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Executive Summary

For the second time since its inception, The United States Air Force Scientific Advisory
Board (SAB) published its review of the service’s future needs and present shortcomings in
terms of aircraft technology and mission fulfillment. This year, the SAB identified global
mobility as a key area in which the present Air Force fleet possesses a shortfall. The current
aging transport aircraft in active use lack the performance, availability, and affordability needed
to effectively fly the needed missions of today and tomorrow. In assessing possibilities for new
aircraft systems, the SAB gave top priority to the development of a Global Reach Aircraft, or
GRA. The GRA embodies the SAB’s vision of a large, subsonic transport capable of transporting
150,000 pounds of payload over an unrefueled range of 12,000 nautical miles.

The combination of explosive air passenger growth, shrinking traffic handling capability at
existing airports, and recent financial difficulties in the airline industry have combined to
necessitate the development of a VLT, or Very Large Transport. These first two realities mean an
increase in the number of air passengers, yet fewer air routes and terminal gates to handle the
surge in travel. The third bears with it added pressure on the airlines to maintain affordable ticket
prices while achieving a satisfactory return on their investment. Based on studies performed in
industry and at the NASA Langley Research Center, a VLT aircraft would be an advanced, dual-
deck, 800-passenger subsonic transport capable of affordable operations across 7500 nautical
mile international routes. The large passenger capacity allows for the transportation of more
passengers with fewer aircraft, thereby easing air route congestion and airport crowding. The
VLT’s intended affordability should bring about ticket prices as much as 30% less than those for
the Boeing 747-400, currently the world’s largest passenger aircraft, while yielding sound airline
profits.

As part of a two-year study under contract from the NASA Langley Research Center, the
Aerospace Systems Design Laboratory (ASDL) at the Georgia Institute of Technology is
currently developing the Dual-Mission Large Aircraft concept. A Dual-Mission Large Aircraft,
or DMLA, represents the possibility of a single aircraft capable of fulfilling both the GRA and
VLT roles. The DMLA, by combining the GRA and VLT into a single new aircraft, could
possibly lower the aircraft manufacturer’s production costs through the resulting increase in
production quantity. This translates into lower aircraft acquisition costs, a primary concern for
both the Air Force and commercial airlines.

This report outlines the first steps taken in this study, namely the assessment of technical and
economic feasibility of the DMLA concept. In the course of this project, specialized GRA and
VLT aircraft were sized for their respective missions, using baseline conventional (i.e., lacking
advanced enabling technologies) aircraft models from previous work for the Air Force’s Wright
Laboratory and NASA-Langley. DMLA baseline aircraft were then also developed, by first
sizing the aircraft for the more critical of the two missions and then analyzing the aircraft’s
performance over the other mission. The resulting aircraft performance values were then
compared to assess technical feasibility. Finally, the life-cycle costs of each aircraft (GRA, VLT,



and DMLA) were analyzed to quantify economic feasibility. These steps were applied to both a
two-engine aircraft set, and a four-engine aircraft set.

The GRA configuration used in this study is based on a concept submitted by Lockheed-
Martin in response to the SAB’s study, which ASDL modeled and analyzed. This aircraft design
was a fixed point design leaving little room for adaptation to the VLT mission. From an
aerodynamics point of view, the point design was expanded to a design space through the use of
Response Surface Methodology and Design of Experiments. It was intended that the space
created would capture the VLT requirements and fulfill the aspirations of the DMLA. The
design space was created by extending the fixed geometric characteristics of the current GRA to
a range of values and analyzing the impact on the aerodynamic and system level performance
characteristics. In addition, advanced technologies were infused to the baseline aircraft to create
eight feasible configurations. Each configuration was compared to the baseline and the impact of
adding new technologies was quantified.

The result was a set of sized two-engine and four-engine aircraft configurations for the GRA,
VLT, and DMLA roles. Performance results were obtained from the optimization of the
configurations, as were economics values from the subsequent life-cycle costs analyses. In the
end, successful synthesis and sizing of DMLA aircraft demonstrated technical feasibility of the
concept, and the results of the life-cycle cost analysis showed economic viability as well.
Additionally, the aircraft geometry variables most significantly impacting aircraft performance
were identified and quantified in terms of their effect. The results were used to define a DMLA
geometric design space, and assess the impact of enabling technologies on the DMLA.
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1. Background

Developments in recent years have prompted the Aerospace industry to focus on aspects
other than performance as a means of evaluating an aircraft’s feasibility. Industry must now
consider the risk of new technologies, the affordability of the aircraft, manufacturing of new
materials, etc. Therefore, it is becoming increasingly important that the design methodology
utilized in future systems reflect this new focus. Historically, a sequential and deterministic
approach to design, applying a top-down decomposition systems engineering methodology, was
utilized. Yet, this approach did not account for the manufacturing, scheduling, or economics of
the aircraft. The focus of late has been toward the Integrated Product and Process Development
(IPPD) approach. IPPD promotes the integration of manufacturing processes and affordability to
the aircraft design disciplines. It encourages bringing more knowledge to the conceptual stages,
while maintaining design freedom as the design cycle progresses. As a result, the design space
and budget are not fixed or committed early in the design process.

The Aerospace Systems Design Laboratory (ASDL) has recognized the changing philosophy
in industry and has developed a systematic approach to design. This unique methodology not
only addresses the interdisciplinary interactions of design, but also the integration of design of
manufacturing to support the IPPD environment. This is achieved using Robust Design
Simulation (RDS). ASDL was founded in 1992 to support activities in this area. Since that time,
ASDL has promoted and further enhanced the concept of the IPPD approach to design. Even
though the RDS method encompasses the design disciplines, such as aerodynamics, structures,
and propulsion, and the affordability and supportability issues, this paper focuses on the
aerodynamic aspects and the implementation of ASDL’s IPPD methodology. This proof of
concept is applied to the Dual-Mission Large Aircraft (DMLA) concept and can be utilized to
assist industry and NASA efforts in attempting to develop, quantify, and evaluate the metrics
necessary for the feasibility of a joint military/commercial transport.

