; and third case
with  laminar flow covering 60 percent of the wing/empennage and 25 percent of the fuselage (see fig-
ure 2).  Realistic weights for the suction systems were estimated from the previously mentioned Boeing
and McDonnell Douglas studies.  Results of the analysis showed a 9 and 16 percent reduction in gross
takeoff weight and a reduction in operating cost of 8 and 10 percent for the two HLFC cases over the all
turbulent vehicle.



56

Applications.Considering the large number of studies cited previously that showed a remarkable
agreement on the advantages of laminar flow control concepts, why then has not a single commercial
application of the technology been developed?  The answer most likely can be traced to two factors: (1)
risk and (2) the promise of larger performance gains from other more mature technologies.  Both of
these factors are addressed next.

(1) Risk:  Current development cost for a new, large, long range subsonic transport may approach
the net worth of an aircraft company.  Development of a supersonic transport will undoubtedly cost
much more.  With such enormous sums at stake, aircraft manufacturers will not risk using technology,
regardless of its promise, that has not been developed to a point that unmistakable benefits are clearly
shown with real-world hardware systems in realistic airline environments.  Analytical system studies
have convinced most engineers that if laminar flow mechanical systems worked as well as assumed, the
economic benefits are real. The experimental systems studied to date, however, consist of only small
segments of the aircraft wing surface and not large complete systems that would lend confidence to
building a commercial product.   In previous decades, military aircraft proved new technologies often at
great expense, of which the more successful ones were introduced into commercial use.  In the absence
of the large military programs of the past, what is needed now are large scale experimental laminar flow
system technology demonstrations to reduce the risk to commercial airframe manufacturers.

(2) Alternate promising technologies: Aircraft companies are driven by the desire to increase their
profits, and in large measure this is accomplished by improving the economics, safety, comfort, and
environmental attractiveness of their aircraft to airlines and to the flying public (compared to a compet-
itor's aircraft).  In a sense, this pits technologies against one another as to which technology can deliver
a competitive advantage at the lowest cost and the lowest risk.  This can be illustrated by figure 3 from
reference 18, which contains cost advantages for advances in three different technologies: laminar flow
control, engine efficiency, and advanced composite construction.  The advances shown are those that
might reasonably be expected to be on operational aircraft in the next twenty years.  Within the con-
straints of the study (e.g., fuel costs, aircraft configuration), it appears that larger performance gains will
accrue to advances in propulsion systems and composite structures than due to laminar flow control.
All things considered, engine and structure technology are thought of as more traditional, mature tech-
nologies while laminar flow control is not.  For a given improvement in dollars per seat mile a manufac-
turer may find it more attractive to improve a more understood, less risky technology.  Again the factor
of risk and the level of maturity (or technical readiness) is the major issue for laminar flow control tech-
nology application.  Large-scale integrated laminar-flow system demonstrations are most likely needed
before airframers will consider designing laminar flow transport aircraft.  Such demonstrations will
have to eventually include major aircraft components such as complete wings and tail surfaces.

Looking Ahead.We can conjecture that as aircraft as we know them today become more and more
efficient through conventional advances in propulsion and materials/structures technology; laminar
flow control will become very attractive as one of the final remaining technologies that can deliver a
large increment in performance.  A more exciting scenario for the future, however, could be the advent
of aircraft concepts that can take full advantage of laminar flow over major if not all aircraft surfaces,
thus leading to much larger increases in performance than noted from the cases cited in this section.
Perhaps the Blended Wing Body concept mentioned elsewhere in this document will lend itself to such
"full coverage" laminar flow concepts.  Perhaps, also, very short-chord, high-aspect-ratio wings sup-
ported by strut bracing will be able to take full advantage of laminar flow control, natural laminar flow,
or a combination of the techniques. Another possibility may be that an increased environmental concern
over global warming and restrictions on hydrocarbon emissions from aircraft will result in more fuel
efficient aircraft designs.  As noted in this paper, laminar flow control has a major impact on reducing
fuel consumption and could be a major contributor to aircraft fuel efficiency.
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Figure 1. Effect of incompressible laminar and turbulent Reynolds Number on skin friction coefficient.

Figure 2. Parametric study of laminar flow control effects on supersonic transport sizing, from ref. 18.
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Figure 3. Sensitivity of passenger fare to advanced technology, from ref. 18.
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Natural Laminar Flow

Background and Technical Description.Natural laminar flow (NLF) technology is designed to pro-
mote the advantages of  laminar flow without  the intercession of powered or mechanical means to
extend the region of laminar flow.  As discussed in the section entitled Laminar Flow Control, reasons
that laminar flow is desired over an aircraft surface include reduced skin friction drag and reduced heat-
ing rates for high speed flight.  Unlike the technology of laminar flow control, which has yet to find
application on commercial aircraft, natural laminar flow is a technology now employed on an almost
routine basis in the general aviation market. Potential benefits also are possible in the supersonic speed
regime. References 1 and 2 provide a comprehensive treatment of the subject and extensive reference
lists. The fairly recent successful application of NLF to general aviation aircraft was primarily the result
of two factors. First, research activities have provided the understanding of the basic flow physics of
laminar, transitional, and turbulent flow.  This research began in the early days of NACA (mid 1930s)
with studies of laminar flow airfoils as described in reference 1.  A method of designing airfoil shapes to
obtain desired pressure distributions was developed.   This work led to the development of the NACA
six-series NLF airfoils.  Typically the concept that was pioneered involved tailoring the airfoil upper
surface to maintain a favorable pressure gradient for as long as possible to maintain laminar flow [refs.
1-3].  Current analytical methods have extended these early ideas and allow the designer to tailor lami-
nar airfoil design to the expected flight conditions [refs. 1 and 2].  Also, new classes of laminar flow air-
foils have been extensively tested in wind tunnels and in flight [refs. 1 and 2].

The second major factor leading to the present use of  NLF was the advent of very smooth metal
and composite aircraft surfaces which provide the necessary smoothness to prevent disturbances caus-
ing premature transition to turbulent flow.  General aviation aircraft such the Cessna Citation Jet, the
Citation X, the Cirrus single engine pusher propeller light aircraft, and the Glasair single place light air-
craft are just some examples of successful modern general aviation aircraft designed specifically with
natural laminar flow airfoils. NLF has been applied to other specialized aircraft with short chord lengths
such as gliders and modern long-duration reconnaissance aircraft. An instructive example of the meth-
odologies employed for these low Reynolds number aircraft is contained in an informative description
of the development of a low altitude RPV designed with laminar flow airfoils [ref. 4].

Although better categorized as a laminar flow control technology, other methods have been studied
to determine their effect in increasing transition Reynolds number.  Cooling of the boundary layer and
suppression of turbulence-inducing disturbances with tailored acoustic energy [ref. 1] are two such
advanced technologies which show promise.

Application of NLF concepts to large commercial subsonic and supersonic aircraft has been studied
theoretically and experimentally; however, no application has entered the commercial market.  An out-
standing example of research directed towards large transport applications was the 757 wing noise and
laminar flight tests conducted in the 1985 time period [ref. 1 and 2]. This experiment involved placing a
fiberglass/foam core glove over a section of a 757 wing adjacent to and outboard of the left nacelle.
This glove had somewhat less sweep than the 757 wing.  Test results indicated that NLF could be main-
tained to between 20 and 30 percent chord over the top surface of the glove. Noise from a pylon
mounted engine was found to have a minimal impact and then only on the lower surface of the glove.
Means for protecting the surface against insects was also found to be important since laminar flow cov-
erage was reduced when the test glove was not protected from insect contamination during takeoff and
low-altitude operation.  The dominant cause of transition, when it occurred, was believed to be cross-
flow disturbances.

Besides requiring careful design of the airfoil and close attention to surface smoothness, laminar
flow wings must minimize cross-flow contamination.  Crossflow disturbances cause premature transi-
tion and, to minimize this effect (for natural laminar flow airfoils), necessitate wings with low-sweep
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leading edges.  Cross-flow disturbances become quite serious at angles of wing leading edge sweep
greater than about 20 degrees.  Figure 1 from reference 5 illustrates this point.  On this figure a semiem-
pirical curve is drawn at the approximate boundary between regions where NLF and Laminar Flow
Control (LFC) are appropriate with current day technologies.   Transition Reynolds numbers quickly
decrease as wing sweep angles become larger than about 20 degrees.  Almost no laminar flow can be
expected at sweep angles above 50 to 60 degrees unless laminar flow control methods are employed.

Boundary layer transition Reynolds number has been found to increase with increasing supersonic
Mach numbers [refs. 2, 6]. The fact that achieving laminar flow might be easier at supersonic speeds
than at subsonic speeds has important implications for the use of both laminar flow and laminar flow
control technology for supersonic aircraft. Applications of laminar flow technology to supersonic cruise
aircraft can have a greater impact on performance than on subsonic aircraft.  Refer to the Laminar Flow
Control section in this document for more discussion on this point.  An innovative theoretical applica-
tion of natural laminar flow to a supersonic transport is described in reference 7. This study looked at a
supersonic transport concept designed with a nouter cranked wing sweep of only 20 degrees instead of
the typically moderately-swept (approximately 45 degrees) outboard wing sections of supersonic trans-
port concepts.  Chord Reynolds numbers appear low enough on this outer wing panel to support large
regions of natural laminar flow.

Benefits.As mentioned in the previous section, general aviation aircraft are now using laminar flow
airfoils for wing surfaces. Drag reductions up to 24 percent are claimed for business jet aircraft incorpo-
rating natural laminar flow over wings, fuselage, engine pods, and empennages [ref. 1 and 2].  For gen-
eral aviation aircraft (especially business aircraft) speed is as important as efficiency.  Laminar flow
aircraft are thus capable of cruising at higher airspeeds for a fixed throttle setting than comparable tur-
bulent designs.

Commuter aircraft with their moderate chord Reynolds numbers may be candidates for natural lam-
inar flow technology.  Reference 8 describes a study by ONERA and Aerospatiale for a short-haul com-
muter jet aircraft.  Study results indicated a 10 percent drag reduction would be possible at cruise
conditions through application of laminar flow.   Current thinking is that large commercial transonic
transport aircraft will rely on laminar flow control to achieve substantial benefits.

The study of reference 7 describes a supersonic transport concept that would develop laminar flow
over an unswept outer panel wing.  Depending on the extent of laminar flow achieved over the outboard
wing, gross takeoff weight savings of over 10 percent are expected.  This is a very significant savings,
and can be appreciated by realizing that the entire payload weight of a supersonic transport is on the
order of 6 percent.  Figure 2 from reference 7 shows the weight reduction benefits of NLF. Subsequent
studies by the Lockheed Aeronautical Systems Co. [ref. 9] have also looked at the possibilities of
increasing the extent of supersonic laminar flow over outer wing panels of a supersonic transport and
have concluded that significant gains in aircraft performance are possible.

Innovative studies by Gibson and Gerhardt [ref. 10] have looked at the possibilities of achieving
laminar flow over the surface of a supersonic transport by actively cooling an entire (unswept) wing sur-
face.  Although the obvious integration problems of this cooled concept into a realistic supersonic trans-
port configuration have yet to be resolved, the concept nonetheless remains attractive.
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Figure 1. Effect of wing sweep on transition, from ref. 5.
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Figure 2. Takeoff weight reduction with natural laminar flow over outboard wing panels, from ref. 7.
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Favorable Shock/Propulsive Surface Interferences and Interactions for Supersonic and
Hypersonic Concepts

The open literature cites at least three different applications for the favorable use of shock waves to
provide aeropropulsive performance benefits for supersonic and hypersonic concepts.  The first two
involve the tailoring of the external shape of vehicles to produce a beneficial shock wave when the vehi-
cle is exceeding the speed of sound.  The last one is a specialized application of localized supersonic
flow for improved engine efficiency.  Details of the three applications follow.

Supersonic Wing/Nacelle Integration and Favorable Aerodynamic Interference for Supersonic
Airplane Design.

