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ABSTRACT

The purpose of this research is to investigate and develop conceptual design
methodologies and computational tools appropriate to the design and analysis of
low-observable Unmanned Combat Aerial Vehicles (UCAVS), performing a wide
variety of missions, with various payload and performance requirements, as well
as a wide range of operational constraints, from subsonic to high supersonic flight
regimes.

Undoubtedly, unmanned aircraft have transformed many aspects of aeronautics
and aviation, with military applications often leading these transformational
efforts. UCAVs have emerged as a potential strategy to counter technological,
operational, and economical challenges to the future of aerial warfare. These
challenges include an aging fleet of 4" generation fighters, the deployment of
new, advanced 4* and 5" generation platforms, the reported high vulnerability of
current unmanned aerial vehicles, as well as the future development of
hypersonic vehicles and weapons.

In order to investigate future aircraft configurations, the GENUS aircraft design
environment was envisioned by Prof. Howard Smith at Cranfield University’'s
Aircraft Design Group in 2012. This framework relies on a central architecture
with high degrees of modularity and flexibility capable of designing, analysing,
and optimising several species of aircraft with similar analysis tools, revealing the
real differences and potential advantages of new designs.

Mass estimation, propulsion, aerodynamics, performance, radar cross section
estimation, and aero-thermal analysis tools have been integrated into the GENUS
framework in order to investigate the design space of UCAVs. Validation of these
methods has been hampered due to the often restricted access to quality data of
UCAVs and similar configurations against which to compare and from which to
generate higher fidelity models. Specific steps for improving the accuracy of the
methods in the future have been identified and proposed in §9.2.

Design space explorations performed in this research include a mission
parameter trade study for subsonic UCAVs in Hi-Lo-Hi missions, the conceptual
and preliminary design of a UCAV platform with performance matching that of
current 5" generation fighters, a fully supersonic deep-interdiction mission trade
study, and a high-supersonic (M = 3.0) carrier-based UCAYV for time-critical strike
missions.

Keywords: Multidisciplinary design optimisation; unmanned combat aerial
vehicles; drone; stealth; aircraft conceptual design; design space exploration.
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1 INTRODUCTION

1.1 Research Background

There can be no doubt that Unmanned Aerial Vehicles (UAVs) have proven their
worth and prominence in military conflicts all over the world. Some of the lessons
learned on the use of unmanned vehicles during Operation Allied Forces in the
late 1990s over Kosovo are summarised as ‘“freal time surveillance] may
significantly help the operational commander”and to “Aggressively continue UAV

research and development” (1. P-12.14),

Partially based on this success, in the year 2000 the US Office of Naval Research
Strike Technology Division conceived an ambitious and futuristic vision for fully
autonomous aerial vehicles in the battlespace, from low-speed high-altitude
surveillance platforms to high-performance strike and air combat aircraft; these
requirements were considered unrealistic but {...] a worthwhile challenge and a
useful direction in which to point R&D efforts™® P8, Today, transformational
efforts aiming towards fifth generation configurations and operations demand a
more widespread use of high-performance configurations, with increased levels

of stealth and autonomy®),

Furthermore, it is estimated that by 2030, 4" generation fighters will be retired
creating a need to “...] develop a combat air system based on a mix of fifth

generation manned, and sixth generation manned, remotely piloted or unmanned

[.]®.

This need has been confirmed by the recent international efforts to develop
advanced fighter configurations. Several countries within the European Union are
currently engaged in the design and development of the Future Combat Air
System (FCAS) intended to complement and, eventually, replace 4" generation
fighters such as Eurofighter Typhoon and Rafale by the year 2035 or 20400, On
the other hand, the UK-based defence authorities and their industrial partners are
currently developing the next generation combat air system, referred to as
Tempest which emphasizes flexibility, connectivity, upgradeability, and

affordability, having as a main design driver:



To deliver significant information advantage and mission effectiveness, the
future combat air system will act as a force multiplier’, interoperating with a
wide range of other civil and military platforms and services across air, land,

sea, space and cyber domains — as well as unmanned systems®.

Having identified these needs, and recognising that while several UAV platforms
have been armed and used in combat since the early 2000s, the term UCAV will
be used in the context of this research as an aircraft capable of operating in
contested or denied airspace through a combination of low-observability (stealth),
high-speed, high-performance and advanced sensors, performing pre-emptive
and reactive missions such as Suppression and Destruction of Enemy Air
Defences (S/DEAD), penetrating and sustained surveillance, and strike of high-

value targets (HVT).

1.2 Aim and Objectives

To address the need of novel unmanned configurations, this research project was
launched as part of the GENUS project, which aims to develop a multidisciplinary
aircraft conceptual design environment capable of designing and analysing
different classes of aircraft under a common architecture. Specifically, the aim of
this research project is to develop the capabilities of GENUS for the analysis of
low-observable unmanned combat aerial vehicles, establishing a flexible and
robust design environment under which to investigate a variety of mission
profiles, operational capabilities, and design constraints including low-
observability and packaging in the design loop.

In order to achieve this, the main research objectives have been identified as:

First: to identify appropriate design methodologies for conceptual design level of
UCAVs and related platforms. These methodologies should provide a sufficient
level of accuracy while allowing a broad design space exploration under time and
computational cost constraints. Verification and validation of said methodologies

should be carried out where possible.



Second: to integrate the selected methodologies into the GENUS aircraft design
environment, maintaining flexibility, modularity, and robustness in mind, and

increasing the capabilities of the framework as a whole.

And last: to explore the design space of UCAVs through the GENUS design
environment, for a wide variety of mission requirements, from subsonic to high

supersonic speeds, addressing the current and future operational envelopes.

1.3 Thesis Structure

This thesis is organised as follows:

Chapter 2 provides a brief historical perspective on the development of
unmanned aerial vehicles emphasizing their military applications from the earliest
stages of aerial torpedoes through modern conflicts. Subsequently, UCAVs are
defined in the context of this research and a brief outlook on the future of joint
operations is introduced. The main technology demonstrator programmes and
current UCAV designs are introduced. This section finishes with a review of the

technological challenges behind the design and development of UCAVSs.

Chapter 3 introduces the GENUS aircraft design environment, its core
philosophy, an overview of its general architecture, data hierarchies and data
sharing between modules, and finally the set-up of optimisation problems within

the framework; a brief example of quasi multi objective optimisation is provided.

Chapter 4 provides the technical details on the UCAV design methodologies
integrated into each of the GENUS framework’s analysis modules; the verification
and validation of mass estimation, aerodynamics, propulsion modelling, and
radar cross section are provided. These methodologies were developed with
flexibility and expandability in mind due to the broad design space available for
UCAV configurations, from subsonic to high supersonic. Besides the typical
aircraft design analysis modules a set of special modules have been created to
analyse non-typical disciplines: radar cross section estimation has been added
through a physical optics approximation method; a vehicle thermal load analysis
and fuel thermal management system has been included as a key aspect of high

supersonic operations.



Chapter 5 presents a study on the mission and performance trade-offs for low-
observable subsonic UCAV configurations operating in typical ground strike
missions (Hi-Lo-Hi). The effects of leading edge sweep angle, cruise Mach
number, combat radius, and specific excess power are quantified for lambda-

wing UCAV configurations under constant wing area.

Chapter 6 establishes the conceptual and preliminary design efforts towards
establishing a 5™ generation UCAV design intended to operate in highly
integrated and coordinated combat operations alongside current 51" generation
fighters and future 6" generation fighters. The mission design for this UCAV
includes a subsonic ground strike profile combined with limited supersonic
combat capabilities. Preliminary design studies have been carried out for the
overall structural concept, engine sizing and integration, fuel, power, and

actuation systems, as well as landing gear sizing, and avionics systems design.

Chapter 7 deals with the studies regarding supersonic design concepts under
various combat missions, payloads, and operational requirements. A study on a
Mach 2.0 deep interdiction mission (Hi-Hi-Hi) is shown, along with operational
trade studies for the cruise and dash Mach numbers. Subsequently, operational
trade studies are presented for a carrier-based high-supersonic strike UCAV. The
effects of cruise Mach number, cruise altitude, and combat radius are evaluated
against important performance parameters such as time-to-target, and thermal

management constraints.

Chapter 8 presents the main discussion which summarises the principal results
and findings for the various classes of UCAVs under various mission and

operational constraints.

Finally, achievements, conclusions, and the identified further work are

summarised in Chapter 9.



2 LITERATURE REVIEW

This section will introduce a brief historical account of unmanned aircraft and their
role in military conflicts around the world. Subsequently, the most important
UCAYV demonstrator programs will be introduced, followed by a discussion on the
main technological challenges behind the design and development of UCAVS,

from subsonic to high supersonic missions.

2.1 Unmanned Aerial Vehicles: A brief history

Contrary to common belief, unmanned aircraft are not a recent engineering feat.
Some of the earliest unmanned aircraft date back to the 1910s, when both the
US Army and Navy started experimenting with what were known at the time as
aerial torpedoes to counter U-boat threats. The first of these aircraft was designed
by Elmer Sperry and Peter Hewitt, and it was a radio controlled, gyro-stabilized
wood and fabric aircraft designed to carry 300 Ibs of explosives over a distance
of 50 miles. However, this design was not very successful with its longest flight

being only a thousand feet long.

By 1917, Charles Kettering was tasked by the US Army to design and build
another flying bomb that could travel a distance of 40 miles at speeds up to 55
mph. The Kettering Bug, as it was later known, used a system of vacuum-
pneumatic and electric controls and pre-programmed engine revolutions as its
automatic guidance. When the vehicle was near its destination it would shut off
the engine, jettison its wings, and fall towards the target. Despite the advances

achieved, the Kettering Bug was never used in combat(.

During the First World War it became clear to British Navy officials that naval
gunners were not adequately prepared to counter aerial targets. By 1933 the
Royal Navy was using radio controlled De Havilland Tiger Moth trainers, known
as DH-82B Queen Bee, as unmanned target practice. At the 1935 Disarmament
Conference in London, US Admiral William H. Standley had the opportunity to
see a live demonstration of these unmanned aircraft, and he immediately
recommended the US Navy to adopt the practice, and by 1938 the use of

unmanned N2C-2 Fledgling as target drones was standard practice in the US



Navy. In fact, the term drone was first used in a 1936 report by Lt. Cdr. Delmer

Farhney to pay respect to the original DH-82B Queen Bee target aircraft(®),

Figure 2-1 - Sperry's aerial torpedo, Kettering Bug, DH-82 Queen Bee!, and N2C-2
drone

By September 1939 the Second World War had officially begun, and German
forces quickly turned to the idea of an unmanned flying bomb. Initially, the
Ferfeuer project intended to create a radio-controlled drone capable of delivering
one ton of explosives, and then return to base. The German forces did not show
interest in this project however, but it opened the path for the V-1 cruise missile.
This new threat was countered by the American Radioplnae-4, designed and built
by Reginal Denny, later known as OQ-2 drone. These drones were used for

artillery practice by flying in the same paths as V-1 missiles from 1944 to 1945.

Simultaneously, advances in television and the radar altimeter proved effective
for remote piloting of aircraft. By 1942, a pilotless aircraft was developed by
Interstate Aircraft to carry a 1000 Ib bomb and to be used in naval roles. The
TDR-1 drone, as it was known, was deployed in 1944 in attack roles against
strategic Japanese locations, with mixed success®. Similar projects consisted of
modifying B-17 ‘Flying Fortresses’ and B-24 ‘Liberators’. A pilot and a flight
engineer would take off loaded with 25 thousand Ibs of explosives, and would
abandon the plane close to their target after switching control to a ‘mothership’
aircraft, see Figure 2-2. These efforts were not successful mainly due to flight

control issues(0: chap.3),

1 Source: de Havilland Aircraft Museum



Figure 2-2 - V-1 cruise missile, OQ-2 drone, B-17 'Flying Fortress', and B-24
'Liberator’

The Second World War revealed the importance of aerial reconnaissance and
intelligence. During the Cold War, the newly created US Air Force (USAF)
developed a number of unmanned platforms, initially to act as decoys for the
Soviet radars, and then as reconnaissance and surveillance aircraft. In 1961
McDonnel Douglas designed the GAM-72 Quail as a decoy drone launched from
B-52 bombers; it became steadily obsolete as Soviet radar technology improved.
Similarly, in 1958 Ryan Aeronautical Company started operating the turbojet
powered Q-2C Firebee target drone, which was able to fly at 60 thousand ft with
a range of 800 miles. However, during this period of time, the development of
unmanned aircraft slowed down due to political differences and prioritisation of
projects like the U-2 high-altitude reconnaissance aircraft, and the supersonic
SR-71 Blackbird.

The Firebee drone was later modified to serve as an aerial reconnaissance
platform, while also being enhanced for stealth; it was renamed as Fire Fly, and
subsequently changed to Lightning Bug. These vehicles were first used in 1964
over Chinese territory and later over Vietnam in the same year. More than 160
Lightning Bug sorties were registered during 1965-1966. These aircraft had
proven vulnerable to surface-to-air missiles, so the Compass Arrow high
performance drone was designed by Ryan Aeronautical in order to counter this
vulnerability™, Another impressive project developed around this time, was the
supersonic decoy drone Firebee Il, which could reach speeds of Mach 1.7 at

altitudes up to 50 thousand feet; these vehicles are shown in Figure 2-3.

In more recent conflicts, such as the Afghanistan and Iraq wars, the use of low
speed, long-endurance UAS such as Northrop Grumman’s Global Hawk
proliferated, initially serving in intelligence and reconnaissance roles; however, in

2001, MQ-1 Predator UAVs were armed with laser-guided missiles and fired



against active targets, marking a new stage of UAV employment in combat(??),
Predator’s larger variant, the MQ-9 Reaper can be further equipped with up to
3750 Ibs of laser-guided missiles and Joint Direct Attack Munitions (JDAM), while
also being able to achieve a range of 1000 nautical miles at altitudes up to 50
thousand feet®®. A further evolution of persistent surveillance UAS that
incorporates combat related performance, such as being jet-powered, with
maximum speeds of 400 KTAS, and low observability design choices is the
Predator C Avenger®. This vehicle can carry up to 3000 Ibs in its internal
weapon bays as well as providing up to 20 hours of endurance at altitudes up to
50 thousand feet. This class of UAS is shown in Figure 2-4. The Bureau of
Investigative Journalism reports that, from January 2004 up to the last trimester
of 2019, a total of 6786 confirmed drone strikes have been carried out by the
usas),

Figure 2-3 - GAM-72 Quail, Q-2C Firebee, Firebee Il, and Compass Arrow

Today unmanned aerial vehicles have diversified to cover all sorts of public and
private needs; from recreational drone racing, to urban package delivery, and
agricultural remote sensing. It is clear that UAVs are and will continue to be an
important aspect of aeronautical engineering and technology, both in the
operational sense and in the R&D sphere. Indeed, currently more than 70
countries are making use of unmanned platforms, while approximately 50
countries are engaged in research and development programmes. It is expected
that by 2022, the UAV market will grow to a gross value of $11.4 Bn(16),
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Figure 2-4 - Persistent surveillance UAS and combat UAS

2.2 Unmanned Combat Aerial Vehicles

As seen from the previous section, UAVs have a long history of military
applications. The logical progression is for UAVs to take on a more predominant
role in aerial warfare through an increasing combination of operational

capabilities, high performance, and higher levels of autonomy.
UAVs are currently defined by the US Department of Defence (DOD) as:

“[...Ja powered, aerial vehicle that does not carry a human operator,
uses aerodynamic forces to provide vehicle Ilift, can fly
autonomously or be piloted remotely, can be expendable or
recoverable, and can carry a lethal or nonlethal payload. Ballistic or
semiballistic vehicles, cruise missiles, and artillery projectiles are

not considered unmanned aerial vehicles.” 7

For the purposes of this research, the term UCAV will be applied to unmanned
aerial vehicles able to operate in highly contested air spaces through a
combination of high speed, high performance, manoeuvrability, low-observable
technologies (LO), and advanced sensor packages and data fusion algorithms

that allow their integration to future air forces.



This definition aligns well with the transformational efforts towards the future fifth
generation air forces, where not only the aircraft are considered as fifth
generation designs, but the interactions between air force, army, and naval forces
are complemented by advanced sensors and data fusion across manned and
unmanned aircraft, ground personnel, and maritime vehicles®, as exemplified in

the envisioned joint operations shown in Figure 2-5.

Figure 2-5 — Lead F-35 with UCAV swarm in future joint operations (Source: US
Air Force?)

2.3 UCAV Advanced Technology Demonstrators

The need for the future generation of unmanned combat aircraft has been
recognised by countries like the US, UK, France, India, and China. Demonstrator
projects have emerged since the late 1990s and continuing to this day. Most
designs take the shape of flying wings which have inherent LO, but the challenges
are many. Future supersonic and hypersonic concepts have also started to

appear on the map. The main projects worldwide will be presented below.

2.3.1 X-47B and X-45C

During the late 1990s Boeing/USAF/DARPA initiated a program focused on
maturing technologies, processes, and system attributes required for UCAVs
capable of supporting pre-emptive and reactive suppression of enemy air
defences (SEAD), electronic attack, and strike missions. As a result the X-45A

2 Still from US Air Force Research Lab promotional video “Air Force 2030 — Call to Action”

10



was designed, with flight testing taking place as early as 2002. This design
included LO characteristics such as a blended body, a buried engine and internal
weapon storage; it would serve as a proof of concept for the larger and more
capable X-45C, Figure 2-6 (b)),

Simultaneously, the US Navy initiated studies for an unmanned vehicle to perform
the roles of reconnaissance and target identification in protected airspace.
Northrop Grumman built the X-47A which took flight in 2003. At the end of 2002,
the Navy and Air Force programmes were joined into the Joint Unmanned
Combat Air Systems (J-UCAS) programme intended to perform SEAD, EW,
precision strike, penetrating surveillance, and persistent global attack. This
programme was later terminated in 2006 due to managerial divergence and
budgetary issues®®, and efforts were redirected towards a long range carrier-
based aircraft with aerial refuelling capabilities for increased naval reach and
persistence; this project became known as Navy-UCAS or N-UCAS, which
resulted in the X-47B aircraft, Figure 2-6 (a), often called UCAS-D for
Demonstrator. In 2013, the US Navy and Northrop Grumman successfully
demonstrated take-off and landing from an aircraft carrier?®, with autonomous

aerial refuelling happening in 20159,

From the lessons learned from these demonstrators, a completely new set of
requirements has emerged which replaces the combat capabilities with an
unmanned tanker capable of transferring 14,000 Ibs of fuel at a range of 500
nautical miles from the carrier, this unmanned tanker will be known as MQ-25.
Bids were put forward by Boeing’s Phantom Works®?, and Lockheed Martin’s

Skunk Works@3), with the winner being Boeing.

a) X-47B b) X-45C

Figure 2-6 - X47-B and X45-C UCAV demonstrators
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2.3.2 Taranis

Officially unveiled in 2010, Taranis, shown in Figure 2-7 (a), is a BAE-led project
in conjunction with the UK Ministry of Defense (MOD) and UK industry. Its
purpose is to demonstrate design and manufacturing capabilities of a highly
manoeuvrable unmanned combat aerial vehicle capable of sustained
surveillance, intelligence acquisition, enemy deterrence and strike in hostile
territories through a combination of advanced aerodynamics, propulsion systems,
high levels of autonomy, and LO®4. Flight tests took place in late 2013 and early
2014.

2.3.3 Neuron

Neuron, Figure 2-7 (b), is a French-International demonstrator programme
initiated in 2003; it is led by Dassault Aviation. Its aim is to demonstrate maturity
of technical solutions for military unmanned aircraft. Neuron completed its first
flight test in 2012, and has currently carried out a number of simulated missions
including air-to-ground subsonic strike, automatic detection and localisation of
ground targets, and air-to-surface weapon release from an internal weapon bay.
Since 2016 Neuron has served as the basis for a carrier-based unmanned
combat aircraft study, as well as a test bed for electromagnetic signature

measurements(@>).

) Tarani | b) Neuron

Figure 2-7 - Taranis and Neuron UCAV demonstrators

2.3.4 Sharp Sword and Rainbow 7

The Chinese Lijian (Sharp Sword) UCAV, Figure 2-8, is the first non-NATO
stealth unmanned aircraft to be produced. Design and development is led by the

Aviation Industry Corporation of China and the Hongdu Aviation Industry Group.
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Lijian is believed to carry up to 2,000 kg of payload, and it underwent taxi and
flight testing as early as 2013. It is expected to enter service around 2019-
2020,

Figure 2-8 - China's Lijian UCAV

More recently, China’s Aerospace Science and Technology Corporation (CASC)
has unveiled a turbofan, high-altitude UCAV called Cai Hong (Rainbow) 7. This
design resembles the X-47B with its truncated diamond and kite design, as shown
in Figure 2-9. Low-observability features have been included through the buried
engine, low-observable intake, and saw-toothed edges for landing gear doors
and all internal weapon bays. This UCAV is intended to perform in heavily
contested environments in deep strike roles, as well as serving as an efficient
ISR platform@”),

Figure 2-9 - Chinese Cai Hong 7 (Rainbow 7) UCAV

2.3.5 Su-70 Okhotnik

In January 2019, pictures of a Russian UCAV prototype appeared on social
media. This stealthy design is named Okhotnik or Hunter, and it is shown in
Figure 2-10. From promotional videos, it can be see that the Okhotnik is a
lambda-wing design, with a buried engine with a low-observable engine intake,
and possibly a thrust vectoring nozzle for improved manoeuvrability and take-off

performance.

The estimated design characteristics are a span of approximately 19 meters, a
possible gross mass of 20 tonnes, and a top speed of 1000 km/h. It is believed
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that it can carry the latest generation of missiles and munitions developed for the
Su-57 programme, as well as having radar absorbent coatings for additional

stealth measures(@®),

Figure 2-10 - Russian Okhotnik UCAV prototype

2.3.6 GHATAK

Indian authorities have authorised funds for the design and development of
critical technologies related to the GHATAK UCAYV prototype shown in in Figure
2-11, and a potential 5" generation stealth fighter. GHATAK aims to develop and
advance model based engineering, autonomous flight control, advanced
aerodynamics and propulsion, stealth computations, measurements, structures
and materials. Flight control laws, thrust vectoring, and stealth will be tested

through a 1/6™" scale model@,
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Figure 2-11 - GHATAK UCAYV design (as of 2016)

2.3.7 Loyal Wingmen

A recent development in the field of unmanned combat aircraft includes what are

now commonly referred to as the loyal wingmen configurations. These vehicles
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deviate somewhat from the stealth dominated designs with large payload
requirements; loyal wingmen performance is focused on strength by numbers,
with reduced costs and production time. These projects have recently emerged

in countries like the USA, UK, India, and Australia.

In the USA, the USAF has recently began testing the XQ-58 Valkyrie, which is a
long range, high subsonic vehicle with a reported payload capability starting at
250 kg. This programme falls under the Low Cost Attritable Aircraft Technology
(LCAAT) portfolio, which aims to reduce costs and mature the commercial

manufacturing processes for combat UAVsE),

The UK MoD has recently unveiled their plans and a bid to design and develop
the next generation of Lightweight Affordable Novel Combat Aircraft (LANCA),
also known as Project Mosquito, which aims to develop a combat platform for
10% the cost of new generation fighters and 20% the development time©132), The
reported performance falls within the transonic flight regime, with capability to
operate with manned and unmanned systems, as well as being able to carry

sensors and payload for electronic warfare.

India’s Hindustan Aeronautics Limited (HAL) recently unveiled its loyal wingman
concept at the Aero India 2019 exhibition. The reported range is 800 km at a
cruise Mach number of 0.7, with a take-off mass of 1300 kg, and a ventral payload
bay capable of carrying 250 kg of stores, including air-to-surface weapons,

surveillance sensors, and electronic warfare payloads(?).

Boeing is currently developing the Airpower Teaming System, consisting of a
smart UCAV intended to provide fighter-like performance in tactical early warning
missions, relying heavily on artificial intelligence and integrated sensor packages

for a “truly transformational capability”. It is expected to take flight in 2020435,

The various loyal wingmen platforms mentioned above are shown in Figure 2-12.
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a) XQ-58 Valkyrie b) HAL Unmanned Wingman

c) Boeing Loyal Wingman d) UK LANCA prototype

Figure 2-12 - Loyal wingmen configurations

2.3.8 Future Supersonic and Hypersonic UCAV Concepts

Several projects have emerged around the world consisting of supersonic and
hypersonic UCAV designs, intended mainly for surveillance and strike roles.
Examples of this are Lockheed Martin’s SR-72 hypersonic unmanned aircraft,
Figure 2-13 (a) intended to perform at Mach 6. Similarly, Boeing has unveiled a
Mach 5 demonstrator design, Figure 2-13 (b). Both of these designs would
employ Turbine-Based Combined Cycle Engine Propulsion (TBCCE), which
employs a turbine engine to take the vehicles from static up to Mach < 3, and a

ramjet/scramjet to accelerate the vehicles to their top speeds(),

China has recently unveiled a supersonic stealth drone known as Anjian (Dark
Sword), Figure 2-13 (c). Estimates of its characteristics are a maximum weight of
15 tonnes, highly manoeuvrable up to 9g with a combat radius of 1000 km and

payload of 1 tonne®",

Figure 2-13 - a) Lockheed Martin's SR-72; b) Boeing Mach 5 UCAV; c) China's
Anjian or Dark Sword
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2.4 Technological Challenges

It can be seen from the different technology demonstrator programmes, the
recent loyal wingmen developments, and the supersonic and hypersonic future
concepts, that UCAV designs face many technological challenges that severely
constrain different design aspects. The inclusion and prioritisation of low-
observable characteristics often result in tailless configurations or highly blended
geometries. The different challenges and design interactions and compromises

will be reviewed in the following sections.

2.4.1 Impacts of Stealth

The inclusion of stealth has the primary purpose of increasing the aircraft’s
survivability. There are many ways to consider survivability including mission
planning, i.e. time of day and conditions, mission profile, use of electronic

countermeasures, missile detectors, and the use of stealth design features.

The complete vehicle signature can be divided into active and passive signatures,
with the subdivision given in Figure 2-14. Reducing or eliminating the vehicle’s
signature falls under the susceptibility aspect of survivability®®, and it is most
commonly included during the early design stages through vehicle shaping,
structural and system architecture choices, material selection, and mission

planning.

The radar signature is commonly measured by the radar cross section (RCS),
which is the area of an imaginary reflector that would reflect the same amount of
energy back to the receiving radar antenna, as reflected by the actual target. Most
aircraft’'s RCS lies in the optical region, where the incoming radar wavelength is
many times smaller than the characteristic target dimension (A<<a), and the
signature is highly sensitive on the target's shape, size and material
characteristics. The radar range equation, Eq. (2-1), shows that to decrease the
detection range (R) of a vehicle by a certain factor, its RCS (o) must be decreased
by the same factor to the fourth power, which translates to severe engineering

challenges when it comes to the design of low-observable configurations.
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Figure 2-14 - Aircraft Signatures®©®

RCS can be reduced through the following strategies:

Shaping: The main objective is to reduce the scattered waves in the direction of

the receiver(s); this can be achieved via the following strategies:

o Compact and smooth blended geometries, clean external geometries without
discontinuities and protuberances.

o Highly swept leading edges with rounded wing tips.

o Planform alignment, parallel edges and surfaces.

o Avoid external surfaces with reflection angles normal to the incident waves.

o Buried engines with curved intakes and exhausts to avoid direct wave
reflection.

o Allinternal fuel and payload.

These strategies often result in highly swept, tailless aircraft as can be seen from
the advanced technology demonstrator programmes and the B-2 stealth bomber.
Eliminating the horizontal and vertical tails has the consequence of losing very
efficient control devices for pitch and yaw that must be compensated by the use
of additional spoilers, split flaps and other control surfaces without disrupting the
low-observability characteristics of the design. Furthermore, the all internal
payload requirement imposes severe volumetric constraints on the
configurations, often translating into very limited payload capacities when

compared to conventional fighters with external weapons.
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Low-observable intakes and exhausts not only result in packaging and structural
trade-offs, but they can also affect the engine performance and thus the fuel
consumption. The detailed S-shaped geometry of the intake must balance
pressure recovery (good internal aerodynamic characteristics) with low visibility
at various flight conditions. Figure 2-15 shows the trade-offs between visibility,
fuel consumption and pressure recovery (or pressure loss) for a serpentine inlet
in a low-observable tailless UCAV. It can be seen that reducing the visibility
results in higher pressure losses due to the more pronounced curvatures along
the intake“9). High-fidelity CFD tools and experimental data are often required for
the detailed design of such complex geometries.
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Figure 2-15 - Low-observable intake multi-objective optimisation
The vehicle’s after-body design must also balance the aerodynamic performance
of the exhaust, the low-observability requirements, and the effects of potential
thrust vectoring on the aircraft’s stability and control“142)., Similarly to the intake

design, a careful after-body design requires high-fidelity tools and experimental
data.

Radar absorbent materials: This strategy consists on covering the aircraft with a

material that can dissipate a substantial part of the incident energy and thus
reduce the amount of energy reflected. The basic principle of a radar absorbent
material consists on matching the impedance of the incident medium, normally
air, with an impedance value of 377 Ohms. Equation (2-2) establishes the
reflection coefficient as the ratio between the material’'s impedance (Z) and the

impedance of the incident medium, with a value of zero when Zy = Zo.
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_Zu= 7o (2-2)
Zy +Zo

The absorption of incident electromagnetic energy can be achieved through two
strategies:

o Admitting the incident wave and then dissipating its energy. This approach
can be used for multiple frequencies. Broadband RAMs use this strategy.
o Producing internal reflections of the incident wave that obstruct or destroy the

reflected signals. This strategy is frequency-specific. Resonant RAMs use this
strategy.