1.1. Military Transport Need

For the second time since its inception, the United States Air Force (USAF) Scientific
Advisory Board (SAB) researched the future needs and present shortcomings in the Air Force’s
overall mission effectiveness. The results of their findings are compiled in a series of collected
volumes, known as the New World Vistas. This document presents these findings, and identifies
revolutionary aircraft concepts and associated enabling technologies that could ultimately make
the Air Force both more effective and cost-efficient. The analyses and conclusions contained in
the New World Vistas encompass the following assumptions (Summary 1-2):

e Future Air Force operations will be staged directly from the CONUS, or Continental
United States. This comes in light of further defense spending cutbacks, which are
expected to continue base closings worldwide. From an aircraft design standpoint, this
assumption becomes the need for greater range and improved fuel consumption.

e The Air Force must be prepared to conduct airlift operations anywhere in the world on
short notice. Future conflicts will be smaller, localized to various remote regions of the

Aerospace Systems Design Laboratory Page 3
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world, where tensions may flare at any time. This necessitates aircraft with greater
reliability and operational availability.

e System affordability and capability are equally important. Effective mission completion
requires more than high performance aircraft; new aircraft must also be affordable, or else
the Air Force could not could not afford to conduct all possible missions. Thus, life-cycle
cost metric must enter early into the design of any new aircraft.

In all operations - peacetime and wartime - mobility is a limiting factor. Airlift operations
require aircraft and personnel to enter extremely dangerous regions, where it may not be possible
to provide protection for airlifters or conduct responses to attacks (Summary 29). In addition, the
ever-changing world environment brings to the Air Force the very real possibility of the need to
simultaneously supply large forces in widely divergent points around the globe (Air 119). The
increasingly likely assumption that continued austerity will force base closings around the globe
further exacerbates the problem (Summary 1).

Airlift provides the speed and flexibility to deploy and sustain combat forces. As an example,
had the 120 C-17 Globemaster III transports planned for procurement been obtained sooner,
airlift during Desert Storm could have been conducted 20%-35% faster; during the first twelve
days alone, enough cargo could have been deployed amounting to twelve additional fighter
squadrons (Air 126). Internal Air Force studies set the present airlift need at 49-52 million ton-
miles per day, during such crisis situations as the conflict in the Baltics (Mobility 4). Present
mobility system capacity falls well short of this requirement, necessary to support existing
forces, even with the inclusion of the Civil Reserve Air Fleet, or CRAF (Summary 29). These
results are shown below in Figure 1.1-1, which depicts the breakdown of airlift ton-miles per
aircraft per year. Heavy dependence upon the CRAF is all too evident; the “CRAF III”
component is a hypothetical, last-resort use of all available commercial aircraft. Figure 1.1-2
depicts the C-5, C-141, and C-17 aircraft, the backbone of the Air Force’s transport capability.

MTMD Strategic Airlift Capability

50 T MRS BURU Requirement = 52 MTM/D
50

40

30

20

o

06 08 t0 12 14 16 18 20
Fiscal Year

94 86 98 00 02 04

Figure 1.1-1. Breakdown of present airlift capability.
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transport aircraft.

Figure 1.1-2. C-5, C-141, and C-17

The Air Force’s transport fleet not only lacks strength in numbers, the few aircraft in service
are lacking in capability. The C-5 Galaxy, before the entry of the C-17 into service, was the sole
large aircraft capable of transporting outsize Army cargo (Wilkinson 30). Poor austere field
performance is evident from its 12,200 foot takeoff field length and 4900 foot landing field
length (C-5 2). Its operational availability of 67% in Desert Storm is unacceptable for future
rapid deployments (Mobility 6). The aircraft spends much of its time on the ground, receiving as
much as 60 maintenance man-hours for each flight-hour (Wilkinson 32). These maintenance-
intensive operations are partially caused by the vast array of complex FEBA (Forward Edge of
the Battle Area) equipment carried aboard, which is presently never used - this aircraft is far too
valuable too risk exposure to the dangers of FEBA operations (Wilkinson 37). Overall mission
performance is rather poor as well; the cruise Mach number is only 0.72, far less than
commercial aircraft, and the ferry range is a mere 5165 nautical miles (C-5 3).

The C-141 Starlifter is a tactical, airdrop-capable transport with acromedical capability (C-
141 1). Despite its many roles, the C-141 must soon be retired, as it is an aging aircraft first
introduced into service in 1964 (Mobility 5). An extremely low cruise Mach number of 0.66 and
short range of 2200 nautical miles results from the operational use of this older technology (C-
141 2). Although requiring less maintenance than the C-5, the C-141 was operationally available
only 78% of the time - still not enough for the rapidly changing world of tomorrow (Mobility 6).

The C-17 Globemaster III is the latest addition to the transport fleet, having been first
introduced in 1993 (Air 119). It features better performance than its predecessors, in terms of
higher cruise speed (Mach number 0.77) and longer range (5200 nautical miles with a payload of
130,000 pounds) (C-17 2). Furthermore, payload bay flexibility makes the aircraft suitable for
the different missions required in the Air Force, described later (C-17 1). The combination of
needs for front-line operations and improved reliability were also addressed, as the C-17 has thus
far demonstrated 82.5% operational availability, requiring only 18.6 maintenance man-hours per
flight-hour (C-17 1). Unfortunately, Congressional budget cutting may mean too few of these
aircraft purchased for service to take up the transport capability (Mobility 4).