As far back as 1935, favorable interference was being addressed as a means of drag reduction.
Busemann [ref. 1] theoretically described the judicious use of interfering flowfields to noticeably reduce
wave drag due to thickness for two-dimensional wings.  The idea, known as the Busemann biplane (see
figure 1), was to establish a pattern in which the shock waves created at the leading edge of each wing
are cancelled at the shoulders of the opposite wing where flow expansion occurs.  For this set of wings,
a symmetrical pressure distribution is produced, and the wave drag is zero.  This is true only at the
design Mach number; only partial cancellation occurs at off-design conditions.  This concept was theo-
retically extended to three-dimensional systems by Ferri and Clarke [ref. 2].

The proper design and placement of propulsion nacelles and the design of the airframe were found
to be mutually beneficial in three different ways.  First, they can provide improved cruise aerodynamic
efficiency.  Second, the interference effects from the nacelle on the airframe can be made favorable.
Lastly, the interference effects of the airframe flow structure can provide favorable effects on the flow
going into the inlet of the propulsion system.

A report authored by Kulfan [ref. 3] addressed a variety of ways to achieve favorable aerodynamic
interference for supersonic aircraft design.  He concluded that a parasol wing concept had the greatest
potential benefits for a small supersonic aircraft.  The parasol wing concept is actually a three-dimen-
sional application of the Busemann biplane wing cancellation concept, in which the forebody compres-
sion pressures are reflected off the wing onto the back of the body.  This cancels part of the body wave
drag and enhances the overall aerodynamic efficiency of the vehicle.  The aerodynamic characteristics
of the parasol wing are shown in figure 2.  They include a favorable interference lift force and a partial
wave drag cancellation on the body (which produces a thrusting force).  A sketch of a body parasol-
wing configuration is shown in figure 3.  If a similar approach is taken with nacelles instead of a body, a
double-parasol wing vehicle can be created (see figure 4).  The planform shape of the wing is created to
allow for the maximum nacelle interference lift per unit wing area.  Analytical results (figure 5) for a
Mach 3 small supersonic military aircraft showed that, when compared to a conventional aircraft with a
reference flat wing design, the double-parasol wing vehicle has a 25% improvement in cruise L/D.
When the nacelle area growth is optimized for the parasol wing, the potential L/D improvement
increases to 37%.  In fact, up to a 20% improvement in cruise L/D can still be achieved using a parasol
wing over a conventional aircraft with an optimized wing designed for the cruise speed.

For the parasol wing concept, it is assumed that the inlets of the nacelles are still in the freestream
part of the flow.  Pritulo, et al. [ref. 4] addressed the benefits of locating the inlets inside of the airframe-
altered flowfield.  A sketch of the nacelle placement is shown in figure 6.  They were able to show that
proper inlet placement can improve the L/D at Mach 4 by 7% at AOA=8 degrees and up to 24% at
AOA=0 degrees (figure 7).  Furthermore, the ability to precompress the flow going into the inlets allows
for higher values of mass capture than if they were in undisturbed flow.  This actually allows the
designer two choices: either accept the improved capability in the aircraft or reduce the size of the inlet
capture area to make the engines more efficient.
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Work at the University of Maryland [ref. 5] has developed a new class of waveriders that use prede-
termined flowfields from the leading edge of the vehicle (using an osculating-cone inverse design tech-
nique) to create a pre-compressed, uniform flow for capture by the engine inlets.  While the
aerodynamic performance of the new waveriders is similar to conical flow-derived waveriders, they
possess advantages in inlet inflow properties that vary by less than one percent (see figure 8) and good
volumetric efficiency.  The inverse-design approach taken by the University of Maryland has been
applied to a large class of supersonic and hypersonic Mach number forebody designs that maintain good
aerodynamic performance and flow uniformity at off-design Mach numbers.

An historical application of this technology is the XB-70, which exploited favorable aerodynamic
interference in its design.  The reason why these types of systems have not been utilized in other aircraft
designs is primarily because, aside from the HSCT, there are few aircraft designed for supersonic cruise
efficiency.  Furthermore, some of the designs pose a structural challenge because they do not contain
long straight structural members.  However, advances in materials may reduce the necessity for long,
straight, structural members.

Each concept described above shows aerodynamic performance benefits over traditional design
approaches, making them more cost effective.  From an environmental standpoint, there is the potential
that less fuel (and less exhaust) would be required because a precompressed inlet flow would require
smaller engines for the same amount of thrust.  Furthermore, some of the favorable aerodynamic inter-
ference may actually reduce noise signatures at cruise because of wave cancellation.

The integration of these concepts into configuration design requires that a rigorous approach be
taken in the external shaping of wings, bodies, and nacelles.  Off-design trades would have to be accom-
plished to ensure that performance is not significantly affected when not travelling at the design Mach
number.

Thrust Deflection for Hypersonic Cruise.

In 1967, Krase published a note concerning the use of thrust deflection for hypersonic airbreathing
vehicles [ref. 6].  By theoretically combining aerodynamic and propulsion parameters, the purpose of
the note was to show that, with the moderate L/D ratios of hypersonic cruise vehicles and the low gross-
thrust/ram-drag ratios of scramjet engines, there may be a substantial benefit to thrust deflection.  A crit-
ical point is that the gross thrust (which can be much larger than the net thrust in an airbreather) is the
part that is deflected.  The deflected thrust can be used for decreasing wing size and weight at a constant
altitude or to increase the cruise altitude of a prescribed configuration.  For the latter, there would be an
associated increase in capture area to maintain the air mass flow entering the engine.  The analysis
shows that for a vehicle with an L/D of 4 and a gross-thrust/ram-drag ratio of 1.1, a 14 deg., thrust
deflection would provide a 34% greater range and fly 15,000 ft. higher than a vehicle without thrust
deflection.  It would also require a 52% larger capture area.  The benefits are also evident at conditions
corresponding to supersonic transport cruise conditions (L/D of about 8 and gross-thrust/ram-drag ratio
of approximately 1.2), where a 7.1 deg. thrust deflection would provide about 4% greater range.  At
present, the topics of trim, stability, and control have not been addressed with respect to this type of
thrust deflection.

There are a number of reasons why this concept has not been utilized.  Most notably, there are very
few research programs addressing supersonic and hypersonic cruise configurations.  Second, the
engines would be heavier because of the additional capture area required.  This additional weight is
countered by a reduction in the aerothermal loads on the vehicle and engine because of the higher cruise
altitude.

As previously mentioned, there would be a tremendous range increase in the case of a hypersonic
vehicle with thrust deflection.
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Incorporation of this concept into vehicle design would involve either including the thrust deflec-
tion angle in the nozzle design or allowing for actuation of internal (and external) nozzle surfaces to
allow for variable thrust deflection.  This, of course, adds complexity and weight to the vehicle.

Shock Wave Engine.

Although this is purely an engine-only concept, the use of localized supersonic flow allows it to be
discussed herein.  The shock wave engine [ref. 7] is considered an unsteady flow device which uses a
separate wave rotor along with the low and high pressure turbines to create a localized region of super-
sonic flow.  The shock waves that are produced cause pressure ratio increases that are 2 to 10 times
greater than pressures in a system using a conventional precompressor.  An added benefit of the shock
wave engine is considerable weight reduction based on two factors.  First, shock compression takes
place in significantly shorter distances than for steady flow compression, so size is reduced.  Second, the
compression pressure ratio across a single shock is much greater than in a steady flow diffuser for the
same change in subsonic velocities.

There are no known configurations that currently use the shock wave engine.  There have been
problems in the past with fabrication of the wave rotor portion and the survivability of that portion at
high rotation rates.  However, Weber in reference 7 states, “. . . with careful design of the seals, the
wave engine can greatly exceed the efficiency and be considerably lighter and more compact than con-
ventional turbines or reciprocating internal combustion engines.”  This is a technology that is not quite
ready for application today, but may be ready in 10-20 years with further research and development.
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Figure 1. Busemann biplane concept with theoretical pressure distribution on an inside surface of the
wing, from ref. 1.

Figure 2. Parasol wing aerodynamic features, from ref. 3.
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Figure 3. Body parasol-wing configuration features, from ref. 3.

Figure 4. Double-parasol wing configuration definition, from ref. 3.
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Figure 5. Improvement in maximum L/D improvement for a Mach 3.0 Double-Parasol Wing Configura-
tion, from ref. 3.

Figure 6. Airframe-Inlet configuration of Pritulo, et al., from ref. 4.
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Figure 7. Favorable aerodynamic improvement from airframe-inlet interference, from ref. 4.

Figure 8. Pressure contours at the exit plane of two Mach 6 wave riders designed with conical and oscu-
lating cones methods, from ref. 5. (Typical inlet inflow area added for this report.)
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Other Technologies

Thrust Vectoring

Technical Description.Thrust vectoring is exactly what its name implies; the thrust generated by an
engine is turned (vectored) by the engines nozzle to create a force that is used to provide braking, lift,
and/or control authority for an aircraft or missile.  This technology has been investigated in various
forms since the 1950s, mainly for use on military aircraft.  The two basic methods used to accomplish
the vectoring, mechanically actuated flaps in the exhaust flow and fluidic flow turning, are shown in
Figures 1 and 2, respectively.  Refer to reference 1 for a summary of aircraft thrust vectoring schemes.
Thrust reversal for braking is the only widely used form of thrust vectoring in service to date; however,
note that while thrust vectoring nozzles can provide both vectoring and reversing, thrust reversers as
used in transport aircraft are not generally vectoring nozzles but dedicated thrust reverser systems.  Also
note that some High-Speed Civil Transport (HSCT) studies examined tilting nacelles for providing a
lifting vector during cruise, but this survey will not address those studies.

Mechanical or fluidic thrust vectoring can be used to provide pitch vectoring, yaw vectoring, or a
combination of the two (multi-axis vectoring).  Nozzle design defines which of these functions are
available for any given installation.  Most of the following text describes mechanical thrust vectoring,
which can be accomplished by several means.  Little open literature describing fluidic thrust vectoring
is available, and only a limited description of this technology is included below.  In supersonic flow,
fluidic nozzles have limited turning capability (less than 30o, so far), although in subsonic flow, fluidic
thrust reversers may be possible (i.e., reversing fan flow).  Only mechanical nozzles can be used to pro-
vide thrust reversal of engine core flow or direct lift (for short/vertical takeoff and landing), and both
require turning supersonic flow 90o or more.

The most common use of mechanical thrust vectoring is thrust reversal.  Jet transports have used
this technology for decades to safely reduce landing rollout distances with something other than heavy,
expensive and maintenance intensive wheel-mounted brakes.  Thrust reverser systems add a margin of
safety in terms of reduced stopping distances and increased directional control during landing rolls and
rejected takeoffs on contaminated runways (e.g., water, snow, and/or ice).  Flow is turned 135o or more
(from directly aft to forward) to provide braking power for the aircraft.  Various mechanisms are used to
effect the flow turning including clamshell (e.g., Boeing 737-100, see Figure 3) and cascade (Figure 4)
reverser designs.  Both designs physically block some or all of the engine core and/or fan flow.  On a
clamshell reverser, the blocked flow (efflux) is turned and vectored forward and concentrated into two
large jets by the clamshell doors.  This efflux must be oriented to avoid impingement on the aircraft,
exhaust gas re-ingestion, foreign object damage (F.O.D.), and fuselage buoyancy effects, as well as to
create a downforce.  Cascade reversers operate in a different manner. Doors normal to the exhaust flow
are used as blockers to the flow inside the nacelle (fan flow).  Portions of the nacelle slide forward or aft
to provide a flow exit and expose grid-like cascade vanes that direct the diverted flow.  This type of
reverser can distribute vectored flow more precisely than other reverser designs. Other thrust reversal
techniques have been proposed to turn the fan flow of high-bypass ratio turbofans, including fabric
parachutes deployed from the cowl of a pylon-mounted jet engine and blockerless reversers that use
diverter jets (a fluidic technology) instead of blocker doors in a cascade-type reverser.