Composite materials have been used extensively to reduce the radar signature
since the days of the SR-71 Blackbird, with large sections of the leading and
trailing edges, vertical stabilizers, chines, and inlet spikes made of plastic
laminates of phenyl silane, silicone-asbestos, and fiberglass, geometrically

tailored to further reduce the reflection®®, as shown in Figure 2-16.

RUDDER ~~|

OUTBOARD ELEVON
TRAILING EDGE

INBOARD ELEVON
TRAILING EDGE.

RUDDER

QUTBOARD
ELEVON
TRAILING
06T

OUTBOARD WIIE]
LEADING EDGE

CHINE

Figure 2-16 - Composite plastic laminates for reducer RCS in the SR-71

Furthermore, the vehicle’s structure can incorporate radar absorbent materials in
order to create a radar absorbent structure (RAS). A wide variety of magnetic
particles such as ferrite can be added to various layers within the composite
matrix to attenuate the radar reflection at specific frequencies and incidence

angles. Carbon-based composite RAMs are an alternative to metallic particles;
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carbon black particles can be added in single or multi-layer configurations to
absorb up to 90% of the electromagnetic energy on load-bearing components®4),
Care must be taken when using carbon reinforced plastic, since they have been
proven to become semi-reflectors at high carbon concentrations (60-70%). Other
carbon-based options include carbon nanotubes (CNT) and graphene. CNT
outperform carbon black due to their superior mechanical properties and
equivalent electromagnetic absorption with only a fraction of the concentration on
the matrix (0.35% CNT compared to 20% carbon black)“®).

Electronic countermeasures: This strategy refers to the intentional emission of

electromagnetic signals in order to interfere with enemy radars, sonars, lasers,
and other electronic detection systems by saturating the receivers or creating
false information and noise. The mass and system penalty of carrying such
countermeasures can be distributed in the case of cooperative UCAVs which can
combine their jamming signals in order to reduce enemy detection and create a
reduced risk path not only for other UCAVs but for other manned fighters as well
at a fraction of the system cost(9).

Another major aspect of the overall vehicle detectability is its infrared (IR)
signature, which makes the aircraft susceptible to detection and tracking by heat
seeking missiles such as those used by man-portable air defence systems, and
air-to-air missiles. The basic principle of IR detection relies in differentiating the
IR emissions from the target against the background IR heat flux. For IR radiation,
only two wavelengths are used for detection and tracking, the first atmospheric
window (3-5 ym) being the most important due to its use in missile tracking of

higher peak temperatures®?,

The main contributors to an aircraft's IR signature are the exhaust plume, the
aerodynamically heated skin, hot engine parts and the surrounding hot structure.
External heating sources include sky and earth reflection. Active IR
countermeasures such as IR jammers, flares, and towed decoys are only
effective if the passive signature from the aircraft is significantly lower than the
active emission from the countermeasures. The addition of such active

countermeasures obviously results in mass and performance penalties.
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Passive IR signature reduction can be achieved by careful shaping and masking
of the hot structure surrounding the engine, cooling mechanisms for the nozzle,
high aspect ratio nozzles, and the use of heat absorbent materials, as seen in the
nozzle area of the YF-23 and the B-2. These strategies often introduce mass,
system complexity, and performance penalties. For a circular convergent nozzle,
changes in exit area at a fixed thrust result in higher combustion temperature and
thus higher IR; similarly, changes in exit area at a fixed turbine entry temperature
reduce the thrust and increase the specific fuel consumption®®). Studies on a
serpentine, high aspect ratio nozzle integrated into a UCAV design show that high
aspect ratio nozzles can reduce the plume length and maximum temperatures
significantly, but result in a thrust reduction of more than 10% compared to a

circular nozzle®“9),

The acoustic signature can be reduced by minimising the discontinuities and gaps
in the vehicle, as well as by shrouding and shielding the engine with the control
surfaces. The engine noise can also be mitigated by increasing the engine’s
bypass ratio, which leads to slower exhaust jet velocities. Finally, subsonic flight

eliminates the sonic boom associated with supersonic speeds.

The visual signature can be reduced by the use of tailored colour schemes for
various terrains, as shown in Figure 2-17, and by reducing or eliminating the
engine contrails. Several technologies have been proposed for eliminating the
engine contrails such as the addition of chemicals to reduce the size of ice
crystals rendering them sub-visible, or destroying the crystals via electromagnetic
radiation or ultrasound waves®°-52), This technology is reportedly used in the B-

2 bomber to reduce its visual signature.

Figure 2-17 - Visual signature reduction through camouflage paint
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2.4.2 Aerodynamics, stability and control
2.4.2.1 Vortex Flow

The extended operational envelope for combat aircraft includes high angle of
attack manoeuvres and with it the presence of unsteady, separated flows. For
highly swept wings, the flow is dominated by vortices that separate from the
leading edge due to shear layer instabilities. These vortices induce axial and
tangential velocities greater than the freestream velocity, producing a low
pressure zone at the core of the vortex. This low pressure can result in
considerable additional lift, and results in non-linear lift curve slopes that depend

highly on sweep angle, as shown in Figure 2-1863),
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Figure 2-18 - Vortex lift and effect of sweep on lift coefficient
However, at high angles of attack, a sudden change in the flow topology
characterised by the rapid deceleration of the vortex core, a rapid increase in
vortex diameter, recirculation zones, and the degradation of the overall vortex
structure can occur with detrimental effects to the lift leading to sudden changes
to the pitching moment of the vehicle. This phenomenon is known as vortex

breakdown®4, as illustrated in Figure 2-19.

Figure 2-19 - Leading edge vortices (left) and vortex breakdown (right)
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The literature on vortex flows and vortex breakdown over sharp, slender wings
(AL > 55° is extensive®>59, and these phenomena are generally well
understood; however, for configurations of moderate sweep angles, or non-
slender configurations (A.e < 55°) with blunt leading edges, understanding the
vortex flow topologies and vortex breakdown, and their effects on aerodynamics,
stability and control remain a pressing issue for the development of military
aircraft, including UCAVs®9, Furthermore, the interaction of the vortices with the
structure and the propulsion system (vectored thrust jets) presents additional
challenges®?.

2.4.2.2 NATO Vortex Flow and UCAV Design Studies

To this day, the most comprehensive work on understanding and validating
methods for the prediction of vortex flow topologies and vortex breakdown
behaviour over potential future combat aircraft configurations, including UCAVS,
has been carried out by the Advanced Vehicle Technology (AVT) division of
NATO, with several universities, research institutes and private enterprises

contributing to several projects over the last two decades.

Established in the year 2000, AVT-080 project had the purpose to collect reliable
experimental data in order to generate consistent test cases for the validation of
numerical methods applied to vortex flows and vortex breakdown models over
delta wings(®?. The selected test geometries include a 65° and a 70° sweep delta
wing. Eight experimental cases, ten state-of-the-art CFD solutions, and three
analytical solutions were selected and investigated in further studies as a result

of this project.

Subsequently, the AVT-113 project was established to improve the technology
readiness level of CFD methods applied to highly manoeuvrable military aircraft
through a better understanding of the vortex flows over delta wings, wing leading
edge extensions and strakes through the compilation and creation of high-fidelity
experimental data®®. The test case geometries consisted of F-16XL and a 65°
delta wing. The effects of leading edge radius and a wide range of angles of
attack were investigated in order to obtain a comprehensive database on the

vortex shedding and breakdown behaviours over delta wings.
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Following the vortex flow studies performed by the previous projects, AVT-161
project was created with the purpose of determining the validity of computational
methods applied to the static and dynamic stability of highly manoeuvrable
military aircraft. For this purpose, two configurations were selected; one was the
X-31 aircraft, and the second was a generic UCAV with a 53° wing sweep called
SACCON (Stability And Control CONfiguration), Figure 2-20©4).
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Figure 2-20 - SACCON planform and reference data

The main philosophy behind the AVT-161 project was a close integration between
experimental and numerical studies. This required detailed wind tunnel set-ups
that could capture not only the gross aerodynamics of the vehicles, but also the
flow structures around leading and trailing edges and wing tips while having an
accurate characterisation of the freestream conditions including the wind tunnel
wall effects and the model deformation. Furthermore, quantifying the uncertainty
of the measurements was a key request by researchers, so that important results
could be replicated. The experimental model was prepared with more than 200
pressure taps, a special surface finish for improved PIV measurements, and a
special leading edge roughness to simulate fully turbulent flow®2. A variety of
static and dynamic experimental and numerical tests were performed including

the effects of control surface deflections(®),

By combining high-fidelity numerical data and experimental results, a thorough
understanding of the flow physics of SACCON was obtained®?); the flow topology
evolution chart in the form of the pitching moment coefficient is shown in Figure
2-21. This interaction between the flow separation, vortex breakdown and the
generated lift, and thus pitching moment, makes the stability and control of agile

configurations extremely complicated, especially at high angles of attack. Indeed,
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this ‘maximum usable incidence’ angle has been found to be one of the main
sizing factors during the conceptual design of a lambda wing UCAV platform,
UCAV 1303, specifically during low speed segments such as take-off and
approach, as well as during high angle of attack manoeuvres(®®, This incidence
limits the speeds at which the UCAV is able to take-off and land, which sizes the
engine, which in turn has a large impact on the vehicle’s central length,
packaging, and the vehicle’s response to changes in mission radius and

performance requirements®9),
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Figure 2-21 - Pitching moment coefficient vs angle of attack for SACCON

Several studies have been carried out in order to ‘smooth out’ this pitch up
behaviour in order to extend the manoeuvrability envelope of future UCAV
configurations. Tomac et al.(9 investigated the use of low-fidelity aerodynamic
analysis tools including a panel method and a vortex lattice method added with
vortex flow corrections to improve the static stability of SACCON for a limited
range of angles of attack (0°sa<10°). Even at such moderate angles, these
engineering methods were unable to accurately predict the pitching moment
curve. However, changing the twist distribution, without any consideration of
radar signature, seemed to alleviate these difficulties in pitching moment

prediction, proving that, with a good understanding of the limitations of such
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methods, simple tools can be of significant aide to the designers during the early
stages.

Similarly, Coppin"? used a three-dimensional geometry definition through Class
Shape Transform (CST) coupled to a high-fidelity numerical solver to optimise
the aerodynamic shape of UCAV 1303 for various cruise lift-coefficient designs.
This method has shown that through a distribution of incidence angle, wing
washout, and thickness distribution the pitch-up behaviour can be delayed by
several degrees.

Further vortex flow separation studies for a generic configuration relevant to
UCAYV designs were carried out through the AVT-183 project which lasted six
years("®. This project investigated the effect of blunt leading edges on a 53°
sweep diamond wing partially based on SACCON. High-fidelity CFD tools as well
as wind tunnel models were used to determine the effects of leading edge radius
and aerofoil thickness on the unsteadiness of the vortex flow topology. Results
show that the leading edge vortices are highly dependent on leading edge radius
and roughness, and not greatly dependent on aerofoil thickness(®. CFD
predictions had mixed success when predicting the shedding and overall strength
of the leading edge vortices, as well as the pitching moment at high angles of
attack; however, the data generated during these studies has served as an
extensive data base for CFD validation and surrogate models for subsequent

studies(™,

Subsequently, with the data obtained from AVT-161 and AVT-183 projects, the
AVT-201 project was established to investigate the effects of control surface
deflections on the S&C of the SACCON configuration through wind tunnel testing,
and CFD numerical methods in order to develop flight simulation control
algorithms and test them against flight test data(™®. The collection of experimental
and numerical results show the importance of using computational tools during
the early design stages, especially in the presence of non-linear aerodynamic
effects and the effects of control surfaces for non-slender configurations relevant

to present and future UCAV designs(6).
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An initial conceptual design study of a feasible UCAV configuration based on the
SACCON geometry was carried out by the AVT-201 group. The task was to
resize the 1.54 m span wind tunnel model into a functional UCAV design. For
this, the German Aerospace Centre’s (DLR) aircraft design code was employed,
coupled with linear potential flow aerodynamic solvers superimposed with
experimental data of control surface deflection, an engine design tool, a mass
and CG control spreadsheet, a structural sizing tool based on aerodynamic and
inertial loads, and a six-degree of freedom flight simulator(?). The low-fidelity
aerodynamic tools have acceptable results for lift and drag prediction, but not for
the pitching moment at moderate angles of attack, and cannot accurately predict
the effects of side slip or rolling moments. The mission is shown in Figure 2-22
and it has not been changed during subsequent studies. Initially, a gross mass of
10000 kg was estimated with a wing span of 12.3 m and a thrust loading of 0.35.
However, fuel and payload packaging requirements demanded an up-scaling of
the vehicle’s characteristics, resulting in a gross mass of 15000 kg, a wing span
of 15.4 m and a thrust loading of 0.4.

Finally, a large high-fidelity integratory project that makes use of the
aerodynamic, stability, and control information generated by all previous projects
was established under the AVT-251 project. A multidisciplinary design analysis
and optimisation of a UCAV platform, referred to as MULDICON (MULti-
Disciplinary CONfiguration), performing a subsonic ground strike mission, Figure

2-22, was carried out over a period of three years(®).

The MULDICON design was divided into several subgroups which include the
Design specification and Assessment Group (DSAG), Aerodynamic Shaping
Group (ASG), Engine Integration Group (EIG), Control Concept Group (CCG),
and Structural Concept Group (SCG). These groups worked separately but
cooperatively in order to arrive at a feasible configuration, including preliminary
design aspects such as detailed control surface design, engine selection and
intake design and integration, a thrust vectoring nozzle, and packaging and

structural analysis of the major systems and avionic components.
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Figure 2-22 - MULDICON subsonic ground strike mission
The main changes from the SACCON conceptual design to MULDICON include

a geometric change on the trailing edge sweep to improve internal volume and
control surface effectiveness, which had been determined as poor at high trailing
edge sweep angles; a parametric analysis of aerofoils and leading edge
geometries for a smoother pitching moment coefficient profile and improved lift
characteristics while also maintaining low-observability(®89) numerical studies
into several yaw control methods including wing tip split spoilers and split flaps(®D,
as well as various thrust vectoring nozzle configurations®2. An engine sizing was
also carried out, as well as an aerodynamic optimisation of a low-observable

intake design(®3),

No additional experimental data was used for the aerodynamic design of
MULDICON thanks to the high levels of confidence generated by the extensive
validation studies of SACCON. A multi-fidelity aerodynamic design approach was
used for MULDICON, where low-fidelity analytical methods were complemented
by high-fidelity data sets®¥. Figure 2-23 shows the planform changes between
SACCON and MULDICON, as well as the optimum aerofoil distribution for the

aerodynamics and control groups.

Furthermore, to increase manoeuvrability while avoiding the drastic pitching
moment coefficient changes experienced at high angles of attack, as determined
by the SACCON experimental and numerical data (Figure 2-21), the permitted
CG range movement was reduced from 2-8% to 0-3% MAC on the stable side of
the neutral point. This translates to a total CG movement of only 18 cm for

MULDICON, which imposes severe constraints on the structural design, payload

29



integration, and fuel systems. A preliminary CAD three-view of MULDICON is
shown in Figure 2-24 without the detailed intake, exhaust or structural concepts,

since they were performed separately.

MRP at x = 6m

Section A B C

[ MULDICON

b) Aerofoil distribution for the ASG and the CCG

Figure 2-23 - Planform and aerofoil distribution for MULDICON

The structural concept sizing efforts were performed somewhat separately from
the large multidisciplinary design and optimisation of MULDICON. The main
sizing factors are the ‘fuselage’ section structure with its large cut-outs for the
engine, payload, and landing gears integration, as well as the low-observability

criteria which prohibits any external support structures®>).

For the central wing section, the presence of cut-outs leaves little depth for the
reaction of loads through a central spar (bulkhead) which connects to the outer
wing’s aerodynamic centre, as shown in Figure 2-25. For the outer wing, the main
problem relates to the limited height available for the integration of leading and
trailing edge control actuators while maintaining the low-observability
characteristics. This problem has not been fully resolved for the wing tip yaw

control effectors through split flaps.
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Figure 2-25 - Central wing section limited structural depth

A structural optimisation through FEM reports a structural mass reduction of 37%,
from 2457 kg to 1550 kg. This result seems highly optimistic, representing a total
structural mass of only 11% of the gross vehicle mass; however, since there is
no real database for the structural properties of flying wings, it is hard to evaluate
the validity of this result.

An initial aero-structural study for MULDICON has been carried through coupled
structural Finite Element Methods (FEM) with vortex lattice (static) and double
lattice (dynamic) aerodynamic methods for the evaluation of 654 load cases,
including manoeuvres, gust loads, and landing loads. Composite layups and
control system stiffness were varied in order to determine their effects on control
surface effectiveness. Results show that the most important parameter is the
torsional stiffness of the control system, and that the control effectiveness
decreases drastically with flight speed, both for inner and outer control surfaces,
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with a value of 45% at speeds as low as Mach 0.5, as shown in Figure 2-26. This
means that aileron reversal is present at low speeds, and this result is aggravated
by the fact that low-observability constraints demand the fully internal integration

of the actuation system, resulting in small moment arms(®6),

Inner CS Effectivity / Torsional Spring Variance Outer CS Effectivity / Torsional Spring Variance

00000

Control Effectivity
s &

0.40 050 0.50 070 050 o o1 0z 03 04 05 06 07 08
Mach Mach

Figure 2-26 - Torsional stiffness and control effectiveness

Furthermore, a considerable amount of bending in the flight direction was found
at the central wing section, reducing the effectiveness of the inner trailing edge

controls, complicating even more the longitudinal control means.

2.4.2.3 Summary on NATO Research Projects

The large scale, international design effort towards establishing a feasible agile
UCAV configuration, MULDICON, was achieved by the two decades of research,
modelling, and validation of vortex flow topologies over non-slender wings. As
shown by the numerical and experimental data, vortex breakdown results in
dramatic pitching moment changes which are difficult to control without a
horizontal tail and long moment arms. Low-observability constraints often result
in the exclusion of the horizontal and vertical tails, which are very efficient means
for longitudinal and lateral control; however, these difficulties can be overcome
by innovative thrust vectoring nozzles, wing tip split flaps, as well as by novel
concepts such as fluidic control.

Other major challenges include the integration of low-observable intakes and
exhausts without a big impact on the engine and overall performance of the
configuration, especially for high angle of attack manoeuvres. Structurally, the
limited volume available requires complex actuation system designs that can

comply with the control and aero-elastic demands without compromising the
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stealth characteristics. One possible solution is to use of an ‘Active Aero-elastic
Wing’, as demonstrated by Lockheed Martin’s X-56 UAV@7),

A schematic of the different NATO projects leading to the multidisciplinary
conceptual design studies on the MULDICON UCAV and their individual

milestones is schematically shown in Figure 2-27.
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Figure 2-27 - NATO AVT projects timeline and milestones
2.4.3 Packaging and Structural Challenges

The basic principle of packaging refers to the allocation of the internal
components within the aerodynamic shape of the vehicle, properly balancing the

performance, aerodynamic, stability, structural, and systems requirements.

Due to the low-observability constraints prevalent in UCAV designs, packaging
becomes a significant design issue. A low-observable UCAV designed at
Cranfield University during the late 1990s demonstrated that stealth requirements
had a major impact on the structural design due to the need to align internal
structural components with leading and trailing edges, as well as having
inefficient solutions to lateral controls due to the thin wings and trailing edges,
little space for systems, and the need for a solution that would not compromise

the stealth of the vehicle(®889)
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Compact geometries also have a major impact on the system distribution. A clear
example is the fuel tanks and fuel system. A complex fuel tank distribution is
required not only because of the low volume availability in the outer wings, but
also for improved static stability and centre of gravity control, with trim tanks

commonly required, as exemplified by the various UCAV concepts in Figure 2-28.

S S

a) Storm Shadow b) MULDICON c) CU U-99
Figure 2-28 - Distributed fuel tanks in UCAV concepts

One of the main consequences of low-observability requirements is the inclusion
of internal weapon bays. High speed air flow over open cavities generates intense
aero-acoustic tones and pressure zones, which can cause damage to the
systems inside the cavity, and compromise the integrity of the surrounding
structure. Experimental results for an open cavity at a Mach number of 0.89 show
sound pressure level peaks close to 150 dB®9, which can increase to 170 dB at
Mach 1.190Y, These aero-acoustic and aero-structural interactions are also
influenced by the attitude of the vehicle, with pressure levels increasing with
increases in angle of attack®?, while also being affected by the sequence and

speed of the opening and closing of the cavity doors®3).

Furthermore, the highly unsteady flow in the vicinity of an open cavity has a
significant influence on the separation trajectory of the weapons(®4, which can be
propelled towards the vehicle itself, as shown by the experimental weapon

separation results for a fighter aircraft® in Figure 2-29.
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Figure 2-29 - Weapon separation trajectory issues

Other operational constraints like carrier-based operations and transportation
requirements (to active operational zones) impact the packaging, structure, and
systems of the vehicle by mandating wing folds, or large removable structural
components. The wing-fold mechanism, and the effect on the wing geometry, is
shown in Figure 2-30 for Boeing’s MQ-25 Stingray and the X-47B. This structural
requirement has a severe impact on the systems architectures and an obvious

structural mass penalty.

The integration of specialised components and systems for intelligence and
surveillance roles often results in geometrical discontinuities that could affect the
vehicle’s signature and performance, as can be seen from the RQ-170 Sentinel
and Lockheed Martin’s UCAV concept shown in Figure 2-31. These trade-offs
are very difficult to evaluate during conceptual design studies, since they require
an explicit system definition, and a high-fidelity approach to the aerodynamic,

stability, performance, and stealth penalties.

D

—

Figure 2-30 - Wing-fold on X-47B and MQ-25
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Figure 2-31 - Observable but blended protuberances on flying wing UAVs

2.4.4 Material Choices

Due to the high load demands from typical combat missions, UCAVs are ideal
candidates for the extensive use of composite materials for structural weight
reductions with equivalent or superior strength and stiffness when compared to
typical aerospace metallic alloys. The use of advanced manufacturing techniques
such as automated fibre placement (AFP) and automated tape laying (ATL) can
significantly reduce the production time and the number of components. As a
result of cleaner aerodynamic surfaces and fewer discontinuities the low-
observability characteristics of the vehicle can also be improved®®. In the case
of the X-47B, 90% of its outer surface structure and significant portions of the
outer wing structure were constructed using carbon-based composite
materials®”). The Neuron UCAV demonstrator has also been designed with a

large use of composite materials.

Composite materials also offer the possibility of directly integrating a wide variety
of sensors into the structural components themselves for real-time in situ health
monitoring®®). Fibre optic sensors have been shown to accurately detect and
monitor fatigue cracks in embedded composite structures, while also having
small dimensions and weight, high durability and bandwidth capabilities, and

being insensitive to electromagnetic interference.

One of the main challenges regarding the use of composite materials refers to
lightning strike damage, which can cause embrittlement, delamination, resin
evaporation, and structural failure. Lightning strike protection (LSP) in composites
is provided through a metallic mesh, commonly aluminium or copper bonded
directly into the composite laminates. Potential metal-free solutions such as

carbon nanotubes, graphene, and graphite could provide sufficient electrical
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conductivity while also improving the structural characteristics. Finally, LSP

poses some maintenance and reparability issues®9.

Composite-based structural components can also suffer from delamination due
to low velocity impacts such as tool drops during production and foreign object
damage. Delamination specially affects structural components under
compression loads where buckling can propagate through the delamination
cracks, severely compromising the structural integrity of the vehicle00.10D)
Furthermore, combat aircraft can suffer in-field damage due to ballistic impacts
or shrapnel damage on the aircraft’s skin. In-field reparability is therefore a major
concern for combat aircraft with extensive use of composite materials. Recently
it has been shown that vacuum infusion is well suited for battle damage repair of
composite structures through the use of portable composite curing units and low

viscosity resins, providing a low cost solution02),

The difficulty of selecting suitable materials increases as the design speed of the
vehicle increases. At supersonic speeds, aerodynamic heating takes place due
to friction, introducing mechanical and structural challenges due to thermal
effects. Table 2-1 shows typical skin temperatures as a function of cruise Mach

number.

The mechanical properties of composite materials and some aluminium alloys
degrade with increases in temperature, with the upper operational limit being
approximately 120 °C. However, state of the art carbon-reinforced composites
such graphite fibre/PMR-15 and graphite fibore/PMR-11-55 have been proven to
withstand thousands of hours of use at temperatures ranging from 290 °C to 345

°C, making them good candidates for their use in speeds up to Mach 4.0.

Table 2-1 - Skin temperature as a function of Mach number

Mach Number

2.0 2.5 3.0 3.5 4.0
Temperature [°C] 100 150 200 300 370

A selection guideline*®®) for appropriate materials for current supersonic and

future high-supersonic and hypersonic concepts is summarised in Table 2-2.
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Table 2-2 - Material selection guide for current and future supersonic aircraft

Skeleton: Ti-6Al-4V or

composites

AII’CFaft Pal"[ MCruise S 20 205 MCruise 540 MCruise 540
Fuselage: Al 2090- Fuselage: CFRP Fuselage:
T651, 7075-T6, 8090- PMR-15, PMR 11-  polymides, MBIs,
T651 (nose) 55, high modulus graphite fibre-

phthalonitrile matrix
or ceramic-metal

Structure other Ti alloys Skeleton: Ti alloys composite

Wing: commercial grade Wing: same as Skeleton: Ti alloys

CFRP fuselage
Wing: same as
fuselage, or
stainless steel

Compressor: Ti alloy Compressor: Ti- Compressor:

_ 6Al-2Sn-4Zr-6Mo advanced Ti alloy
Combustor and Turbine: o gimilar Ti alloys
ceramic coated Combustor and
Engine superalloys Combustor and Turbine: ceramic

Turbine: ceramic
coated superalloys
or Nickel-based
superalloys

coated superalloys
or Nickel-based
superalloys

2.4.5 Propulsion System

As mentioned previously, the low-observability requirements that often dominate
UCAV designs have undesirable propulsion integration characteristics, mainly
due to the buried engines, serpentine inlets and complex exhaust geometries, all

having an impact on the vehicle’s performance.

Serpentine inlets can suffer from extreme flow separation resulting in pressure
losses and thrust penalties, as well as increased fuel consumption. One way to
improve the flow uniformity through the inlet is through the addition of vortex
generating rings. Furthermore, inlet structures can have aero-elastic responses
that are hard to predict due to the unsteady flow, especially when considering the

use of composite radar absorbent materials(04.

Another aspect of stealth integration is the compact geometries and low volume
availability, which limits the diameter and bypass ratios of potential engines,
resulting in poor propulsive efficiency. In addition, as aircraft architectures move

towards a more electric philosophy, the power requirement of the vehicle
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increases due to the numerous sensors and systems. Similarly, the thermal loads
will increase due to the waste heat of such high-power systems. This trend poses
a significant challenge for the integration of the propulsion system, as

summarised in Figure 2-32 for current and future UCAVs195),

Buried |nstal|at|on

Dia meter Ilm itations ‘ L

High specuﬁc thrust Long radlus/endurance

Low propulsive efficiency ? Good TSFC Low Weight

Electric power extraction
5iZ8)]

normaliz:

High thermal load |:') Integrated Thermal Mgmt

Integrated Power Systems

Flelded Adv ,wnu UCAV SR-UAV DEW = : -
Fighters  Fighter/A UCAV Sensors/electronics/weapons [:> High electric power reqt

Figure 2-32 - Power and thermal issues on the propulsion integration of UCAVs
(DEW: Directed Energy Weapons)

Propulsion integration issues increase as the speed of the vehicle increases, with
the main complications resulting from the shock waves present at the inlet face.
Variable geometry inlets result in complex mechanical and structural
arrangements, with an obvious mass penalty. A fixed geometry solution to this
problem exists for speeds up to Mach 2.0; these intakes are known as divertless
supersonic inlets (DSI). Examples of current advanced fighters which employ DSI
are the F-35 and the Chinese J-20. These inlets make use of a three dimensional
compression surface geometry, or ‘bump’ in front of the inlet face in order to divert
the turbulent boundary layer, as shown in Figure 2-33. Even though this type of
inlet has been studied since the 1950’s(1%9), the recent advances in numerical
modelling has allowed improvements in the design and optimisation of the

compression surfaces for various flight conditions and performance goals(1°7),

At higher speeds (Mach > 2.0), variable geometry mixed compression inlets are
required to slow down the freestream through a series of oblique shockwaves.
Mixed compression inlets can be two-dimensional or axisymmetric. Two-
dimensional inlets can control the position and intensity of the shockwaves
through variable angle ramps, while the axisymmetric inlets usually operate
through the retraction or contraction of the spike, as seen in Figure 2-34 for the

mixed compression inlet of the SR-71 at various Mach numbers. A series of
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bypass doors can be added for improving the amount and quality of airflow at

various speeds.

No Bleed System [ surface
No Diverter Cavity Pressure

b No Mechanical Variation
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Boundary Layer
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Boundary Layer
Pushed Overboard By.
Pressure Gradient

Figure 2-33 - DSI boundary layer streamlines
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Figure 2-34 - SR-71 axisymmetric inlet operation at various Mach numbers

At high-supersonic and hypersonic speeds, various turbine-based combined
engine architectures that combine a turbojet or turbofan component with typically

supersonic engines such as ramjets and rockets can be employed. These
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combined propulsion systems present unique design challenges due to the
complicated mechanical system of the inlet, the high temperatures achieved (>
2800K) at high speeds, which impact the structural and material selection often
requiring actively cooled structures. The design of such systems involves a much
more coupled approach, considering many more design constraints such as
secondary systems and cost constraints from the early design stages%), as

summarised in Figure 2-35.
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Figure 2-35 - Integrated high-supersonic propulsion system design

2.4.6 UCAV Conceptual Design Studies

Various UCAV conceptual design studies have been reported in the literature,
most of which assume tailless geometries for improved low-observability. A
summary of each study will be presented below. The MULDICON project("®, and
Woolvin’s performance trade studies(®® have already been mentioned in §2.4.2.2

and will not be repeated in this section.