According to the New World Vistas, future airlifters will be required to fly missions in each
of the following four areas (Mobility 5-6):

o Airlift of personnel. Present shortfalls in transport capability would require 90% of all
personnel in a large-scale contingency to travel via CRAF.

* Rapid deployment of troops, supplies, and equipment. The increasingly unpredictable

nature of tomorrow will require deployments on extremely short notice.

o Aeromedical evacuation. Curréntly, as the C-141 is retired from service, the C-17 and
CRAF form nearly all of the current acromedical transportation capability. However, C-
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17s are still few in number, and the CRAF cannot begin to fulfill wartime needs.
Furthermore, CRAF aircraft suffer from slow patient on/offloading, and lack the
capability to support several pieces of medical equipment.

Humanitarian aid. Whether by natural disaster or military and political aggression, the
lives of innocent people forever will be jeopardized, sometimes due to conflicts outside
the scope of the United States’ foreign policy. The likely decimation of ground
infrastructure forces aerial transportation of relief supplies or evacuation of civilians.

The Mobility Volume of the New World Vistas (p. 11) prioritizes the development of the
following aircraft in response to the needs of these missions, and to fill the gaps in the present
capability of fulfilling these missions:

1.
2.
3.

Global Reach Aircraft
Supersonic Military Transport
Ground-Effect Transport

First priority is given to the development of a Global Reach Aircraft, or GRA. To complete the
missions outlined above, such an aircraft must posses the following:

The ability to fly 12,000 nautical miles, deliver cargo, and continue on to a terminal
refueling point without refueling. Aerial refueling is a logistics-intensive operation; long
range will remove transport dependence on the refueling fleet (Summary 30-33). Also,
global range is the key to reaching any point in the world nonstop (Mobility 1),
addressing the need to stage missions primarily from the CONUS. Lockheed-Martin
Aeronautical Systems Company, in pursuing GRA development, revised this range to
7500 nautical miles, on the grounds that any conceivable location on the globe can be
reached from the United States East or West Coast within this range (Mission 1). Figure
1.1-3 below illustrates the profile of a typical GRA mission.

1. Taxi &T.O.

10,000 ft. max. FL

« 7500 nmi | 500 nmi —]

Figure 1.1-3. GRA mission profile.

A payload capacity of 150,000 pounds, while holding takeoff gross weight (TOGW)
under 1,000,000 pounds (Summary 30-33).

The infusion of new aerodynamic technologies, to greatly improve cruise lift-to-drag ratio
(L/D) over existing aircraft (Summary 30-33).
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e A 20% increase in propulsive efficiency (Summary 30-33).

* All-weather operation, by utilizing a GPS system more resistant to enemy signal jamming
(Summary 30-33).

e Point-of-use delivery capability. Items shipped spend enormous amounts of time on the
ground. Also, some landing fields are austere, and place the aircraft in danger of attack.
Furthermore, ground transport from more remote fields not only further delays shipping,
it also places the items shipped in greater danger of attack (Summary 30-33).

¢ Use of improved protection systems, to reduce dependency on fighter escorts. If possible,
improved ECM protection systems are needed (Summary 30-33).

o Improved survivability - an especially important aspect, given the proliferation of
missiles to third-world nations (Mobility 9).

¢ Improved reliability and maintainability. The C-5, the only aircraft in service capable of
transporting outsize cargo, suffers from especially poor reliability and maintainability
(Mobility 4). Furthermore, during Desert Storm, C-141 availability started at 87% and
fell to 78%; C-5 availability started at 79% and fell to 67%. Sustained airlift of new
materiel and reinforcement of existing materiel in the future requires operational
availability in excess of 90% (Mobility 41).

* A higher cruise speed. Again, future conflicts can flare up at any time; faster airlifters
would shorten reaction times. Furthermore, military aircraft are currently too slow to use
commercial air routes, forcing longer tracks across the globe to given destinations. Thus,
cruise Mach numbers in excess of 0.80 are a necessity (Mobility 4).

* Finally, any new system must be affordable. The need to improve effectiveness in light of
declining military spending necessitates lower acquisition, operations, and support costs
(Mobility 41).

Carrying 150,000 pounds of payload over 7500 nautical miles unrefueled, the global range of
a GRA would provide great flexibility in mobility operations; all refueling assets (air and
ground) that would be needed otherwise can now be refocused on other missions. Reliability can
be improved by using proven, commercial aircraft subsystems, resulting in greater aircraft
availability; this in turn reduces the number of aircraft needed. If this aircraft were developed
commercially first, then adapted to this military role, the aircraft’s affordability would be vastly
increased (Mobility 12). Furthermore, global range supports CONUS-based power projection
(Mobility 37).
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1.2. Commercial Transport Need

In recent times, airlines worldwide have fallen on hard financial times, and in an age of
satellite communications, computer networking, and electronic mail, many feel that long range
travel may not be needed. Contrary to this somewhat pessimistic perception, recent surveys
predict that air travel will double by the year 2005. This growth will be especially large in the
Asian-Pacific markets, where economic analysts predict this region to be the air transport market
for the next twenty years (Kirby 1).