Thrust reversal as defined in the previous paragraph is almost exclusively used on the ground.  In
fact, reverser lockout systems are employed to ensure that the reversers are not inadvertently deployed
in flight.  Enormous forces can be generated by in-flight thrust reverser deployment, possibly causing
loss of control and/or structural damage; however, some aircraft with cascade reversers are designed to
use reverse thrust for emergency descents at idle thrust settings.  The military fighter/attack aircraft
community likes the idea well enough to consider using thrust reversing nozzles on future tactical air-
craft.  In this case, nozzles used for thrust vectoring functions would be modified to allow for thrust
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reversal as well. The aircraft would then have ground braking capabilities that would reduce field length
requirements and an increase in airborne agility allowed by almost instantaneous airborne braking fol-
lowed by acceleration, since thrust is used for both.

Pitch, yaw, and multi-axis vectoring nozzles are more complex than thrust reversers.  Flow must be
turned smoothly and efficiently to provide the proper thrust vector required for any given flight condi-
tion without significant thrust loss. Generally, nozzles with only pitch vectoring authority are rectangu-
lar in shape and have one or more flaps oriented parallel to the pitch-yaw plane of the aircraft. These
nozzles are often called 2-D (i.e., two-dimensional) because they use planar plates to divert flow.  These
nozzles can accommodate thrust reversal requirements as well, either by splitting a single vane and
hinging it about its trailing edge to block flow or by pinching off the flow using multiple vanes (Figure
5).  Other pitch-vectoring nozzle designs include various gimballing nozzles and the single expansion
ramp nozzle (SERN).

The British Aerospace/McDonnell Douglas AV-8B Harrier family of aircraft (and their predeces-
sors, the P1127 and the XV-6A Kestrel, circa 1959 and later) uses a special kind of pitch vectoring noz-
zle found only on their Rolls Royce Pegasus engine (Figure 6).  The nozzle is an elbow that rotates on a
bearing fitted to the engine case.  Two nozzles ahead of the aircraft center of gravity use fan air for
thrust, while two nozzles aft of the aircraft center of gravity use jet exhaust for thrust. The nozzles can
rotate about 100o (from directly aft to slightly forward of down).  The nozzles create lift for vertical
takeoff and landing when pointed down or thrust for forward flight when pointed aft.  If pointed all the
way forward, braking force (and lift) is created.  Note that the Pegasus engine only vectors thrust
through the aircraft center of gravity; therefore, the engine is used to control lift and thrust, not attitude.
The four nozzles (port front and rear, starboard front and rear) provide a stable lifting force for the air-
craft, and the rotation capability allows transition from vertical to horizontal flight and vice versa.

Most research has neglected yaw-only vectoring, perhaps because pitch control adds little mechani-
cal complexity once yaw is introduced (for some nozzle configurations) or perhaps because yaw-only
has fewer benefits than other forms of thrust vectoring.  Note that some yaw-vectoring flight experi-
ments have been performed on the Grumman F-14 for one-engine-out control, and nozzles with yaw
only (or yaw plus reverse) could be designed in the same fashion as 2-D pitch-only nozzles.

Several nozzle designs are suitable for multi-axis thrust vectoring (i.e., combinations of pitch plus
yaw or pitch plus yaw plus reverse).  One type uses multiple paddles to divert flow  (Figure 7).  The
paddles are hinged at their base and can be activated singly or in concert with each other to provide the
required thrust vector.  This type of nozzle has been used on research aircraft to investigate the basics of
thrust vectoring under flight conditions.  It is inefficient both from the vectoring and nozzle efficiency
points of view and the paddles are heavy, but paddle nozzles are cheap, easy to model, and can be retro-
fitted to existing airframes albeit with significant weight penalties (e.g., F-18 HARV, Figure 8). Another
type of multi-axis vectoring nozzle is the axisymmetric (round) design.  An axisymmetric nozzle looks
like and is only slightly more mechanically complex than a supersonic convergent/divergent nozzle.
Both use metal petals driven by hydraulic actuators to optimize the shape of the nozzle for various flight
conditions; however, the multi-axis thrust vectoring (MATV, Figure 9) nozzle can make changes
besides nozzle exit area.  The nozzle vectors thrust by shortening the actuators on one portion of the
nozzle and lengthening them on the diametrically opposite portion, driving the nozzle exit out of plane.
Since the nozzle is round, the deflection can be in any direction; therefore, the effective vectoring vol-
ume is a cone.  The extent of the cone is fixed by the amount of petal overlap required to create a func-
tional nozzle and the travel of the actuators.  Axisymmetric nozzles are attractive for retrofit to existing
aircraft, but they are much more difficult to integrate into the airframe that 2-D nozzles and have higher
signatures.  Other more complex designs can be used for multiaxis thrust vectoring such as the clam-
shell nozzle [ref. 1].
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Fluidic thrust vectoring (FTV) turns the exhaust of an engine using the influence of a secondary
fluid stream.  The concept is theoretically intriguing; however, creating an FTV system that can provide
vectoring sufficient for control at an economical engine bleed rate is very challenging.  The challenge
becomes more severe as Mach number increases (i.e., for the same bleed rate, vectoring angle decreases
with Mach number).  For these reasons, FTV may be practically limited to use as an aircraft trim device.
Several techniques can be used to effect FTV.  Shock-vector control (see Figure 2) injects a sheet of
secondary air into the primary exhaust stream from a slot in the divergent flap of a convergent-divergent
nozzle. The secondary flow effectively creates an obstruction to the primary exhaust, resulting in an
oblique shock across the primary flow.  As the supersonic primary flow crosses the oblique shock, it is
vectored away from the slotted divergent flap. Varying the mass flow rate of the injected sheet controls
the vectoring angle, and thrust vectoring levels adequate for transitory control (>15o) have been
achieved in static tests of this technique.  Since the vectoring is achieved by creating a shock across the
primary flow, moderate thrust losses are incurred.  Other fluidic concepts include passive cavity designs
that turn the flow by influencing boundary layer separation characteristics, synthetic jets that turn the
flow without any net injected mass flow, devices that use the Coanda effect to turn the flow as it leaves
the nozzle, and counterflow thrust vectoring designs that inject flow upstream into the primary exhaust
(again creating an oblique shock, but with less secondary mass flow).  Fluidic methods can be used in
similar ways to control nozzle throat area for engine throttling and flow expansion for off-design thrust
performance gains.

Benefits/Liabilities.Thrust vectoring provides agility, controllability, performance, and survivability
benefits.  Agility and controllability are particularly enhanced at low airspeeds and/or high angles of
attack where aerodynamic control surfaces are least effective, thereby expanding the flight envelope.
Performance is improved by reducing the size of aerodynamic control surfaces (or eliminating some
entirely), since drag and weight for these surfaces decrease with size.  Thrust vectoring is most efficient
at low vectoring angles; therefore, trim drag reductions are easily achieved.  Control surfaces are pro-
grammed for minimum drag instead of aircraft trim, and thrust vectoring can provide the required trim-
ming forces.  Survivability is enhanced by increased low airspeed control, since recovery from (or
avoidance of) departure from controlled flight is easier.  In addition, reduced control surface size can
result in reduced aircraft signature if desired.

Thrust vectoring also increases design freedom.  Tailless aircraft (Figure 10), direct side force con-
trol designs, and vertical takeoff and landing aircraft, among other concepts, become practical.  Even
more mundane aircraft could benefit from the application of thrust vectoring.  Personal (roadable) air-
craft, conventional passenger and cargo transports, and unconventional transports like the Blended-
Wing-Body could be improved by the addition of thrust vectoring.

The additional weight required for implementation and increased nozzle complexity are the major
liabilities of mechanical thrust vectoring systems.  Some nozzle designs are detrimental to aircraft sig-
nature (aural, infrared, and/or radar).  If thrust vectoring replaces conventional aerodynamic controls,
some of the high-speed operating envelope can be lost unless the engine is oversized.  Overall aircraft
system life cycle costs could also increase on thrust-vectored aircraft, depending on the aircraft plat-
form.  Detailed systems analyses must be performed to make that determination.

Specific benefits are listed below:

Agility and Controllability Benefits

Enhanced Low Airspeed Agility and Controllability

Expanded Envelope (Post-Stall Maneuvering Capability)

Higher Instantaneous Turn Rates

Improved Fuselage Aiming
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Performance Benefits

Reduced Takeoff Roll

Reduced Trim Drag

Reduced Control Surface Size (Weight and Drag Reductions)

Design Optimization (e.g., Supersonic Wing Design, Tail Volume Coefficients)

Safety/Survivability Benefits

Recovery from Deep Stall or Departure

Aerodynamic Control Surface Backup

Reduced Control Surface Size (Signature Reduction)

In addition to the benefits noted above, fluidic thrust vectoring holds promise of further improve-
ments.  Nozzle weight could actually decrease with an FTV system. Actuators and their structural sup-
ports are not required, and nozzle cooling requirements are reduced.  Survivability is further enhanced
by FTV due to its inherent signature benefits.  Moving nozzle geometry and the associated multitude of
gaps and edges are eliminated, and the fixed geometry of an FTV nozzle allows nozzle shaping free-
dom.  In addition, life cycle cost savings could be realized. Parts count is drastically reduced from the
typical mechanical nozzle (vectoring or not), and the entire FTV system is inherently less complex,
reducing acquisition and maintenance costs.  If other mechanical nozzle functions (e.g., throat area con-
trol and expansion control) are incorporated into the FTV nozzle, the benefits are magnified.  On the
other hand, note that some FTV nozzles (e.g., shock-induced turning) may increase nozzle noise.

Present Utilization of Technology.Pitch, yaw, and multi-axis vectoring nozzles are not currently in
service on any commercial aircraft, although most jet transports use thrust reverser systems.  As previ-
ously noted, the Harrier series of aircraft and some Eastern Eurasian attack aircraft use vectored thrust
for V/STOL.  Tactical military aircraft fitted with pitch-vectoring nozzles will begin entering service
around the turn of the century (e.g., Su-37, F-22A).  Note that the first pre-production F-22A Raptor
(using 2-D pitch vectoring) flew on September 7, 1997.  The Joint Strike Fighter (JSF) may utilize pitch
plus yaw or pitch plus yaw plus reverse nozzles, and the vertical/short takeoff versions of the JSF will
require at least pitch vectoring nozzles.  The only other aircraft using these types of nozzles today are
research and prototype aircraft (e.g., F-18 HARV, X-31, F-15 ACTIVE, YF-22, Su-37 prototype).  Sub-
stantial increases in engine thrust-to-weight ratios (T/W) due to research in the Integrated High Perfor-
mance Turbine Engine Technology (IHPTET) initiative will eventually result in higher T/W vehicles,
making thrust vectoring much more attractive.

Configuration Integration.Center of gravity (cg) location with respect to nozzle location is critical
on a thrust-vectoring aircraft.  For example, if the nozzle is used for control, there must be a sufficient
moment arm between the nozzle and the cg to let the vectoring provide control forces without unduly
over-sizing the engine(s).  Load paths must exist around the nozzle to transfer the forces generated by
vectoring to the remainder of the airframe.  In addition, nearby structure must not intrude into the vec-
toring volume produced by the nozzle.  In other words, booms, tails, etc. must not be in the exhaust at
any possible deflection angle.  Note that the Su-37 can only utilize pitch vectoring (as currently config-
ured), because yaw vectoring could damage the rearward-facing radar between its nozzles.  The purpose
of thrust vectoring integration on any given airframe must also be considered.  Using vectoring for trim
imposes completely different requirements than using vectoring for post-stall control or vertical takeoff
and landing.
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NASA Photos: http://nix.larc.nasa.gov

Figure 1. Time-lapse photo of Pratt & Whitney F119 in test stand showing pitch vectoring (P & W
Photo).

Figure 2. Shock vector control, a.k.a., shock-induced turning, from refs. 2 and 3.
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Figure 3. Clamshell thrust reverser on Boeing 737 (Boeing photo from ref. 4).

Figure 4. Cascade thrust reverser components, from ref. 5.



78

Figure 5. Pitch plus reverse thrust vectoring nozzle vane geometry, from ref. 6.

Figure 6: Rolls-Royce Pegasus 11-21 turbofan, from ref. 7.
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Figure 7. Multi-paddle thrust vectoring nozzle on X-31 (NASA photo).