Niyomthai has developed a custom aircraft design framework which emphasizes
the packaging challenges for tailless low-observable subsonic UCAV
configurations%9). Aerodynamic estimates have been included through empirical
lift and drag estimates including the effects of control surfaces during take-off and
landing segments, statistical mass estimations have been used for fighter
configurations modified for unmanned aircraft, the engine performance has been
modelled through empirical regression methods, and stability characteristics
have been obtained through DATCOM methods. Furthermore, Niyomthai makes
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use of the robust LSGRG2 gradient-based optimiser and shows that the methods
presented can converge for tailless UCAVs. Niyomthai has also defined explicit
packaging configurations depending on the type of mission (avionics suite),
number of engines, and number of internal weapon bays. Because this
framework is specifically tailored for packaging studies, the mission definition has
been limited to a single instance of a subsonic low level strike (Hi-Lo-Hi). Through
the proposed framework, Niyomthai was able to quantify the effects of varying
different aircraft parameters such as number of wing kinks, the number and
dimension of weapon bays, number of engines, type of control surfaces, changes
in desired CG location, and a comparison between a UCAV design and an
equivalent manned version, with a mass increase of nearly 200% for the manned

version.

Nguyen et al.*19 make use of an in-house Aircraft Design Synthesis Program
(ADSP) for multi-fidelity modelling and optimisation of UCAVs. At the low-fidelity
end, empirical aerodynamics, statistical mass predictions from Raymer, and
empirical stability relations are used for during an initial sizing loop. At the second
sizing loop, design of experiments is used in combination with CFD to create
surrogate models for aerodynamics responses. They present validation data
against a generic non-stealth UCAV designed by Jeon et al.11D); however, this
design has been achieved through low fidelity aerodynamics, mass estimation,
propulsion, and stability methods. Nguyen et al. then apply Sequential Quadratic
Programming (SQP) in a multi-objective scenario of a typical subsonic ground
strike mission; no indication of payload mass or configuration has been specified.
The objectives are: maximise range and minimise take-off weight. The results
summarised in Figure 2-36 show similar trends but significant errors for the low

fidelity methods.
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Figure 2-36 - Multi-fidelity UCAV design space exploration

The aircraft conceptual design environment presented by Amadori et al.(112)
shows an integrated approach towards high-fidelity CAD and structural
optimisation via finite element methods. Furthermore, it can account for the
design and implementation of a control system and control surface design.
However, it relies on low-fidelity, empirical aerodynamic estimations that cannot
account for the unsteady flow topologies present in UCAV configurations and

their interactions with the control system.

In the study presented by Lee et al.(113, a VLM supplemented with empirical
friction drag estimations has been coupled to a physical optics approximation for
RCS calculation, and a multi-objective optimisation of tailless UCAV planforms
and aerofoils has been conducted through an evolutionary algorithm. Results
show a drastic improvement in lift-over-drag of approximately 50% with a
reduction in monostatic RCS of 25% for the non-dominated solutions. This study
has been carried out for clean geometries using perfect electric conductor
materials (no intake, exhaust, control surfaces) without any packaging
considerations, as seen by the geometries in Figure 2-37.

Cavus4 has applied a simulated annealing algorithm for the multi-objective
optimisation of supersonic UCAVs. This work is based on very low fidelity
aerodynamics and propulsion methodologies for configurations that do not
consider low-observability characteristics. Engine and payload integration have

not been considered, neither has the aerothermal effects been used in the vehicle
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sizing. It is unlikely that this study reflects any real results or trends, but is only a

demonstration of the optimiser in an aircraft design environment.
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Figure 2-37 - Couple Aerodynamics-RCS optimisation
In the short study published by Sathe et al.(11® the effects of tailless UCAV

planforms on field performance have been investigated through a VLM, empirical
friction drag corrections, and a genetic algorithm. Results show that take-off
distance is inversely proportional to the vehicle’s span. Information on the
mission, mass estimate methods, payload integration, or propulsion modelling

are not discussed.

A large multidisciplinary design optimization framework for the design of the
future generation of Efficient Supersonic Air Vehicles (ESAV) has been
developed by Morris et al. at Virginia Tech16117): these designs are intended to
perform long-range bomber missions, but an option for unmanned configurations
has been implemented, specifically in terms of the mass estimation. This
framework consists of a fully parametric geometry definition using Kulfan’s Class
Shape Transform (CST)18), which enables efficient aerodynamic optimisation of
arbitrary configurations. A medium-fidelity commercial aerodynamic package
called ZONAIR has been integrated into the framework, as well as a physical
optics approximation for RCS calculations. Mass estimation methods consist of
empirical regression methods for similar classes of aircraft. Medium-fidelity
engine analysis tools have been integrated, including mass estimation for low-
observable intake and exhaust support structures. Handling qualities have been
added into the conceptual design stage through stability derivatives available

from the aerodynamic analysis and the use of Digital DATCOM®19),
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A performance study on UCAVs has been carried out by Ahn et al.*29 where,
based on surface-to-air missile performance data, a volume of various degrees
of probability of kill (Px) has been defined, and UCAV speed and instantaneous
manoeuvrability have been matched against values of Pk. This study shows that
in order to reduce Px to 0%, UCAVs should be able to safely operate at
manoeuvrability loading factors as high as 14g. Subsonic vehicles, even at high
loading factors of 9g, have approximately a 30% Pk. This study does not establish
the potential advantages of low-observability, which would decrease the

probability of detection.

2.5 Summary

Unmanned aircraft have existed and been employed in military roles since the
early days of aviation, starting with the Aerial torpedo and the Kettering Bug
before and during the First World War. Subsequent armed conflicts saw a more
widespread use of unmanned aircraft in different roles such as target practice
decoys, surveillance and reconnaissance, and even early versions of weapons
delivery systems. Recent uses of UAVs and UAS in combat scenarios include
low-speed, long-endurance configurations such as the MQ-1 Predator and the
MQ-9 Reaper armed with laser-guided missiles and smart munitions. These
configurations cannot operate in contested or denied environments due to their

poor stealth, limited manoeuvrability and low speed.

Unmanned Combat Aerial Vehicles, or UCAVs, have emerged as the next
generation of unmanned aerial vehicles intended to operate remotely alongside
manned fighters and even autonomously in the near future. UCAVs include high
degrees of stealth, while also partially matching speeds, performance, and
payload requirements of modern manned combat systems, as is observed by the
advanced technology demonstrator programmes, and the recent loyal wingmen

developments in many countries around the world.

There is a wide range of capabilities currently being envisioned as forming part
of the UCAV operational envelopes, from fully subsonic, low-payload

configurations, to high-supersonic or even hypersonic global strike missions.
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Through the literature review, it has been established that low-observability
design requirements impact almost every aspect of UCAV design, from the
choice of overall configuration, to the detailed design of systems and subsystems
such as the intake and exhaust, as well as the material selection and structural
arrangement, which includes tight packaging constraints for all internal fuel and
payload configurations. The aspects of stealth that can be more comprehensibly
addressed during the early design stages are the radar and infrared signatures;
visual and acoustic signatures can be analysed further down the design process.
In addition, the performance and mission planning can have a large impact on

the susceptibility and survivability of the configuration.

The moderate to high sweep angles resulting from aerodynamic, performance,
and stealth requirements result in unsteady, vortex dominated flow topologies
which present special challenges for the stability and control of UCAV designs,
as demonstrated by the extensive NATO research projects. This affects the
design efforts from the early design stages, often requiring high-fidelity data from
specialised numerical and experimental tests, especially for the analysis of
manoeuvres and detailed analyses of certain performance criteria like high angle-

of-attack manoeuvres.

From the conceptual design studies and aircraft design frameworks reported in
§2.4.6, it can be seen that low fidelity models for the areas of propulsion, mass
estimation, performance, and stability are commonly used. Furthermore, most
studies focus on the aerodynamic configuration with little consideration to the low
observability, packaging, and payload integration, except for Niyomthai, whose
work is restricted to subsonic configurations. Large performance and mission
trade studies have not been reported for subsonic or supersonic configurations.
Additionally, these studies have a large disparity between the high-fidelity
aerodynamic analysis tools and other design disciplines such as propulsion
modelling; the real value of high-fidelity aerodynamics coupled to low fidelity
methods is not clearly explained and no real comparisons are available to

demonstrate the validity of this approach.
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Moreover, none of the conceptual design studies shown above have the
robustness and flexibility to investigate every aspect of the conceptual design in
a consistent and highly-coupled way. Therefore, there is a need for developing
conceptual design models that are flexible and robust enough to quickly evaluate
large areas of the design space under a consistent set of analysis tools and
fidelity levels. These methodologies should allow the designer to explore
subsonic, transonic, and supersonic configurations under a variety of combat
missions and performance requirements while maintaining low-observability
design choices in mind, while also considering payload integration, cost, and
supersonic effects such as aerodynamic heating in the design loop.

To address this need, aircraft conceptual design methodologies appropriate to
low-observable UCAVs have been developed and integrated into the GENUS
framework. Chapter 3 will introduce the basic philosophy and structure of the
GENUS framework, while Chapter 4 will detail the methodologies developed
throughout this research. The technological challenges of UCAV design and
development have been published under the title Technology challenges of

stealth unmanned combat aerial vehicles by the Aeronautical Journal (2017)*29),
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3 THE GENUS AIRCRAFT CONCEPTUAL DESIGN
ENVIRONMENT

3.1 Introduction

The GENUS aircraft conceptual design environment has been under
development at Cranfield University’s Aircraft Design Group since 2012(122)_ |ts
name derives from the taxonomical classification of organisms representing its
capability to design, analyse, and optimise a wide range of aircraft species under

a common architecture, as is schematically shown in Figure 3-1.

(e
ow

K e e H g

Figure 3-1 - Taxonomical classification of organisms, applied to aircraft

3.2 The GENUS Methodology

GENUS is a Java-based code, which makes it able to perform in any operating
system without the need for a client license. Java’s online support and
development is extensive, with several numerical, mathematical, graphic, and
post-processing libraries available for free, greatly increasing the potential
capabilities of the framework at a reduced development cost(123, sect34.2),

Another important feature is Java’'s capability to communicate with other
programming languages such as FORTRAN and C/C++ through its Java Native
Interface (JNI) implementation. Figure 3-2 shows the integration and

communication process between Java and legacy aircraft design codes, often
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written in C, C++, and FORTRAN. This functionality is used extensively across

the analysis disciplines of the GENUS framework to add fidelity without requiring

lengthy re-writing or independent development of complex code.

JAVA CODE JAVA NATIVE NATIVE CODES

[ Java Class |— Ct+ Methods FORTRAN
,

"Extern C"

. . Analysis
IﬁtM_ calls to Fortran Y

and
results

subroutines

Java void

Void methods

methods

Dynamic library
(.dil)

Java classes

Figure 3-2 - General procedure for interaction between Java and legacy codes

The core philosophy behind the GENUS architecture can be summarised by the

following key aspects:

o

Modularity: Clear separation of distinct analysis disciplines organized in
hierarchical programming levels. Abstract classes lie at the root of this
functionality, also supported by Java’s polymorphism.

Flexibility: The analysis techniques can be applied, through high degrees of
abstraction, to numerous species of aircraft without the need to modify the
core framework.

Expandability: The capacity to include various fidelity levels in the analysis
modules, ranging from empirical methods up to numerical high-fidelity tools.
Java’s native interface and its polymorphism support this aspect. Special
modules (explained below) can be used to add specialist analysis tools.
Robustness: A cohesive framework that relies on well tested methods and
appropriate error and exception handling practices.

Independence: Avoid licensing and platform dependant software when

appropriate.
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The GENUS framework is not to be considered as a black box system that
requires minimal input from and by the user; on the contrary, GENUS relies on a
knowledgeable user/designer that interacts in a cyclic and constructive manner
with the front and back ends of the framework. This interaction makes use of the
designer’s expertise, intuition, and assumptions in order to generate new
knowledge. A top level schematic of the interaction of the user and the framework

is shown in Figure 3-3.

Mission requirements The Design Process
assumptions & Optimization

The Design Tools

The Knowledgeable User

——3 The Design Outcomes

Figure 3-3 - The components and inter-relationships of the GENUS framework

The GENUS core framework consists of nine essential modules which include:

1. Geometry 6. Propulsion Analysis
2. Mission 7. Packaging

3. Propulsion Specification 8. Performance

4. Mass Breakdown 9. Stability

5. Aerodynamics

All modules implement the structure of an abstract ‘Genus Module’, shown
schematically in Figure 3-4. Subsequently, an ‘abstract’ module exists for every
one of the 9 essential modules. All particular modules are extensions and

implementations of these abstract modules, as shown in Figure 3-5.
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Genus Module

User Inputs from GUI Optimiser input variables
_______ ) Write Inputs = = = =/ = = =

Y

Set Module
Savetnputs

Execute

Reset inputs Analysis
Jor new analysis Optimiser objectives/constraints
Prequired — \\Write Qutputsp = = = = = = ) o

I
¢ Text output to GUI
Write Resultsf = = =/ = = =

————— Reset Module

Figure 3-4 - General structure of the abstract 'Genus Module'

( Performance for others \

Performance for UCAV's

Abstract Performance

User settings > User defined inputs Outpits for{optimisation
Execute Analysis
Other modules data Optimisation Outputs P

FlightConditions
subclass

 —

Figure 3-5 - Hierarchy and data flow of performance modules

A set of special modules can be implemented as extensions to the original Genus
module in order to analyse non-conventional aspects of aircraft design. Examples
of special modules include Radar Cross Section analysis, Sonic Boom intensity,

Cost estimation, and Aero-thermodynamic analysis.
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A framework schematic showing the initiation of a single design instance is shown

in Figure 3-6. Each module can have as many inputs as needed by the user,

which will then pass to the subsequent modules as shown by the information flow

depicted by the connecting arrows and variables.
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Figure 3-6 - N2 diagram example for design instance initiation in GENUS

Figure 3-7 shows the N? diagram for an optimisation loop of with geometric and

volumetric constraints, mass and fuel convergence errors, as well as thrust and

stability constraints. The input variables correspond only to the geometry, mission

(estimated take-off mass), and propulsion specification modules. This diagram

represents a typical convergence optimisation loop for a fixed mission (range,

speed, payload ...). The Objective function arrow is shown coming out of the

framework domain in general representing the various objectives that can be

selected; examples of typical objective functions are maximum take-off mass

(MTOM), operating empty mass (OEM), total fuel consumption, RCS (at a certain

viewing angle or average), amongst others.
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Figure 3-7 - N2 diagram example for design optimisation in GENUS

3.3 Multivariate Optimisation in GENUS

GENUS offers an intuitive and simple to navigate user interface, with clear
divisions between the analysis modules available, the user inputs, the analysis
outputs, which are also the objectives and constraints for the optimisation
problem, additional user-defined text outputs (which can include numerical
results), and the optimisation tab. Figure 3-8 shows the Inputs tab with a single
optimisation input, along with the lower and upper bounds, as set by the user.
The inputs can be of three different types, namely List inputs for selecting pre-
defined options that encompass a set of characteristics; Value inputs are used
for real quantities and design characteristics; and finally Integer inputs for
selecting number of wing kinks, fuselage stations, and number of engines,

amongst others.
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# Cranfield GENUS design software o | B [
File Edit

Module Selection | Inputs  Outputs | Run Single | Optimize Single run results | Optimization results = Constraints check
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Perf_UCAV
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Select module: Geom_UCAV -

23,000 v 15,000

View

Save

Save All...

Figure 3-8 - GENUS GUI user inputs tab

In order to generate the numerical outputs from each analysis module, the user
must perform a Single Run, which produces a single instance of the aircraft based
on the current inputs. The objective function and the appropriate constraints are
then selected in the Outputs tab, as shown in Figure 3-9. In this case, the
objective function is the calculated take-off mass, and the constraint is the mass

error between the estimated and the calculated value.

Finally, the Optimize tab is used to select whether the objective function is to be
minimised or maximised, the types of constraints, and the optimisation algorithm
to be used. A graphical output of the objective function’s history is shown on the
right hand side, as shown in Figure 3-10. Additionally, a Constraints Check table

is available in order to verify if the constraints have been met or violated.

GENUS includes a custom made genetic algorithm®23.sect3.3.2) and a commerecial,
well proven, and robust gradient-based optimiser LSGRG2(124, which together
offer an efficient hybrid approach for large design space exploration and good

convergence upon the global minima.
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Figure 3-9 - GENUS GUI outputs tab, with objective function and constraint

selected
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Figure 3-10 - GENUS GUI optimisation output

Formally defined, a single objective optimisation problem is defined by the

objective function as:

min f(X) (3-1)

Subject to:
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gi(x)<0forj=12,..,] (3-2)
h,(x) =0 fork=12,..,K (3-3)

xF<x; <x fori=12,..,N (3-4)
Where:

X is an array of input variables, of dimension N;

f (%) is the objective function, a scalar;

g;j(x) are the inequality constraints, of dimension J;

h, (x) are the equality constraints, of dimension K; and

xF and x/ are the lower and upper boundaries of the input variables.

The basic formula for a constraint error in GENUS is given by Eq. (3-5).

_ Vcalci - Vrefi (3'5)
Vrefi

To evaluate the error of a variable which limits lie within a specified range of

positive and negative values, [V—LimitifV+Limiti]1 the error in Eqg. (3-6) can be

defined as a Less than Zero inequality constraint:

o = |Vcalci - Vcentrepointil - Vaveragei <0 (3_6)
i~ =
VZweragel-
Where:
_ Vivimit; T Vorimir, (3-7)
Vcentrepointi - 2
~ Virimie, = Vorimie, (3-8)
V;weragel- - 2

Furthermore, several outputs can be combined into a single objective through
weighting factors, increasing the capability of GENUS into quasi multi-objective
optimisation, as shown by Eq. (3-9).
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feomp = BoObj; + 1- 5)0bj2 (3-9)
Where =0, 1].

For example, Figure 3-11 shows the behaviour of the nose-on RCS and the
aspect ratio as a function of weighting factor g, with the combined objective

function given by:

(1-5) (3-10)

minimise f(x) = B+ RCSyose + 1R

This objective function maximises aspect ratio for low values of §, and minimises

RCS as S increases.

The changes in the geometries shown in Figure 3-11 are subject to a constant
wing area constraint, as well as a maximum nose-on RCS value of -15 dBsm.
Little to no change can be seen for values of > 0.6 due to the lower and upper
bounds of the selected geometry inputs.

-15 Y

Nose-on RCS [dBsm]

-
-

-25 1
Weighting Factor
RCS - - AR

Figure 3-11 - Multi-objective optimisation within GENUS through combined
objective functions and weighting factors
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3.4 Summary

This chapter has introduced the general architecture of the GENUS aircraft
design environment, which is the main design tool used and developed
throughout this research. The GENUS framework has been under development
since 2012 and it has been successfully applied in the conceptual design and
analysis of re-usable hypersonic vehicles, blended wing body airliners, solar
powered ultra-high aspect ratio UAVS, supersonic business jets, and —under this

research— subsonic and supersonic UCAVSs.

The principal philosophies behind the programming strategies and
implementation of the GENUS framework have resulted in a highly flexible,
modular, expandable, and robust framework capable of handling several species
of aircraft under a common architecture (for a detailed description of the overall
GENUS architecture and coding practices see(123.125.126)),

The next section will introduce the detailed methodologies selected, developed,
and integrated for the design, analysis, and optimisation of low-observable

unmanned combat aerial vehicles.
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4 UCAV DESIGN METHODOLOGIES

4.1 Introduction

This section presents the various methodologies that were selected, developed,
and integrated into the design and analysis modules of the GENUS framework.

4.2 Geometry

Aircraft geometries in the GENUS framework are specified through discrete
elements which are divided into body components and lifting surfaces. Each class
can be further divided into sub-classes which use a library of cross section
shapes, planform dimensions, rotations, translations, and aerofoils for a full

geometry definition, as shown in Figure 4-1.

Furthermore, a variety of geometry formats required for different analysis tools
can be used and transformed from these discrete components. Examples of such
formats are the XYZ point-cloud, the LAWGS (wireframe) format(12"), DATCOM
geometry, AVL panels, and PANAIR structured grids.

- R

¢ Geometric
Component
o Body Component

o Lifting Surface [
l

M Geometry Formats
* LAWGS

Wing
H. Tail * PANAIR
« DATCOM

Fuselage
External tank

K‘I’win booms

Figure 4-1 - Geometry package components in GENUS

Canard
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Despite its simplicity, this geometrical definition offers great flexibility and allows
the application of geometrical rules such as continuity between leading and
trailing edges, parallel edges for reduced RCS, or subsonic leading edges, to
mention a few. Figure 4-2 shows two solutions of equal wing reference area while
enforcing parallel leading and trailing edges obtained though the GENUS
optimisers; the figure on the left is the solution for minimum aspect ratio, while

the figure on the right is the solution for maximum aspect ratio.

& & & o

Longitudinal Axis
Longitudinal Axis

-10 -5 0 5 10 -10 -5 0 5 10
Lateral Axis Lateral Axis

Figure 4-2 - Aligned leading and trailing edges for two configurations of equal
area (left: min AR, right: max AR)

4.3 Mission Module

The mission module acts primarily as a user input module where some of the
basic parameters required for the analysis of the design mission are specified.
Table 4-1 shows the abstract-level inputs and their data type. Not all parameters
are appropriate to unmanned vehicles, but the entirety of the inputs need not be
specified for each class of aircraft. Additional performance requirements can be

added directly in subsequent modules.

Table 4-1 - Mission module inputs

Input Units Type
Cruise Altitude Meters Real
Cruise Speed (TAS) m/s Real
Cruise Mach - Real
Target Range Meters Real
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Target Endurance Seconds Real
Number of passengers - Integer
Number of crew - Integer
Payload Kg Real
Payload to drop Kg Real
Payload to pick up Kg Real
Estimated Take-Off Mass Kg Real
Maximum normal acceleration - Real
Maximum axial acceleration - Real
Take-Off Type (Vert., Hor.) - List

4.4 Mass Estimation

Class Il, or statistical mass estimation methods have been developed through a
combination of manned and unmanned equations, following well established
sources such as Gundlach@28. chap.6) - Raymer129. chap.15) = Howe(130. sectAD4) - gnd

Roskam(3D, as well as Cranfield University mass estimation methods32),

The validation of the mass estimation for several UCAV demonstrators and
conceptual designs is shown in Figure 4-3, achieving good agreement. The gross
mass of Taranis has been taken from unofficial data due to the lack of official

information(33),

A technology factor corresponding to a reduction in structural mass of 10% has
been applied to compensate for the widespread use of composite materials for

these novel configurations(34.135),

The mass estimation equations for systems, structural components, and

miscellaneous items are given in Appendix B.
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Figure 4-3 - Mass breakdown validation for subsonic UCAV designs

4.5 Propulsion

4.5.1 Propulsion Specification

The propulsion specification module offers the flexibility required to represent
complex propulsion systems needed for complex vehicles such as hypersonic
transports, or high-supersonic UCAVs, where combined propulsion systems are
employed. Figure 4-4 shows the structure of the propulsion specification modules
within GENUS, and the types of inputs that can be specified, with the main
subclass being the Powerplant objects. Each powerplant subclass can be
modelled independently under different assumptions and analysis tools, from

low-fidelity regression models to medium fidelity thermodynamic analysis.

4.5.2 Propulsion Modelling
4.5.2.1 Empirical Methods

A low-fidelity propulsion model had already been included in the GENUS
framework through the regression method given by Howe(@30. sect3.6.2)  where
thrust and fuel consumption are a function of a few engine characteristics such
as static sea-level thrust Ty, bypass ratio R, and flight conditions (Mach number

My, pressure ratio o), as shown in Egns. (4-1) to (4-3).
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Figure 4-4 - Propulsion specification within GENUS
T =1T, (4-1)
_ F.lki + kR + (k3 + kyR)Myo”, M <09 (4-2)

t= {Fr[kl + sz + (k3 + k4R)(MN - 0.9)]0'5, M 2 09

The value of E; allows for the use of afterburning engines, and is given by:

( 1 Twet -1
' TDry
F = (TWet) (4-3)
TDry TWet >1

(1.32 + 0.062R)’ Tpry

The values for all other constants are shown in Figure 4-5.

Specific fuel consumption is given by Howe for non-afterburning engines through
Eq. (4-4) and for afterburning engines through Eq. (4-5). The specific fuel
consumption factor, ¢’, is estimated as 27 mg/N/s for supersonic engines, 24
mg/N/s for low bypass ratio subsonic engines, and 20 mg/N/s for large subsonic
turbofans; however, these values can be corrected by compiling data on newer

engines and their performance, when available.
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Bypass Mach Operating K, K, K, K 5*
ratio number condition
R range
1 0-0.4 Dry 1.0 0 0.2 0.07 0.8
or Wet 1.32 0.062 -0.13 027 0.8
lower 0.40.9 Dry 0.856 0.062 0.16 0.23 0.8
Wet 1.17 0.12 0.25 0.17 0.8
0.9-2.2 Dry 1.0 -0.145 0.5 0.05 0.8
Wet 1.4 0.03 0.8 0.4 0.8
3to
6 0-0.4 Dry 1.0 0 0.6 -0.04 0.7
0.4-09 Dry 0.88 20.016 0.3 0 0.7
8 0-0.4 Dry 1 0 20.595 ©0.03 0.7
0.4-0.9 Dry 0.89 0.014 0.3 +0.005 | 0.7
Figure 4-5 - Howe's propulsion modelling constants
c=c'(1-0.15R%®>)[1 + 0.28(1 + 0.063R?*)My]c %08
Twet

c= 1.05(

TDry

) (14 0.17My) o8

4.5.2.2 EngineSim — Air Breathing Engine Analysis

(4-4)

(4-5)

A more flexible engine model has been adapted to improve on the simple

empirical methods available in GENUS and to standardise the engine analysis

tool. After reviewing several engine analysis tools shown in Table 4-2, it was

concluded that EngineSim, while being the simplest of the tools mentioned below,

has sufficient capability while also maintaining the open source, license free
philosophy of GENUS.

EngineSim includes several analysis limitations, such as no analysis of

emissions, no effect of air bleeding from the compressor, no account of heat

leakage or rotor inertia, and no strength check for the components®36),

Table 4-2 - Engine Modelling Tools

Tool Open Source Purpose
EngineSim v Educational/Gas turbine analysis
TurboMatch X Gas turbine analysis
GasTurb X Gas turbine analysis
GSP x Component design and optimisation
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NPSS x Component design and optimisation

pyCycle v Plug-in for OpenMDAO, system level optimisation

EngineSim is an open source Java-based applet developed by NASA Glenn
Research Center(®37), This applet allows the user to design and analyse turbofan,

turbojet, and ramjet engines.

EngineSim includes two operational modes, which are called the design mode,
and the test mode. In the design mode the user can specify the design variables
such as engine dimensions, pressure ratios, inlet performance, material
characteristics, individual components efficiencies, temperature limits, and the
design Mach and altitude conditions. The engine performance data used by other

modules at the off-design conditions is obtained through the test mode for a

frozen engine design, as schematically shown in Figure 4-6.
BPR CPR Nozzle area

Inputs from user in GU
Prop. Spec. module
Diameter 8 v e ¥ /"a“ﬂ

EngineSim in Design Mode Fan Press. ratio ) |

Lfficiencies

No — Off-design . -
EngineSim in Test Mode H ‘ I
performance 7. I

I

GENUS Analysis Modules|

Engine complies
with constraints?

Yes

(Finalise engine design )

Figure 4-6 - EngineSim generic engine design procedure

The cycle analysis for turbojet engines given in Egns. (4-6) to (4-22) is based on

the numbering convention shown in Figure 4-7138),
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Figure 4-7 - EngineSim numbering convention

Starting with the isentropic total conditions calculated from the freestream:

TOl - 1 (4‘6)
—=1+——M?
T, T
¥
Po1 _ (E)V‘l (4-7)
Pa TO

Where M is the freestream Mach number, y is the specific heat ratio, pa is the
ambient static pressure, and T. is the ambient static temperature. From the inlet
to the compressor, the total temperature remains constant and for subsonic flight
the pressure recovery is set as 1. The pressure loss is given as:

Po2 1, M<1
Poz _ { (4-8)
Poi (1.0—0.075(M — 135, 1<M<5
Pressure and temperature across the compressor are calculated as:
cpr =29 _ specified by user (4-9)
Po2
v-1
Tos _ 1 (@) Vg (4-10)
Toz  Nc|\Poz

Assuming the burner is operating at its maximum temperature for a higher turbine
entry temperature (TET), and thus higher efficiency:

T, = Tys = specified by user (4-11)
T, T, 1
ot _ T, (ﬂ) (_) (4-12)
To3 To3/ \To1
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Poa

— = specified by user (4-13)
Po3

The ideal pressure ratio across the burner is equal to one; however the user may
specify a value less than one to simulate losses.

The temperature and pressure across the turbine are then calculated as:

h _ (4-14)
Tos _ 1 _—(TOZ )T01
To4 To4
A
Pos _ [1 1 (1 _ k)]y‘l (4-15)
Po4 Nt Toa

as:

4-16
ETR = -2 2% (4-16)

EPR = PosPo4Pos

(4-17)
Po4 Po3 Poz

The exit pressure at the nozzle is assumed to be the ambient pressure, and the

nozzle flow is assumed as choked at the minimum area As. The exit velocity is
then given by:

y—1

Pav ,

Vexit = 2CpTOSnn [1 - <p_as> ] (4-18)
0

The net thrust can be obtained from the freestream and exit velocities as:

Fy

My — (4-19)
m exit 0

The mass flow can be obtained by the choked nozzle condition as:
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—(r+1)
moyb: _ [V o M [1 Y= 1 MZ]Z(Y—U (4-20)
0Ag R /TO 2

Where 6: is the total temperature ratio, é: is the total pressure ratio, and R is the

gas constant. The fuel to air ratio can be determined by:

T,
(7)1

f =
(CpQ']}}o3> B (%)

Where Qr is the fuel heating value in J/kg. Finally, the thrust specific fuel

(4-21)

consumption is given by:

rspc =1 ™o (4-22)
E,

Furthermore, the engine mass estimation is given by an idealised volume of the
different engine components taking into account their diameter (d:), length (L)),
and material density (pi), as shown in Eq. (4-23), and Figure 4-8. However, this
method has not been found to provide high accuracy. A comparison of
EngineSim’s mass prediction compared to an empirical regression mass
estimation method (Raymer) is shown in Figure 4-9 for turbojets and turbofan

engines.