As a result of the increased traffic, airport congestion will reach unbearable levels without
considerable expansion of existing airports or construction of new ones. Added to this are the
problems of limited government financing and environmental group opposition, which hamper
airport construction of expansion. Thus, the increased congestion, along with the predicted
growth over the coming years, has pointed to the need for a high capacity, long range aircraft that
can meet the increased travel demand as well as maximize landing and takeoff slot utilization at
existing airports (Mecham). For example, gates at London’s Heathrow Airport have been rated
the most difficult to obtain due to crowding. In a recent Airbus survey, twelve airlines from
Europe, the United States, and the Asian-Pacific region expressed a need for an airplane much
larger than the 747-400 in the near future, capable of transporting between 600 and 1000
passengers. In fact, Upali Wickrama, the chief of forecasting and economic planning for the
International Civil Aviation Organization, predicts that by 2015 there will be a demand for an
additional 443 aircraft with 400-600 seats and 360 aircraft with greater than 600 seats
(Lenorvitz). Based on economic viability studies performed in ASDL, an 800-passenger VLT
proved to be the most profitable over a wider range of markets when compared to 600- and 1000-
passenger VLT aircraft (Kirby 36).

Though these studies favorably show the need for a Very Large Transport (VLT), another
prediction that deserves considerable attention is that air travel is expected to move from the
business market to the more price sensitive tourist market. Since tourism focuses more on
“luxury” than business travel, tourists will only be willing to travel abroad if it is affordable and
comfortable. Consequently, airlines are looking for a 600 to a 1000 passenger airplane with an
affordable ticket price for the passenger while maintaining a reasonable Return On Investment
(ROI). As aresult, the following goals were established for the development of the VLT concept:

* Achieve at least a 30% reduction in passenger ticket fare as compared to the Boeing 747-
400;

e Achieve a high ROI for the airlines;
e Achieve a low aircraft unit cost to reduce the risk of investment for the airlines; and

e Minimize the number of aircraft required to meet the predicted market demand needs
This also would reduce the number of gates needed to serve a given airport.

Based on Airbus Market studies, and current long-range commercial transport aircraft, a VLT
mission profile would resemble that shown below in Figure 1.2-1.
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3. Cruise 4. Descent

6. Reserve

14% res. fuel

2. Climb

1. Taxi &T.O. . :
Il,O(;aé))f‘ll. max. FL 5. Landmg a

fe——————7500 nmi + added FAA 200 nmi——————]

Figure 1.2-1. VLT mission profile.
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2. The DMLA Solution

In assessing the needs of both military and commercial aircraft customers for a new large
subsonic transport, it is conceivable that a single aircraft can be manufactured on the same
assembly line, capable of fulfilling both the GRA and VLT missions. Lower acquisition cost,
desirable to both military and commercial customers, is the primary benefit of producing a
common aircraft on a single production line. This not only eliminates duplication of production
facilities, it also decreases the per unit cost through the increase in the number of units produced.
For example, as will be demonstrated later, it may be cheaper to produce a total of 900 DMLA
aircraft - 500 VLT variants and 400 GRA variants, for instance - than to separately produce 500
VLT aircraft and 400 GRA aircraft with no commonality.

These notions form the genesis of the Dual-Mission Large Aircraft, or DMLA, concept.
Figure 2-1 below shows VLT and GRA variants of a possible DMLA configuration.

VLT Variant GRA Variant
Figure 2-1. Possible DMLA configuration and variants.

2.1. Feasibility Study Motivation and Objectives

ASDL, under contract to the NASA Langley Research Center, engaged in the DMLA study
as a two-year research effort. The proposed research endeavors to develop a DMLA capable of
fulfilling the above GRA and VLT missions. In the course of this effort, the differences in
performance and economics of producing a DMLA will be quantified and compared against
those for two separate, specialized aircraft.

The ultimate conclusion of this effort will furnish answers to the following questions:

1. Will a DMLA adequately fulfill both the VLT and GRA missions, or are two separate,
specialized aircraft needed?

2. Are the manufacturing costs lower for a DMLA or a two-aircraft family?

3. Are the customer’s (military and commercial) aircraft life-cycle costs less if they operate
a DMLA, or if each operates a specialized aircraft? '

4. How do the answers to the above questions change with the infusion of enabling new
technologies?

5. What are the aerodynamic and structural characteristics and difficulties associated with a
DMLA?

Ultimately, the conclusion of this effort will deliver a DMLA configuration capable of
effectively fulfilling the given GRA and VLT missions, from both a performance and economics
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standpoint. If a single DMLA proves to be impractical, the research must pursue answers to the
above questions for a two-aircraft family (i.e., specialized GRA and VLT aircraft).

The DMLA effort draws upon work done under the following contracts and sponsors:

e Notional Aircraft, for the USAF Wright Laboratory. One result of this effort was a sized
GRA configuration.

e Very Large Transport study, for the NASA Langley Research Center. NASA-Langley
provided to ASDL several VLT configurations, including a sized 800-passenger
conventional aircraft.

The sized aircraft configurations developed by the end of these efforts became the starting point
for the research project undertaken and described here.

This research problem intended to determine the technical and economic feasibility of the
DMLA concept. Comparison of conventional, specialized GRA and VLT aircraft against their
DMLA-variant counterparts lies at the heart of the problem solution. The tasks described below
form, on a preliminary level, the very first steps in the execution of the overall effort detailed
previously. As the study progresses, the level of detail will increase from that of this research
problem.

The following tasks were completed in this portion of the study:

e Analysis of the GRA and VLT mission profiles, from a synthesis and sizing point of
view. The mission more critical to the sizing of a DMLA needed to be identified.

e Definition of initial designs - that is, the development and sizing of conventional GRA,
VLT, and DMLA baseline configurations. Both two- and four-engine aircraft “sets” were
developed, to add a dimension of comparison to this study.

e Performance optimization of all defined baseline aircraft.
e Analysis of resulting life-cycle costs for resulting configurations.

e Assessment of possible new technologies and alternate configurations that may be
applicable to the remainder of the full two-year study.

The “Approach” chapter below details the rationale behind these steps.