Figure 8. F-18 High-Alpha Research Vehicle (HARV) on test stand (NASA photo). (Note vectored
thrust with respect to engine axis.)
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Figure 9. F-16 Multi-Axis Thrust Vectoring (MATV) demonstrator with axisymmetric thrust vectoring
nozzle. (USAF photo from ref. 8.)

Figure 10. Artist's concept of quasi-tailless X-31 (NASA photo).
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Pneumatic Vortex Control

Background and Technical Description.Pneumatic vortex control is the technology of using high
energy blowing air or suction to increase high-lift capability of aircraft and to also increase maneuver
control of these aircraft.  Several quite different concepts such as spanwise blowing for wing leading
edges and control surfaces and fluid strake concepts have been developed to take advantage of this tech-
nique and are illustrated in figure 1 and described below in the following sections.

Leading Edge Spanwise Blowing:  As the angle of  attack of an aircraft wing or control surface such
as a canard or horizontal tail is increased, several flow phenomena may occur [ref. 1].  A wing with a
moderate leading-edge sweep of approximately 40 degrees will generally develop an attached leading
edge flow that, as the angle of attack is increased, will accelerate to higher velocities and increase lift.
At some angle of attack the upper surface high velocity (low pressures) cannot be sustained and the
upper surface airflow separates and the wing begins to lose lift (stalls).  For wings of  higher leading-
edge sweeps on the order of 60 degrees or greater, as the angle of attack is increased, a stable leading
edge vortex begins to form on the wing upper surface behind the leading edge.  This vortex consists of a
tightly wound energetic tornado-like structure that effectively energizes the boundary layer and pre-
vents the wing upper surface airflow from separating.  At very high angles of attack the vortex will
burst, beginning at the wing trailing edge and progressively moving forward towards the wing apex as
angle of attack is increased.  This will decrease lift and usually generates nose-up pitching moments.

Wing planforms designed with wing sweeps between 40 and 60 degrees lie in a region that gener-
ally realizes a leading edge vortex at lower angles of attack and a stall-like separation at higher angles of
attack.  It is in this region of sweep angles (40 to 60 degrees), particularly for fighter aircraft, that span-
wise blowing (pneumatic) concepts have been devised to prolong the leading edge vortex and increase
the usable angle of attack and controllable lift range of aircraft.  Typically high energy air is directed
transversely over the wing from a port located on the fuselage side slightly above the wing surface.  The
most common scheme positions the jet just aft and parallel to the wing leading edge as shown in figures
1a and b.  A variation on this scheme distributes a portion of the air jets to outer wing panels so as to
increase the wing span exposed to high energy air jets as shown in figure 1c [ref. 2].  Other variations on
the theme have looked at pulsating jets as a means of reducing jet mass flow and increasing effective-
ness.

Trailing Edge Spanwise Blowing:  Spanwise blowing has also been studied to control the separation
that can occur over trailing edge flaps at high lift conditions [refs. 3 and 4].  In this type of blowing
scheme, a jet of high velocity air is directed transversely parallel to and behind the wing trailing edge
flap hinge line (see fig. 1b).  It has been shown that this air jet can substantially delay the onset of flow
separation over the flap, thus increasing usable lift of the wing-flap system.

Fluid Strake:   Another application of blowing has been developed that augments the lift of fighter
type wings with a jet sheet formed by blowing from a series of small in-line holes located in the side of
the fuselage ahead of the wing.  The fluid strake is illustrated schematically in figure 1d and acts in a
manner similar to a fixed physical strake to generate a stable vortex flow over the wing surface down-
stream of the blowing jets [ref. 5].

Forebody Yaw Control: Related to fluid strake is the forebody control concept (fig. 1e) that consists
of round or slotted jet exits located near the aircraft nose and when used differentially provide useful
yaw control at high angles of attack in the regime where vertical tails lose effectiveness [refs. 6-9].  Ref-
erence 8 reports on nose jet control experiments on a full scale F/A-18 in the NASA Ames Research
Center National Full-Scale Aerodynamics Complex.  Pneumatic nose jets for yaw control are similar in
principal to the F-18 HARV articulated nose-strake experiments, in which small hinged nose strakes
were asymmetrically deployed for yaw control at high angles of attack [ref. 10].
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The foregoing discussions are vastly simplified since the mechanism of stall and vortex formation is
a function of many factors including leading edge design (sharp leading edges at one extreme), leading
and trailing edge control surfaces and boundary layer control devices such as vortex generators.
Detailed information may be obtained from the extensive literature on the subject.

Benefits and Applications.Leading edge spanwise blowing has been investigated on wind tunnel
models of various complexity and on a full scale F4C fighter aircraft.  Wind tunnel models have repre-
sented F4, F-5F, YF-17, F/A-18, and generic models with wing sweeps up to 60 degrees.  The full scale
F4C experiments were conducted by McDonnell Douglas Corporation under contract to the U.S. Air
Force.  This aircraft was modified to incorporate a leading edge jet at the 13 percent chord location and
a jet blowing over the trailing edge flap jet at the 88 percent chord location.  A limited series of flight
experiments ended in September 1979.   Apparently results with the spanwise blowing system showed it
was as effective as the standard boundary layer control system on the aircraft.  NASA was interested in
modifying this aircraft to determine if improvements could be made by placing additional spanwise
blowing ports on the outboard panel of the wing.  Although flight experiments were never carried out on
a full-scale aircraft, a series of experimental wind tunnel tests investigated the effects of this distributed
blowing system (fig. 1c).  In general it was concluded the most favorable effects of spanwise blowing
on the high-angle-of-attack dynamic lateral-directional stability and control characteristics were
achieved with all blowing inboard [ref. 11].  All blowing outboard appeared to produce a maximum lift
at a lower angle of attack than inboard blowing [ref. 12], and this can have a beneficial effect for Navy
aircraft requiring good over the nose pilot view angles for carrier landings. Overall it did not appear
from these tests on an F4C model that major improvements could be gained from the distributed blow-
ing concept over and beyond the all inboard system.

Observations.Pneumatic blowing has received extensive attention from researchers; however,
despite the large amount of research, these systems have not been incorporated on any operational air-
craft up to this time.  The most likely reason is that no clear cut advantages of pneumatic blowing has
emerged to date when all the advantages (higher lift, greater control) are weighed against the disadvan-
tages (loss of engine thrust due to compressor bleed, cost, complexity, and safety).  Overall aircraft inte-
gration trades can be expected to lead designers towards less complex, lighter weight solutions for
operational aircraft. The time may come however, when unique aircraft requirements, such as STOL,
aggressive missile evasion maneuvers, signature issues, and size constraints may yet provide pneumatic
vortex controls an opportunity to pay their way onto new aircraft designs.
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Figure 1. Pneumatic vortex control concepts.
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Evolutionary Vehicle Concepts Utilizing SnAPII Technologies

Introduction

The technologies reviewed in Part I of this paper have all been tested and evaluated, at least to some
extent, over the past eighty years.  The historical data begs the question:  based upon the possible perfor-
mance increases these technologies offer, why haven't they been incorporated into modern aircraft
designs?  We suggest two reasons: perceived technical risk and, more importantly, the performance
benefits of the individual technologies do not universally cover their life cycle costs.

Frequently, the design and life cycle costs of adding one technology are fundamentally similar to
the cost of adding another different, yet potentially synergistic, technology.  Therefore, the potential
performance (and other) benefits of using several SnAPII technologies in synergy may outweigh the
individual costs because the benefits are additive while the costs not not be.  This section of the paper
will illustrate the potential benefits of this design philosophy using both existing SnAPII technologies
and existing aircraft design configurations.

The approach used was to conceptually retrofit an existing aircraft design (i.e., with a new wing,
removal of the tails, change in engine integration, etc.) with alternate components incorporating SnAPII
technologies.  Two baseline aircraft types were selected:  a current-technology, long-range conventional
widebody aircraft (LRWB) and a current-technology, aluminum construction Blended Wing Body air-
craft (BWB) [Ref. 1].  Conceptual models of these designs are shown in Figures 1 and 2 with design
performance parameters shown in Table 1.  Note that both designs have long range design missions,
therefore their designs are dominated by requirements for efficient cruise flight.

Simple performance analysis equations for rate of climb, range, takeoff and landing distance (Fig-
ure 3) and a single-term, zeroth-order, weight-based empirical life cycle cost equation were calibrated to
existing Flight Optimization System (FLOPS) [Ref. 2] and life cycle cost models of the baseline air-
craft.  A total of six conventional widebody and two Blended Wing Body designs were evolved and
analyzed.

Table 1: 1995 technology baseline aircraft performance parameters.

Parameter LRWB BWB

Design Takeoff Gross Weight (lb.) 590,000 1,345,200

Zero Fuel Weight (lb.) 368,245 734,500

Passengers 305 800

Design Range (n.m.) 6300 8500

Rate of Climb at Sea Level (fpm) 3030 2900

Takeoff Field Length (ft) 11,000 10,000

Landing Field Length (ft) 12,500 8500

Life Cycle Cost - Design Mission
(cents/available-seat-mile)

3.7 2.7

Estimated Aircraft Price $128M $192M
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The context within which the analysis was conducted is purposely simplified through the use of the
selected performance equations.  The reason for this simplification is twofold:  first, to allow the reader
to reproduce the results in a similar fashion with his/her own assumptions and, second, to demonstrate
the first-order effects of particular performance parameters on an overall aircraft design.  Weight break-
down and mission performance data were used from the FLOPS analysis results to determine and cali-
brate inputs to the simple performance equations.  Once completed, the results from the simple
performance analysis of the baseline models were considered to be the baseline performance for com-
parison, not the actual FLOPS performance results.  This is especially important in flight segment-criti-
cal analysis, i.e., rate of climb and range analyses where average flight values are quoted in the results.
With the baseline simple performance “models” in-hand, the input parameters were adjusted in correla-
tion to the new technologies implemented on each evolutionary concept (the assumptions for which are
stated with the concept discussions).  Note that the vehicles WERE NOT resized - they were retrofitted
with new components resulting in identical planforms.  Therefore, if a wing was replaced with a more
efficient but equivalent weight design, the takeoff gross weight of the aircraft was reduced due to fuel
savings.  The structural weight, design wing loading, and engine size of the aircraft were not changed to
take advantage of the reduced takeoff gross weight.  Empty weight changes were only made when com-
ponents were added, deleted, or modified from the baseline design.  Therefore these designs are not
optimized -- their structure and engine size could potentially be reduced to correspond to the fuel sav-
ings achieved through increased performance.  Our approach is limited in scope but provides conserva-
tives estimates with easily reproducible results.  Additionally, note that the takeoff and landing distance
equations do not account for FAR requirements in terms of balanced field length and missed approach
and are therefore to be considered approximate at best.

Through performance parameters such as rate of climb, takeoff gross weight, fuel burn, takeoff and
landing distances, approach speeds, and cost estimates are provided in the results.  The reader can corre-
late these to higher-level system parameters inherent within the NASA Aeronautics and Space Trans-
portation Technology Enterprise's Three Pillars for Success [Ref. 3].  First-order effects on the Pillar-
One goals for increased safety, affordability, and national air transportation system capacity, as well as
the goals for reduced emissions and aircraft noise, may be considered in the following relationships:

1) Safety increases are possible with decreased approach speeds.

2) Capacity can potentially increase when takeoff and landing distances decrease or when takeoff
gross weight decreases.  The first result can be attributed to the ability to build more,
smaller runways.  The second result can be achieved through decreased spacing made possi-
ble by vortex strength reduction at lower wing loading.

3) Affordability (from the standpoint of the consumer) may be proportional to the life cycle cost
estimated savings stated in cents per available seat-mile.

4) Emissions reductions are largely proportional to fuel burn reductions without engine cycle
improvements.