(4-23)

Figure 4-8 - EngineSim component idealization for weight calculation

70



20
18
16
14
12
10

Engine Mass [Ib x 1000]

O N H» O ®

| 58.36%
43.99%
1 40.99% ® 0
| 38.14 -
| 9.73%
| 71 2.09% ®
ALF502L CFM56-7B18 GE90-85B XJ30-WE-3 GE J85-GE-4

57.23%

36%

RR Viper
Mk632

GE

J79-GE-8

- 70%

- 60%

- 50%

40.44%
31.67%

- 40%

30%

20%

10%

0%

B Quoted Mass [EEngineSim Mass B Raymer Mass 4 EngineSim Error

Raymer Error

Figure 4-9 - Engine mass prediction comparison; EngineSim vs Raymer
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Finally, Figure 4-10 shows the validation of EngineSim fully integrated into the

GENUS framework for a GE-J79 engine in dry mode®39, The main engine inputs

for this validation were the engine diameter, compressor pressure ratio,

compressor stages, and turbine stages®*9; the individual component efficiencies

were modified in order to obtain a total engine efficiency of approximately 65%.

The results show good agreement at various Mach and altitude conditions.
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Figure 4-10 - EngineSim J79 engine validation in dry mode

4.5.2.3 Turbine-Based Combined Cycle Propulsion

6000

4000

8000

During high speed operations, the propulsion system must be able to meet the

mission requirements at a wide variety of conditions; from sea level static, to high-

altitude, high-supersonic speeds. This is achieved through a turbine-based
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combined cycle (TBCC) propulsion system that integrates a turbojet/turbofan
engine with a ramjet combustor and nozzle. Common arrangements of TBCC
architectures are shown in Figure 4-11. The tandem or co-axial architecture has
been chosen as appropriate due to its reported lower mass and less restrictive
integration into various aircraft configurations4b. However, the complex
mechanical and aerodynamic inlet and nozzle design are outside the scope of

this research.

Flow path 1 Turbo

o o
< -4b -
L R L T

L pmmpe———
= p == .
Flow path 11 Ramjet

(a)

MU

e
Y i
Ramjet Path Ramijet burner

(afterburner

(b)

Figure 4-11 - Common TBCC architectures: (a) parallel, and (b) tandem
A key parameter of the combined propulsion systems is a smooth transition
between the turbo/ram modes. Constant flow rates and thrust across the
transition point are desirable in order to reduce performance penalties, as well

avoiding recirculation across the turbine elements(142),

A simplified transition point has been estimated by modelling afterburning
turbojet/turbofan engines and ramjet engines with equivalent inlet areas. The
thrust surfaces shown in Figure 4-12 intersect at the Mach/Altitude transition
points where the thrust outputs match, and therefore, the point where a smooth
thrust transition can be achieved. It can be seen that the transition point depends

only on Mach number, here estimated as M ~ 2.5, irrespective of altitude.
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Figure 4-12 - Estimation of transition Mach number, turbojet-to-ramjet
A simple decision flag has been programmed into the Turboramjet Powerplant
object in order to transition from turbo mode to ramjet mode, as schematically

shown in Figure 4-13.

Get off-design performance

Set baseline engine

ves |set Turbo engine
run performance

Get inputs from
propulsion spec.
module

Set inputs and run
basic routines

“““““““““ set Ramjet engine get T, SFC,
= Mpel etc
run performance

| I
| |
| I
1 I
| ]
1 No 1
| |
1 I
| I
1 I
| |

Figure 4-13 - Decision logic for turbo/ramjet modes

4.5.3 Inlet Sizing

Due to low-observability requirements, complex inlet shapes are often employed
in order to avoid the reflection waves coming from the engine fan components.
Intake and airframe integration for fighter/strike aircraft often follows these design
practices(43):

o Achieve low radar observability.
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o Minimise flow field interference from other components such as landing gears,
weapon carriage/anchoring, external fuel tanks, etc.

o Prevent boundary layer ingestion.

o Achieve uniform pressure recovery flow at a wide range of velocities.

o Good post-stall, high angle of attack behaviour.

Due to the complex aerodynamics of serpentine inlets, the detailed design is out
of the scope of this research and inlets will only be sized for drag, thrust
correction, and packaging purposes. The inlet size is a function of freestream
Mach number, the assumed Mach number at the throat, and the maximum
allowable Mach number at the engine front face. Throughout this research, a
maximum throat Mach number of 0.6 and a maximum engine front face Mach
number of 0.4 have been assumed, as shown in Figure 4-14. Using isentropic

flow relations, Eq. (4-24), the inlet capture area is given by Eq. (4-25).

[1 +0. 21\/12]3 (4-24)

_ (Ai)l/( A) (4-25)

Throat

Engine Face
Figure 4-14 - Inlet flow conditions and sizing

Additional airflow is often required for secondary power, engine cooling, and

bleed air, so an inlet area correction of approximately 20% is applied.

A simple thrust correction due to pressure losses is included via Eq. (4-26):
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AF 035K - Me,(1—1p)Ps

i (4-26)
FO dw

Where K is an engine dependent factor, commonly 1.5, P, is the ambient

pressure and q., is the dynamic pressure both in Pascals, and the pressure

recovery factor, np, can be estimated through MIL-Spec 5008B(44), Eq. (4-8), and

Figure 4-15.
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Figure 4-15 - Inlet pressure recovery at various Mach numbers

For high-supersonic flight, Nicolai45 chap-15) establishes the pressure recovery as

a function of the inlet type up to speeds of Mach 5.0. As seen from Figure 4-16,

the isentropic spike inlet is the most efficient.
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Figure 4-16 - Pressure recovery for conical shock systems
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The inlet capture area is obtained through Eq. (4-27) where ni; is the engine

airflow (kg/s), and nig is the secondary air flow (kg/s) required for other systems
like engine cooling, and Ab”’/AC is the correction factor due to boundary layer

b|eed(145, p.401).

_ Apip (mE + mS) 4-27
AC—(1+ /AC) T (4-27)

However, due to the complex aerodynamics and mechanical system integration,
a detailed design procedure for variable geometry inlets has not been integrated

into the GENUS propulsion module.

4.6 Aerodynamics

The GENUS aerodynamics module allows for the aerodynamic characterisation
of a flight vehicle through the combination of several analysis tools and fidelity
levels and the use of Coefficient Matrices as the data objects shared by other

modules, as schematically shown in Figure 4-17.

This approach is necessary due to the several design aspects and methods that
affect aerodynamic characteristics such as the total drag build-up, or the total lift
coming from different effects such as vortex or compression lift, as exemplified in
Figure 4-18.

""""""
PANAIR |} - .5 >
DATCOM | - = =

AVL

~
_.| Performance
(==
N

Pass data

Fill Matr

Figure 4-17 - Aerodynamic coefficients matrix
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Figure 4-18 - Total drag build-up through a combination of analysis tools

4.6.1 Friction Drag

Skin friction and form drag calculations have been adapted from the
FRICTION®46) code due to its parametric definition based on the geometric
characteristics, the flexibility to include laminar to turbulent transitions, the
inclusion of supersonic effects through the adiabatic wall recovery factor, and the

flexibility to include form factors from various sources.

The total friction drag is obtained through Eq. (4-28), where the effects of flow
turbulence are introduced via the laminar transition fraction Fians Shown in Eq.
(4-29).

Cp, =

N -
LY Sl (4-28)
i=1 Sref

CFi = CFturb — Firans [CFturb - CFlam] (4-29)

Form factors are given in. Egns. (4-30) and (4-31) for body components and lifting
surfaces, from Torenbeek4?), chosen as conservative factors compared to other

sources such as Hoerner and Raymer(148),

FFpoaycomp = 1+ 1.5(d/l)1.5 + SO(d/l)3 (4-30)

FFuipesurs = 1+ 2.7(8/¢) +100(¢/¢)" (4-31)

Miscellaneous drag is added to account for external sensors, probes, and air

intakes through empirical estimation methods(129: sect12.5,13.3)
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4.6.2 Wave Drag

Compressibility effects must be accounted for during high subsonic and transonic
flight segments, especially when operating beyond the drag divergence Mach
number (Mbp), which is defined as the Mach number that results in a drag
increase of 20 drag counts (4Cp = 0.002). The local Mpp is obtained using the
span-wise lift distribution (calculated through classical lifting-line theory), the wing

geometry, and aerofoil factors as shown in Eq. (4-32).

a) t/c(y) (4-32)
10 cos? Ags cosAgs

KAerofoil = Mppcosdys +

Where Kuerofoir ranges from 0.95 for supercritical aerofoils to 0.87 for regular
aerofoils. The local critical Mach numbers and drag contributions are given in

Egns. (4-33) to (4-35)148). Subsonic wave drag is calculated only for the lifting

surfaces.
4-33
3(0.1 ( )
Merit(y) = Mpp (y) — 30
c B { 0, M < Mcpit (4-34)
dwavestrip 20(M — MCrit(y))4: M = Mcyit
_ Sstripi (4_35)

C = E C
Dwave dwavestripi Sref
i=1

At supersonic speeds, wave drag is calculated through the area rule procedure
presented in the Harris wave drag routines®9. The total wave drag is obtained
via Egns. (4-36) and (4-37) through the angles and rotation planes shown in
Figure 4-19:

L[ (4-36)
CDwave(e) = _EJ fAl,(xl)A,,(xz) In|x; — x| dx;dx;
00

2m (4-37)

1
CDwave = %J CDwave(B)dH
0
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Figure 4-19 — Rotation angles for wave drag calculations: Mach angle (u) rotated
through the cone angles (0)

4.6.3 PANAIR Aerodynamic Analysis

Due to the geometric choices for UCAV designs, and due to the wide variety of
flight speed regimes to be investigated, a flexible and capable aerodynamic
analysis tool was required. Several aerodynamic analysis tools were available in
the GENUS framework prior to this research; these methods include empirical
equations, Digital DATCOM, AVL (vortex lattice), and the Supersonic and
Hypersonic Arbitrary Body Program (SHABP).

Digital DATCOM is not suitable to perform the main aerodynamic analysis due to
its reliance on equivalent wing planforms and because its methods consist of a
compendium of data mapped through simple semi-empirical relations. Similarly,
AVL does not consider the effects of thickness and is limited to subsonic speeds,
while SHABP is mainly used for hypersonic analysis.

Therefore, the panel method PANAIR was selected for its integration into the
GENUS framework as the default aerodynamic analysis tool. PANAIR has been
validated and applied to the aerodynamic analysis of fighter configurations@®59,
tailless UCAVs(5D, the optimisation of fighter aircraft wing strakes(1%2, the ground
effects of a lifting body*>®), and even to the prediction of sonic boom intensity
through the near-field pressure®> and the lift distribution(5%),

A comparison of the capabilities of the aerodynamic tools available in GENUS is
shown in Table 4-3.
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Table 4-3 - Aerodynamic Methods in GENUS

Method Open Arbitrary Subsonic Transonic Supersonic
Source Geometry
Digital v « v v v
DATCOM
AVL v X v X x
SHABP v v x x v
PANAIR v v v v v

PANAIR was originally developed by Boeing and NASA; it is capable of
performing aerodynamic analysis of arbitrary three-dimensional geometries up to

Mach 4.0 by solving the Prandtl-Glauert equation, Eq. (4-38).
1- Mgo)(pxx + d)yy + ¢, =0 (4-38)

In order to derive Eq. (4-38) from the Navier-Stokes equations, the following flow

assumptions have to be made®%6):

o The viscosity terms have been eliminated
o The flow is irrotational
o Steady state conditions

o Small perturbation approximation

Furthermore, PANAIR is not able to predict the local flow characteristics at
transonic conditions, but it is capable of providing approximations of the total
forces and moments. A comprehensive explanation of potential flow theory and
its implementation in the PANAIR code is out of the scope of this research, for

more details refer to the user manual®>7,

The PANAIR solver (open source FORTRAN code obtained from PDAS(59) has
been integrated into the GENUS framework as a dynamic link library object (DLL)

following the procedure shown schematically in Figure 4-20.
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Figure 4-20 - PANAIR-GENUS interaction schematic

Panair requires the use of structured grids, with the various geometrical
components divided into networks. Each network is composed by a grid of NxM
points, where N and M represent the columns and rows. The order of the grid
points must follow the right hand side rule with the surface normal vector pointing
outwards. This is important for the setting of boundary conditions and edge
alignment for thick, impermeable surfaces, where the mass flow through each
panel is zero. Furthermore, the edges of contiguous networks must coincide in
order to properly represent the flow and avoid geometrical and flow discontinuities
which can result in erroneous pressure distributions. This abutment process is
exemplified in Figure 4-21. A panelling algorithm was developed to automate the
geometrical input process; details are provided in Appendix C.

Aerofoil mapped to

Centre fuselage top fuselage side

abutment to top aft fuselage

Centre fuselage top
abutment to nose

Centre fuselage bottom

Centre fuselage bottom
abutment to nose

abutment to bottom aft fuselage

Figure 4-21 - Network edge abutments for a tube-and-wing geometry

Results have been validated against low speed wind tunnel data for a lambda-
wing UCAV1%9) shown in Figure 4-22, as well as against flight measurements for
a Boeing 737 airliner69), Lift and drag coefficients agree well with experimental
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results; however, PANAIR cannot account for the complex vortex interactions
which results in pitch-up behaviour for UCAVs at moderate angles of attack.
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Figure 4-22 - Panair validation of 1303 UCAV low speed wind tunnel data (M = 0.3)

4.6.4 Aerodynamic Surrogate Model

Through the combination of the aforementioned aerodynamic analysis tools, a
full aerodynamic characterisation is available at any given flight condition. The
aerodynamic data can be interpolated between angle of attack, Mach number,
and type of coefficient stored in the Coefficients Matrix, as schematically shown

by the surrogate coefficient contours and data points in Figure 4-23.
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Figure 4-23 - Lift and induced drag coefficients surrogate models and data points
Furthermore, visualisation of pressure coefficients is available through an
external post processing package called pyNastran, as shown in Figure 4-24.

This tool is not integrated into the GENUS framework; however, the files required
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for visualising the pressure coefficients are automatically generated by the
Aerodynamic analysis module in GENUS.

Mach 1.6, o= 16°

lower skin upper skin

Figure 4-24 - Pressure coefficient visualisation in pyNastran

4.7 Performance

The performance module evaluates all mission segments, from take-off to
landing. Additional mission constraints, such as manoeuvrability and point

performance requirements can be added in this module.

4.7.1 Field Performance

4.7.1.1 Take-Off Performance on a Normal Runway

Normal take-off performance has been adapted from Lynn’s TAKEOFF2.C
code8D), which provides the balanced field length, shown in Figure 4-26. This
code is based on the parametric take-off performance for jet propelled and
vectored thrust aircraft by Krenkel and Salzman@®?, complemented with an
iterative solution for the balanced field length. The implementation of this code
has been verified against a DC-9 take-off example available in the original source

code with excellent agreement, as shown in Figure 4-25.

To account for wind effects, the take-off distance is multiplied by a headwind
factor, Eq. (4-39)(163. chap.6),
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Figure 4-26 - Balanced field length
4.7.1.2 Catapult Assisted Take-Off

For any given class of aircraft carrier that offers catapult assisted take-off, the
maximum catapult load can be calculated based on the catapult’s cylinder

diameter, maximum pressure, and estimated efficiency as:

D? (4-40)
Fear = ncatnPT
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This load acts as a booster thrust component that is idealised as acting aligned
with the aircraft’s longitudinal axis so that a;, = 0. The overall take-off procedure
is divided into an assisted ground roll, followed by an unassisted ground roll, and

a transition to climb segment, as shown in Figure 4-27.

Ground Roll

, Transition to

Catapult Assisted I No Catapult | climb

Figure 4-27 - Catapult assisted take-off segments

Using the forces shown in Figure 4-28, the equations of motion during the ground

roll are given as(164 chap.10);

dv Tcos(ar) + Tycos(ap)| D

— = —— — uR — sin(®

o[ D iR sin(®)

L T T, -
3 = i _ by ] (4-41)
R=g [cos((b) W Wsm(aT) Wsm(ab)
dx
\ E = Vground

A numerical integration can be used by selecting adequate values of At during
which the atmospheric, mass, propulsion and aerodynamic characteristics can

be considered constant.

Figure 4-28 - Forces during ground roll

The transition to climb segment is divided into two sub-segments as follows:

1. A constant altitude acceleration from Vior (1.1Vstan) to V2 (1.2Vstan)

2. A constant speed circular arc (of radius R) from y=® to yaim» (EQ. (4-43))
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The unassisted acceleration for sub-segment (1) is given by Eq. (4-42):

dV._ [Tcos(a+ar) D (4-42)
ac Y W w
T-D (4-43)
Yclimp = T

The change in flight path angle for sub-segment (2) is given by Eq. (4-44):

dy _V|[Tcos(a+ ar) N L (4-44)
dt g W w ~cos)
Finally, the horizontal and vertical distances are calculated as:
dx v (4-45)
i cos(y)
dz Vet (4-46)
P sin(y)

The transition segment ends when y= yciimp Or h=hobstacle.

4.7.1.3 Ski Jump Take-Off

The ski jump take-off consists of a normal ground roll segment, followed by a
ground roll on a circular arc at the ski ramp, followed by a final transition to climb
segment described by a ballistic trajectory. The take-off distance is measured at
the point where the vehicle clears the obstacle height, which must be added to
the carrier’s draught. The regular ground roll equations of motion are given by
Eq. (4-41) with T» = 0. The ground roll segment for the circular arc segment is
given in Eq. (4-47):

( dv Tcos(ay) D _
Fre g {—W W UR — sm(cb)}
R 3 2 o L T .

< friction = 9 [ Rsp + cos(®) — W WSln(aT)] (4-47)
do 4
dt ~ Re

X = Rgrcos(P)
\ z = Rgpsin(®)
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Figure 4-29 - Ski jump take-off segments

Finally, the equations of motion during the ballistic trajectory are given by
Birckelbaw(16%) as:

. T L D

X=g [Wcos(a + ar +y) ——sin(y) — Wcos(y)]

w (4-48)

T L D
i=g [W sin(a + ar +y) — Wcos(y) — Wsin(y) — 1]

A numerical integration can be adapted by selecting adequate values of At during
which the atmospheric, mass, propulsion and aerodynamic characteristics can
be considered constant. The flight path angle and angle of attack can be then

calculated as:

V2 (4-49)
y; = tan™?! (—l>
i in
a;=06;—vi (4-50)

4.7.1.4 Landing

Landing performance is evaluated through a simple, empirical formulation given
in Eq. (4-51)(166, sect5.112) - evagluated at 70% of the landing speed in order to

account for an averaged deceleration.

1.69Wiy, (4-51)
B gpSCy, (D +uWiag — Loy,

St
Friction coefficients during braking are given as u=0.4 for a dry runway and u=0.3
for wet or icy conditions.

In case of assisted landing by parachute, the additional parachute drag is
calculated according to the type of parachute and its dimensions, as established
by ESDU 09012%67) and Eq. (4-52).
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(4-52)

AC — (Parachute So
Dparachute Dy S
ref

4.7.2 Climb

Climb performance is evaluated through ESDU’s energy height optimisation
method(168.169) \which offers minimum fuel-to-climb and minimum time-to-climb
trajectories. This method makes use of energy height which represents the

potential and kinetic energy at a given altitude and speed as shown in Eq. (4-53).

For a given energy height, the minimum time-to-climb trajectory is given by the
speed/altitude pairs that maximises specific excess power, given in Eq. (4-54); a
minimum fuel-to-climb trajectory is given by the speed/altitude pairs that minimise
fuel specific energy, given by Eq. (4-55).

Minimum time-to-climb trajectories are shown in Figure 4-30 for a subsonic and
a supersonic UCAV; the effect of transonic wave drag is evidenced by the specific

excess power contour lines at speeds above Mach 0.9 for the subsonic climb

case.
[ & (4-53)
e — + 5
T C KW 4-54
w w/S qS

af  myg-C (4-55)
dH, V(T -D)

C =T -TSFC (4-56)
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ESDU Energy Height Optimum Climb Subsonic and Supersonic
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Figure 4-30 - Energy optimised climb trajectories
4.7.3 Cruise Segments
Three distinct cruise profiles are employed as required by the mission
specifications. Fuel burn, speed, altitude, and attitude profiles are obtained
through a numerical iteration®79),
4.7.3.1 Constant Airspeed and Constant Altitude

This cruise type requires that the attitude of the aircraft be varied through the
segment, reducing lift coefficient and total lift produced as the aircraft loses weight
due to fuel burn. Range is given by Eq. (4-57).

° 4 [ . < 2VK " ) (4-57)
= tan” | ————=W;
gTSFC\/ KCDmin pVZS\/ CDmin

— tan™! <LW )l
PV2S\[Comin
4.7.3.2 Constant Altitude and Constant Attitude
This cruise type requires that speed be varied through the segment, since the
weight of the aircraft is decreasing, speed will also decrease. Range is given by
Eq. (4-58).

B 1 \/FL 242 (4-58)
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4.7.3.3 Constant Airspeed and Constant Attitude

This cruise type is also known as cruise-climb. Since the weight of the aircraft is
decreasing, the aircraft must climb to generate less lift as density decreases with

altitude. Range is given by Eq. (4-59).

v o oc, . (W (4-59)
R= —In|—
gTSFC Cp — \W

4.7.4 Descent

A descent method which is the reverse operation of a linearly varying Mach
number, constant rate of climb can be used for non-time-critical missions where
the mission range can be maximised under no time constraints; this descent
should be performed at a minimum flight path angle, maximising the glide ratio.
The fuel consumption during descent is low due to the engines operating at idle
or near idle conditions; Howe estimates that the descent fuel consumption
corresponds to 1% of the vehicle’s gross mass(30: sect7.44)  Given a constant
descent angle y, and for an altitude step 4H, the time and fuel consumption are

given by:

. AH (4-60)
L VanSin()/)

n (4-61)
fuel = z SFCigieTiaret
i=0

For time critical missions, where the majority of the flight should be carried out at
the maximum speed, a descent manoeuvre that dissipates the maximum amount
of energy in the least amount of time is required. This can be achieved by a non-

steady turn at a high loading factor at the maximum dynamic pressure.

The manoeuvre is divided into segments of steady turn at constant flight path
angle for an altitude change 4z, coupled to a non-steady turn at constant altitude
for a Mach number change AM. During the steady turn, the equations of motion
are given by Eq. (4-62), and by Eq. (4-63) for the non-steady turn(164 chap.9),

90



( v=0
dz_o
dt

ti

:9/W [T — D]

x—V
| 5 = Veos®)

AM; - Asouna

(4-62)

(4-63)

A numerical integration can be performed by selecting appropriate values of time
step At during which the aerodynamic, mass, propulsion, and atmospheric
conditions can be considered constant. An example of this decent manoeuvre is

shown in Figure 4-31 (generated by the performance analysis module).
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Figure 4-31 - Mission trajectory demonstrating rapid descent
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4.7.5 Manoeuvrability

Point performance and manoeuvrability constraints are evaluated through vehicle
characteristics such as thrust, power, wing loading, maximum lift coefficient,

specific excess power, amongst others.

4.75.1 Instantaneous Turn Rate

Instantaneous turn rate requirements are evaluated through wing loading and

maximum usable lift coefficient constraints, as shown in Egns. (4-64) to (4-66).

gV =1 (4-64)
l,[) = T

qCeLysant (4-65)
(W S) — Usable
/ max nlnstkmass

k _ M@pManoeuvre (4-66)
mass —

my

4.7.5.2 Acceleration

Acceleration constraints are evaluated through the time required to transition
from the initial speed to the final speed, at a given altitude and weight condition.
The average acceleration, a, available as a function of specific excess power, Ps,
and instantaneous velocity, V, is given by Eq. (4-67); the resulting velocity after a

time interval At is given by Eq. (4-68).

_ gk (4-67)
T
Ve=Vi+At-a (4-68)

4.7.5.3 Sustained Turn Rate

Sustained turn rates are evaluated through the required thrust, which is equal to
the generated drag shown in Eq. (4-69). The load factor obtained for a given turn

requirement (nsr) can be obtained from Eq. (4-64).

K(ngrW) 2 (4-69)

Dsystrurn = Treq = qCDOS + qS
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The fuel consumption resulting from sustained turns is obtained through the turn
radius, time and speed, and the thrust and specific fuel consumption at the
specified Mach/Altitude/throttle condition, given in Eqns. (4-70) to (4-72).

v? (4-70)
Reyrn = g\ﬁ
_ ZnNturnthurn (4'71)
ttwrn = %
fturn =T TSFC -ty (4-72)

Manoeuvrability constraints and capabilities are summarised in the Manoeuvring
Diagram, which shows stall, maximum speed, maximum load factor, and specific
excess power at a specified mass (percentage fuel and payload) and altitude

condition, as exemplified in Figure 4-32.
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Figure 4-32 - Manoeuvre Diagram schematic

4.8 Packaging and Centre of Gravity

The main purpose of the packaging module is to calculate the location of the
centre of gravity of the various mass components, and mass configurations of the

vehicle (take-off mass, empty mass, 50% fuel, etc.). Within this module there are
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subroutines to calculate essential characteristics such as wing fuel tank volume
available, location and sizing of landing gear, and location and sizing of weapon
bays depending on the payload choice; these subroutines will be explained in the

sections below.

Furthermore, the packaging module has the capability to determine which
elements can and should translate longitudinally and laterally in order to comply
with centre of gravity ranges, desired locations, load constraints, volumetric
constraints, and clash between components. This functionality is highly
dependent on the definition of the mass breakdown components previously set
in the Mass Breakdown module. The different components are declared as
objects of the mass component sub-class, which is further divided into the sub-
components shown in Figure 4-33. A series of parameters define each mass
component, including the mass, a nhame, centre of gravity location (in global
{XYZ} coordinates, if known or explicitly declared), a volume, a shape, and the
dimensions depending on the declared shape. The pre-defined shapes include
box, cylinder, sphere, conformal, and distributed. This division of components

simplifies the input identification process within the packaging module.

Mass
Component

3 3
Component [ Payload [ Structure

I_I_I I I ! 1 1

) ) ) 2 3 3
[ Generic [ LaGr'1:a:rr1g [ Generic [Passengers [Droppable [ Pick-up

Figure 4-33 - Mass Components sub-class in GENUS

The flow chart in Figure 4-34 exemplifies the general execution procedure of the

packaging module within a multidisciplinary design and analysis loop.

Clashes can be detected and resolved between components of explicitly defined
geometric shapes such as boxes, cylinders, and spheres; and between these

components and the outer shell of the vehicle. This action is performed through

94



a series of helper methods which compare the corner coordinates of the known
component volumes against other coordinates obtained either from the geometry

definition or the location of the other declared components.

A schematic of a UCAV packaging is exemplified in Figure 4-35 where the vehicle
shows potential clashes between the weapon bays and the vehicle’s outer skin
and the landing gear enclosure volumes, as well as a partial clash between the
wing fuel tank volume and the main landing gears. This last case can be handled
by calculating the overlapping volume and subtracting it from the calculated wing
fuel tanks. However, the rest of the cases need to be fully resolved, with no

clashes found at the end of the design or optimisation loop.

Determine number of mass
components from mass
breakdown module, check
for class and data

as CGyyz)
been declared
for item?.

Yes Add to corresponding mass
configuration: MTOM, OEM, [~
ZFM.,...

Add to list of items
with missing CG

Create input for item's Input from Calculate masses and
CGyy location user in GUI CGs of various mass

configurations
I

Is there
a clash between
components?,

Yes _| Update CG location
to avoid clash

Does it
comply with
other constraints
load/volume/...)?

Yes Finalise position

— Update CG location

Figure 4-34 - Routine for locating items and resolving packaging issues
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e from fuel tanks

Figure 4-35 - Schematic of potential clashes in UCAV packaging
4.8.1 Wing Tank Volume

Wing tank volume calculations are performed via differential volumes, as shown
in Figure 4-36, and Egns. (4-73) and (4-74)149), The forward and aft wing tank

limits are imposed through the assumed wing spar positions (user inputs).

A 4-73
Av = ?y [Ax1(2Az; + Azy) + Ax,(Azy + 247;)] )
. (4-74)

AZj = E(Z] +Z] )

Ax,
Figure 4-36 - Differential volume in awing section

The total fuel volume is obtained as the sum of the differential volumes, multiplied

by a correction factor (fs:. < 1) which accounts for the structural density, as
shown in Eq. (4-75).
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n
(4-75)
VOlfuel = fstrucz' 1Avi
i=
This procedure can be applied to any area of a tailless configuration in order to

represent complex, distributed fuel tank systems. The total fuel centre of gravity
can then be obtained as:

X _ zn pfuel Ut xc-gfueli (4-76)
CoFuel = £y Pfuet * Vi

Where the local centre of gravity for the differential tanks is assumed to be at the
geometric centroid of a frustum, given by Eq. (4-77), corrected for its overall

location in the body axes system.