“Conventional” implies an aircraft with no new technologies infused, i.e., an aircraft
containing only those technologies utilized in practice to this day, or scheduled for utilization in
the short term (within the next year). Conventional aircraft were modeled to provide the most
equivalent bases for comparison, as new technologies could improve some aircraft more than
others, making the given aircraft more favorable when, in actuality, the reverse may be true. For
example, a conventional GRA may achieve better performance than a conventional DMLA
variant; the identical application of some technology may benefit the DMLA more than the
GRA, skewing the results for comparison of the two aircraft. Baseline aircraft must have the
same performance starting point in order to fairly gauge technical feasibility.
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2.2. Aerodynamic Study Motivation and Objectives

As stated previously, a feasible GRA design has been identified. This design is a fixed point
and leaves little room for adaptation to the VLT mission requirements. Therefore, the point
design needs to be expanded to a design space. With hope, the space would capture the VLT
requirements and fulfill the aspirations of a DMLA. To extend this point design to a design
space, the fixed geometric characteristics of the current GRA must be expanded to a range of
values. As an example, the GRA currently has a wing aspect ratio; is this value the optimal?
This topic raises a few questions:

1. Does the aspect ratio, or any other design variable, have to be fixed at its current value, or
can it vary?

2. If the geometric characteristics deviate, what is the impact on performance and system
level metrics?

3. Which geometric characteristics influence these parameters the most?

4. What physical limits must be imposed on those geometric characteristics?

The focus of this study was to respond to these questions and, hence, identify a feasible
design space for the GRA. This space was defined by considering all of the geometric
characteristics which influence the aerodynamic performance and system level performance of
feasible GRA designs.

Since the vision of the DMLA is both commercial and military in scope, the needs of both
customers must be addressed; most notably, the cruise Mach number. For commercial subsonic
transport aircraft (e.g. A340, MD11, and B747-400)[11], a cruise Mach number of 0.82 to 0.85 is
typical, yet, the current GRA capability is 0.78. For the DMLA to be a real possibility, this
Mach number must be increased without extreme degradation in aircraft performance.
Additionally, if the GRA cannot achieve a higher Mach number with conventional configuration,
areas of possible advanced technology infusion must be identified. If technologies are needed,
the impact on performance characteristics and system level objectives must be quantified.

To quantify the answers to the above questions, six system-level performance metrics were
identified as objectives for this study:
1. Take-Off Gross Weight (TOGW)
Fuel weight
Empty weight
Wing weight

Block time, and

AU S

Research, Development, Testing, and Evaluation (RDT&E) costs.
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Each objective was minimized by determining the optimum geometric characteristics of the
wing and empennage. These objectives were subject to four constraints:

1.

Approach speed (VAPP) less than 150 knots

2. Landing Field Length (LdgFL) less than 4,000 ft
3.
4. Aircraft unit acquisition price less than 200.0 million dollars (FY92)

Take-Off Field Length (TOFL) less than 10,000 ft, and

For this study, three technologies were identified: advanced propulsive systems, hybrid
laminar flow control on the wing, empennage, and nacelles, and use of composites on the
empennage, nacelles, and fuselage. Each one of these technologies and their modeling will be
explained in detail later.
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3. Technical Feasibility Assessment

The overall approach to this study centered on validating the DMLA concept by first
demonstrating technical feasibility, then assessing economic viability. Separate, specialized GRA
and VLT aircraft were sized and optimized around their respective mission profiles; previous
work into these two aircraft provided the baseline configuration “starting points.” Then, DMLA
variants of these aircraft were developed by analyzing the performance of the specialized aircraft
with the more critical mission in the other aircraft’s mission. Capability for the resulting DMLA
aircraft to complete both missions, compared to the mission performance of the specialized GRA
and VLT aircraft, then proves technical feasibility. Analysis of the economics of the GRA, VLT,
and DMLA aircraft, and comparison of the results, illustrates economic viability.

3.1. Research Conducted

Research into previous work and existing aircraft was performed to initiate this study. The
work completed on the precursor projects to this study, as detailed previously, was validated in
terms of its applicability to the DMLA concept. Furthermore, the geometric and performance
characteristics of the previously sized configurations were taken to be used as starting points for
the aircraft modeled here. Additionally, this research furnished the previously described mission
profiles, which were consistently used in this effort.

Aside from the New World Vistas, additional configuration information came through
publicly available literature, both from periodicals and on the World Wide Web. (See References
page for details.) Specifics on military design constraints, and shortcomings in existing aircraft,
were provided though this task.

Additional literature was utilized to assess new technology possibilities, as well as alternate
configurations of possible application to a DMLA design. Possible benefits of each were noted,
and described later.

3.2. Tools Used

3.2.1. FLOPS: Flight Optimization System

FLOPS is a multidisciplinary system of computer programs used for the conceptual and
preliminary design and analysis of aircraft configurations. Developed by the NASA Langley
Research Center, FLOPS consists of several disciplinary modules (such as aerodynamics,
weights, and propulsion), as well as a mission performance analysis module (McCullers 1). '

The FLOPS program is most accurate for analyzing conventional, large subsonic transport
aircraft, based on the nature of its disciplinary analysis modules. Each utilizes empirical relations
derived from historical regressions of data for existing aircraft, which are primarily the
conventional, large subsonic type.
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Furthermore, FLOPS contains an internal gradient-based optimizer. Various aircraft design
variables can be parametrically varied to minimize a performance objective function, described
in detail later.

All aircraft sizing and analysis tasks for this study utilized FLOPS. This tool’s use is valid for
this study, as each of the aircraft in question is a large subsonic transport.