5) Noise reductions are perceived through increases in rate of climb or glideslope and elimination
or reduction of noise sources.  After takeoff, an increased rate of climb via enhanced high-
lift performance without a change in jet velocity will decrease the noise “footprint” over an
airport community through faster ground departure and reduced overflight distance.  Simi-
larly at landing, increased maximum lift capability without increases in airframe noise
sources may be used to increase the glideslope and decrease the “footprint”.  An example
might be the use of circulation control to eliminate the leading and trailing edge flaps.
Note, however, that the acoustic effect of a technology such as circulation control on an
integrated aircraft design in not known within the current body of literature.
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Other non-performance-related effects of the SnAPII technologies are not explicitly discussed in
this section but may be reviewed from the preceding section and implicitly deduced within the overall
context of the Three Pillar goals.

Long Range Wide Body Evolutionary Concepts

LRWB Concept No. 1A

The first widebody evolutionary concept is shown in Figure 4.  The concept employs the same two
engines as the baseline, only mounted in Boundary Layer Ingestion (BLI) nacelles at the rear of the
fuselage.  This has several configurational effects, including the ability to shorten the landing gear, a
requirement to move the wing rearward for both stability and control purposes and to move the landing
gear closer to the now-displaced center of gravity.  The BLI nacelles allow for a decrease in the parasite
drag due to the fuselage at a cost of reduced engine efficiency.  The positioning of the engines at the rear
facilitates their use for thrust vectoring control.  Though the method for vectoring high-bypass ratio tur-
bofans is not definitively known, it may be possible through something as simple as nozzle-mounted
turning vanes.  The use of thrust vectoring conceivably allows the elimination of the empennage result-
ing in both drag reduction and structural weight savings but will require an increase in mounting hard-
ware (and weight) relative to standard pylon-mounted nacelles.  The shortened landing gear will result
in a decrease in landing gear weight.  A summation of the effects of these technologies on the input
parameters of the simplified performance equations is given in Table 2.  Note the assumption that the
BLI penalty on engine performance is accounted for in the parasite drag input.  The results from the
analysis are recorded for comparison alongside the results from the other conventional evolutionary
concepts in Table 8.

LRWB Concept No. 1B

Concept 1B (Figure 5) is identical to Concept 1A with exception of three additional SnAPII tech-
nologies.  Wing-tip turbines are added for two purposes:  to provide power for a suction pump powering
a wing laminar flow control (LFC) system during cruise and to power a circulation control wing (CCW)
during takeoff and landing.  Additionally, it serves to break up the wing-tip vortex on approach for
increased terminal area safety.  LFC reduces the parasite drag attributable to the wing.  The CCW pro-
vides increased high-lift capability for takeoff and landing.  A summation of the effects of these technol-
ogies is given in Table 3.  The results from the performance and cost analyses are, again, provided in
Table 8.

Table 2: Effect of SnAPII technology incorporation for LRWB 1A.

Parameter
Assumed

Effect
Attributed to

CD,o -13% Elimination of wing-pylon interference, removal of
empennage, and implementation of BLI

CD -1% CD,trim reduction due to implementation of thrust-vectoring
control

Weightempty -3% 15% reduction in landing gear weight, elimination of
empennage, doubling of nacelle weight to account for
thrust vectoring
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LRWB Concept No. 2

Concept 2 (Figure 6) is very similar, in terms of technology content, to Concept 1B.  Instead of
using a wing-tip turbine to power the CCW, this concept uses engine bleed.  This is facilitated by the
use of a forward-swept wing (FSW) which reduces the amount of plumbing required to deliver engine
bleed air to the powered lift system due to the proximity of the wing root to the tail-mounted engines.
This configurational change eliminates the plausible use of wing-tip turbines and thus LFC is not imple-
mented as in Concept 1B.  It was assumed that the weight penalty (Table 4) for the FSW was not severe
due to active control and composite construction. The results from the performance and cost analyses
are provided for comparison to other LRWB concepts in Table 8.

Table 3: Effect of SnAPII technology incorporation for LRWB 1B.

Parameter
Assumed

Effect
Attributed to

CD,o -25% Elimination of wing-pylon interference, removal of
empennage, and implementation of BLI and LFC

CD -1% CD,trim reduction due to implementation of thrust-vectoring
control

Weightempty -3% 15% reduction in landing gear weight, elimination of flaps and
empennage, doubling of nacelle and air-conditioning
weight to account for thrust vectoring and wing-tip turbines
used for LFC/CCW, respectively

CL,max ~+4% Circulation control wing (CCW)

e (Oswald) +5% Load distribution tailoring with CCW and wing-tip turbine
aspect ratio effect

Table 4: Effect of SnAPII technology incorporation for LRWB 2.

Parameter
Assumed

Effect
Attributed to

CD,o -13% Elimination of wing-pylon interference, removal of
empennage, and implementation of BLI

CD -1% CD,trim reduction due to implementation of thrust-vectoring
control

Weightempty -1% 15% reduction in landing gear weight, elimination of flaps and
empennage, doubling of nacelle weight to account for
thrust vectoring and wing weight increase to account for
forward swept wing penalty

CL,max ~+4% Circulation control wing (CCW)

e (Oswald) +2% Load distribution tailoring with CCW

Thrusttakeoff -25% Bleed compressor gases to blown flaps
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LRWB Concept No. 3

Concept 3 (Figure 7) employs a variation of the Goldschmeid airfoil concept on the fuselage.  The
aircraft engines are again mounted aft on the fuselage in a manner similar to the previous three concepts.
The Goldschmeid suction inlet is mounted forward of the engine inlet and the engine exhaust flow
effects are assumed to parallel the Goldschmeid concept of trailing edge blowing.  Again, wing-tip tur-
bines are employed to provide power for a LFC system on the wing in cruise and to provide vortex
reduction at landing.  The empennage is eliminated due to thrust vectoring control and weight reduc-
tions similar to Concept 1A are assumed as indicated in Table 5.  The results from the performance and
cost analyses are provided for comparison to other LRWB concepts in Table 8.

LRWB Concept No. 4

This is almost a traditional wing tip-mounted engine aircraft concept (Figure 8).  The engines
employed are Advanced Ducted Propfans.  Potentially, the large fan blades can be used to induce nega-
tive swirl in the tip vortex.  This effect is assumed to dramatically reduce drag due to lift as indicated
within the analysis input parameters shown in Table 6.  The effects of spanload alleviation due to the tip
mounted-engine on the wing weight and the increased size and weight of the vertical tail to account for
engine-out conditions are assumed in the analysis inputs.  The results from the performance and cost
analyses are provided for comparison to other LRWB concepts in Table 8.

LRWB Concept No. 5

The final conventional evolutionary concept is shown in Figure 9.  This concept includes full span
blown flaps and LFC powered by wing-tip turbines.  The blown flaps system is assumed to result in a
net weight reduction relative to the mechanical flap system.  The blown flap system is assumed to be
used to an extent during cruise flight in order to tailor the lift distribution.  The wing-tip vortex strength
on landing is reduced when the wing-tip turbines are locked in place.  The analysis inputs for this con-

Table 5: Effect of SnAPII technology incorporation for LRWB 3.

Parameter
Assumed

Effect
Attributed to

CD,o -39% Elimination of wing-pylon interference, removal of
empennage, and implementation of LFC wing and
Goldschmeid concept on fuselage

CD -1% CD,trim reduction due to implementation of thrust-vectoring
control

Weightempty -3% 15% reduction in landing gear weight, elimination of flaps and
empennage, doubling of nacelle weight to account for
thrust vectoring

Table 6: Effect of SnAPII technology incorporation for LRWB 4.

Parameter
Assumed

Effect
Attributed to

CD,i -20% Wing-tip engine effect

Weightempty -1% Wing weight reduction due to spanload alleviation and
increase in vertical tail size and weight
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cept are shown in Table 7. The results from the performance and cost analyses are provided for compar-
ison to other LRWB concepts in Table 8.

The five LRWB concepts presented here are meant only to represent possible implementation strat-
egies, not the entire design space made possible through SnAPII design philosophy. Table 8 demon-
strates that significant improvements over the baseline LRWB model are possible through the
synergistic implementation of propulsion-airframe integration technologies.  L/D improvements can be
tremendous and may result in significant fuel savings.  Technologies that allow for elimination of struc-
ture achieve additional economies.  The life cycle cost reductions are not extreme though the reader
should note that these are due only to fuel savings and will increase with both optimum vehicle sizing
and manufacturing and operating cost advantages of several SnAPII technology implementations.

Table 7: Effect of SnAPII technology incorporation for LRWB 5.

Parameter
Assumed

Effect
Attributed to

CD,o -10% LFC powered by wing-tip turbines

Weightempty -1% Balance of elimination of at least one flap element and track
mechanism with addition of blown-flap pneumatics

CL,max ~+5% Internally blown-flap system

e (Oswald) +5% Wing-tip turbine aspect ratio effect and load tailoring with
blown-flap system

Thrusttakeoff -25% Bleed compressor gases to blown flaps

Table 8:  Comparison of effects from baseline for all evolutionary LRWB concepts.

Parameter  1A  1B  2  3  4  5

Takeoff Weight -12% -15% -10% -17% -9% -10%

Rate-of-climb +28% +45% +30% +57% +10% +23%

L/Dcruise +13% +22% +15% +34% +8% +9%

Weightfuel -16% -23% -17% -30% -11% -12%

Takeoff Distance -25% -70% -38% -36% -22% -40%

Rotation Speed  -- -50% -50%  --  -- -50%

Landing Distance -1% -80% -80%  --  -- -84%

Approach Speed  -- -50% -36% +2% +9% -50%

Life Cycle Cost -6% -7% -4% -8% -4% -5%



91

Blended Wing Body Evolutionary Concepts

BWB Concept No. 1

The first evolutionary BWB concept (Figure 10) utilizes a Goldschmeid airfoil concept for its cen-
terbody section and LFC powered by winglet-mounted tip turbines to provide large decreases in parasite
drag.  Additionally, the concept employs thrust vectoring for control and trim drag reductions.  The
analysis inputs for this concept are given in Table 9 and the results for both BWB evolutionary concepts
are provided for comparison in Table 11.

BWB Concept No. 2

The second BWB concept (Figure 11) again uses winglet-mounted tip turbines to power a LFC
system for the wing but includes a blown flap system for increased takeoff and landing performance.
Additionally, the concept employs thrust vectoring for control and trim drag reductions.  Analysis inputs
are provided in Table 10 and the results are shown in Table 11.

Table 9: Effect of SnAPII technology incorporation for BWB 1.

Parameter
Assumed

Effect
Attributed to

CD,o -50% Implementation of LFC wing and Goldschmeid concept on
fuselage

CD -1% CD,trim reduction due to implementation of thrust-vectoring
control

Weightempty +2% Weight increase equivalent to doubling of nacelle and air-
conditioning weights to account for thrust vectoring and
LFC implementation, respectively

Machcruise -12% Mach number reduction is required due to extremely thick
centerbody, however this also allows a reduction in wing
sweep

Table 10: Effect of SnAPII technology incorporation for BWB 2.

Parameter
Assumed

Effect
Attributed to

CD,o -25% Implementation of LFC wing

CD -1% CD,trim reduction due to implementation of thrust-vectoring
control

Weightempty +2% Weight increase equivalent to doubling of nacelle and air
conditioning weights to account for thrust vectoring and
LFC implementation, respectively

CL,max ~+5% Internally blown flap system

Thrusttakeoff -25% Bleed compressor gases to blown flaps
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It is important to note that the BWB already includes many SnAPII and other advanced technolo-
gies.  The BWB is a highly integrated configuration which makes the addition of features (or technolo-
gies) more difficult to integrate and synergistically exploit.  However, as the results in Table 11
demonstrate, there is considerable potential for the inclusion of SnAPII technologies within the palette
of design alternatives to return impressive benefits relative to more traditional design approaches.

Summary

The results of this simplified analysis indicate that considerable progress towards NASA's aeronau-
tics goals in global civil aviation may be achieved through the use of SnAPII technologies.  This obser-
vation is more true for conventional configurations due to their relatively low levels of configuration
and technology integration than it is for BWB configurations due to their inherently high levels of inte-
gration and resulting technological synergy.  Including SnAPII technologies in the set of design technol-
ogies traditionally pursued in NASA system studies will allow further leveraging of both technology
sets.  With the additional use of those advanced technologies currently available due to NASA research
(such as composites, improved engines, and advanced operational procedures), the impact on the aero-
nautics goals could well be dramatic.
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Table 11: Comparison of effects from baseline for all evolutionary BWB concepts.