_ hi(Abasei +2 AbaseiAtopi + 3Atopi) (4-77)

Xcg .=
fuel; 4’(Abasei + \/m + Atopl-)

4.8.2 Landing Gear Sizing and Positioning

Landing gear considerations have been limited to the typical tricycle
configuration, with the main factors being the length of the landing gear to avoid
a tail strike through the tipback angle, the overturn angle to avoid overturning
during taxiing at sharp corners, and finally the maximum static loads allowed for
the nose and main gears. The nose landing gear static load should remain within
8-20% for all CG conditions in order to provide sufficient compromise between
steering and structural load. Static loads are given by Eqns. (4-78) and (4-79),

and the schematic top and side views shown in Figure 4-37.

. M, (4-78)
(Max static load)ppse = W

7

B

M 4-79
(Min static load),ose = W Fa (4-79)
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Figure 4-37 - Landing gear sizing and positioning schematics
An automatic carrier-based flag is used to set the maximum overturn and tipback

angles according to Table 4-4(129, sect11.2),

Table 4-4 - Landing gear sizing angles

Variation Max Overturn Angle [deg] | Max Tipback Angle [deg]
Conventional 63 15
Carrier-based 54 25

4.8.3 Weapon Bay Sizing

The sizing of weapon bays is performed based on payload specifications, given
that the payload dimensions are known. A database of commonly used weapons
has been compiled. The number and dimensions of the weapon bays are
obtained based on weapon(s) type, payload allowance, number of engines, and
the overall vehicle geometry. The basic weapon bay dimensions follow Raymer’s

suggestions, as shown in Figure 4-38.
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Figure 4-38 - Internal weapon bay sizing clearance
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4.9 Stability and Control

Stability is evaluated for all user-defined flight conditions, where a flight condition
is defined by the following flight characteristics:

flight.ona = f (Mass, Mach, Altitude, CGyy, a, B, Thrust)

Longitudinal static stability is constrained through the static margin, and control
surface deflections required for achieving trim at all flight conditions. Static margin
is a function of the neutral point and centre of gravity as given by Eq. (4-80).

X — X -
Kn — np _ cG (4 80)
C

The neutral point can be estimated from the geometry and the aerodynamic data

as:

_Cm 4-81
Xnp = Xref — c?“ (4-81)
a

Trim deflection is obtained as the deflection angle of some control effector for
which the sum of moments about the aircraft's CG is zero, as given in Eq. (4-82).

For the case of longitudinal trim, the moment axis is the lateral or Y axis.

dCy . Xy [(dCy dc, (4-82)
DMy _<—d<Se )56‘? (%)“*(@)54—0

Digital DATCOM has been implemented through the Java Native interface, as
schematically shown in Figure 4-39, in order to automate the process of
calculating the effect of symmetrical control effectors on lift and moment
coefficients. DATCOM is also able to calculate trim automatically providing

control effector deflections, and changes in lift, drag and moment coefficients.
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C++ Wrapper

GENUS Geometry DATCOM Geometry Java Native Methods
Body Components LAWGs | Fuselage R,L,{XYZ} networks, - Dala‘lm“SfOl’fvﬂaﬂﬂﬂ
Lifting Surfaces geometry | Lifting Surfaces b, control Smfaces’ Call 'extern C' FORTRAN
Control Surfaces Sref, A, t/c, aerofoil,... methods

Collect DATCOM results

3 Pass to Java void methods

GENUS Performance / flight conditions: Mach, h, m; a,,, A
Flight conditions
to evaluate

GENUS Packaging
Masses, Xq locations ']
CG ranges allowed

DATCOM FORTRAN Solver
- Create geometry and set cases
GENUS Stability changes in moment, lift Solve for aero/stability
i P 1 i
Static margins - — Output coefficients, forces
Trim conditions drag, and trim conditions e
S5Crutens HCL 8Cpieen
Delta Cp, Cy, ...

aero-stability

Y data
|GEN US Analysis Modules |

Figure 4-39 - DATCOM data inputs and outputs as implemented in GENUS

4.10 Stealth

As mentioned in 82.4.1, during the early stage of conceptual design studies,
stealth considerations can most easily be addressed through the aspects relevant
to susceptibility. These are, broadly, the electromagnetic, infrared, visual, and

acoustic signatures.

Basic stealth considerations have been added to the GENUS framework as part
of a special analysis module, so far limited to estimations of RCS, which is
arguably the most relevant aspect of the electromagnetic signature. The
estimation of the infrared signature remains as part of the future developments

regarding stealth evaluations in GENUS.

4.10.1 Radar Cross Section

The term radar originates from the phrase radio detection and ranging, originally
used during WWII. Radar cross section is a measure of the cross sectional area
of a sphere that would reflect the same amount of energy as the actual target.
The RCS signature is defined in relation to the incident and scattered fields in Eq.
(4-83), and the unit conversion from dBsm to m? is given in Eq. (4-84). A typical
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RCS scale equivalence, its meaning in terms of observability, and typical aircraft
found in that RCS range are shown in Table 4-5.

E 2 (4-83)
o= lim4nrrz_m| Scattl

|Einc|
Oagsm = 10 loglo(asm) (4-84)

Table 4-5 - RCS value scale and their observability

dBsm 20 10 0 -10 -20 -30 -40
m? 100.0 10.0 1.0 0.1 0.01 0.001  0.0001
Range Conventional Low-observable Very LO
Aircraft  Bombers, Fighter Aircraft B-2, F-117 F-35, F-22

The RCS of a complex object is a function of numerous aspects including its
aspect, material, its angular orientation towards the radar, and the radar
wavelength, amongst others. Generally, the RCS can be expressed as opq(6,¢),
where p and q correspond to the incident and received polarisation, and 6 and ¢

correspond to the spherical coordinate angles shown in Figure 4-40.

zZ
A

Figure 4-40 - Spherical coordinates system for RCS calculation
The most common numerical prediction methods for RCS include the method of
moments (MOM), the finite difference method (FDM), geometric optics (GO), and
physical optics (PO). The multilevel fast multipole method (MLFMM) can be
applied to MOM to reduce the computational time. The theory behind each
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method is beyond the scope of this research, for a comprehensive analysis

Several numerical packages exist for calculating the RCS of a target or a stealth
aircraft. However, most packages are integrated into other desktop design tools
such as ANSYS. Table 4-6 compares various RCS codes in terms of their

availability, geometric input and the solver method.

Table 4-6 - RCS code comparison

Code Open Geometry  Solver Method Extra Features
Source Input
Detailed Part of ANSYS
RCSAnNsys X PO + GO suite. Large
CAD
structures.
Detailed Part of Efield
CEMOne * CAD MLFMM Software suite.
Detailed MLFMM + Computationally
FEKO * CAD Large intensive
Element/PO ]
POEACETS v Triangular PO Frgely ayallable,
facets simple inputs.

From the available numerical packages, POFACETS is the simplest one, which
induces limitations to the analysis. However, the analysis method in POFACETS
matches the level of fidelity in the geometric definition within GENUS, and it
maintains the license-free philosophy of the framework. Therefore, RCS
calculations in GENUS are limited to monostatic calculations derived from
POFACETS(®72173) which have been translated from the original MATLAB format

into Java routines.

Monostatic RCS means that the location of the transmitter and the receiver are
the same, as opposed to bistatic or multistatic RCS where several

transmitter/receiver locations are used, as shown in Figure 4-41.
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Figure 4-41 - Monostatic and bistatic radar arrangements

The PO method calculates RCS by approximating the induced surface current on
the illuminated portion of the body as proportional to the incident magnetic field
intensity. The total signature is obtained by superimposing the scattered field from
all illuminated areas. Complex geometries can be represented by a collection of
simple geometrical shapes, with triangular shapes being the most flexible for
representing single and double curvature shapes, as seen by the triangular facet
representation of complex targets in Figure 4-42(171.¢hap6) pQ js a high-frequency
approximation method that works best for electrically large objects, where the
characteristic dimension of the body is many times larger than the incident wave
length, also known as the optical region. Limitations to the PO method include
the effect of surface waves, multiple reflections and edge diffractions, as well as
the analysis of special scattering structures such as antennas and cavities.

Figure 4-42 - Complex targets represented by triangular facets

Due to the restricted nature of defence information regarding the RCS of current
and future fighter and UCAV designs, validation of the POFACETS calculations
is difficult. However, estimations of the RCS for several aircraft and missiles have

been reported by various sources, as exemplified in Figure 4-43.
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a) F-5 aircraft

c) Generic aircraft target
Figure 4-43 - Simulated RCS signatures for various aircraft@7417)

Zikidis et al.*78) estimate the RCS of the F-35 as 0.001m? or -30 dBsm; however,
they also mention the initial scepticism and criticism of the F-35 JSF programme,
its shortcomings in performance and low-observability. This criticism partially
originated as a consequence of the POFACETS results for the F-35’s fuselage
underside and axisymmetric nozzle reported by Air Power Australia. It shows
vulnerability (RCS > -20 dBsm) and borderline low-observable performance (RCS
> -30 dBsm) at most frequencies and angles. Very low-observability (RCS < -30
dBsm) was only found at high frequencies, specifically the X and Ku bands (8 to
16 GHz); the poorest performance was found at low frequencies®’”). These
results also match the POFACETS data for the three-dimensional modelling of
the F-35 geometry from two-dimensional drawings, assuming that RAM provides

an RCS reduction of -10 dBsm(17®, as shown in Figure 4-44.
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Frequency (GHz): 1.2
RCS (dBsm): -2.031
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Having established the validity and applicability of the POFACETS code, a
geometry conversion routine was developed in order to discretise the discrete
geometry elements (body components and lifting surfaces) into triangular facets.
The open source Java library QuickHull3D®7®) has been used to automatically
generate a series of three-dimensional convex hulls and perform Delaunay
triangulations in order to simplify the code complexity, and to reduce development

time. The geometry processing sequence is schematically shown in Figure 4-45.

a) F-35 three-dimensional model from two-dimensional drawings

F-35 Mean and Front Sector RCS for Various Frequencies

Frequency (GHz): 0.15 T
RCS (dBsm): -1.233

~
~

Frequency (GHz): 3

S, RCS (dBsm): -2.706

Frequency (GHz): 0.15
RCS (dBsm): -5.899

\
\
\
\ Frequency (GHz): 1.2
A RCS(dBsm):-9.143

..
Frequency (GHz): 3
RCS (dBsm): -10.04

T

Frequency (GHz): 6
RCS (dBsm): -3448

Frequency (GHz): 6
RCS (dBsm): -11.09

T
= M = Mean RCS
= 4 = Front Sector RCS

Frequency (GHz): 10 Frequency (GHz): 16
ROS (dBem): 4147 RCS (dBsm): -4.316

Frequency (GHz): 10

RCS (dBsm): -10.1 Frequency (GHz): 16

RCS (dBsm): -10.73

b) F-35 mean and front RCS vs frequency (no RAM)

Figure 4-44 - F-35 3D geometry and RCS using POFACETS

Additional details can be found in Appendix D.

105



Discrete XYZ Point cloud Faceted
Geometry Geometry

*Body eFuselage eConvex hulls
Components points eDelaunay
eLifting *Wing points triangulation
Surfaces eetc. eVertices,
eetc. normal
vectors
—/ ———/ —

Figure 4-45 - Geometry processing for RCS calculation
The monostatic RCS in GENUS has been verified for clean, flying wing
configurations assuming perfect electric conductor materials, with good
agreement, as shown in Figure 4-46. Different radar absorbent materials can be
incorporated into the analysis through the material’s surface resistivity value Rs,
where Rs = 0 means a perfect conductor, and as Rs—o the surface becomes

tfransparent.

RCS at 8 = 90°, 3 GHz

150 200 0 300 S0

— Pofacets

0:_40_ 5800000 € X Genus

Phi view angle [deg]

Figure 4-46 - Verification of monostatic RCS calculation in GENUS
The RCS module is fully integrated into the multidisciplinary design and analysis
loop in GENUS, which allows to select the RCS as either the objective function
or to include LO characteristics as part of the design space constraints. By
selecting a range of 0 and ¢ view angles, the designer can select maximum
allowable values of radar signature. This constraint is applied to the clean
geometries without taking into account cavities, control surface gaps, and
intakes. An example of the radar signature at various 6 and ¢ view angles, as
well as a wing sweep design space exploration for a flying wing UCAYV including

a RCS constraint is shown in Figure 4-47.
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b) Sweep angle exploration incorporating RCS constraint
Figure 4-47 - RCS response at various view angles, and RCS constraint space
4.11 Vehicle Heat Balance and Thermal Management

For vehicles operating at high speeds, aerodynamic heating through direct
compression of the flow or through friction presents additional design challenges.
The high temperatures encountered during high speed flight can result in reduced
structural strength, as well as system architecture constraints related to insulation

of fuel or sensors.
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The development of the aerodynamic heating module is part of the special
GENUS modules. Table 4-7 compares several aerodynamic heating codes and
packages. As can be seen, ZSTREAM requires a license and is part of the
ZONAIR software package, relying on internal aerodynamic data for calculating
aerothermal effects. SHABP mark 4.0 is an open source option that is only
available in legacy FORTRAN code, incompatible with modern systems, and its
implementation would require a complete re-structuring and re-writing of the

methods available.

Table 4-7 - Aerodynamic heating code comparison

Code Open Method Extra Features
Source
One-dimensional hypersonic Dependent on
ZSTREAM * boundary layer method ZONAIR aero data
SHABP v Data compendium, empirical Not compatible with
mark4.0 methods modern FORTRAN
Analytical, data Simple to
ESDU v compendium, empirical implement through
methods data tables

Therefore, the aerodynamic heating analysis has been developed following the
empirical procedures provided in ESDU 69009(8% 690108, and 69012(182),

simplified by neglecting the following aspects:

o Radiation from the hot gases around the nose of the vehicle (relevant only at
very high Mach numbers, M > 5).

o Internal vehicle radiation and convection.

o Conduction along and through the skin (fuel heat transfer will be described in

the thermal management system, 84.11.4).

This analysis also assumes the air is chemically stable and that the specific heat
ratio (y) and specific heat capacity (cp) remain constant. Furthermore, the effect
of leading edge radius will not be taken into account, and all wing segments will

be considered as wedges, with semi-vertex angle ¢ as shown in Figure 4-48.
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Figure 4-48 - Supersonic flow past awedge
4.11.1 Aerodynamic Heating

For supersonic flow past a wedge with deflection angle ¢, the oblique shock angle

B can be found iteratively through Eq. (4-85).

y+1 M2 -1 (4-85)
tanf = I( 2 ) <M§o sin? B — 1> B 1] cote

The Mach number downstream the oblique shock wave can be obtained as:

2+ (y — 1)M2Z sin? B (4-86)
2yMg sin*f —(y — 1)

MZ sin?(B — ¢) =

The rest of the downstream properties can be found through the isentropic

relations as given by Eqns. (4-87) to (4-90).

1+ ; 1z (4-87)
I=Te|—=7
1+~5—M;
_ ] (4-88)
(1 +1= 1M§o)y !
P1 = Poo y
y—1,2\r1
(1+L—=m3)
P (4-89)
P1 = RT,
u; = My JYRT, (4-90)

The dynamic viscosity, u, (kg/m/s) as a function of temperature (in K) is given in
ESDU 73017183 as:
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(TO + 110.4> (T>3/2 70 < T < 300 K (4-91)
b\t 1104 /\1,)

T%5 x 107°
kAO + Ais + Ays? + Ags3 + Ays?’

T =300K

Where

uo=17.956 - 10-° kg/ms
s=100/T
Ao=0.552795
A1=2.81089
A2=-13.5083

A3 =39.3531
As=-41.4194

The stagnation or total temperature is given by:

-1 4-92
TS=TOO(1+TM§O) (4-92)

The adiabatic wall temperature is always less than the stagnation temperature;
therefore a recovery factor (r) is introduced to account for the fraction of the
freestream dynamic temperature rise recovered at the wall. The adiabatic wall
recovery temperature is then given by:

-1 4-93
TWT=T11+ry Mf] (4-93)
A constant value of 0.85 is acceptable for analyses at Mach numbers below 5.0
and for laminar boundary layers, while a recovery factor of 0.89 is used for fully

turbulent boundary layers, or hypersonic speeds.

The local Stanton number (the ratio of heat transferred into a fluid to the thermal
capacity of said fluid) in incompressible flow can be computed as a function of
the boundary layer condition and the Reynolds number, Eqg. (4-94), at any

location x behind the obliqgue shock wave as given by Eq. (4-95).
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_ Wiprx (4-94)

Re
* 251
Gt = 0.413Re,~Y2,  laminar (4-95)
¢ 0.826Re,~1/2, turbulent

Where the boundary layer is considered turbulent if it meets the transition
condition established in Eq. (4-96):

log(Rey) > [log(Re;) + Cy(Mpocar)] (4-96)

The recommended transition values for different aircraft components are given in
Table 4-8(184),

Table 4-8 - Boundary layer transition values

log(Re,) Cu
Fuselage 5.5 0.2
Wing, no sweep 5.5 0.2
Wing, with sweep 5.5 0.1

The overall Stanton number can be then corrected through ESDU 69010, fig. 2,
interpolating between downstream temperature, downstream Mach number, and

wall temperature ratios (Tw/Twr), SO that:

St (4-97)
St = Stl' -
St;

Finally, the heat flux (W/m2) due to forced convection can be calculated as:
Qaero = Stplulcpair(Twr —Tw) (4-98)

Where T,, can be set as the maximum material or structural temperature limit, or

the equilibrium wall temperature.

4.11.2 Additional Heating Factors

The effects of solar irradiance on the overall heat balance of the vehicle have
been included through the procedure given in ESDU 69015(8%, where the total
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solar heating is a function of the atmospheric conditions, location, altitude, time,

and season, as schematically shown in Figure 4-49, and Eq. (4-99).

Solar irradiance

Qo

A
Normal to

earth's surface

Unit area
normal to rays

water vapour
concentratio;

(latitude,longitude)

Figure 4-49 - Solar irradiance components

Sroi (4-99)
dsor = sQp pSTOJ

For the lower skin, the reflected solar irradiance from the ground should be
considered with conservative assumptions such as no water vapour
concentration to minimise heat dissipation. The heat transfer due to earth’s

reflection can be calculated as:

@) Sproj (4-100)

Qearth = Qearth®sQe (1-75 - B
Qe

S
The heat transfer by external radiation from the skin is given by:
Qext = —&BI[Tyy — Tgmp] (4-101)

The heat transferred by the atmospheric radiation to the vehicle’s skin is given
by:

Gatmos = aSSGBT14 (4-102)

Absorptivity, emissivity, gas and material properties are given in Table 4-9.
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Table 4-9 - Vehicle Heat Balance Constants

Parameter Value Unit

Stefan-Boltzman constant (B) 5.67x 108 W/m2K*
Gas constant (R) 287.041 J/kgK
Specific heat capacity of air (¢, . ) 1003.5 J/kgK
Heat capacity ratio of air (y) 1.4 -
Emissivity of air (g5) 1 -
Average earth’s albedo (a.q,:1) 0.3 -
Solar constant (Q,) 1360 W/m?
Average skin panel absorptivity (a,) 0.8 -
Average skin emissivity (&) 0.7 -
Specific heat capacity of Ti6Al4V material (c,,..) 526.3 J/kgK
Specific heat capacity of AlI7075 material (c,,,) 960 J/kgK

The heat dissipated from the avionics bay can be estimated through a power to
weight ratio, the total mass of the system, and a thermal efficiency, such that the

total heat load (W) is given by:

. (4-103)
Qavionics = (1 - T]thermal) Wmavionics

4.11.3 Equilibrium temperature

Taking into account all the heating factors mentioned above, the heat balance

eqguation for the skin can now be calculated as:

dT,, (4-104)

Ks W = Qaero T Gext T Qatmos T dsot T Geartn t Qcooling

Where K; depends on the material’'s specific heat capacity, density, and

thickness, given by:

K, = Cp PsTs (4-105)
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The equilibrium wall temperature can be solved iteratively through an explicit
numerical integration so that Eq. (4-104) becomes:

At (4-106)
Twi+1 = Twi + F (Qaero t Gext t datmos T Qsor T 6Iearth)
s

The heat flux resulting from stabilising the wall temperature at the limit or desired
temperature can be then found through:

Qcooling = KS(TWlimit -Ty) (4-107)

The value of the explicit integration time step At has a large influence over the
temperature convergence, and finding an appropriate value can be difficult. An

acceptable value of At =5 has been selected considering accuracy and run time,
as shown in Figure 4-50.

Effect of AT on Equilibrium Temperature (M = 3.5)
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Figure 4-50 - Effect of At on equilibrium temperature convergence
Figure 4-51 shows the upper (right side) and the lower (left side) skin temperature
distributions of a flying wing configuration at Mach 2.5, 3.0, and 3.5 (constant
altitude of 17 km). It can be clearly seen that an increment of 0.5 in Mach number

results in approximately a 100K increment for the maximum top skin temperature.
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Figure 4-51 - Panel temperatures at different Mach numbers

4.11.4 Thermal Management System

Typical aircraft sizing methods are based on the mission and performance
parameters such that the resulting gross weight and fuel consumption are a
function of the required range and the overall flight envelope.

In the design of supersonic vehicles, thermal management demands can result
in severe design constraints which require the implementation of a sophisticated
thermal management system (TMS). The majority of thermal loads are
associated with the propulsion system, the airframe loads due to aerodynamic
heating, and to the avionics and ECS heat loads, as shown in Figure 4-52. A
reasonable assumption for unmanned vehicles is to ignore the ECS loads since

there is no passenger cabin.

Aircraft Thermal Loads
Airframe Propulsion Avionics
[Aeroheating‘ ‘ Engine I ‘ Nozzle | | Lubrication | .

Figure 4-52 - Typical thermal loads®®
An efficient solution to the TMS is to use the fuel as a heat sink prior to being
burned by the engine. Various fuel thermal management systems (FTMS)
architectures have been proposed and shown to have a noticeable influence over
the optimum mission path of supersonic fighter aircraft8”), as well as having a

significant impact on the vehicle sizing188).
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A simplified FTMS architecture consisting on an integral fuel tank with
recirculation of unburned fuel is proposed here, as schematically shown in Figure
4-53. The main factors determining the performance of this system are: the fuel
rate dictated by the engine requirements (1mp,,meq), the airborne heat loads
(Qsink), the environmental heat loads (Q,,,), and the heat dissipated during

recirculation (Q,y;).

In order to simplify the FTMS model, the following assumptions have been made:

o The heat generated by the fuel pumps and actuators has been ignored.

o The heat is instantaneously added and removed from the fuel.

o Fuelis spatially and chemically homogeneous.

o The mission segments are discretized into steady state segments where the
heat loads are considered constant.

o The engine cooling system is considered as a distinct system for which a
mass allowance is already included through the mass estimation.

o Infrared signature requirements are not prioritised, allowing a positive value
of Qout-

o The reference fuel temperature is estimated as 20 °C (293 K), while the fuel
temperature limit is 170 °C (443 K).

} Qo

rhrecirculalnscl Heat EXChaI’lgCl‘ Q?a Ihrecirculau:d
Q
. Q Engine
Mpow
Fuel =~ > Heat Exchanger
Tank lhhumed
W Qbumcd
va Qsink

Figure 4-53 - Fuel thermal management system with recirculation

At moderate Mach numbers, the recirculation heat exchanger is typically a ram
air device; however, at high Mach numbers ram air cannot be employed due to

the high temperature flow surrounding the vehicle; therefore, a liquid or phase
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changing coolant system is required. The heat dissipated by the recirculation heat
exchanger can be calculated by Eq. (4-108).

Qout = gcATcool ) min(maircp»mrcp'mcoolcpcool) (4_108)
. m, . . : (4-109)
Qr = = . (Ql + Qsink) - Qout
Mgiow

Where ¢, is the heat exchanger’s effectiveness, which depends on its type and
area. The recirculated heat load Q, is calculated through Eq. (4-109), and added

to the airframe heat load Q.

The system equation relating the temperature change in the fuel to the heat loads

and fuel flow, as determined by Alyanak and Allison(88) js given as:

(4-110)

dT . mb d . .
mc, E = Qenv + [1 - m;;:; l Qsink — Qout
Where m is the total fuel in the tank, cv is the specific heat at constant volume,
and T is the temperature in the tank. An expression of the tank temperature can
be found by setting the fuel mass as a function of the discretized mission

segment’s fuel burn and time as:

m(t) =m; — mburnediti (4'111)

So that the fuel temperature is obtained by the integration of Eq. (4-110) as:

Lixa 1 . mburned ” 3 (4-112)
T(t)=T-+f —<Q +I1— - lQ- -0 )dt
i : m(t) cy env mflow sink out
1/. Mpwrned| - . (4-113)
kr =— <Qenv + [1 - e I Qsink — Qout)
Cy mflow
tiva 1 (4-114)

T(t) =T, +ka — dt

t; m — Mpyrned t

The thermal state metric for the FTMS, given by Eq. (4-113), is established so

that if kr > 0, the architecture cannot comply with the thermal needs; if kr < 0, the
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architecture has a thermal reserve; and if kr = 0, the architecture is in thermal

equilibrium. Finally, the explicit integration of Eq. (4-114) becomes:

k m-—m t; 4-115
T(t) — Ti 4 — T ln( burnedti ) ( )

burned m — Mpyrned ti+1

Where m — my,,,reqati 1S the fuel mass at the beginning of the mission segment
and m — Mmyymeativ1 1S the fuel mass at the end of the mission segment. From
this equation, a critical time can be calculated as the maximum thermal
endurance of the system, where the fuel reaches its maximum allowed

temperature, as given by:

Mpurneati —M m (4'116)
Lerit = . T
mburned(Tcrit_Tt=ti) Mpurned
Mpurned * € e

The thermal endurance of a generic vehicle with an initial fuel mass of 8000 kg
subjected to various environmental heat loads is shown in Figure 4-54. The effect
of increasing environmental heat loads (aerodynamic heating) is shown, as well
as the significant impact that thermal loads have on the sizing of supersonic
vehicles, effectively limiting the mission endurance and resulting in unused fuel

that needs to be carried through the mission.
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Figure 4-54 - Fuel temperature and residual fuel in the tank as a function of Q,p,

4.12 Cost Model

A simple Research, Development, Testing and Evaluation (RDT&E) cost model
based on RAND DAPCA IV methods®) has been included into the GENUS
framework as a special module. This methodology consists of a few physical and
operational characteristics of the vehicle, and has been well proven as valid for
military aircraft by Nicolai4> chap-24) No operational of life cycle costs have been
included in this model.

The cost estimation is divided into engineering hours, tooling hours, manufacture
hours, quality control hours, development support cost, flight testing, manufacture
materials, and engine production costs. The overall RDT&E cost evaluation
requires educated assumptions on production numbers over the next five years
(Np), as well as number of flight test aircraft (N..s.). EQuations (4-117) to (4-126)

detail the cost modelling module.

HEngineering = fadv ) 5-181\4E0'777 V(,g'894 N8'163 (4'117)

mpty " Cruise
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HTooling = faav 7-22M§;Zl,797tyVC°r'Z?§eN3'263 (4-118)

Hyanufacture = faav * 10-5Mgmae, Voiiee Ng ¢4 (4-119)
Houality = 0-133HManufacture (4-120)

Cpevelopment = 67-4Mg%2%tyvclr'iise (4-121)

Cruightrest = 1947 Mo, Veruise Nicot (4-122)
Cranuf-materiats = 31.2Mppey, Vrsise NG’ (4-123)

Cingine = 3112(0.043Tg; + 243.25Mpq, + 0.969TET — 2228) (4-124)
Cavionics = faav - 16000Mayionics (4-125)

CRDTE = REHEngineering + RTHToolL'ng + RMHManufacture + RQHQuality (4_126)
+ CDevelopment + CFlightTest + CManuf—mat + NEngCEngine

+ Cavionics

A correction factor, faav, has been included in order to account for the use of
advanced materials, manufacturing processes, and stealth related technology. A
factor of 1.25 has been selected for engineering and avionics cost, 1.2 for tooling,
and 1.5 for manufacturing. Additionally, to account for the cost of advanced
avionics and software development costs of modern combat aircraft, a factor of
20,000 $/kg of avionics has been added to the total research and development

cost.

Table 4-10 - Hourly rates for cost modelling

Role Hourly rates
Engineering (Rg) 146 $
Tooling (Rr) 158 $
Manufacturing (Ry) 126 $
Quiality Control (R) 140 $
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The hourly rates used through the cost calculations are given in Table 4-10,
extrapolated for the year 2020, from Nicolai.

4.13 Summary

This chapter has introduced the methodologies selected and developed for the
conceptual design and analysis of low-observable unmanned combat aerial

vehicles, from fully subsonic regimes to high supersonic flight speeds.

It has been shown that the somewhat simple geometry definition allows for the
introduction of geometrical rulings useful for RCS and supersonic flight through
simple constraints. Mass estimations through empirical and semi-empirical
relations have been validated against different UCAV designs available in the

literature.

The development of the aerodynamic analysis module is composed of a multi-
fidelity approach required to fully characterise the aerodynamic response at
various flight conditions. This module makes use of a higher order panel method,
PANAIR, for the analysis of arbitrary three-dimensional geometries from subsonic
up to Mach 4.0.

The propulsion module includes a medium fidelity thermodynamic analysis of air
breathing engines including afterburning and non-afterburning turbojets,
turbofans, and ramjets. A combined turboramjet powerplant has been created

through a simple transition condition from turbo to ramjet modes.

Through the flexibility of the mission module and the parametric mission definition
available in the performance module, a wide variety of combat missions can be
easily pre-set and evaluated. The mission performance evaluation includes every

mission segment, from take-off to landing.

Stability considerations have been included through the wing-body trim analysis
available in Digital DATCOM, with inputs being automatically transferred from the

geometry, mission, and performance (flight conditions) modules.
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Special modules include a physical optics approximation for RCS calculation, an
aerothermodynamics module for aerodynamic heating and fuel thermal

management system analysis, and a simple RDT&E cost estimation.