3.2.2. ALCCA: Aircraft Life-Cycle Cost Analysis

ALCCA is a program used for the prediction of all life-cycle costs associated with
commercial aircraft. This includes manufacturing cost, acquisition price, and all operating and
support costs (both direct and indirect). Developed by NASA-Langley, and further developed by
ASDL, the program also calculates return on investment for the manufacturer and the airline.
ALCCA also captures the effects of such economic variables as passenger load factor, fuel costs,
and aircraft purchase financing (Marx 1). :

As part of its ASDL development, ALCCA has been linked with FLOPS, providing the
capability to perform a conceptual aircraft design and immediately determine its life-cycle costs.
The linkage is also valuable through the automatic passing of aircraft design characteristics from
FLOPS to ALCCA for the detailed calculation of manufacturing costs.

Although lacking a military aircraft analysis capability, ALCCA was utilized to analyze life-
cycle costs for all aircraft designed in this study. The method of using ALCCA to analyze the
GRA aircraft is described in detail later.

3.2.3. TCM: Tailored Cost Model

TCM was originally developed by Greg Bell at the McDonnell Douglas Corporation. The
initial version was a series of Louts spreadsheets linked to perform a detailed economic analysis
of military aircraft life-cycle costs. It utilizes cost-estimating relationships based on correlations
against historical data for existing military systems (Osburg 2). TCM was further developed by
Jan Osburg in ASDL, who imported TCM to Microsoft Excel, and then streamlined its execution
(to reduce computational resource requirements) and improved its ease-of-use.

Clearly, TCM is the more accurate of the two cost analysis programs described here for
analyzing the GRA aircraft developed in this study. A lack of experience using TCM, and limited
time in which to gain such experience, prevented its implementation in this study.
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3.3. Description of Baseline Aircraft

3.3.1. Global Reach Aircraft configuration

The GRA used in this concept is derived from a Lockheed-Martin Aeronautical Systems
‘Company (LMASC) concept for a twin-engine, conventional wing-body-configuration aircraft.
The design incorporates a large, high wing with a T-tail empennage arrangement, as depicted
below in Figure 3.3.1-1. Figure 3.3.1-2 shows the comparison of C-5 Galaxy and GRA
dimensions.

C-5 Galaxy GRA
Figure 3.3.1-2. Comparison of C-5 and GRA.

The GRA is a new aircraft design capable of transporting 150,000 Ib. of cargo over global
distances up to 12,000 nautical miles at subsonic speeds in the vicinity of Mach number 0.8. It
was first conceived to meet these requirements, set forth by the Air Force Scientific Advisory
Board in the New World Vistas. Advanced technologies include natural laminar flow control
(NLFC), composite wings and empennage, and twin IHPTET (Integrated High Performance
Turbine Engine Technology) powerplants. The number of crew include two flight crew, two
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backup flight crew, and two Air Force loadmasters. Table 3.3.1-1 below lists the important

characteristics of the GRA.

Table 3.3.1-1. GRA Detailed Information.

Parameter Value

Fuselage Length (ft) 163.6
Wing Span (ft) 267.5
Wing Area (sq ft) 6815.0
T/W 0.246
TOFL (ft) 10000
LDFL (ft) 3300
Approach Speed (kts) 155.0
TOGW (lbs) 834901
Fuel Required (Ibs) 425000
No. Flight Crew 4+2
Range (nmi) 12500
Payload (Ibs) 150000
Cruise Mach no. 0.80

The aerodynamic performance characteristics for the GRA baseline are shown in Figure
3.3.1-3 for climb and cruise Mach numbers, and take-off and landing in Figure 3.3.1-4. The
GRA baseline cruises at Mach 0.78 at a lift-to-drag ratio of 24.7"%, As can be seen below, the
drag rise effects substantially reduce the maximum Lift-to-Drag (L/D) ratio as Mach number
increases. This effect must be minimized through optimizing the geometry so as to achieve a
higher cruise Mach number. Once again, the C,,,,, achieved at take-off and landing were 1.89

and 2.7, respectively.
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Figure 3.3.1-3. GRA Cruise Drag Polars
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Figure 3.3.1-4. GRA Landing and Take-off Drag Polars

- 3.3.2. Very Large Transport configuration

The VLT, as envisioned by industry and government, is an advanced, dual passenger deck,
four-engine advanced subsonic aircraft. The geometric layout of an 800-passenger VLT is
provided below in Figure 3.3.2-1. Figure 3.3.2-2 shows the comparison of Boeing 747-400 and
VLT dimensions. The baseline configurations of the VLT have been recreated at ASDL based on
work performed by Dennis Bartlett at the NASA Langley Research Center.

|« 2555 ft, ———]

Figure 3.3.2-1. General VLT geometric layout.
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fe 23181
747-400
Figure 3.3.2-2. Comparison of 747-400 and VLT.

The configurations were sized by FLOPS with an engine technology level representative of 1996
entry into service for the subsonic mission depicted above. The design cruise Mach number was
0.85, consistent with current subsonic transports. The number of crew include two flight crew
and two backup flight crew, plus 38 flight attendants and galley crew. These and other
characteristics, encompassed by the above configurations, are listed in Table 3.3.2-1.

Table 3.3.2-1. VLT Detailed Information.

Parameter Value

Fuselage Length (ft) 250.0
Wing Span (ft) 255.0
Wing Area (sq ft) 5934.0
T/W 0.257
TOFL (ft) 11000
LDFL (ft) 5500
Approach Speed (kts) 150.0
TOGW (Ibs) 914039
Fuel Required (Ibs) 334148
No. Flight Crew 4+38
Range (nmi) 7500
Pax. Cap. 800
Cruise Mach no. 0.85

Originally, NASA-Langley and ASDL developed three VLT variants, corresponding to three
passenger capacities (600, 800, and 1000). Figure 3.3.2-3 below depicts the geometric
differences between each of these aircraft and the Boeing 747-400. Sized to identical constraints,
the 800-passenger VLT proved to be the most economically viable, so this configuration was
selected for the DMLA study (Kirby 37).
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Figure 3.3.2-3. Comparison of geometries of VLT variants.