Parameter  1  2

Takeoff Weight -18% -9%

Rate-of-climb +38% +20%

L/Dcruise +60% +26%

Weightfuel -44% -23%

Takeoff Distance -41% -29%

Rotation Speed  -- -50%

Landing Distance +30% -68%

Approach Speed  -- -50%

Life Cycle Cost -8% -4%



93

Figure 1. Baseline current-technology, long-range conventional widebody aircraft.

Figure 2. Baseline current-technology, aluminum construction Blended Wing Body aircraft.



94

where: ct thrust specific fuel consumption (lb/lb/sec)
CL lift coefficient
CL,max miximum lift coefficient
CD drag coefficient
D drag force (lb)
g acceleration due to gravity (ft/sec2)
L lift force (lb)
R/C rate of climb (ft/sec)
R range (ft)
s field length (ft)
S reference wing area (ft2)
T thrust (lb)
V velocity (ft/sec)
W aircraft gross weight (lb)

coefficient of rolling friction
air density (slugs/ft3)

with subscripts: L landing
TO takeoff
0 start of cruise
1 end of cruise

freestream conditions

Figure 3. Performance analysis equations used in this study.
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Figure 4. Long-range wide-body aircraft concept 1A.

Figure 5. Long-range wide-body aircraft concept 1B.
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Figure 6. Long-range wide-body aircraft concept 2.

Figure 7. Long-range wide-body aircraft concept 3.
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Figure 8. Long-range wide-body aircraft concept 4.

Figure 9. Long-range wide-body aircraft concept 5.
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Figure 10. Blended wing-body concept No. 1.

Figure 11. Blended wing-body concept No. 2.
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Revolutionary Vehicle Concepts Utilizing SnAPII Technologies

The intent of this section is to exploit SnAPII technologies and other expected advances that may be
available in approximately 20 years in order to develop ideas for future airplane concepts.  There were
no specific guidelines or constraints imposed on developing these concepts; members were free to think
as far “out of the box” as they could.  There is no detailed analyses of these concepts; the idea was to
perform concept definitions using the knowledge presented in Technology Reviews and Evolutionary
Vehicle Concepts sections of this document. Without question, these concepts require thorough systems
analyses to determine their actual viability.

In order to facilitate a discussion of the relative benefits of each concept, a rating system was devel-
oped that attempts to relate its impact to the five goals described within Pillar One of the Aeronautics
and Space Transportation Technology Three Pillars of Success.  These five goals are to increase safety,
reduce emissions, reduced noise, increase capacity, and improve affordability.  For each of these goals,
the following rating system was used:

+2 Concept has adefinite positive impact on this goal

+1 Concept has aperceived positive impact on this goal

0 Concept has ano impact on this goal

-1 Concept has aperceived negative impact on this goal

-2 Concept has adefinite negative impact on this goal

For each of the concepts, a basic description of the concept (mission, size, etc.,) will be presented.
This will include the SnAPII technologies that will be employed, any other unique or significant fea-
tures, and a ratings assessment based on the criteria established above.

Blended, Forward-Swept-Wing Body (BFSWB) Concept

The Blended, Forward-Swept-Wing Body (BFSWB) concept (figures 1 and 2) is a long-range tran-
sonic commercial passenger/cargo transport.  As drawn, the concept is an 800-passenger, 7000 nautical
mile range aircraft.  Passengers are seated in a two-deck, three-class arrangement within the centerbody,
cargo is outboard of the passengers, and fuel is in the wing.

Several SnAPII features are incorporated in this design.  A circulation-controlled wing (CCW)
powered by an auxiliary power unit is used to provide high CL at takeoff and landing.  The BWB in all
of its permutations has low wing loading, so the CCW would enable very short takeoff runs and landing
rollouts, relative to other very large subsonic transports.  The three aft-mounted high-bypass ratio turbo-
fan (or advanced ducted prop) engines incorporate boundary layer ingestion  (trades increased specific
fuel consumption, known as sfc, for reduced drag), thrust vectoring and reversing (allows simpler con-
trols and less systems power consumption, plus reversing works synergistically with CCW for reduced
field length requirements), and smart inlet and nozzle technology (reduced weight, noise and sfc).  Lam-
inar flow control, both natural and active, can be utilized on this configuration.

A summary of the ratings for this concept against the five aeronautical goals is provided below.

to Increase
Safety

to Reduce
Emissions

to Reduce
Noise

to Increase
Capacity

to Improve
Affordability

+2 +1 +2 +2 +2

NOTE:  Ratings range from +2 (definite positive impact) to -2 (definite negative impact).
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Safety.The BFSWB has some inherent safety features.  Debris from an uncontained disk failure in
the aft-mounted engines cannot penetrate the pressure vessel, the main wing structure, or the fuel tanks.
In addition, staggering the engines helps guard against engine fratricide.  Careful integration of the for-
ward-swept design may yield a statically stable configuration with more center-of-gravity range than an
aft-swept BWB.  The thrust vectoring system provides an inherent propulsion-controlled aircraft (PCA),
with normal control surfaces as backup.  Note that although the escape paths are short, passenger egress
may be a safety issue for some situations on all BWB configurations

Emissions.The clean design (tailless, minimal wetted area per passenger) requires fewer and
smaller engines than equivalent technology conventional configurations.  Performance improvements
from the CCW, laminar flow, and smart inlets/nozzles will reduce emissions from first and second-
order sizing effects.

Noise.The upper surface inlets on the BWB designs provide a large decrease in perceived forward-
radiated noise, since the centerbody acts as a large shield.  Smaller engines, fewer/smaller control sur-
faces, high takeoff/landing CL, and smart inlet/nozzles will all reduce the community noise impact.

Capacity.The BFSWB, as previously noted, is an 800-passenger concept.  It will require half as
many airport operations as today's largest aircraft (747-400) to move the same number of passengers.
The low wing loading of this design will also reduce the wingtip vortex strength, allowing less in-trail
spacing between aircraft.

Affordability. Affordability correlates almost directly with weight.  All of the SnAPII technologies
work in harmony to improve performance (yielding a smaller, lighter aircraft for the same mission) and/
or directly decrease weight.  The large size of the BFSWB also helps with affordability, since more rev-
enue passenger miles are generated per pound (both of fuel burned and aircraft purchased/maintained).
The concept itself also yields affordability improvements through advanced manufacturing processes
(e.g., unhanded parts, in-place assembly).

Distributed Engine Regional STOL (DERS) Concept

The Distributed Engine Regional Short-TakeOff and Landing (DERS) Concept (figures 3 and 4) is
short-to medium range (500-1500 miles) transport capable of carrying 100-200 passengers. The DERS
concept incorporates very revolutionary and interesting technologies. Passengers are seated in a two-
class arrangements. The fuselage utilizes structurally integrated transparent composite fuselage panels
for the viewing pleasure of the passengers. The first class cabin is a full-view section. The operator sec-
tion with synthetic vision is located in the aft section of the aircraft. The airplane has no tails and
employs an array of mini-engines integrated with the wing allowing tailoring of lift distribution,
increased redundancy and providing low-speed lift augmentation for short takeoff and landing field per-
formance. These low diameter engine components produced mostly high frequency noise that is
actively controlled at the engines inlet and nozzle through the use of “smart materials”. These new-gen-
eration materials have shape changing capability and they will be used in the wing's leading and trailing
edges to provide roll control and to tailor off-design performance to flight condition.

The DERS concept utilizes some SnAPII technologies. The tail engine uses the boundary layer
ingestion inlet. In addition this tail engine is really another array of mini-engines integrated with the
inlet/nozzle deflectors to produce a coanda effect for augmented thrust vectoring.
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An assessment of the Distributed Engine Regional Short-TakeOff and Landing concept with respect
to the five goals is contained in the following table.

Safety.The use of mini-engines distributed along the wing and in the tail engine section increase
redundancy in case of engine failure. Load distribution tailoring, enabled by the use of a very high
aspect ratio wing in conjunction with propulsion optimization with use of smart materials, produce alle-
viation of gust load/flutter problems to the structure of the wing.

Emissions.A mild negative impact to emission is assumed due to the reduced efficiency of the
small scaled engines utilized in these concepts.

Noise.The elimination of flap/slats systems will greatly contribute to reduction in noise during
landing and take-off operations. However, additional high frequency noise may be present, due to the
additive nature of the noise from the individual jet engines.

Capacity.The efficient arrangement of passengers with the utilization of transparent composite
fuselage panels contributes to an increased capacity. The full integration of the propulsive system for
tailoring of off-design performance to flight condition contributes to more capacity because passenger
revenue per mile will undoubtedly increase.

Affordability. The use of small interchangeable engines will reduce the operating cost and time
delays due to  mechanical problems at airports. Utilization of smart materials reduce weight because of
the elimination of complex and heavy mechanical systems such as flaps/slats. In additions these mate-
rial are light-weight so that overall empty weight of the aircraft will be reduced. Manufacturing savings
will be realized because the outboard wing will be a constant symmetric section enabling extrusion
manufacturing techniques.

Goldschmied Blended Joined Wing (GBJW) Concept

A blended-wing-body, joined with an aft-mounted forward-swept-wing, forms a blended-joined
wing and is the basic concept for this large capacity, transonic transport.  It will have winglets and three
engines but no tail.  Two engines are mounted aft and a third is associated with the Goldschmied suction
blowing system.  See figures 5 and 6 for a three view of the perspective and configuration, respectively.

SnAPII technologies and other features associated with this configuration are listed here.  A Gold-
schmied suction-blowing system will be utilized for the promotion of laminar boundary layer over the
thick part of the configuration. This will be needed over the top part of the wing.  Circulation control
over the slender portions of the wings, smart inlet/nozzle shaping for the engines, and propulsion con-
trol of the aircraft are also used.

The configuration should allow for easy egress, minimize tip vortices, and a minimization of unique
wing parts through proper attention to the design and manufacturing process details.

to Increase
Safety

to Reduce
Emissions

to Reduce
Noise

to Increase
Capacity

to Improve
Affordability

+2 -1 +1 +2 +2

NOTE:  Ratings range from +2 (definite positive impact) to -2 (definite negative impact).



102

An assessment of the Goldschmied Blended Joined Wing concept with respect to the five goals is
contained in the following table.

The justifications of the ratings in the table are as follows:

Safety.Thrust vectoring, coupled with propulsion control of the aircraft, and easy egress from vehi-
cle should enhance its safety of operation, even during times of an engine failure and crash landing.
Moreover, with all engines located aft, the passengers should be better protected from engine blade fail-
ure.

Emissions.The reduction from four engines to two on the wing and one to provide for the suction/
blowing system will lead to an aircraft with fewer emissions.

Noise.The reduction from four engines to two on the wing and one to provide for the suction/blow-
ing system will lead to a quieter aircraft.  Also, circulation control -- driven by the third engine --  will
allow the aircraft to get higher faster during take-off and remain higher longer during landing, thereby
reducing community noise.  Moreover, the airframe noise should be reduced since most of it will have
laminar flow.

Capacity.Due to the thrust vectoring, circulation control, along with reduced tip vortices, the air-
craft should be able to get in and out of the airports more quickly.  Moreover, during the take-off or
landing portions the circulation control and thrust vectoring can be used to accommodate the trailing
vortex systems from other aircraft.

Affordability. Reductions in the number of engines and the use of more common parts for the wings
will lead to a reduction in cost of manufacture.  Moreover, the use of laminar flow over most of the
wings should reduce the direct operating costs.

Modified Chaplin V-Wing (MCVW) Concept

The basic concept is a modification to the Chaplin V-wing [ref. 1] and is envisioned as a replace-
ment for the B-757/767 class of transonic transports.  A conceptual three-view layout along with a per-
spective sketch are presented in figures 7 and 8.  Note that the passengers sit in the wing, as shown in
figure 9.  As shown, the concept will have winglets and three engines but no horizontal tail.  The
engines are located in the root region.  Pitch control is through thrust vectoring of these engines and
directable, distributed trailing-edge blowing, also shown in figure 9.  Lateral control is through the rud-
ders on the winglets and differential vectoring/blowing.