The integration of subsonic UCAV design methodologies into the GENUS
framework, along with a framework validation exercise (Appendix E) have been
published under the title “Multidisciplinary analysis of subsonic stealth unmanned

combat aerial vehicles”, by the CEAS Aeronautical Journal (2019)199),

The following chapters show the conceptual design studies and design space
explorations for subsonic®®V, moderately supersonic®?, and fully supersonic
configurations (unpublished). The publications that resulted from these studies

demonstrate confidence in these methodologies.
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5 DESIGN AND ANALYSIS OF SUBSONIC STRIKE
UCAVs

5.1 Introduction

Unmanned aircraft continue to expand their presence and relevance in the
combat zone. It is therefore necessary to characterise the feasible operational
limits imposed on certain classes of UCAVs, and while it may seem
counterintuitive to evaluate subsonic strike configurations, this class of vehicles
might have a vital role in the future of air combat, as stated by Stillion(13. chap.3),
and as seen by the recent developments in unmanned loyal wingmen in various

countries like the US, Australia and India(30:33:35),

As argued by Stillion, UCAVs need not follow the trends of the typical attributes
of fighter aircraft, namely speed and manoeuvrability. To counter their limited
performance, a combination of stealth, superiority by numbers, and advanced
sensor and data fusion can counter advanced manned threats by enemy fighters,
as envisioned in the joint operations depicted in Figure 5-1(193. chap4) Thjs vision
can be extended to ground strike aircraft, where UCAVs are likely to play

significant roles in future S/DEAD missions.

This study explores the main performance trade-offs for subsonic, low-
observable, tailless UCAV configurations that could potentially act as loyal
wingmen and force multipliers to manned fighters. Low-observability design
aspects are incorporated through shaping and system choices, but a more in-
depth look at stealth needs to be carried out before drawing any conclusions. A
typical Hi-Lo-Hi mission is evaluated for configurations of varying sweep angles
and constant wing area; relevant mission parameters such as cruise Mach
number, combat radius, and specific excess power (SEP) are varied in order to

characterise the response space of such vehicles.
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*’ UCAV Swarm Lead Manned

+ Bomber/Fighter

* Enemy Fighters 4'_ o
l’ Mach 1.6 - 1.8 * 7
Y Low Observable
' Limited Payload
* Limited Performance
Figure 5-1 - Envisioned future aerial combat encounter

5.2 Mission Design

The mission profile follows a typical Hi-Lo-Hi ground strike, described by Figure

5-2, and the phases below. The minimum performance requirements are given in

Table 5-1.
0-1 Warm up and take-off. Normal field performance is specified as <1500m
1-2 Minimum time to climb to cruise out Mach/Altitude
2-3 Cruise out segment (1440 km baseline)
3-4 Descent to ingress Mach/Altitude
4-5 Low altitude, high speed ingress (180 km at 0.8M/250m)
5-6 Payload delivery
6-7 Low altitude, high speed egress (180 km at 0.8M/250m)
7-8 Minimum time to climb to cruise Mach/Altitude
8-9 Cruise in segment (1440 km baseline)
9-10 Descent and land
) cruise out
cruise in
< \ M
C_ *X
descent/approach/land cBress

Figure 5-2 - Typical Hi-Lo-Hi strike mission diagram
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Table 5-1 - Minimum performance requirements for subsonic ground strike

Payload Internal 2xMk-84 JDAM = 1850 kg

Field performance Conventional take-off and landing < 1500 m at SL

Specific Excess Power =60 m/s at 0.4M/1500 m

Instantaneous turn rate 20 deg/s at 0.7M/4500 m

Avionics mass 225 kg

Ferry Range > 3000 km

5.3 Initial Assumptions and Baseline Design

In this study, the effects of operational and design constraints are evaluated
through the selection of several UCAV configurations, with various leading edge

sweep angles, for vehicles of constant wing area.

A straight leading edge lambda wing has been assumed due to its good
aerodynamic efficiency and good compromise between its central length and
span for easier systems integration®®4); carrier compatibility has not been
considered during this study.

Figure 5-3 shows the baseline UCAV with a leading edge sweep angle of 57°, all
internal engine and weapon bays, with a MTOM of 7822 kg, an OEM of 4845 kg,
and a total fuel consumption of 1127 kg. The total vehicle length is 10.9 meters,
with a wingspan of 12.8 meters, and wing area of 52.5 m?. The sea level static

thrust for the baseline configuration is 49.6 kN.

The major components have been sized and located through the mass estimation
and packaging routines. The size and location of the weapon bays and the
landing gear bays are a function of achieving acceptable CG locations and CG
ranges, as well as acceptable maximum landing gear loads; interference checks

between these components have also been carried out.

NACA63a=1 aerofoils of varying thicknesses and a non-afterburning low bypass
ratio turbofan engine have been assumed throughout this research. It is worth
noting that for all trade studies, the engine bypass ratio, the fan and compressor

pressure ratios, as well as the individual component efficiencies have been kept
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constant, leaving only the overall engine diameter as the main thrust scaling

factor.
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Figure 5-3 - Baseline UCAV design top view and mass breakdown
All results shown in the sections below have been obtained through an
optimisation loop schematically shown in Figure 5-4. Packaging and stability
constraints were checked in an external loop with relaxed constraints in order to

reduce the complexity of the problem.

Set geometry and
run aerodynamics

[ Estimate ] Estimate Estimate fuel
MTOM \ engine Diam) |(fraction

MTOM

Run performance
and mission

Yes END

|No

Figure 5-4 - Mass and fuel convergence loop
Due to the fact that detailed technical data is often not available in the open
literature regarding UCAVS, additional work should be carried out in order to
validate the results of the overall vehicle’s masses, size, propulsion system
characteristics, and general performance. The specific strategies required have

been acknowledged as further work, and are mentioned in §89.2.
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5.3.1 Leading Edge Sweep

The baseline mission requirements have been evaluated for configurations of
varying leading edge sweep angles under constant wing area. Figure 5-5 (a)
shows the take-off, empty, and fuel masses normalised with respect to the
baseline configuration, as well as the normalised required sea level thrust. It can
be seen that the masses and sea level thrust decrease as sweep increases, with
a sharp increase in thrust for a leading edge sweep of 30°, which results in a
large increase in fuel consumption. The total fuel consumption for a sweep angle
of 65° shows a slight increase (+2.1 %) due to its very low aspect ratio (AR 1.9),
resulting in an 18% reduction in aerodynamic efficiency during high altitude cruise

segments when compared to the baseline.

The engine throttle settings for high-altitude cruise, low-altitude flight, and for the
SEP requirement (0.4M/1500m) are shown in Figure 5-5 (b). It can be seen that
for sweep angles higher than 30° the dominating constraint is SEP while at 30°

sweep the engine is at full throttle during high-altitude cruise.

The drag build-up results shown in Figure 5-5 (c) and (d) for the high and low
altitude cruise segments show that configurations with low sweep are dominated
by induced drag at high altitudes (flown at max L/D, thus high C.), while for sweep
angles above 50°, the dominating drag component is the friction drag, with
compressibility drag being practically negligible. During low-altitude, high-speed
segments (low C.) the induced drag is not relevant, while compressibility drag
accounts for as much as 60% at low sweep values decreasing exponentially with
respect to sweep. This behaviour is clearly seen in the Drag Divergence Mach

number as a function of leading edge sweep angle shown in Figure 5-6.

The increase in fuel consumption at a leading sweep of 50° seen in Figure 5-5
(a) can be explained by the high-altitude cruise lift and drag coefficients (and thus
L/D) shown in Figure 5-7, with an increase in cruise drag coefficient of 12% when
compared to a sweep angle of 45°. Several attempts to reproduce this case have
shown the same results which are not in line with the expected trends. The drag

increment comes from an increase in induced drag and no significant reduction
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in compressibility drag. Since the high-altitude cruise segments represent around

90% of the mission duration, this results in higher fuel consumption.

Drag buildup [%]

Normalised Values

30 38 45 50 57

LE Sweep [deg]

60

1.6‘
—6—MTOM
————— OEM
141 —&—Fuel 3'_9.'
- SL Thrust =
o
=
=
125 o
2
=
2
T nala O e & |'E
0.8 . . . . . .
30 35 40 45 50 55 60 65
LE Sweep [deg]
Cruise segment
120 : : ‘ ‘
I cpo
100
=
80 =
a
3
=
60 - =
a
[=1]
40 - i
=]
201
0

65

100

w
o
T

904

85

80

i

e —6—Cruise

~.—.

R e Ingress
‘\ —&—SEP

75
30

35

40

45 50 55 60
LE Sweep [deg]

Ingress/Egress

65

120

100

=]
(=]
T

[=1]
o
T

F
o

n
(=1
T

30

38

Il coo
[ Jcoi
CDw

45

50
LE Sweep [deg]

57 60 65

Figure 5-5 - Effects of leading edge sweep angle on gross, empty, and fuel
masses, and drag build-up at cruise and ingress segments
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128




0.6 0.04
.05 - 0035
= (]
§ 04 - 003 8
£ o4 - 0.025 9
o 002 O
0
502 - 0.015 2
OO.l- T _0_010
0 . . : 0.005
30 40 50 60 70

Leading Edge Sweep [deg]

Figure 5-7 - Cruise lift and drag coefficients vs sweep
5.3.2 Cruise Mach number

Changes in high-altitude cruise Mach number have been investigated for all
configurations for Mach numbers of 0.6 up to 0.9, while holding the rest of the
requirements constant. Take-off, empty, and fuel masses, as well as sea level
thrust values are shown in Figure 5-8 normalised with respect to the baseline
configuration. No significant variations in all results are observed at Mach
numbers below 0.8 for all sweep angles. This is due to the performance
constraints imposed by the unchanged SEP requirements. At higher Mach
numbers, mass and engine size growth clearly show exponential behaviour, and
this trend is especially marked for configurations with sweep angles below 50°,
for which no realistic solutions were found for Mach 0.9 due to prohibitively large
engine sizes and fuel volume constraints. Results also show that the 65° sweep
configuration remains unaffected by Mach number well into the transonic regime,

thanks to the delay of compressibility drag shown before.

The achieved SEP values at 0.4M/1500m for all cruise Mach numbers and sweep
angles are given by the shaded surface and the values in the colour bar in Figure
5-9, while the maximum throttle settings (%) during any of the cruise segments
are given by the superimposed labelled contour lines. The areas shaded
corresponding to the minimum SEP requirement value (60 m/s, dark blue), and
where the throttle values are less than 100%, represent the design space

dominated by the SEP requirement. Conversely, the areas showing achieved
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SEP values larger than the required minimum and throttle settings close to or
100% are dominated by increases in thrust demands due to compressibility
effects. As mentioned previously, no solutions were obtained for sweep angles
below 50° at Mach number above 0.85 due to marked increases in engine

diameter and total fuel consumption.

N
N

X307

=
]
=
(-]

'
-]
-

N

-

Normalised OEM

-

Normalised MTOM
I

— A A

B.ﬁ 0.65 0.7 0.75 0.8 0.85 0.9 0.95 .6 0.65 0.7 0.75 0.8 0.85 0.9
Mach number Mach number

0.95

[
&

Normalised Fuel
N
T

Normalised SL Thrust

. . . | el . . . . .

5

0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 0.6 0.65 0.7 0.75 0.8 0.85 0.9
Mach number Mach number

Figure 5-8 - Effect of cruise Mach number on vehicle's masses and engine sizing
Figure 5-10 shows the estimated Mach number at which the dominating

constraint transitions from the SEP requirement to high or low altitude cruise

thrust requirements.

5.3.3 Combat Radius

The effects of changes in combat radius have been investigated for all
configurations up to a normalised combat radius value of 2.0 at a constant cruise
Mach number of 0.8. Results in Figure 5-11 are shown normalised with respect

to the baseline UCAYV configuration.

Changes in take-off, empty, and fuel masses, as well as sea level thrust do not
show a strong dependence on sweep angle. The overall mass growth responds

to the initial fuel increase due to increased range, which prompts a slight increase
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in engine size in order to comply with the SEP requirement, leading to increases
in empty and take-off mass until a convergent solution is obtained. This trend is
evidenced by the sea level thrust increase for a 30° sweep. This configuration
achieved a higher SEP than the requirement, so engine growth is not observed

before a 40% increase in combat radius.
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Figure 5-9 - Achieved SEP and maximum throttle for cruise Mach numbers
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Figure 5-11 - Effect of combat radius on vehicle masses and engine sizing

5.3.4 Specific Excess Power

2

The results obtained thus far highlight the importance of specific excess power

and its effect on the overall sizing of the configurations. Four configurations have

been selected for investigating the effect of increasing SEP while maintaining the

rest of the mission profile constant. Results shown in Figure 5-12 have been

normalised with respect to each configuration’s baseline results for clarity. It can

be seen that an increase in SEP from 60 m/s to 100 m/s at 0.4M/1500m results

in a sea level thrust increase between 90% and 100%, an increase in take-off

mass of nearly 25%, an empty mass increase of approximately 35%, and a fuel

consumption increase of 15%. Furthermore, the mass fraction of the engine

increases from approximately 16% up to a value of 25%.

132



14 2
/‘g 19+
1.35F [O50° A A O50° AN

&
057" A —wmToM s 7 [057° A\ —SL Thrust
%c60° A\ -.-0Em £ 181 | %600 A —.-Fuel
1.3} |Ae65 R . A65°
Ly L
=125} R4 =
S v 0/@, > 10
° 7 ]
2 1.2 3 215
= & & —]
o 4 o 14t
E 115 ET
o 5
= <13
1A
12
105 B 1.1 L -"!’lw,"-t-‘
2 =§'—'3¢1"
1 1 1 1 1 Y 1
60 70 80 90 100 60 70 80 90 100
Specific Excess Power [m/s] Specific Excess Power [m/s]
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vehicle gross mass

5.3.5 Radar Cross Section

Finally, RCS results for clean configurations assuming the use of perfect electric
conductor materials at a frequency corresponding to the S band (3 GHz), shown
in Figure 5-13, also benefit the higher sweep configurations, especially for the
range ¢ = [-30° 30°]. Results from the tail aspect (¢ = 180°) show no significant

variation with respect to sweep.

These results can only represent a top-level indication of which configurations
might outperform the rest, and a more detailed study including careful material
choices, internal structural and systems arrangements, as well as a detailed inlet
and exhaust geometries is required in order to draw any significant conclusions

in terms of stealth.
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5.3.6 Cost

Variations in cost have been investigated through the basic RDT&E cost
estimation model detailed in 84.12. Figure 5-14 shows the cost per aircraft (CPA)
as a function of production number over a five year period, and CPA against
normalised combat radius for a fixed production number. It can be seen that CPA
decreases exponentially with respect to production number, as can be expected.
Furthermore, it can be seen that CPA follows closely the engine growth trends

reported for increases in combat radius (Figure 5-11).
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Figure 5-14 - Cost per aircraft against production number and combat radius
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On closer examination, the cost of the aircraft has a higher correlation factor with
the maximum take-off mass, when compared to the sea level thrust or the empty
mass, as shown in Figure 5-15. More complete cost estimation methods that

account for modern systems such as the cost of software development should be

explored in the future.
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5.3.7 Ferry Range

The ferry range requirement of at least 3000 km has been verified for all
configurations. This mission can be flown at the most efficient Mach number and
altitude. For a flight altitude of 12.2 km, all configurations can comply with the

ferry range requirement, as shown by the contour lines in Figure 5-16.

5.4 Study summary

This study has introduced the importance of unmanned aerial vehicles in the
future concept of aerial warfare, and their possible roles as force multipliers and
‘loyal wingmen’ in highly dynamic environments strongly influenced by the

transformational challenges of fifth generation technologies.
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A series of mission trade-off studies have been carried out for low-observable,
tailless UCAVs performing subsonic Hi-Lo-Hi strike missions. A baseline lambda-
wing UCAV configuration was designed through the GENUS framework.
Subsequently, variations in leading edge sweep were investigated, from low

sweep values (30°) to very high sweep angles (65°).

Results show that take-off, empty, and fuel masses decrease as sweep angle
increases, mainly due to the delay of compressibility effects, and this reflects on
the drag build-up at high and low altitude cruise segments. Furthermore, by
investigating the effect of high-altitude cruise Mach number, it has been shown
that the specific excess power requirement is the main engine sizing constraint
even at high sweep angles, with an isolated case of low-altitude cruise thrust

requirement as the sizing constraint for a sweep angle of 30°.

For the same reason, no significant mass reductions were observed for cruising
at reduced Mach numbers while holding specific excess power requirements
consistent with high speed ground strike and S/DEAD missions. The high
increases in sea level thrust, take-off, empty, and fuel masses as a function of

increasing specific excess power to levels equivalent to air combat missions
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support the importance of this particular performance requirement and a well-
balanced mission design.

Changes in the vehicle’s characteristics with increases in combat radius do not
show a strong dependence on leading edge sweep angle. The mass growth
mechanism for increases in range behaves as follows: a mass increment due to
the higher fuel consumption leads to an increase in engine size in order to comply
with the specific excess power requirement, which leads to an increase in empty
and take-off masses. This in turn leads to a new increase in fuel and the loop

repeats until a convergent solution is found.

Top level RCS signatures also show favourable results for higher leading edge
sweep angles, especially from a nose-on view range of [-30°, 30°], with no real

variations of results from the tail-on aspect.

Initial results from the RDT&E cost study showed a close relationship between
the sea level thrust and the cost per aircraft, as seen by the thrust requirement
trends plotted against combat radius. Further analysis shows a higher cost
correlation to the gross vehicle mass and the empty mass, compared to the sea
level thrust. A more complete cost model is recommended to explore the effects

of advanced software, and its offset on the cost correlations.

This study has been published under the title “Ilmpact of mission requirements on
the design of low-observable UCAV configurations” by Aircraft Engineering and

Aerospace Technology (2019)9D),
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6 FIFTH GENERATION UCAV DESIGN

6.1 Introduction

This chapter will introduce a potential mission, the conceptual and preliminary
design efforts towards establishing a 5% generation UCAV configuration. The
main characteristics of such a platform are the capability to engage in strike and
limited air combat, as well as enhancing the situational awareness in joint

operations through a suite of advanced sensors and data fusion algorithms.

Similarly to Boeing’'s Airpower Teaming System loyal wingman UCAYV, the
expected performance of a 5" generation UCAV can be assumed to partially

match that of current 51" generation multirole aircraft such as the F-35A.

6.2 Mission Design

This mission combines Hi-Lo-Hi ground strike requirements with limited air
combat requirements and supersonic capabilities adapted from a generic air
superiority mission(19 sect1.1l) The mission is described by the following phases:

0-1 Warm up and take-off. Normal field performance is specified as <1500m

1-2 Minimum time to climb to cruise out Mach/Altitude

2-3 Cruise out segment at 0.8M/12km (1090 km baseline)

3-4 Descent to ingress Mach/Altitude

4-5 Low altitude, high speed ingress (80 km at 0.9M/250m)

5-6 Ground strike payload delivery

6-7 Low altitude, high speed egress (80 km at 0.9M/250m)

7-8 Minimum time to climb to supersonic cruise Mach/Altitude

8-9 Supersonic dash (50 km) segment at 1.5M/9.5km, sustained supersonic
turn and release of air-to-air payload

9-10 Climb to subsonic cruise Mach/Altitude

10-11 Cruise in segment at 0.8M/12km (1040 km baseline)

11-12 Descent and land

138



cruise out

cruise in

|

descent
land

ingress

supersonic
combat

climb

egress

Figure 6-1 - 5™ generation UCAV mission diagram

The minimum performance requirements are given in Table 6-1.

Table 6-1 — Minimum performance requirements for 5™ generation UCAV

Payload

Fully Internal, 2 air-to-surface + 2 air-to-air, ~2030 kg

Field performance

Conventional take-off and landing < 1500 m at SL

Ceiling Above 15 km
Supercruise 1.5M/9.5 km
Maximum Speed 1.6M/9.5 km

Instantaneous turn

+7.5, 0.75M/4500 m

SEP (1g)

120 m/s, 0.8M/4.5 km, 50% fuel, 180 kg payload

Acceleration

Mach 0.8 to 1.2 in < 60 seconds, 9.5 km, max power

Sustained Turn

+5g at 1.5M/9.5 km, 25% fuel, 180 kg payload

Avionics

Advanced sensor package, 300 kg allowance

Stealth

Very low signature, 200 kg allowance

6.3 Initial Design Assumptions

Continuing with the choice of very low-observable designs, this concept will be
based on a tailless aircraft with all internal weapon bays, a central buried engine,
and a choice of low-observable intake and exhaust design. The weapon bay
arrangement will follow the size and general arrangement of the F-35 JSF in

stealth mode, as shown in Figure 6-2; payload flexibility studies will be considered

in future design iterations.
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Figure 6-2 - Weapon bay arrangement in F35 stealth mode (Source: f35.com)

An initial parametric analysis has been carried out with low-fidelity tools and
estimates in order to obtain wing and thrust loadings. The initial design point is
shown in Figure 6-3 along some subsonic UCAVs and the F-35A, with a wing
loading 3470 N/m? and a thrust loading 0.71. The take-off mass has been
estimated as ~18000 kg, resulting in a wing area of 50.5 m? and a sea level thrust
of 125 kN.
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Figure 6-3 - Initial parametric analysis for 5th gen. UCAV
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A double delta configuration has been selected as the baseline geometry. The
central wing section will act as a fuselage-type component housing the engine,
avionics, weapon bays, and landing gears for the most part, while the outer wing
will contain the fuel. A simple top-view schematic of a packaged configuration as

well as a size comparison against and F-35A is shown in Figure 6-4.

A high sweep angle at the central wing section (fixed at 72°) allows for a longer
configuration which will reduce supersonic wave drag and allow for a better
integration of the intake and other systems. The minimum sweep angle at the
outer wing for maintaining subsonic leading edges through the entire geometry
has been calculated as 48°. However, as seen by previous studies, the effects of
subsonic wave drag are reduced by increasing sweep angle and higher sweeps

will be investigated.

— A

15.67 m

Weapon bay
Tailpipe  Enginf Inlet

10.1 m

Figure 6-4 — Top view schematic of a 5" generation UCAV
A simple afterburning turbojet engine has been initially selected; NACA 63
aerofoils of varying thicknesses have been assumed for the outer wing, while a
modified biconvex aerofoil of 10% thickness has been assumed for the central

aerofoil, with a linear interpolation in between central and outer wing.

6.4 Design Trade-off Studies

The initial take-off mass estimate of 18000 kg has been challenged through a set
of initial geometries and trade studies for outer wing sweep angles and aerofoil

thickness-to-chord ratios; the initial results show that significantly lower take-off
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masses, in the range of 10000 to 13000 kg can be obtained. The initial design
trade studies shown in the following sections have been obtained through a
convergence loop using the gradient-based optimiser. The geometry and
aerodynamics are fixed, and the optimiser has been used to find the right value

of take-off mass, fuel mass, and engine size.

The outer wing leading edge sweep angle and thickness-to-chord ratio trade
studies show potential minima close to a leading edge sweep of 60° and very low
thickness ratios of approximately 4-5%, as shown by the contour lines in Figure
6-5. The red bars in the figures indicate the actual GENUS data while the rest of
the response data have been extrapolated with polynomial response functions
for masses as a function of sweep and thickness ratio respectively, so that the

masses are given in function form as:
m; = f(ALg) 'g(t/c)i (6-1)
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Figure 6-5 - Take-off and fuel mass response contours as a function of outer
wing sweep and thickness ratio

Figure 6-6 shows the volumetric fuel constraint as a function of thickness ratios
for a fixed sweep angle. The fuel volume constraint has been calculated for the
available fuel volume in the outer wing, after the wing kink and the outer edge of
the weapon bays. As can be seen in Figure 6-6, sufficient fuel volume exists for
aerofoils with a thickness ratio of 5%, increasing with thickness ratio with a
maximum fuel surplus for aerofoils with 8% thickness ratio. Increasing the

thickness of the aerofoil further leads to large increases in drag, especially for the
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transonic and supersonic segments, leading to an engine size increase and

higher fuel consumption.

Due to the already existing packaging challenges for a tailless configuration, and
added to the high loading factors, a minimum thickness-to-chord ratio of 7% has
been chosen for sufficient structural depth and acceptable fuel volume allowance.
Future design iterations might challenge this value through performance

considerations, aerodynamic improvements, and actuator packaging issues.
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Figure 6-6 - Wing fuel tank volume constraint vs thickness ratio
The effect of outer wing dihedral (or anhedral) has been investigated for a range
of I'our = [-5° 5°]. No noticeable effects were observed for take-off, empty, or fuel

masses, aerodynamic efficiency at cruise Mach number or sea level thrust.

6.4.1 Aerofoil Selection

Due to the combination of long subsonic segments, short supersonic segments,
and performance requirements equivalent to those of combat aircraft, subsonic,
transonic, and fully supersonic aerofoils have been investigated and their effects
quantified. These studies were carried at a fixed outer wing sweep and thickness-
to-chord ratio of 7% (except for the supercritical aerofoil with a 6% thickness

ratio).
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The results for the fuel consumption during each mission segment are shown in
Figure 6-7. As can be expected, typical subsonic aerofoils (NACA4 and NACAS5)
show the highest fuel consumption, followed by a transonic NACA6 aerofoil and
the fully supersonic biconvex aerofoil. The lowest fuel consumption is achieved
by a supercritical aerofoil SC(2)-0406, with lift coefficient 0.4 and thickness ratio
of 6%. Fuel increments compared to the SC(2)-0406 aerofoil are shown in Figure
6-8.
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Figure 6-7 - Mission fuel consumption for various aerofoils
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Figure 6-8 - Fuel increment as a function of outer wing aerofoil
The drag polar for all aerofoils at high subsonic, transonic, and supersonic speeds
are shown in Figure 6-9; these results are the output from PANAIR aerodynamics,
complemented with friction and wave drag methods in GENUS. It can be seen
that at Mach 0.8 and low lift coefficients, there is no significant difference in drag

coefficient, however at large lift coefficients the NACA4 aerofoil shows a large
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drag increase. At transonic speeds, the most noticeable effect is the elimination
of compressibility drag thanks to the supercritical aerofoil, resulting in a very
marked drag reduction; the NACA6 and Biconvex aerofoils perform better than
NACA4 and NACADS aerofoils. The most striking result is the supercritical aerofoil
outperforming the biconvex aerofoil at Mach 1.5 and lift coefficients less than
0.15.

In summary, for a fixed sweep angle, the supercritical aerofoil outperforms all
other choices and results in a configuration with a gross mass reduction of 5%,

and a total fuel consumption reduction of 6.9% compared to the baseline NACA6

aerofoil.
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Figure 6-9 - Drag polar at subsonic, transonic, and supersonic speeds
6.4.2 Engine Bypass Ratio

The original turbojet engine choice has been challenged by investigating the
effect of bypass ratio for afterburning turbofans. This choice will impact many
aspects of the design like fuel consumption, systems integration, cost, and low-

observability through the infrared signature.

The results shown in Figure 6-10 have been normalised against the afterburning
turbojet (bypass ratio 0) data for a fixed sweep and thickness ratio. As shown by
Figure 6-10 (a), no significant fuel mass reductions are achieved with bypass

ratios below 0.5; the minimum fuel was achieved at a bypass ratio of 0.7 with a
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fuel decrease of 7.5%. Despite the fuel savings, the increase in engine and

propulsion system mass results in overall heavier design solutions, as shown by

the engine mass fraction as a function of bypass ratio in Figure 6-10 (b).
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Figure 6-10 - Effect of engine bypass ratio

14

For the baseline concept a simple afterburning turbojet has been found to provide

the lightest solutions. This choice also offers the lowest RDT&E cost, as it has

been shown to be highly dependent on engine mass and thrust requirements.

The higher exhaust temperatures produced by an afterburning turbojet, and the

corresponding increase in infrared signatures, can be offset by the design of a

146



high aspect ratio exhaust, careful material selection and geometric masking of
the hot structural components.

6.5 Multivariate Optimisation

The GENUS genetic and gradient-based optimisers have been used in hybrid
mode to converge on a low mass solution through multivariate optimisation,
having chosen several design characteristics such as outer wing aerofoil,

thickness-to-chord ratio, and engine type and bypass ratio.
The optimisation problem is formally defined as follows:

minimise: f (¥) = MTOM (6-2)

Where the input variable vector is defined as:

X = (ALEOuter' bOuterr CRootr /10uterr Fue lfrac' DEng) (6'3)
Subject to:
MTOM — MTOM 6-4
ho(f) — | Calc Estl =0 ( )
MTOMp,,
Fuelcg — Fuel 6-5
hl(f) — I Calc Estl =0 ( )
Fuelgg
Vfuel - Vfuel (6'6)
go(X) = Red <o
VfuelReq
gl(f) = tAccelACh - tAccelReq <0 (6-7)
92(%) = SEProqg — SEP4cp <0 (6-8)
g3(x) = TSusTurnReq - TSusTurnAv <0 (6-9)
g4(f) = TCruiseReq - TCruiseAv <0 (6-10)

Additionally, the internal components’ longitudinal and lateral positions have been
checked for clashes, and acceptable CG margins for achieving a longitudinal

static margin at all flight conditions within the range Kn=[-15%, 15%)].
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The upper and lower bounds of the input variables are specified in Table 6-2.