3.3.3. Description of Powerplant Models

The twin-engine aircraft in this study used the engine model developed by LMASC for the
above GRA configuration. Starting with a General Electric Cf6-80E engine, nominally rated at
70,000 1b. of thrust, LMASC first scaled the engine to the required 105,000 Ib. of thrust. They
then assumed a 7% overall improvement in specific fuel consumption (sfc) from IHPTET
technologies, resulting in a nominal cruise sfc of 0.553.

The four-engine aircraft in this study use an engine “deck” file created by the NASA Lewis
Research Center. The modeled engines, nominally rated at a sea-level-static thrust of 77,500 Ib.,
assume 1995 technology levels. For consistency with the twin-engine aircraft powerplant, the
engine was modified to 1996 technology levels within FLOPS. Specifying a 1996 level of
technology forces FLOPS to improve the engine component efficiencies over their 1995 levels.

3.3.4. Modification of Baselines

As stated previously, this study is only the first step in the entire DMLA research effort. As
- such, technical feasibility of the DMLA concept is illustrated by examining purely conventional
aircraft variants. In other words, all aircraft developed during this study embody 1996 technology
levels - this stage does not consider future advanced technologies. Thus, the above GRA baseline
model was “stripped” of its enabling technologies, namely its natural laminar flow control and
composite materials usage. NASA Langley provided a conventional VLT baseline, so no such
modifications were necessary. '

Furthermore, to add a dimension of comparison among aircraft, a four-engine GRA aircraft
and twin-engine VLT aircraft were created. In FLOPS, this amounts to simply using the settings
for number of engines, engine thrust, engine weight, engine wing locations, and the engine
definition file location from the input from one aircraft to another. In other words, these values
for the twin-engine GRA were used in creating the input for the twin-engine VLT; likewise, the
values for the four-engine VLT were used in creating the input for the four-engine GRA.
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3.4. Design of Specialized GRA and VLT Aircraft

As mentioned previously, this research problem seeks to demonstrate technical, as well as
economic, feasibility of the DMLA concept. If a DMLA aircraft is not technically feasible, then
its economics have no bearing. For this reason, this study addresses performance issues first, and
cost issues second. As a result, GRA and VLT aircraft sizing occurred through the performance
optimization of the baseline aircraft described above. The results carried forth into the initial
development of a DMLA.

3.4.1. Aircraft Optimization

The aircraft design optimization was conducted using the FLOPS internal optimizer, which
minimizes the following objective function (McCullers 17):

OBJ = obg x GW + off x FW + obg x (M X %) + ofr x RNG + ofc x COST + osfc x SFC + ofnox x NOX
The terms of this equation are defined in Table 3.4-1 below.

Table 3.4-1. Responses and Weighting Factors in FLOPS Objective Function.

term value weighting factor
GwW gross weight obg
Fw fuel weight off
M cruise Mach no. ofm
L/D lift-to-drag ratio ofm
RNG design range ofr
COST life-cycle cost ofc
SFC engine specific fuel consumption osfc
NOX NOXx emissions ofnox

To minimize this function, FLOPS optimizes the following parameters within a user-specified
range of values: gross weight, wing aspect ratio, engine thrust (or thrust-to-weight ratio), wing
area (or wing loading), wing taper ratio, wing sweep angle, and wing thickness-to-chord ratio.

The last four scale factors in Table 3.4-1, ofr, ofc, osfc, and ofnox, were each set to zero.
Each aircraft’s mission profile specifies a fixed range, so this parameter was not varied. Aircraft
costs were later analyzed for the resulting optimized aircraft; so this figure was not included in
aircraft optimization. Engine SFC is fixed by the use of predefined engine models, eliminating
this parameter from optimization. Furthermore, off was also set to zero, based on the assumption
that fuel weight would be captured in the optimization of aircraft gross weight; thus, fuel weight
was removed from the optimization process.
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The remaining weight factors were assigned values based on the assumed desires of the
military and commercial customers. In either case, it is desirable to maximize cruise Mach
number and lift-to-drag ratio, while minimizing takeoff gross weight; thus, the values for these
weight factors are assigned based on the relative importances of these quantities. For all GRA
aircraft, ofm = 0.33 and off = -0.66 (the negative sign signifying a quantity to be maximized). As
described previously, the military seeks to replace its existing aging transports because of their
slow cruise speeds and poor aerodynamic performance, more so than due to their gross weight.
Thus, cruise Mach number and lift-to-drag ratio were given a greater weighting than gross
weight. For all VLT aircraft, ofm = 0.66 and off = -0.33. Airport limitations constrain the gross
weight of a commercial transport, somewhat shifting the design emphasis towards this effect.
Furthermore, NASA-Langley originally sized the aircraft for a commercially acceptable cruise
Mach number; thus, greater weighting was given to takeoff gross weight.

Tables 3.4-2 and 3.4-3 below list the design parameters, initial values, and ranges used to
optimize the GRA and VLT aircraft, respectively. The initial values were taken from the results
for the original, unoptimized baseline aircraft. The ranges were set to capture as wide a range of
performance results as possible, while still reflecting physically sensible values.

Table 3.4-2. GRA Design Parameters and Ranges.

Parameter Initial  |Minimum [Maximum
Gross Weight (Ibs) 900000{ 800000 1000000
Thrust/eng. (Ibs) 110000 85000 135000
Aspect Ratio 9.5 8.0 11.0
Wing Area (sq ft) 6800.0 5500.0 8100.0
Taper Ratio 0.25 0.21 0.28
Wing LE Sweep (deg) 25.0 18.0 32.0
Thickness/Chord (avg) 0.11 0.08 0.13
Cruise Mach no. *0.78 0.65 0.86
Cruise Altitude (ft) 45000.0] 25000.0 50000.0

* 0.74 for 2-engine GRA

Table 3.4-3. VLT Design Parameters and Ranges.