SnAPII technologies and other features associated with this configuration are listed here.  A Gold-
schmied suction-blowing system will be utilized for the promotion of a laminar boundary layer over the
center part of the configuration coupled with boundary layer ingestion for the restarted boundary layer.
Smart inlet/nozzle shaping for the engines, including thrust vectoring, and tip turbines are to be used.
The latter are employed as an energy source for boundary-layer suction and promotion of significant
laminar flow on the main wings.  The flow removed will be used to provide positive static thrust along
the wing trailing edge, a la Goldschmied.

to Increase
Safety

to Reduce
Emissions

to Reduce
Noise

to Increase
Capacity

to Improve
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The configuration should minimize tip vortices, as well as minimize unique wing parts through
proper attention to the design and manufacturing process details.  In particular, many wing sections may
be similar provided the twist associated with the wing can be properly taken into account.

An assessment of the Modified Chaplin V-Wing concept with respect to the five goals is contained
in the following table.

The justifications of the ratings in the table are as follows

Safety.Three engines instead of two should be a plus but this aircraft may have unusual flying char-
acteristics; plus it has such a small rotation angle that thrust vectoring will be required for takeoff and
landing.

Emissions.Reductions in drag due to improved boundary-layer flow will lead to a reduction in
emissions.  This is possible because during cruise the tip-turbine powered  suction/blowing system will
provide sufficient net static thrust so that the three main engines can be throttled back and yet have the
aircraft maintain its design Mach number. Less required jet thrust means fewer produced emissions.

Noise.The sources of noise are the use of three engines instead of two, small rotation angle, and the
tip turbines.  Noise reduction comes from much laminar flow over the airframe and through the use of
thrust vectoring.  The net effect is for no change in noise level.

Capacity.Due to the thrust vectoring and minimizing trailing vortices, the aircraft should be able to
get out of the airports more quickly once airborne.  Landing could be accomplished by maintaining
cruise altitude until just prior to the airport, then with thrust vectoring maintain attitude through a con-
trolled stall ending at the beginning of runway in a low attitude flair; also know as ATOPS.

Affordability. The use of more common parts for the wings will lead to a reduction in cost of manu-
facture.  Moreover, the use of laminar flow over most of the wings should reduce the direct operating
costs.

Reference.

1.  Chaplin, Harvey R.:  “Application of Very Thick BLC Airfoils to a Flying Wing Type Transport Aircraft”.  SAE Tech. Pap.
Ser. No. 901992, Oct. 1990.

SnAPII Civil Tilt-Rotor Concept at 2025 (SC2025)

The SnAPII Civil Tilt Rotor (SC2025) concept (figures 10 and 11) is a regional commercial trans-
port concept that could be configured to seat from 30 to 60 passengers.  As with current civil tilt rotor
(CTR) concepts, the design is intended to increase passenger utility of air travel through increased
access.  This is accomplished by the ability to takeoff and land vertically and hover for extended periods
of time, allowing the vehicle to access locations that are not equipped with runways.  This capability
enables point-to-point transportation, high-speed transportation to constrained locations such as down-
town areas of major cities, off-loads capacity from major airports, and makes more efficient use of pas-
senger time.
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The key technology requirement for the SC2025 is the accelerated development of mini-turbine
engine technology beyond the current cruise missile engines and Williams FJX turbofan.  Engines that
measure inches in fan diameter are envisioned that can be mass produced in large quantities and take
advantage of advanced manufacturing technology and automation.  The engines are conceptualized to
be relatively standard such that thrust requirements can be met by adjusting the number of engines inte-
grated with the configuration rather than developing new engines for varying thrust requirements.  Due
to high-rate mass production and standardization, the engines could potentially be very inexpensive
($100's) and therefore easily replaced, remanufactured, and recycled.

The mini-turbines are integrated with the SC2025 rotor blades to provide a powered-lift/augmented
thrust blade capable of unprecedented disk loading and control.  If engines are positioned across the
rotor blades with inlets and nozzles that span the entire upper surface, they can be used to create a super-
circulation effect at low-incident blade speeds.  This effect is due to the acceleration of the flow over the
blade upper surface into the engines and the ejection of engine exhaust at speeds that would normally be
greater than blade trailing-edge flow speeds.  The supercirculation effect will also “vector” the thrust
flow with the streamlines creating additional lifting forces.  For a range of blade speeds the blade may
be inseparable, creating a situation allowing extremely high lift coefficients and very low blade rotation
rates.  This capability allows for smaller and lighter rotor blades for a given takeoff gross weight vehi-
cle.  The use of on-rotor engines eliminates the need for a rotor drive system and gearing because the
engine thrust provides rotational energy.  The use of multiple engines engenders redundancy and elimi-
nates the nominal CTR requirement of cross-shafting mechanisms to account for engine-out perfor-
mance.  If active control of the engines is used, the blade lift distribution may be tailored for specific
blade efficiencies.  This capability may be traded-off against rotor noise reductions accomplished
through the hyperacceleration of the tip vortex flows using the mini-turbine nearest the tip.  Aircraft
morphing technologies such as shape memory alloys may be used to selectively and “intelligently”
shape blade leading and trailing edges as well as inlet and nozzles for on- and off-design conditions,
enabling increased engine efficiency and blade aerodynamics as well as to allow simplifications in man-
ufacturing design.  The combined usage of morphing technologies and on-demand blade-lift distribution
tailoring provides the opportunity for mechanism-less cyclic and collective control while in helicopter
mode. The same effects used to provide powered lift from the rotor blades for helicopter mode are avail-
able to provide augmented thrust as the rotors tilt forward to airplane mode. Overall, these affects may
significantly decrease the empty weight and both airframe and maintenance cost of the vehicle as well
as increase the combined propulsive-aerodynamic efficiency to reduce fuel requirements.

Other SnAPII technologies used on the SC2025 concept are included in the aft-fuselage nacelle.
This nacelle contains additional mini-turbines that ingest the fuselage boundary layer for drag reduction,
utilize morphing nozzle features and tailored distribution of thrust to effectively provide “thrust vector-
ing” control and eliminate the requirement for a tail.  This nacelle is extremely bluntly shaped, using
morphing technologies such as synthetic jets and on-demand vortex generation to provide separation
control both internally to reduce duct losses and externally to reduce profile drag.  The use of these tech-
nologies has the potential to further increase the propulsive-aerodynamic efficiency of the airframe and
lower both the empty weight and overall cost.

An alternative implementation of these technologies is depicted in figures 12 and 13.  The integra-
tion is identical to the previously described concept except that, while in airplane mode, the rotor blades
will rotate into the flow (feather), placing the rotor-mounted engines directly in the desired thrust line.
This eliminates the need to use the rotors as propellers for airplane mode and instead relies on unaug-
mented engine thrust alone to power the vehicle.
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A summary of the ratings, which are the same for this concept and the alternative concept, against
the five aeronautics goals is shown below.

Safety.The SC2025 enjoys much higher propulsive redundancy than any state-of-the-art vehicle
due to its multitude of mini-turbine engines.  This provision eliminates requirements for cross-shafting
or autorotation descent.  Additionally, the thrust-vectoring control both in helicopter and airplane mode
may provide a much greater degree of maneuverability than currently possible.

Emissions.The SC2025 will likely be more fuel efficient than both contemporary helicopters and
CTRs through its superior performance.  However, it is not evident that the mini-turbines can achieve a
similar level of emissions reductions, on a per pound of thrust basis, as is forecast for larger high-bypass
ratio turbofans.  These effects may well cancel each other out.

Noise.Lower blade tip speeds during takeoff and landing operations combined with the possible
dispersion of the tip vortex due to the hyperacceleration of the tip flow with a mini-turbine may possibly
result in a significant noise reduction of the SC2025 compared to contemporary helicopters, regional
airplanes, and the CTR. However, additional high frequency noise may be present, due to the additive
nature of the noise from the individual jet engines.

Capacity.The SC2025 is not perceived to offer greater capacity increases than those forecast to be
enabled by the (baseline scenario) introduction of the CTR during the next twenty years.

Affordability. It is perceived that engine life cycle costs may be significantly reduced using stan-
dardized, mass produced, and inexpensive mini-turbines.  The removal of the power train, cross-shaft-
ing requirement, and empennage and the increased propulsive-aerodynamic efficiency should combine
to achieve significant reductions in both airframe size/weight and fuel requirements resulting in consid-
erable airframe-related life cycle cost reductions.

SnAPII Twin Fuselage (STF) Concept

The SnAPII Twin Fuselage (STF) concept is a transonic commercial passenger and/or cargo trans-
port that could be used for regional hub, transcontinental, and trans-oceanic flights.  This concept is
shown in a perspective rendering (figure 14) and a three-view orthographic drawing (figure 15)  The
pilot would be located in the nose of one of the fuselages, and first-class seating would occupy the nose
of the other.

This concept utilizes many SnAPII and aerodynamic features.  The twin fuselages would be sepa-
rated by a circulation-controlled wing (CCW).  This CCW, powered by an auxiliary power unit, would
provide high CL at takeoff and landing when employed and would morph and/or actuate into a wing
cross section that provides better performance at cruise conditions.  A sketch of the CCW cross section
showing areas that could be altered is presented in figure 16.  The leading and trailing edges of the rela-
tively blunt CCW wing would be conformed with a more efficient cruise shape, and the circulation con-
trol slot on the upper surface would be closed.  The STF concept would include two tail-mounted
engines, one at the end of each fuselage.  These engines would take advantage of fuselage boundary-
layer ingestion, smart inlet and nozzle technology, and thrust vectoring/reversing for both performance
enhancement and configuration control.  Finally, wing tip turbines would be mounted on the high aspect
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ratio outer wings to provide a vortex wake hazard reduction at takeoff and landing, as well as an energy
generation device that would be used to power the suction boundary-layer laminar-flow control on the
outer portions of the wing.  Minimal flaps are incorporated and are utilized primarily for backup control
following an engine out.

A summary of the ratings for this concept against the five aeronautics goals is provided below, fol-
lowed by justification describing each rating for the STF concept.

Safety.The STF incorporates many features that increase safety, including wing-tip turbines that
provide vortex wake hazard reduction during takeoff and landing, the main engines are located far away
from passengers, the fuselages allow for plenty of egress routes in the event of an emergency.

Emissions.The STF concept may require smaller engines due to aerodynamic performance
improvements (no vertical tails, deployable/morphing CCW, high AR wings with laminar flow) and the
use of smart inlets and nozzles, thus possesses a perceived positive impact.

Noise.The noise generated by the STF concept would be less due to smaller engines (see above),
shielded inlets, engine placement in the back, fewer and smaller flaps, and high CL at takeoff and land-
ing. The high CL at low speeds will allow quicker climbout and descent in order to reduce community
noise.

Capacity.The capacity of this concept would definitely be increased because of the use of twin fuse-
lages, single- and/or dual-gate ingress and egress, and tip vortex hazard reduction that would increase
airport throughput

Affordability. This concept improves affordability by utilizing existing technology enhancements,
using the propulsion system to control the aircraft (thrust vectoring), and using extruded CCW parts to
reduce manufacturing costs.

An alternative twin-fuselage concept called the Inboard Wing is shown in figures 17 and 18.  This
concept trades the aspect ratio provided by the outer wing panels for a reduction in induced drag.  The
fuselages act as endplates for the wide-chord wing between them (hence the name), and working in con-
junction with the canted tails, greatly reduce the wing tip vortices.  The tails are canted inboard and
actually produce thrust due to their interaction with the weak wing vortex that does remain.  Compared
with the “standard” twin fuselage design, the Inboard Wing should have enhanced safety and capacity
metrics due to negligible wing tip vortices and improved affordability due to reduced drag.  Other twin
fuselage concepts include replacing the outboard wing panels with a C-wing for increased span effi-
ciency, or possibly an Inboard Wing biplane that uses a forward and an aft wing between the fuselages
for increased lifting force and/or center-of-gravity margins.  Ratings are the same as for the standard
twin fuselage concept.