Table 6-2 - Input variables bounds for multivariate optimisation

Input Variable Lower Bound Upper Bound
Outer wing sweep A, ... [deg] 45 70
Outer wing span bpyter [M] 2.9 4.0
Root Chord Cg,0: [M] 10.5 12
]Outer taper ratio Apyter = Crink/Cout - 0.01 0.4
Fuel fraction [%] 15 40
Engine diameter Dg,,, [M] 0.5 1.2
Component positions Component dependent

The evolutionary histories for all input variables as well as the take-off mass error,
fuel volume error and fuel mass error are shown in the form of parallel coordinates
in Figure 6-11. It can be seen that after only 10 generations all variables have
mostly converged to their final values. Little variation is observed between
Generations 10 and 20, and whatever difference there exists is due to the random
mutations inherent to the genetic algorithm. The input variable values after

genetic optimisation are given in Table 6-3.

Table 6-3 - Input variables after genetic optimisation

Input Variable Final Value
Estimated Take-off mass M, . [kg] 11861.6
Outer wing sweep 4,g,,,., [deg] 60.61
Outer wing span bpyter [M] 3.88
Root Chord Cgyor [M] 11.2
Outer taper ratio Apyter = Ckink/Cout [-] 0.06
Fuel fraction [%] 16.5
Engine diameter Dg,,, [M] 0.76
MTOM Error [%)] 1.25

148



Fuel Vol Error [%] -0.65

Fuel Mass Error [%] 0.008

Sweep Span Croot Ckink  Crip Moest FU€lprac Fuel Dgng Ewtom Evel  Eruel
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Figure 6-11 - Parallel coordinate graph for inputs and 3 constraints
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Figure 6-12 - Wing mass fraction and supersonic wave drag (M1.5) vs sweep

The relatively high outer wing sweep was selected by the optimiser due to the
wave drag behaviour observed in Figure 6-12, despite the wing structural mass

increment as a function of sweep.

After the quick convergence of the genetic algorithm, the LSGRG2 gradient-

based optimiser was automatically selected by the GENUS framework, and
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several design variables were refined. This second process resulted in a
reduction in wing area in order to improve turning performance, and a slight
increase in engine diameter, leading to an increase in fuel of 379 kg. Overall, a

mass reduction of 70 kg was achieved by this further design convergence.

The main engine sizing constraints were found to be the supersonic thrust
requirement, as well as the sustained turn thrust, as shown in Figure 6-13. The
acceleration time requirement of 60s was not found to be restrictive and it can be
reduced to 30s, as shown by the acceleration profile in Figure 6-14. The
acceleration profile shows a change in slope at Mach 1.0, which is expected due
to the increase in drag from the supersonic wave drag component. Furthermore,
a SEP of 147 m/s at 1g, 0.8M/4.5 km, 50% fuel, and 180 kg payload was
achieved, surpassing the requirement.

Ps at n=5, 25 %Fuel, Payload=180 kg
16000 T - - T -

14000 [
12000 sustained turn’|

10000

8000

Altitude [m]

6000

4000

2000

Mach number

Figure 6-13 - Specific excess power map for sustained turn conditions
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Figure 6-14 - Acceleration Mach profile
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A top view schematic of the final geometry, the arrangement of the internal
components, and a mass breakdown are shown in Figure 6-15. The total
wingspan is 8.9 m, with a central chord of 11.2 m, a reference wing area of 47.73
m?, a take-off mass of 11791 kg and a total fuel consumption of 2336 kg. The sea
level thrust is 93 kN in dry mode, and 112 kN in afterburner mode. The final thrust
loading is 0.8, and the wing loading is 2423 N/m?2.

MTOM = 11791 kg
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Figure 6-15 - Final UCAV characteristics and mass breakdown

The weapon bays have maximum dimensions of 3.56 m in length, 0.94 m in width
and 0.6 m in height, to be refined during the preliminary design studies. Also
schematically shown are the low-observable intake and exhaust designs. These
components have not been designed in detail and will also be refined through

subsequent studies.

From the mass breakdown, it can be seen that the engine and propulsion systems
make up more than 20% of the gross mass, followed by the fuel, the structural

components, the various systems, and finally the payload.

The aerodynamic characteristics are given in Figure 6-16 to Figure 6-18, while
the specific excess power map compared to non-official data for two fighters(9)
is shown in Figure 6-19 (F-22 data is given at a heavier payload and fuel condition
than F-35 or UCAV data).
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Figure 6-17 - Zero-Lift drag coefficient and induced drag factor vs Mach number
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Figure 6-19 - Specific Excess Power map at 80% fuel and 600 kg payload

A full mission profile is shown in Figure 6-20. Altitude in km, vehicle mass in
tonnes, and angle of attack in degrees are to be read against the left vertical axis,
while Mach number is shown in the secondary vertical axis on the right. High
angles of attack are experienced during the minimum time-to-climb segments,

with potential challenges to maintain longitudinal control.
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Figure 6-20 - Mach, mass, altitude, and angle of attack throughout the mission
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Through the packaging and CG module in GENUS, four potential fuel tank areas
have been identified and sized, as schematically shown in Figure 6-15. The total
fuel volume available exceeds the fuel consumption needs by 22%, allowing a
total of 2851 kg of fuel carried internally. The aft fuel tanks can accommodate up
to 73% of the nominal mission fuel, while the forward tanks can accommodate

49% of the nominal mission fuel.

This fuel tank arrangement allows for flexibility in terms of CG control and
longitudinal trim. The CG excursions as a function of fuel consumption and fuel
scheduling for a ferry mission and a nominal mission are shown in Figure 6-21.
The desired fuel CG locations through time can be calculated for maintaining a
particular static margin, as shown in Figure 6-22, however not all fuel CG

locations are feasible.
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Figure 6-21 - CG excursion due to fuel scheduling and payload drop
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Figure 6-22 - Desired fuel CG to maintain a static margin
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As mentioned previously in 85.3, additional work should be carried out in order to
validate the results of the overall vehicle’s masses, size, propulsion system
characteristics, and general performance. The specific strategies required have

been acknowledged as further work, and are mentioned in §9.2.

6.6 Summary of conceptual design studies

Following the trend of more capable UCAVs and loyal wingmen acting in highly
coordinated operations, a potential mission for what is being referred to as a 5™
generation UCAV was introduced. Subsequently, the GENUS framework has
been used to perform several trade-off studies and multivariate optimisation for a
low-observable, tailless configuration with internal payload and a central buried

engine.

Aerofoil selection has been completed through a comparison of typical subsonic
aerofoils against transonic and fully supersonic aerofoils. A supercritical aerofoil
demonstrated a significant drag reduction during transonic and supersonic flight

compared to other subsonic and supersonic aerofoils, resulting in fuel savings.

Furthermore, afterburning turbofans of varying bypass ratios have been
compared to an afterburning turbojet engine. Results show that while fuel
consumption decreases reaching a minimum value with a bypass ratio of 0.7, the
heavier powerplant and propulsion systems do not result in overall mass
reductions. Sea level thrust requirements also increase with increases in bypass
ratio, thus so does the cost of the vehicle. For this reason, a simple afterburning

turbojet has been selected as the powerplant at this stage of the design.

Finally, multivariate optimisation has been carried out through a genetic algorithm
and a robust gradient-based optimiser. A quick convergence after only 20
generations was achieved by the genetic optimiser; however, several design
characteristics were later refined by the gradient-based optimiser. The wing area
was reduced by 8.25% to improve turning performance, and the engine diameter
and fuel increased slightly in order to comply with supersonic cruise and

sustained turn requirements at supersonic speeds.
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The specific excess power maps show that the thrust modelling or the drag
prediction might be optimistic. However, the validity of the fighter data being used
to compare the UCAV values cannot be guaranteed; nevertheless, the overall
SEP trend values seem in line with the much lighter UCAV configuration, and the
relatively high sea level thrust mandated by manoeuvrability constraints. The
preliminary engine selection might help define this performance criterion more

realistically.

In terms of stability, the static margin was limited to -15% to +15% during all flight
conditions. Trim was checked for trailing edge devices located on the outer wing
with a chord ratio of 20%, all deflections were found to be within the -20°/+20°
range. Future studies will determine the leading edge control surfaces for
improved performance and control, as well as the design of lateral control means,

which are not trivial.

Low-observability criteria will be tested during preliminary design studies as the
geometry, packaging, structural arrangement, and system architecture are
developed in more detail. As of now, it is assumed that the vehicle will comply
with the very low-observable requirements due to its inherent low-observable
platform, high sweeps, and fully internal components.

6.7 Preliminary Design Studies

Starting from the conceptual design characteristics presented in the sections
above, a set of technical specifications were compiled for the purpose of

preliminary design studies. The main preliminary design tasks are:

1. Structural concept: allocation of the main structural elements, sizing and
design of weapon bays and landing gears.

2. Systems architecture: definition of electrical, power generation, and actuation
systems following a more-electric aircraft philosophy.

3. Engine selection and packaging: definition of an off-the-shelf engine and its

integration.
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4. Low-observability: definition a detailed surface model, intake and exhaust
design, and development of a methodology for consistent low-observability
analyses including radar and infrared signature.

5. Avionics: requirements and systems definition for highly cooperative

operations between 5" and 6™ generation manned/unmanned aircraft.

6.7.1 Structural Concept

The structural concept has been developed by Sleightholme®”) within the
confines of a general structural arrangement following the identification of the
main load cases. Load magnitudes were not calculated due to time constraints
and a lack of clear certification process. However, certification was considered
and it is likely to follow an ad hoc approach, with potentially thousands of

certification requirements from both Def-Stan 00-970 Part 1 and Part 9.

The main load cases considered for the structural concept are inertial loads,
aerodynamic loads, and ground loads. For the inertial loads, distributed and
localised components were identified, and the distributed mass was assumed to
be spread equally over the UCAV wing area. Aerodynamically, the longitudinal
load has been assumed as equivalent to the load of an aerofoil with a flap section
following Howe’s procedure and verified with XFOIL. The span-wise distribution
assumes a simple Schrenk lift distribution. The mass distribution in the
longitudinal and lateral directions, as well as the 1g shear force and bending

moment diagrams are shown in Figure 6-23.

A continuous structure from wing tip to wing tip has been adopted as potentially
offering the highest strength. The longitudinal position of the frames was obtained
as a function of the main discrete load elements such as nose and main landing
gears, weapon bay edges, and the attachment points of the engine. Due to the
high sweep angle, low thickness value, and high load factors, the wing follows a
multi-spar design. At this stage, it was decided to only add spars that would

terminate at a frame to which they could be joined.

The rib layout was selected in order to reinforce the main cut-outs, as well as

location of control surface hinges. The exact number of ribs requires a more
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detailed load analysis. To ensure sufficient strength in the longitudinal direction,
especially close to the engine inertial loads, two longerons have been added at

the height of the engine attachments.

Finally, the control surface structure has been assumed as a spar-ribs
combination; however, a full-depth honeycomb option could be explored. The

complete structural layout is summarised in Figure 6-24.
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Figure 6-23 - Shear force and bending moment diagrams®°”

Maintenance has been considered primarily for the engine. It has been
determined that no fixed structure should be placed under the engine door, and

only a removable link is to be placed under the engine.
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The material selection assumes a high degree of composite material usage, both
for structural and mass saving and for low-observability constraints. Aerospace
grade alloys and aluminium are used for the areas with high thermal loads,

specifically around the engine, exhaust, the leading edges and the vehicle’s nose.

A particular challenge for the structural arrangement and the packaging of
systems relates to the operations at extended ranges, due to the majority of
targets would not be within the defined range from UK bases. Three options for
extending the range were identified; these include aerial refuelling, carrier-based

capability, and sea or air transport.
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Figure 6-24 - UCAV complete structural arrangement (adapted from
Sleightholme(®")

Aerial refuelling does not pose significant structural challenges but it might
impose system challenges. Carrier-based operations will impact the landing gear
design and mass due to the higher loads. However, the UK aircraft carriers do
not include ramps or catapults, and are only prepared for STOVL aircraft. To
comply with this requirement would require a complete redesign of the propulsion
system. Therefore, sea and aerial transport are the only viable options for locating
the UCAV in the required area. Sea transport does not impose significant
challenges due to the dimensions of the UCAV. Aerial transport requires the

UCAV’s outer wings to be either folded or removed for transport. Due to the
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continuous elevon structure, the wing fold cannot comply with the maximum
cargo width (5.48 m) for the standard C-17 aircraft used by the UK armed forces,
as shown in Figure 6-25 (left). This requirement might dictate a change on the
control surface’s configuration and structure. Removing the wings could be

another solution, with suboptimal operational and maintenance implications.

6.14 m

Figure 6-25 - Wing fold issues for aerial transportation inside a C-17 aircraft®®”

To conclude, the final recommendations from the structural designer include the

following:

o Refinement of the flight envelope requirements.

o Aerodynamic considerations including washout and aerofoil changes.

o Reducing the payload size and mass would simplify the packaging and
structural arrangement.

o Wing fold mechanism for aerial transportation requires control surface
changes, it is recommended to split the elevons into inner flaperons and outer

elevons.

6.7.2 Nose Landing Gear, Engine Selection, and Fuel System

Preliminary design and packaging of the nose landing gear (NLG), fuel system,
engine selection and integration, and design of the intake and exhaust have been
undertaken by Catala(1).

The initial layout of the NLG consists of a dual wheel configuration that retracts
backwards. The dual wheels reduce the tyre size and ease the structural
integration inside the already limited nose of the UCAV geometry. Loads have
been analysed for various mass and CG positions according to the fuel
scheduling limits, with the highest load found at the MTOM, with a 10% load. The
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backward retraction has some drawbacks regarding the safety and reliability of
the system, potentially not being able to extend due to gravity in the case of
actuator failure. This configuration was chosen purely based on packaging

constraints. No brake is integrated into the NLG.

Basic system design has been considered through the integration of an oleo-
pneumatic shock absorber, and a rack and pinion steering system. The retraction
mechanism has been adapted from a study of the Dassault’'s Neuron, the BAE
Taranis and the Northrup Grumman X-47B retracting systems, as well as the NLG
door designs. Figure 6-26 shows the NLG in extended and retracted positions,

as well as its integration into the UCAV’s nose.

Figure 6-26 - Nose landing gear design and integration (adapted from Catala*®®)

For the engine selection and integration, various off-the-shelf low bypass ratio
afterburning turbofan and turbojets were analysed and characterised in terms of
their thrust-to-weight ratios in dry and reheat modes. Furthermore, these data
were matched to the thrust requirements during several critical mission
segments. A simple scaling factor for the maximum allowable engine weight was
applied, and these data were compiled into the green-blue feasible zones. It can
be seen in Figure 6-27 that the only engine able to comply with dry, reheat, and

weight constraints is the Safran M88-3 turbojet engine.

The intake integration and design challenges relate mainly to the need for
acceptable performance at both subsonic and supersonic segments. The inlet
capture and throat areas have been sized for subsonic cruise through the
conservation of total airflow, assuming a maximum air speed at the engine face
of Mach 0.4, and a maximum air speed at the throat of Mach 0.6. The possibility
of a variable geometry intake through a movable lip was considered for

supersonic operations; however, this design is not reflected in the CAD and no
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Dry thrust (N)

estimations of its cost and performance penalties were performed. The possibility
of a divertless supersonic inlet (DSI) was not considered at this stage of the

design.

Wet thrust (N)
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Figure 6-27 - Off-the-shelf engine selection charts®%)

In order to keep the engine operating at its maximum efficiency under various
flight speeds, a variable geometry nozzle is most likely required. The integration
of such a system is a challenge for this configuration not only because of the
planform choices, but also due to the low-observability criteria that is being
prioritised throughout the design. No thrust vectoring was specified by the
conceptual design; therefore, a flat nozzle was designed with a serpentine
exhaust to maintain low RCS and infrared signatures. Future design iterations
might consider a complete re-design of the exhaust-nozzle geometry, and its
effect on the trailing edge control of the vehicle, as seen in Figure 6-28, which
includes the possibility of thrust vectoring for improved manoeuvrability and take-
off performance, which will prove essential during potential carrier-based

operations.

The design of the fuel system is complex not only because of the purpose of the
vehicle and the inherent risks it is exposed to, but also due to the inherently
unstable configuration which requires CG control through trim tanks. The majority
of the fuel is carried in the outer wing portions, but two frontal trim tanks are used
to accommodate mission fuel and to provide CG control. The major wing tanks

have been divided into two independent tanks, with shut-off valves connecting
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them. Furthermore, the fuel system is designed to connect to potential additional
fuel tanks carried in the weapon bays for ferry missions. Fuel jettison valves are
located at each wing tip in case of miscellaneous failure, shortened missions, or

emergency landings at a mass higher than the maximum landing mass.

’

Figure 6-28 - Isometric and lateral view of the exhaust-nozzle system, and a
potential nozzle design based on BAE Taranis (adapted from Catala®®)

The fuel system incorporates an On-Board Inert Gas Generation System
(OBIGGS) in order to eliminate the risk of fuel ignition inside the tanks due to the
presence of oxygen. Finally, an Integrated Power Pack (IPP) system that
replaces the conventional APU has been used due to its compact size and
lightweight. The complete fuel system architecture is shown in Figure 6-29. The
main fuel pumps, valves, and pipes have been sized obtaining a total system

mass of 82 kg.

Finally, a ‘fully’ packaged UCAYV is shown in Figure 6-30 including the various
antennas and avionics components. The detailed design of the weapon bay doors
and landing gear doors has not been carried out at this stage.

6.7.3 Main Landing Gear and Airframe Systems

Airframe and power systems, as well as the structural design of the main landing
gear (MLG) and its doors, payload integration, and weapon bay doors have been

carried out by Mangion(*9),
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Figure 6-29 - Fuel system architecture diagram@°®

Figure 6-30 - Fully packaged UCAV(1%)

The conceptual design specifications relating to the inclusion of two AIM-132
missiles was challenged due to the fact that most uses of the AIM-132 missile
have been developed for external carrying and launching. In their place, two AIM-
120 Advanced Medium Range Air-to-Air Missiles (AMRAAM) are proposed,

despite being 80 cm longer.
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Three payload storage configurations have been explored; their advantages and
drawbacks are summarised in Table 6-4, adapted from Mangion(199).

Table 6-4 - Payload Integration Configurations

Configuration Advantages Disadvantages
Asymmetric
Obvious asymmetry creates
Aap
[ Hhy manoeuvring.

The longer elements are Harder to reinforce the weapon

located closer to the
centreline, which is naturally
longer. This configuration
might simplify the wing
structure. More flexibility for

bay structure. Large bending
moments transferred to the
fuselage frames due to the

longer lateral arm of the heavier

bombs. Harder to integrate in

the thinner aerofoil for the outer
wing, severe
geometric/aerodynamic impact.

R locating the bombs near the
[ {1 [ longitudinal CG of the
aircraft

Heavier items located closer
to the aircraft’s CG;
improved manoeuvrability

TN\ and reduced structural
/ \Ml \ reinforcement due to the
| ‘ diminished bending
moments and shear applied
to other structural
components.

Severe interference between the
weapon bay and outer wing
structure due to the longer bay
required.

The third configuration, or bombs inboard, has been chosen as the standard
payload arrangement by the designer for its better CG control and lighter
structure. The weapon bay dimensions have been calculated as 3.82 m in length
and 1.18 m minimal width. The release mechanisms for each weapon type have
been considered and decided upon; the bomb will use a NATO standard Bomb
Rack Unit (BRU), while the missile will employ the LAU/142-A AMRAAM Vertical
Eject Launcher, the same mechanism employed in the F-22 weapon bay. Both
ejectors are shown in Figure 6-31. These choices avoid the use of any

pyrotechnical systems, and are intended to provide sufficient ejection force to
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avoid fly-back behaviours and the potential collision of the payload with the UCAV

geometry.
AMRAAM Vertical Eject Launcher BRU
Extended for Ground
Retracted with Operations Such as
Missile Attached Missile Loading or Servicing
|
Ll
= ‘J-“ir -2 B o = Sk
—pi *’T-tﬂﬂfkyl;., 78 =
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Figure 6-31 - Weapon launchers for missiles and smart bombs®%)

The complex aero-acoustic environment found in an open cavity, especially that
at supersonic speeds, has been identified by the designer as a critical design
case for the weapon bays structural and system arrangement. However, due to
the complexity of the analysis (often involving high-fidelity CFD and experimental
data) this issue has not fed into the design of the weapon bays or the weapon
bay doors. Two potential solutions were identified: (1) locating control surfaces in
the vicinity of the weapon bays in order to have better control of the flow; and (2)
changes to the weapon bay geometry for reduced acoustic vibrations (which can
reach up to 180 dB and can damage the structure of the UCAV). Finally, the
weapon bay doors layout consists of two split doors with saw toothed edges for

reduced radar signature.

For the MLG design, a theoretical constraint analysis was performed including a
tip-back angle clearance angle of 20°, a maximum turnover angle of 63°, roll
clearance angles of 7° and 20° which were found not to be relevant due to the
low aspect ratio of the UCAV, and finally the maximum static loads for the NLG
between 8% and 15%.

Due to concerns from the structural designer, an alternative suggestion for the
MLG'’s longitudinal position has been suggested in order to attach it to the engine
frame, which is one of the most solid structural components in the fuselage

section; this change in position is reflected in Figure 6-32.
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The designer has agreed that this new location has structural advantages;
however, the decision has been made not to relocate the main gear due to the

following drawbacks:

o The lean back angle between the most aft CG position and the touch-down
point of the MLG changes from 15° to 40°, inducing severe penalties for the
take-off performance.

o Landing performance is affected due to the longer wheel track, inducing
higher shock loads at the NLG after touch-down. This could affect the sizing
and the structure of the NLG.

o The static load of the NLG has increased from 8.5% at the MTOM condition,
to 21% also at the MTOM. This is beyond the recommended load range for

safe operations.

XAttachment Point

Engine Frame/

Ay

-

e S —
I .|

Figure 6-32 - 'Optimal’ (right) and alternative (left) MLG position (adapted from
Mangion@99)

Tyres have been sized according to conventional guidelines; the wheel structure
has been selected as bowl type despite its reduced stiffness when compared to
an ‘A’ frame wheel in order to house the braking system, which has been sized
for rejected take-off, 5, 100, and 250 stops to allow for system wear. The required

dimensions were found to fit inside the MLG wheel system.
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Also shown in Figure 6-32 is the forward retraction of the MLG; this has been
selected mainly due to packaging constraints affecting the wing fuel tanks, as well
as the optimal position of the landing gear previously determined. However,
forward retraction requires the rotation of the tyre by 90° in order to fit into the thin
wing section without severely compromising the external geometry and thus the
radar signature. Finally, a single door has been designed with saw toothed edges
for reduced radar signature. The final CAD of the MLG assembly (except for the

detailed saw toothed geometry) is shown in Figure 6-33.

Figure 6-33 - Main Landing Gear and door CAD%9

An initial qualitative design of the actuation system has been carried out by the
designer; qualitative mainly due to the lack of data on the airframe loads.
Classical actuation systems have been discarded and new technologies
corresponding to the More Electric Aircraft (MEA) and Power-by-Wire
philosophies have been considered. These philosophies revolve around
increased safety and reliability, as well as reduced power consumption, acting
through power-on-demand controls, meaning the systems do not consume power
unless activated, unlike classical actuation systems. The two main types of
architectures consider are Electrohydrostatic actuators (EHA), and

Electromechanical actuators (EMA).

EHA are capable of generating the hydraulic pressure and force required to move
the actuator locally. Hydraulic pumps, valves, and reservoirs are contained within
the actuator itself, complemented with an electric motor and solid state

electronics to regulate the temperature and pressure of the working fluid.
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EMA vary from EHA in that they do not make use of hydraulic fluid, and instead
the self-contained electric motor is used to drive a reduction gear for the actuator
motion. A classical centralised hydraulic actuation system (CHA) is compared in
Table 6-5 to EHA and EMA systems.

Table 6-5 - Actuation system comparison®%)

Criterion CHA EHA EMA
Power ,
) High Low Low
requirements
Moderate Low (power-on- Low (power-on-
Latency (depending on P P
; demand) demand)
routing)
Volume High (pipes + Moderate Low
redundancy)
Efficiency Low High High
Torque/ Mass Low Moderate High
ratio
Overheating Low Moderate High
Safet High High (system Low (jamming
y (redundancy) independence) risk)
Type of control Primary and Primary and Secondary
surfaces secondary secondary

The complete actuation architecture is shown in Figure 6-34. A combination of
EHA and EMA has been selected depending on the surface to actuate. Fault
analyses have not been performed and the number of actuators per surface have
not been yet determined. Spoilers are shown but their location, or in fact the need
for them, has not been fully determined at this stage of the design. However,
since they are considered secondary control surfaces, they have been assigned
an EMA through a simple Lead Screw Actuator (LSA), same as the leading edge

control surfaces.

Due to the complex power demand of the actuation system, the equipment of the

UCAV with state of the art avionics, and the potential inclusion of electronic
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countermeasures, a high voltage Power and Thermal Management System

(PTMS) has been proposed by the designer.

mm Bomb door DTLA

== Missile door DTLA

mm MLG system & door DALA
mm NLG system & door DALA

mm Elevons DTLA
” 1 Leading edge devices LSA

[[] Power & Control Unit (PCU)
== El|ectrical connection

Figure 6-34 - Actuation system architecture (adapted from Mangion@99)
The main electrical load has been identified as 270 VDC under High Voltage (HV)
architecture, rather than a High Current (HC) set-up, as summarised by Table
6-6. Furthermore, direct current architecture has been chosen over an alternate
current one because of its improved stealth (low electromagnetic interference),

and compact packaging (simple control devices, low nhumber of components).

Table 6-6 - Power architecture comparison®

Configuration Advantages Disadvantages
Low commonality with
Low current, small cable current avionics and
HV . . :
diameter (lighter). electrical systems.

Probability of arcing.

Heavier wiring, large heat
dissipation, and high
electromagnetic
interference.

High commonality with
HC current avionics and
electrical systems

The secondary power channel has been identified as a conventional 28 VDC to
power medium power navigation (Tactical Air Navigation, Traffic Collision
Avoidance, and Flight Management) and communication (Peer-to-Peer, Master-

Slave, and ldentification Friend or Foe). Finally, to comply with MIL-STD-1760
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Aircraft / Store Electrical Interconnection Systems standard, the weapon’s
electrical and power system must be connected to an alternate current input for
the correct data sharing of guidance and targeting. Therefore, a tertiary electrical

load channel has been identified as the medium power 115 VAC.

The main power generating unit consists of a Permanent Magnet Generator
(PMG) coupled to the engine’s gearbox which will produce 3-phase 115 VAC.
Instead of using the cumbersome and heavy Constant Speed Drive (CSD)
hydraulic units to convert the power output from variable to constant frequency,
state of the art solid state power controllers, more specifically, Transformer
Rectifier Units (TRU) will be employed coupled to ‘ripple filters’ in order to obtain
a clean 270 VDC output from the 115 VAC generator. Figure 6-35 summarises
the different electrical zones on the UCAV as well as the architecture for the
power generating system, redundancy has been provided through two

independent generators.

3-phase 115 VAC Rippled Stable 270 VDC

ne-28 VDC

( T — . " r—
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] T
2 | 8
. ] I < 380-720 Hz 280 VDC
o o (&) 3
v 9] 4
5 | £ 8 £ }7 — | L]
N ‘ I 0 z e ¢ [—. > —~
9 95 . 3¢ K TR ——
= } ) ¢ * &
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S — Magnet Generator Transformer Rectifier Unit Ripple filter \*
I o T
o 7, = To 270 VDC
| : \ \ $438 Engine — distribution
] \ / Sanmbos busbars
T N
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I 8 ermanent ransformer Rectifier Uni Ripple filter X
8 Magnet Generator | ) —
o /4N
15 SR, A W —
¢ ¥ \
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3-phase 115 VAC Rippled
L ... .o NN 380-720 Hz 280 VDC Stable 270 VDC

Figure 6-35 - Electrical load zones and power generating system schematic
(adapted from Mangion@°9)

The UCAV will also be equipped with an Integrated Power Pack (IPP) to replace
the conventional APU. This system consists of a small turbine which can provide
auxiliary and emergency power by burning the UCAV’s fuel supply, as well as
engine starting during nominal and emergency power-up, and finally it is able to
cool the avionics by circulating cooled bleed air from the main engine.

Furthermore, the UCAV will be equipped with an independent Uninterruptible
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Power Supply (UPS) lithium-ion 270 VDC battery connected to the flight-critical
distribution circuit to prevent catastrophic failure by providing surge suppression.

In order to design the electrical distribution system, the human-centric ‘vital’ and
‘essential’ system classification has been challenged and replaced by an
unmanned relevant description, summarised in Table 6-7 as the ‘essential’ and
‘non-essential’ electrically powered UCAV systems. Redundancy has been
provided by two independent electrical busbars, and a series of circuit breakers
that re-direct the electrical power to the essential systems in case of an
emergency; provisions for external power during ground operations have also
been considered. The electrical power system architecture is summarised in
Figure 6-36.

Table 6-7 - Electrically powered UCAV systems classification®®®

Essential Non-essential

Communication and navigation . . L
9 Offensive and defensive avionics

avionics
PTMS IPS
Flight control systems/actuators Weapon bays systems/actuators

Landing gear systems/actuators -

Fuel System -

Concerning the thermal aspects of the PTMS, the designer has identified two
main heat loads, those being the electrical losses from high power avionics and
airframe systems, and the kinetic heating due to friction. Two flight segments
have been evaluated, namely the high altitude subsonic cruise (0.8M/12km), and
the supersonic dash segment (1.5M/9.5km). The avionics and electrical power
system efficiency has been estimated as 50% for a conservative analysis. An
estimate of 20 kW total power consumption has been given by the avionics
system designer, meaning a heat load of 10 kW. A simplified cabin heat balance
analysis, Eg. (6-11), has been performed at these two flight segments. The

assumed avionics temperature, Tcabin, IS 21 °C.

Qinleth (Tinlet - exit) - UwallAwall (Tcabin - Tskin) + Havionics =0 (6-11)
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Bleed air from the inlet has been estimated as 5% during the subsonic segment
and 3% during the supersonic dash.