Parameter Initial  |Minimum {Maximum
Gross Weight (Ibs) 1250000{ 900000f 1350000
Thrust/eng. (Ibs) 160000} 135000 185000
Aspect Ratio 8.5 7.0 10.0
Wing Area (sq ft) 8100.0, 6500.0 9000.0
Taper Ratio 0.31 0.28 0.34
Wing LE Sweep (deg) 345 29.0 40.0
Thickness/Chord (avg) 0.08 0.06 0.10
Cruise Mach no. 0.80 0.65 0.86
Cruise Altitude (ft) 45000.0] 25000.0f 50000.0
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Note that for the GRA configuration, FLOPS could size the twin-engine GRA configuration
successfully only if a lower starting Mach number was given. This is a limitation in the FLOPS
optimizer encountered in this study, to be discussed later. Furthermore, the GRA aircraft required
lower starting Mach numbers than the VLT aircraft. The original sizing, which resulted in
aircraft capable of Mach 0.80 cruise speeds, assumed natural laminar flow control; the additional
aerodynamic drag caused by removal of this technology reduced the aircraft cruise speed.

The results of this sizing will be given in comparison with those for the DMLA aircraft later,
in the “Results and Conclusions” chapter.

-3.4.2. Identification of Critical Sizing Mission

The results of optimizing the specialized GRA and VLT aircraft became the means by which
the more critical of the two missions could be identified. This mission would yield an aircraft
with a higher cruise Mach number, greater range, greater payload, and a larger amount of fuel
required. The critical mission becomes critical to the sizing of a DMLA, as it is such a mission
for which any DMLA must be optimized.

This line of reasoning emerges from a common-sense observation of the problem. Between
the GRA and VLT aircraft, that with greater range, speed, payload capacity, and fuel capacity
should be able to perform a mission requiring a slower, shorter-ranged aircraft with less payload
and fuel capacity.

By this rationale, the VLT mission was found to be the more critical, in both the twin-engine
aircraft and four-engine aircraft cases. This is shown below in Tables 3.4.2-1 and 3.4.2-2.

Table 3.4.2-1. Twin-Engine Aircraft Mission Criticality.

Parameter GRA VLT

Range (nmi) 7500 7500
Payload (Ibs) 150000 167200
Speed (M) 0.758 0.770
Fuel Req. (Ibs) 326724 474553

Table 3.4.2-2. Four-Engine Aircraft Mission Criticality.

Parameter GRA VLT

Range (nmi) 7500 7500
Payload (Ibs) 150000 167200
Speed (M) 0.787 0.778
Fuel Req. (Ibs) 345945 456250
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3.5. DMLA Creation

Since the VLT mission is more critical from an aircraft sizing standpoint, then a DMLA must
be optimized for this role first. The process began by modifying the resulting VLT configuration
in FLOPS with some of the necessary attributes of a GRA. Since military transport aircraft
contain a high-wing configuration (to allow cargo handling equipment to drive under the wings
(Wilkinson 29)), and therefore a T-tail empennage arrangement, a DMLA must also possess a
high wing and T-tail. (Note that FLOPS models only the latter of these design characteristics.)
Also, Air Force regulations limit the wing structural load factor to 2.25, much less than the 3.75
load factor employed by commercial transports; this limits the DMLA’s wing load to 2.25 as
well. Otherwise, the VLT’s attributes are retained in the DMLA configuration, with all other
FLOPS inputs for the VLT held identical. (In particular, the same optimized variables and ranges
input for the VLT were used in modeling the DMLA to achieve similar performance.) The
resulting VLT variant of the DMLA was then optimized following the same approach as for the
specialized VLT.

Thus, a VLT variant of the DMLA was modeled, but a GRA variant had yet to be created.
This aircraft was modeled starting with the results obtained for the VLT variant’s creation. At
this point, however, the configuration was “frozen” - that is, all optimization features were
removed, in order to retain the DMLA geometry. The design variables previously optimized
were fixed at those resulting from the VLT variant’s optimization, and the configuration was run
in FLOPS in an analysis-only mode. Since this mode still results in the recalculation of some
parameters, however, as many of these parameters needed to be fixed as well. In addition to the
design variables, all component weights were fixed to their VLT variant values. The exception
was fuselage weight, which differed due to the following additional modifications. First, the
previous GRA study yielded an aircraft requiring a fuselage 164 fi. in length, far less then the
250 fi. length of the VLT fuselage; the study revealed that the 150,000 Ib. payload could easily
be carried in a fuselage of this size. (This fleshes out the assumption that on a DMLA assembly
line, fuselage plugs would be implemented to lengthen a DMLA to the VLT-variant size.)
Further modifications of the FLOPS input include:

e Setting of passenger capacity to zero.

e Setting of flight crew number to six.

e Specifying a main-deck cargo floor, instead of a passenger cabin floor.
e Replacement of VLT mission definition with GRA mission. |

o Fixation of wing fuel capacity to VLT variant value. Since both variants must have
identical components, the wings - and therefore wing fuel tanks - must likewise match.

e Removal of fuselage fuel tanks, as all military transport fuselage volume is devoted to the
aircraft cargo bay.

~ This last point created some difficulty in creating the DMLA aircraft. The VLT variant needed to
be sized with sufficient wing fuel capacity for the GRA variant to complete its mission. When
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the GRA was analyzed and insufficient fuel capacity resulted, the VLT was then resized with
higher initial values of wing area and thickness to accommodate the additional fuel volume. 