Trans-Oceanic Air-Train (TOAT)

The Trans-Oceanic Air Train (TOAT) is a vehicle system concept (figures 19 and 20) designed for
long range transport of large quantities of cargo.  The system design is optimized for low cost opera-
tional procedures, high volume, minimal infrastructure requirements, and easy on/off loading of stan-
dard 8x8x20 foot shipping containers.  The vehicle system consists of two distinct vehicle designs
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which use advanced technology to make the in-flight, wing tip-to-wing tip connection which enables the
system's superior long range performance.

The TOAT system concepts of two unique vehicle designs, the Lead and the Mule.  Each Mule
vehicle will rendezvous with the Lead vehicle and connect to either the Lead or another Mule to form
the cruise configuration.  The cruise configuration is a low transonic Mach number, high aspect ratio,
span-loaded design intended for extremely fuel efficient flight and low structural running loads.  The
range of the cruise configuration is dictated by the both the fuel carrying capacity of the Lead vehicle
and the number of Mule vehicles being ferried because the majority of the fuel volume is contained
within the Lead vehicle.  To adjust range, one simply adds or subtracts Mule vehicles as appropriate
within the limits of the Lead vehicle's fuel capacity.  Tanker versions of the Mule vehicles could be
developed to enable extremely high-capacity, longer range versions of the system.

The Mule aircraft is a simple zero sweep, high thickness-to-chord ratio, unitary taper flying wing.  It
is intended to be uninhabited and capable of carrying significant numbers of the standardized 8x8x20
shipping containers currently used by the trucking/ocean-freight shipping industry.  The zero sweep
design allows for straight one-end loading and opposite-end unloading of cargo for excellent turn-
around time operations.  Due to its simple configuration, loading ramps and equipment could easily be
integrated with the vehicle.  The Mule would be powered by Advanced Ducted Propfans (ADPs)
mounted on pylon structures incorporating shape change, “morphing” technology.  The adjustability of
these pylons will enable high side-to-side thrust “vectoring” with the ADPs during high sideslip in-
flight connection procedures and precise maneuverability and trim control.  In addition, the Mule design
will incorporate morphing technology for leading edge and trailing edge shape adjustments for high-lift,
trim control, roll maneuvering, and lift distribution tailoring.

The connection mechanisms may be made from “morphing” derived “inch worm” devices for high-
speed, high-precision actuation and to provide aerodynamic seals at the connection point between
Mules.  The vehicles will also benefit from the use of engine-powered pneumatic control in the form of
wing-tip blowing for precise maneuvers and suction for connection seals.  Each Mule conceptually car-
ries only enough fuel to provide takeoff, formation rendezvous, connection procedures, abort to alter-
nate airstrip, and landing operations.  The fuel for cruise flight, the crew, and the command, control and
communications functions are all provided via the Lead vehicle.  Each Mule will carry only enough
onboard sensors to provide necessary operating data to the Lead for functional analysis and control and
to allow autonomous flight following an aborted connection or in-flight failure.

A summary of the ratings for this concept against the five aeronautics goals is shown below.

Safety.There are obvious questions and concerns over the adequacy of actively controlled connec-
tion mechanism, close-in high-sideslip flight, fault tolerant structures, etc.  It is perceived that advances
in localized smart structures, parallel computational processing, sensor design, and artificial intelligence
may be able to overcome these technical challenges.  Finally, it is not apparent at this time whether pol-
itics would allow populated area overflight of these large RPVs unless military usage of RPVs and unin-
habited aircraft proves successful.

Emissions.The TOAT system should enjoy outstanding aerodynamic performance due its span-
loaded, high aspect ratio cruise configuration and moderate cruise Mach number.  The use of ultra-high
bypass ratio ADPs should generate very efficient levels of specific fuel consumption.  Combined, these
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two effects should realize a dramatic reduction in aircraft emissions on a per pound of cargo per revenue
mile basis.

Noise.The TOAT vehicles will require very high levels of takeoff thrust due to their equally high
takeoff gross weights.  The engines will likely be sized to this criterion (assuming typical field lengths)
and will produce high levels of effective perceivable noise level (EPNL).  For landing operations, the
nominal wing loading will possibly produce reasonable performance though the number of landing
gears may become significant noise sources.  Overall, the noise performance for these vehicles is not
likely to be superior to the current state-of-the-art primarily due to configurational effects.

Capacity.On a ton equivalent unit (TEU) basis per airport flight operation, the TOAT system is
capable of carrying far more cargo than current freighters.  The system is also capable of extremely
rapid turn-around due to its load-on/load-off of standard containers and parallel processing of Mule
vehicle capabilities.

Affordability. The general layout of the Mule vehicles is intended to promote exceptional affordabil-
ity for manufacturing through constant-cross sections, straight lines, part commonality, and standard
configuration regardless of payload and range capacity.  The fuel efficiency of the cruise configuration
should be considerably greater than current aircraft due in part to spanloader structural efficiency, high
aspect ratio aerodynamics, tailless design, and the propulsive efficiency of the ADPs.  Finally, life cycle
cost would be impacted in a dramatic fashion due to very efficient operating procedures, minimal use of
flight crew, and large cargo capacity.

Summary

The out-of-the-box, blue-skies brainstorming exercise to create potential concepts that would utilize
SnAPII technology resulted in seven distinct concepts and at least two other alternatives.  A ratings
summary of all of the concepts follows.  Remember that the ratings denote the committee’s perception
of the relative impact that the concept would make in the goals listed along the top of the column.
While detailed aircraft systems analysis is required on every concept, it is important to note that the con-
clusion from this effort is that the potential truly exists for exploitation of synergistic interactions
between the airframe and propulsion systems.

Concept
to Increase
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to Increase
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to Improve
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BFSWB +2 +1 +2 +2 +2

DERS +2 -1 +1 +2 +2

GBJW +2 +1 +2 +2 +2

Modified Chaplin V-wing 0 +1 0 +1 +1

SC2025 +1 0 +1 0 +2

SC2025, Version 2 +1 0 +1 0 +2

STF +2 +1 +2 +2 +2

STF, Version 2 +2 +1 +2 +2 +2

TOAT 0 +2 0 +2 +2

NOTE:  Ratings range from +2 (definite positive impact) to -2 (definite negative impact).
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Figure 1. Blended, forward-swept-wing body concept perspective drawing.

Figure 2. Blended, forward-swept-wing body concept orthographic three-view drawing.
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Figure 3. Distributed engine regional STOL concept perspective drawing.

Figure 4. Distributed engine regional STOL concept three-view orthographic drawing.
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Figure 5. Goldschmied blended joined wing concept perspective drawing.

Figure 6. Goldschmied blended joined wing concept three-view orthographic drawing.
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Figure 7. Modified Chaplin V-wing concept perspective drawing.

Figure 8. Modified Chaplin V-wing concept three-view orthographic drawing.

B

B

A

A

Thrust-vector control

Goldschmied wing and
   suction-blowing system

Laminar flow control

Wing-tip turbines for
   laminar flow control
   energy source



113

Figure 9. Cross-section details of the Modified Chaplin V-wing concept. (See fig. 8 for section lines.)
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Figure 10. SnAPII civil tilt-rotor concept at 2025, version 1 perspective drawing.

Figure 11. SnAPII civil tilt-rotor concept at 2025, version 1 three-view orthographic drawing.
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Figure 12. SnAPII civil tilt-rotor concept at 2025, version 2 perspective drawing.

Figure 13. SnAPII civil tilt-rotor concept at 2025, version 2 three-view orthographic drawing.

Same features as Version 1, 
   except that blades are inclined 
   to provide thrust during cruise



116

Figure 14. SnAPII twin fuselage concept, version 1 perspective drawing

Figure 15. SnAPII twin fuselage concept, version 1 three-view orthographic drawing.
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Figure 16. Circulation-control wing cross section showing areas that could be altered.
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Figure 17. SnAPII twin fuselage concept, version 2 perspective drawing.

Figure 18. SnAPII twin fuselage concept, version 2 three-view orthographic drawing.
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Figure 19. Trans-oceanic air-train concept perspective drawing.

Figure 20. Trans-oceanic air-train concept three-view orthographic drawing.
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Summary

This document has served to identify airframe/propulsion technologies and how beneficial interac-
tions and integrations can result in synergistic effects.  A host of technologies have been documented
that use the additional energy added to the airplane system via the combustion of fuel (stored chemical
energy) in the propulsion system and used in a way that provides for beneficial airframe-propulsion
interactions.  Other technologies that use more passive methods of extracting energy, such as wing-tip
turbines, have also been documented.  It is the intent of this paper to unbound the typical constraints
imposed on basic performance metrics, such as high lift, cruise efficiency, and maneuver, by exploiting
these technologies in a synergistic way.  The documentation for each of these technologies includes a
brief description of the concepts, current and/or past utilization, technology benefits, and issues for
incorporating them into aircraft design.

Exploiting these propulsion/airframe integration technologies at lower speeds may lead to more
efficient aircraft and/or entirely new vehicle concepts.  The second part of the document addressed this
in two ways.  First, a synergistic application of these technologies was applied to existing aircraft con-
cepts, one conventional (like the Boeing 777) and one unconventional (the Blended Wing-Body).  Engi-
neering estimates were then derived to provide some measure of the potential improvements by using
these synergistic technologies.

Following this, an unconstrained design approach was applied using these technologies, resulting in
a number of potential aircraft concepts.  These concepts were weighed against the five goals of NASA’s
first pillar for aeronautics and space transportation success:  “for U. S. leadership in the global aircraft
market through safer, cleaner, quieter, and more affordable air travel.”  No detailed analyses were per-
formed on these concepts; the intent was to create concepts definitions using the knowledge gained in
the previous parts of the paper and the synergistic use of these technologies.

Recommendations

The following recommendations are made to continue the work initiated in this document:

(1) Based upon the evaluation presented herein of the potential benefits of applying SnAPII tech-
nologies in achieving the Agency's aeronautics goals, we recommend that system studies be initiated to
independently assess our findings and perhaps provide the basis for future research in the SnAPII arena
to be incorporated into new and existing programs. Those concepts that successfully pass the systems
analyses could also be reasonable candidates for small-scale flight testing.

(2) Not withstanding recommendation number one, it is recommend that all future systems studies
in aeronautics consider the application of SnAPII technologies (identified in the first part of this paper),
in addition to the technologies currently funded in the aeronautics program for the evaluation of system
benefits. This is an appropriate time to re-look at these with advancements in such areas as computa-
tional fluid dynamics, materials, manufacturing, as well as new methods to further optimize these tech-
nologies.  Furthermore, many of these technologies have been adequately tested in wind tunnel settings,
but lack flight test verification.  Remotely-piloted small-scale flight testing could conceivably be uti-
lized to provide data for these technologies in a flight airframe system to reduce risk and bring them to a
higher level of application readiness.

(3) The idea of investigating a combined propulsion/airframe design using a minimum entropy
production method may be a good analytical approach, complementing the systems analyses and exper-
imental studies, to exploiting SnAPII technologies.  Presently, this method has been applied to only
aerodynamic drag-reduction problems, but extending this to SnAPII is a next logical step.
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(with limited exceptions) and that could be utilized in a synergistic manner. Then these technologies, either alone
or in combination, are applied to both a conventional twin-engine transonic transport and to an unconventional
transport, the Blended Wing Body. Lastly, combinations of these technologies are applied to configuration concepts
to assess the possibilities of success relative to five of the ten NASA aeronautics goals. These assessments are sub-
jective, but they point the way in which the applied technologies could work together for some break-through ben-
efits.

Synergistic Airframe-Propulsion Interactions and Integrations (SnAPII),
Propulsion-Airframe Integration (PAI), PAI Technologies, Advanced Concepts,
Evolutionary and Revolutionary Vehicle Concepts
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Alternative Configurations (cont.)

End of Additional Reading