270VDC 270VDC 270vDC
Main Aircraft External Main Aircraft
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\ EPC
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I \ .. | .

( 270 VDC Busbar No1l :.v—/x—c’ 270 VDC Busbar No2

BTBL \"
tm VDC 28 VDC J
— . 28 VvDC 28 VDC -
— Busbar Nol | s=: | Busbar No2 —
28 vDC | Full 270VDC
Avionics
270VDC Bay 115 VAC
-
— —
| | 115 VAC - 115 VAC ||
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Figure 6-36 - Electrical distribution architecture®®®

During supersonic flight a cooling air flow of -30 °C is required to stabilise the
avionics at 21 °C, while at subsonic flight the required air flow temperature is 13

°C. This analysis assumes steady state conditions, so it might not be applicable
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to the supersonic segment, which lasts around 2 minutes; the subsonic segment

lasts around 73 minutes and can be considered as steady conditions.

The integrated PTMS has three operational modes: (1) starter mode; (2) cooling

mode, and; (3) emergency mode. On starter mode, the following actions occur:

©)

©)

O

The IPP machinery starts rotation through 270 VDC battery or external power
The IPP will begin to burn fuel to sustain rotation, and start the PMG

When the IPP reaches nominal rotation, the PMG will produce electricity to
power the essential avionics, the engine’s fuel pumps and starter; the cycle

ends when the main engine reaches self-sustaining rotation

During cooling mode, the PTMS performs the following actions:

o

O

Redirected bleed air from the main engine’s compressor is used to drive the
IPP’s power turbine (PT)

Further air cooling and expansion takes place through a ram air heat
exchanger located in the main engine’s bypass flow

Air is redirected to pass through the IPP’s cooling turbine (CT). This air is
available to cool avionics and other airframe systems

The engine’s PMG are cooled through a fuel heat exchanger

During emergency mode, the PTMS performs the following actions:

o

The IPP intake and exhaust doors will open; fuel will be directed to the IPP’s
combustion chamber in order to produce electricity through its PMG

In conjunction with the 270 VDC battery, the electric power from the IPP will
be redirected to the 270 VDC emergency busbar

An emergency electrical supply has been included for the attempted restart of

the main engine through the IPP’s PMG

The functional diagrams for each operational mode are presented in Figure 6-37
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Figure 6-37 - PTMS System architecture in starter, cooling, and emergency modes (adapted from Mangion9)
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6.7.4 Low-observability

Low-observability analyses for a tailless 6™ generation fighter geometry and the
5t generation UCAV has been carried out by Chaillous®%9). These analyses make
use of the POFACETS code for estimating the RCS of a complex geometry. Due
to the concurrent development of the various aspects of both fighter and UCAV
geometries, the effect of RAM were considered, and a purely geometric analysis
was conducted. A correction factor was applied to the obtained results due to a
calibration against the mean RCS value of the F-35 reported by the USAF at £15°

elevation (0) and £45° azimuth ().

The effect of a rounded nose has been investigated for a conventional airliner,
the F-35 model, and the UCAV geometry, showing that a pointed nose can
reduce the wave reflection in monostatic case. Similarly, for the 6" generation
fighter the effect of vertical tail planes has been evaluated. Results in Figure 6-38
show the very low RCS levels of the UCAV and the tailless fighter. However,
results for the A340 geometry are not symmetric over the @=0° axis, and the
results of the 6 gen fighter for the tail evaluation are also not symmetrical about

the p=180° axis, raising questions about the validity of the geometries used.

CONE GEOMETRY COMPARISON TAIL GEOMETRY ANALYSIS
©=90"° -45° < @ < 45° ©=80"° 130°< @ < 230°
Malpl Y VU TWIVAVAES
M~
EG EG)
a) Effect of rounded vs pointed nose b) Effect of vertical tails

Figure 6-38 - Effects of nose roundness and vertical tails on RCS®?%
The effect of trailing edge geometry has also been investigated by comparing a
trailing edge section with the same angles as the F-117, a straight trailing edge,
and the UCAV geometry. Results in Figure 6-39 show a reflection peak at a view

angle perpendicular to the trailing edge, with the UCAV showing a large peak
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from the tail-on aspect. This geometry does not include the exhaust geometry,

and no real conclusion can be extracted from these results.

a) Trailing ed'ge geometries
RCS at 6 = 90°
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b) RCS results for various TE geometries

Figure 6-39 - Effect of TE on RCS reflection (adapted from Chaillous®°)
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Figure 6-40 Nose-on RCS comparison for UCAV, 6th generation fighter, and other
aircraft%

Nose-on RCS results for all the configurations evaluated in this study are

summarised in Figure 6-40. It can be seen that the UCAV has a similar signature

177



to the F-35, while the 6" generation fighter shows a much higher RCS. The exact
reasons for this result have not been determined.

Due to time constraints, there was no opportunity to develop an infrared signature

estimation methodology.

To conclude, a top-level basic estimate of the RCS of a 5" generation UCAV
geometry has been obtained and results show similar low-observability levels as
the F-35 geometry. A series of material assumptions and correction factors were
used that raise questions about the validity of the results. Furthermore, even
though the serpentine inlet has been notionally integrated into the design, the
effects of changes in the inlet geometry have not been carried out. Complete
obstruction of the engine face has not been achieved for all viewing angles, which

is partially due to the tight packaging constraints inherent to this design.

6.7.5 Avionics

The avionics system design for a 6" generation fighter and a 5" generation UCAV
has been carried out by Moraillon(%).

The main philosophy for the development of the avionics systems requirements
and equipment follows the systems of systems and network-centric warfare,
which aims to enable and enhance situational awareness, target assessment and
distributed weapon assignment through the integration of multiple services into a
single joint command. This way, aircraft are able to engage targets without ever
detecting them, increasing mission effectiveness while limiting exposition to
enemy threats. An example of such a scenario is shown in Figure 6-41 in terms

of detection ranges of early warning aircraft, friendly and enemy fighters.

The recent advances of modern avionics systems has greatly improved the
accuracy and data processing capabilities of components, while continue to drive
their miniaturisation. Thanks to these computing enhancements, future systems
will include new techniques like machine learning and artificial intelligence.
Another characteristic of current and future avionics systems is data fusion. This
means that the data generated by different sensors is combined in a way that

increases the situational awareness of the pilot or operator, with an increased
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accuracy due to cross-checks across multiple sensors, a reduced pilot/operator

work-load, and finally, a high degree of task automation.

T
Enemy Fighter
Detection range

BVRAAM
missile
guidance (ex:
Meteor)

AEWELC platform
detection range

Detection

) Fighter
Fighter (ex: Detection
Typhoon) range

Data Link
(ex: L16)

Fighter
BVRAAM
missile range

AEW&C
Platform (ex:
E-3 Sentry)

/

Figure 6-41 - Network centric warfare tactical scenario®®

The designer has decided to include a high degree of commonality between the
fighter and the UCAV configurations, which would help reduce development
costs, ease maintenance and replacement of shared modules. Only the UCAV

relevant avionics systems will be mentioned hereafter.

The main avionics architecture has been divided into five sub-groups:

1. Control station systems: displays and communications with UCAV.

2. Avionics systems: communications, navigation and flight management
system.

3. Mission systems: all sensors integrated into the aircraft, electronic warfare
sensors and mission computing modules.

4. Weapons system: interface between weapons and the aircraft.

5. Vehicle systems: propulsion system, fuel system, electrics, and flight control.

Three data buses are used to connect all the sub-groups together, these are:
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1. Main data bus consisting on a fibre optics channel technology. This channel

connects all avionics, sensors and defensive sub-systems, achieving data

rates as high as 1+ GBI/s.

2. IVHM data bus consisting on the widespread IEEE 1394b. This data bus

connects the flight control system, hydraulic and electric systems sensors.

3. Weapons data bus based on the MIL-STD-1760, ensuring high integrity of

data between the aircraft and the weapons.

Communication between the ground control station (GCS) and the UCAV can

take place through a line-of-sight Ku-band datalink with a range of 200 km, or

SATCOM for beyond line-of-sight operations.

An Integrated Navigation System that fuses Global Navigation Satellite Systems

(GNSS) and Inertial Navigation sensors has been integrated into a triple

redundant Flight Management System (FMS), as shown by the diagram in Figure

6-42.
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Figure 6-42 - Triple redundant FMS®%V

In terms of identification sensors, the UCAV will be equipped with ATC Mode S

for airborne collision avoidance, ADS/A and ADS/B for oceanic and overland

crossings navigation,

and finally,

IFF MK XIi

identification of allied and enemy platforms.
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One of the most problematic aspects of the UCAV avionics systems or sub-
systems relates to the Integrated Hazard Detection and Avoidance System
(IHDAS), part of the Communication, Navigation and Identification (CNI) system.
This system has a strong relation to the level of automation intended during
unmanned operations. A top-level IHDAS architecture has been proposed for the
6" generation fighter as shown in Figure 6-43. Unmanned aircraft automation
levels are still a uncertain, with strong support and opposition on both ends of the
spectrum, from remotely operated to fully autonomous decision-making
machines. However, if the UCAV is intended to operate in highly cooperative joint
operations under the command of one or more manned bomber/fighters, a high
degree of autonomy will be required, which in turn might require full-authority

detect and avoid capabilities within the UCAV systems.
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Outputs (aural &
visual alerts to the
cockpit, inputs for
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autothraotle)

Traffic induced
hazards detection,
— classificationand —
warning/alerts
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Figure 6-43 - IHDAS top-level architecture®®®
The avionic systems component locations are shown schematically in Figure
6-44, and in the CAD packaging images in Figure 6-45. A description of the

sensors will be given below:

Radar: The radar consists of an Active Electronically Scanned Array (AESA)
system. Initially intended to be the same as component as the fighter, but due to
size restrictions the diameter has been reduced by two, which results in a surface

area and emitting power reduction by a factor of four. If more power is required
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after a more detailed evaluation, a potential solution consists of adding conformal
AESA antennas.

Numb System |Type|Elements|Band (GHz) Functions
AfA & A/G radar,
Antenna looking sideward RWR, ECM,SA,
Radar, EW, )
T 1 2 EW lwasal 300 612  [Passive Targeting.
E Antenna looking down CNI CHEDL, Weapon
N Data Link
D Antenna looking up
RWR, ECM, SA,
2&3 EW,CNI |WBSA| 200 6-18 Passive Targeting,
CHEDL
Ato6 EW,CNI  |wasa| 64 2.6 RWR'FCM’S"’DW
Link, MLS
7&8 EwW Spiral 1 2-18 RWR,ECM receiver|
UHF, GPS, ILS
g glideslope, JTIDS,
9to 12 CNI MASA| 8 0.2-2 TACAN, IEF
Receiver, TCAS
13&14 CNI MASA| 8 0.2-2 IFF Interrogator
15 & 16 | Radar, EW |MASA| 8 0.2-2 RWR;S/|ECM,
SAS
17&18 | EW,CNI | MTL 1 0.03-0.2 VHF, SINCGARS
19820 | EW,CNI | MTL 1 oos02 |VORILS lochlizary
SINCGARS,
21822 CNI MTL 1 0.002-0.03 HF, 111

Figure 6-44 - Antenna positioning in UCAV design (adapted from Moraillon®D)
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Figure 6-45 - Packaging of avionics components (adapted from Moraillon®@)
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EW and EO suites: This sensor is based around the Electro-optical Targeting
System (EOTS) found in the F-35, developed by Lockheed Martin. The capabilities
of this system include forward-looking infrared, laser designator, TV imaging and

laser spot tracker, as well as full coverage infrared search and track (IRST) and

missile approach warning all around the aircraft.

Lastly, regarding the design of the control station (CS), the designer recommends
adopting the single-pilot layout recently demonstrated by General Atomics for the
operation of the MQ-9 Reaper fleet. However, there is a trade-off between the
location of the CS and the latency of the communications, with a latency of 1-1.2
seconds via SATCOM, in case of remote operation from a location far from the
operational theatre. Local CS may reduce latency through radio data-links, or an
airborne CS can be adapted through early warning aircraft such as the C2
platform. A final and more advanced solution would be to directly monitor the
UCAV through nearby 6™ generation fighters. This solution would require high
degrees of autonomy on the UCAYV side, which might not be a feasible solution

within the next 5-10 years.

6.7.6 Summary of Preliminary Design Studies

Through a series of preliminary design studies, the feasibility of what is being
referred to as a 5" generation UCAV has been explored. Even though the
designers have worked in conjunction as much as possible, some discrepancies

remain which require further design efforts.

The structural concept has been completed in a qualitative and schematic way
without a complete definition of the aerodynamic or inertial loads. The presented
structure represents the minimal structural elements required to carry and
transmit the load types. A more detailed analysis might reveal a different
structural arrangement and distribution, especially around the weapon bay areas.
Structural and packaging issues have also been identified for the main landing
gear, specifically its longitudinal position and structural attachment. A somewhat
complex wheel rotation system has been included for the MLG due to the limited

storage volume.
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Payload integration resulted in complex arrangement due to the large size of the
intended weapons to be carried. General recommendations include a re-
evaluation of the selected payload in order to improve the structural arrangement

and packaging of the UCAV.

The engine integration study has shown that an off-the-shelf option exists to
satisfy the thrust requirements during the most demanding mission segments.
However, detailed performance studies have not been carried out, and higher
fidelity aerodynamic data are required in order to draw any definite conclusions
in this regard. Moreover, an aerodynamic optimisation to improve performance
and stability is required in order to determine the span-wise twist and optimal
aerofoil shapes. Several packaging aspects remain unresolved, including the
detailed sizing of the gearbox for power generation, and the packaging of
secondary engine systems. The initial analysis concludes that there is enough
space for all considered systems thus far; however, the intake and exhaust

design requires further work for improved stealth, performance, and packaging.

The airframe and power systems design has followed a more electric and power-
by-wire philosophy. A series of electrohydrostatic and electromechanical
actuators have been used for primary and secondary surfaces. Furthermore,
typical APU architectures have been replaced by and Integrated Power Pack,
solid state electronics, and a Power and Thermal Management System in order
to generate and distribute a primary high voltage power supply, and manage the
thermal needs of the UCAV during subsonic and supersonic flight. Redundancy
has been achieved through two independent electrical supply busbars, and an

emergency supply procedure.

Low-observability studies have confirmed the relevance of smooth surfaces,
including the sharp UCAV nose and the reduction in signature by removing talil
plane surfaces. However, the effects of the intake geometry and material choices
have not been explored due to the low maturity of the CAD available at this stage
of the design efforts.

The avionics system design has sought to provide with high degrees of
commonality between a 6™ generation fighter design and the proposed 5%
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generation UCAV. The main philosophy for the design of this system was the
network centric operations envisioned in the future aerial warfare. Mechanical
radars have been replaced by electronical scan array radars for increased
flexibility and accuracy with reduced mechanical complexity. State of the art
electro-optical targeting systems have been integrated following the F-35’s
design, which provides with an all-around the aircraft vision and warning systems.
The packaging of the avionic components has been achieved but several
restrictions have been found due to the compact UCAV geometry, specifically the
reduction in the radar area and the inherent reduction in its capabilities.
Conformal antennas could be added if further analysis shows the frontal antenna

cannot comply with the requirements.

The most pressing question that remains for the avionics system design relates
to the degree of automation included in the UCAV operations. This will have a
major impact on the identification, avoidance, and engagement of other manned
and unmanned aircraft, as well as the design and deployment of control stations,
including ground-based control stations and potential airborne solutions.

Final recommendations on the conceptual and preliminary design of a 5%

generation UCAYV include the following:

o An explicit declaration of the operational envelope, including maximum
speeds and altitudes

o Aerodynamic optimisation of the twist distribution and potential aerofoll
changes to improve stability (reflex aerofolils)

o A complete characterisation of the inertial and aerodynamic loads

o A revision of the payload selection for easier packaging integration and
improved structural integrity

o Improved design of low-observable features, including the intake and
exhaust/nozzle

o Explicit definition of acceptable/autonomy levels for a more detailed avionic

system evaluation
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7 SUPERSONIC UNMANNED AERIAL VEHICLES

7.1 Introduction

Military authorities all around the globe are currently seeking transformational
capabilities aiming towards entire fifth generation forces, not just aircraft. This
challenge can be addressed through several technologies, one being the creation
of unmanned aircraft capable of operating in co-operative, network centric
scenarios, along with current fifth generation fighters, legacy fighters, and
possible sixth generation aircraft. Besides high performance requirements, such
as supercruise and large normal acceleration turns, low-observability is also
desirable in order to produce effective and survivable platforms. Therefore,

supersonic tailless UCAVs are ideal candidates for addressing these needs.

Furthermore, high supersonic (M 3+) aircraft can provide a significant advantage,
especially in first day of war operations, where time critical and high value targets

(HVT) are to be engaged.

This section presents the conceptual design studies carried out in order to

establish feasible concepts to meet this transformational challenge.

7.2 Deep Interdiction UCAV

This mission aims to develop a platform that can effectively deliver precision
guided tactical weapons at a long range and supersonic speeds, and that can be
deployed with minimum support to regional conflicts, with a starting service date

around the year 2030.

The mission requirements are based on the RFP published by AIAA’s design
competition in 2001/2002, as shown in Jenkinson’s design exercise(?92. chap.8)
which will be used to establish baseline design assumptions. Several
requirements have been modified to more closely resemble the capabilities and
sizes of potential UCAV platforms performing similar roles, as well as to reflect a

more appropriate service entry date.
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7.2.1 Mission Design

The interdiction mission (Hi-Hi-Hi) is described in Figure 7-1, and the mission
phases below, while the original and modified requirements are given in Table
7-1.

0-1 Warm up and take-off. Normal field performance is specified as <2500m
1-2 Minimum time to climb to supercruise altitude (12.2 km)

2-3 Supercruise to conflict area (M 1.6)

3-4 Climb to 15 km and accelerate

4-5 Dash to target (M 2.0)

5-6 Turn and weapon release

6-7 Dash out (M 2.0)

7-8 Descend to supercruise altitude (12.2 km)

8-9 Supercruise to return (M 1.6)

9-10 Descent and landing

Table 7-1 - Deep Interdiction Mission Requirements

Requirement Original Modified
Supercruise segments (each) 1852 km 1500 km
Dash segments (each) 1390 km 900
All weather capability, including icy
Field Performance runways (8000 ft/2440 m)
~4000 kg (Four
~6200 kg 2000 Ib JDAM +
Max. Payload two AIM-120)
Structural limits +7/-3 g with 50% fuel
Maximum dynamic pressure 103 kPa
Subsonic static margin limits +10/-30 %
SEP (1g) mil power, M 2.0/15 km (50% 0 m/s
fuel, 100% payload)
SEP (1g) max power, M 2.0/15 km 60 m/s

(50% fuel, 100% payload)
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SEP (2g) max power, M 2.0/15 km

(50% fuel, 100% payload) 0 mis

Max. instantaneous turn rate M 0.9/4.5

km (50% fuel) 8°/s

RCS signature (8 = 90,¢ =

0,5 band 3 GHz) -13 dB -30 dB

supercruise

descent and

lan .
supercruise

Figure 7-1 - Deep Interdiction mission diagram
7.2.2 Initial Design Assumptions

The central focus of this design should be minimising wave drag at supersonic
speeds. In order to achieve this, a smooth area distribution should be achieved,
as well as a long and slender configuration, as shown by the empirical wave drag
rise in Eq. (7-1).

14.14 [A"zi]z (-

ACp wave Sref

Furthermore, the wing leading edge should be kept inside the Mach cone, which
limits the span and sweep angle (A, = 90 — u), as given by the Mach angle,
such that:

u =sin"1(1/M,) For a cruise Mach number of 2.0: u = 30°

Therefore, a wing leading edge sweep greater than 60° is required for a subsonic
leading edge; subsonic or transonic aerofoils can be then used to reduce drag

and fuel consumption.
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Additionally, in order to maintain low-observability, a tailless configuration has
been chosen, with all internal payload, as well as low-observable intakes and
exhausts. Variable intake geometry has been taken into account for the mass
prediction, but the detailed geometry, internal aerodynamics, and actuation

system will not be addressed.

An initial wing loading of 3820 N/m? has been chosen as a compromise between
strike and bomber aircraft; a thrust loading of 0.6 (sea level, dry) and a payload
ratio of 15% have been estimated. These estimates yield a take-off mass of
26700 kg, a wing area of 68.6 m?, and a sea level thrust of 157 kN. Furthermore,

an initial estimate of 30% fuel fraction results in 8010 kg of fuel.

A simple analysis of delta and double delta wing geometries shows that for equal
spans, a double delta configuration will result in generally longer centreline
chords, reducing wave drag. Furthermore, increasing the taper ratio of the central
wing section (A: = C1/Co) and decreasing the central span ratio (yz = bo/btotal) Will
result in longer configurations as shown in Figure 7-2 (values shown for a fixed

wing area of 68.6 m?), and responding to Eq. (7-2):

C. = ZSref (7_2)
o b[A;(1—yy) +v1(1 +44)]

Central Chord Length

120

W, Span increasing

Central chord length [m]

0.7
075 08  gas e 015 &
Taper Ratio C‘IIC0 s R

Figure 7-2 - Central chord length as a function of taper and span ratios
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Long and slender configurations are achieved with low values of span ratio and
high taper ratios. Low spans, and reduced outer wing chords will have an impact
in aerodynamic efficiency, and fuel volume, which result in contradictory design

preferences.

Another important geometric constraint is that of maintaining subsonic flow

conditions at the leading edge in order to reduce drag and fuel consumption.

MTOM [ton]

69 70 71 72 73 74 75
Inner Wing Sweep [deg]

Figure 7-3 - Subsonic leading edge constraint (hatched line)
Choosing a large leading edge sweep angle for the central wing section allows
for sweep values on the outer wing less than 60° while retaining the subsonic
leading edge condition, as shown in the right hand side of Figure 7-3. Low sweep
values also reduce the wing structural mass penalty, but increase transonic and

supersonic drag.

Furthermore, the high payload requirements translate into stringent volumetric
and packaging constraints, especially affecting the central wing section, and the
fuel tanks arrangement. The weapon bay dimensions depend on the choice of

weapons abreast, as given in Table 7-2.

Table 7-2 - Weapon bay dimensions

Weapons abreast Length [m] Width [m] Height [m]
4 3.9 3.2 0.8
2 7.0 1.6 0.8
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Based on the estimated wing area, and choosing values of the central wing
section taper and span ratio, 0.65 and 0.2 respectively, to maximise the central
chord length without excessively limiting the central wing section volume
available for payload and propulsion systems, resulted in a configuration with a
total wingspan of 12 m, a centreline chord of 13 m, and a wing kink chord of 8.51
m, with a tip chord of 0.1 m. The centre wing has a leading edge sweep angle of
75° with a total semi-span of 1.2 m, while the outer wing has a leading edge
sweep angle of 60° and a semi-span of 4.8 m, which satisfies the subsonic

leading edge constraint for all wing sections.

Furthermore, the central wing section acts a pseudo-fuselage, while the outer
wing uses a supercritical aerofoil with design lift coefficient of 0.4 and a thickness
of 6%. Finally, two afterburning turbofans based on the GE F404-402 have been
assumed and located over the weapon bays on 2 body component nacelle
objects in order to properly account for the wave drag and volume distribution at

supersonic speeds; this configuration is schematically shown in Figure 7-4.

An initial convergence check using the GENUS optimisers was carried out in
order to obtain the characteristics of the aircraft. During this loop the geometry
remained fixed. The resulting MTOM is 23473 kg, with an OEM of 13890 kg, and
a total fuel consumption of 5580 kg. The nose-on RCS signature (6 =90°, ¢ = 0°)

for a perfect electric conductor material is -30.29 dBsm.

Due to the large volumetric requirements resulting from the large payload, and
the required fuel consumption, it was determined that the vehicle’s dimensions
were insufficient to comply with volumetric constraints, specifically the available
fuel tank volume. Furthermore, unresolvable clashes were found between the
landing gear and the weapon bays due to the limited central chord length and
central wing section span. An acceptable CG range, static margin, and trim for all
flight conditions were not found, again pointing towards a revised vehicle sizing.
The original wing loading value of 3820 N/m? has been found to be too restrictive,
due to the fact that the central wing section is acting as a fuselage and the
additional volume usually provided by a conventional fuselage is not available.

192



o T T T T m

Nose LG

2l Avionics J

-ar Intakes 7

Engines

Longitudinal Axis

-10-

-12-

Lateral Axis
Figure 7-4 - Non-compliant initial UCAV with packaging

A revised baseline configuration has been resized by first imposing the central

wing section geometry as a function of packaging constraints, mainly coming from

the selection of the 4-abreast weapon selection, resulting in a central span of 3.6

m, and a total centreline length of 17 m.

Subsequently, the LSGRG2 gradient-based optimiser was then used to size the
outer wing chord and outer wing span at a fixed sweep angle of 60°, with input
variables and constraints given in Table 7-3, and with the take-off mass as the

objective function.

Table 7-3 - Interdiction UCAV baseline sizing optimiser data

Input Variable Lower Bound Upper Bound
Outer wing Az 0.5 0.65
Outer wing semi-span 3m 5m
Estimated Take-Off Mass 15000 kg 35000 kg
Estimated Fuel Fraction 15% 35%
Engine Diameter 0.8 m 1.2m
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Constraints
Fuel Volume Volav 2 Volgeq
Subsonic Leading Edges {XYZ} g, <{XYZ}machcone
Mass Error [MTOMcaic - MTOMEst| < 1E-4
Fuel Error |Fuelcaic - Fuelgst| < 1E-4
SEP Errors Pspy; 2 PSReql-
Thrust Errors Tho; 2 TReqi

The resulting outer wing taper ratio is 0.6, meaning an outer wing chord of 10.2
m, and an outer wing span of 4.0 m. The total wing area is 90.23 m?, with an outer

wing area of 78.3 m2. The overall aspect ratio is 1.486.

0 T T .y T T

Longitudinal Axis

Lateral Axis

Figure 7-5 - Configurations with varying outer wing sweep
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Outer wing sweep angles ranging from 55° up to 70° (top views given in Figure
7-5) were investigated to quantify the effects of wing structural mass penalty,

reduced wave drag, and changes in the RCS signature.

From the results shown in Figure 7-6, fuel ratio is inversely proportional to sweep
angle due to reduced wave drag at supersonic speeds (Figure 7-7), while the
wing structural mass increases as sweep increases. At high sweep angles (> 65°)
the wing structural mass penalty results in higher empty mass, leading to an
increase in engine size and fuel consumption. This can be seen by the sharp

increase in take-off mass, as well as the plateauing of fuel fraction.

The dominating constraints for all configurations were the specific excess power
requirement of 60 m/s at Mach 2.0 and 15 km altitude, with 50% fuel, 100%
payload and afterburner on; the fuel volume required, and the engine throttle at

dash Mach number.

30%

n 30
e}
=8 / 25% - S-=-a
x 3 - o o
e ?® 5 20
ak MTOM '§ 20% -
= 2 = — OfM L 15% -
[ /7 @
Q - © 10% -
- -
E) 15 - = Wing
5% - == = Fuel
10 . . . .
0% T T T T
50 55 e &5 70 50 55 60 65 70
Outer Wing LE Sweep [deg] Outer Wing LE Sweep [deg]
a) Take-off and empty masses against b) Fuel fraction and wing mass fraction

wing sweep angle against wing sweep angles

Figure 7-6 - Effects of outer wing sweep on vehicle's masses
Another aspect to consider is the trailing edge sweep angle and control surface
effectiveness. Similar studies suggest limiting trailing edge sweep angle to a
maximum of 30° forward. As shown in Figure 7-8, this limits the selection to
configurations with leading edge sweep angles higher than 62°. This trend is also
beneficial to RCS signature, since configurations with sweep angles less than 60°

do not comply with the set requirement of -30 dBsm.
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Figure 7-7 - Drag coefficient as a function of outer wing sweep angle
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Figure 7-8 - Trailing edge sweep and RCS signature as a function of leading edge
sweep

Considering all of the above design criteria, the final baseline configuration results
in an outer wing sweep of 63°, a trailing edge sweep (forward) of 29.5°, a take-
off mass of 26690 kg, an empty mass of 16224 kg, a total fuel consumption of
6465 kg. The sea level (dry) thrust loading is 0.588, with a wing loading of 3343

N/m? when considering only the outer wing area.

A comparison of the initial design assumptions and the baseline design

characteristics is given in Table 7-4. It has been found that a payload ratio of 15%
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IS an accurate estimate, while the initial fuel fraction was reduced by 5.5%.
Similarly the sea level thrust was reduced by 7.6%. The largest difference is a

wing area increase of 31.5%, mainly due to packaging and fuel volume

constraints.

Table 7-4 - Comparison of initial assumptions and final results

Design Parameter Initial Assumption Final Result
Take-off Mass 26700 kg 26690 kg
Payload fraction 15% 15%
Fuel fraction 30 % 24 %
Thrust loading 0.6 0.588
SL Thrust 157 kN 154 kN
Wing loading (outer wing) 3820 N/m? 3343 N/m?
Wing area 68.6 m? 90.23 m?

A top-level mass breakdown is given in Figure 7-9, compared to a manned aircraft
designed for a similar mission, as presented by Jenkinson(292 chap-8) The much
higher fuel fraction on the manned version is partly a result of the originally longer
range and payload (lower payload mass fraction), and partly due to the fuel
increase due to the larger engines and higher overall mass of the manned aircratft,
with an estimated MTOM of 51400 kg. It can be seen that the propulsion mass
fraction is equivalent in both configurations, and that the systems and structures
form a larger portion of the overall mass for the UCAV, with 41% compared to

24% for the manned aircraft.

As mentioned previously, the dominating constraint was found to be the specific
excess power requirement of 60 m/s at Mach 2.0 and 15 km altitude, with 50%
fuel and 100% payload, this value corresponds to sustained turn values of ~4.5¢,
as shown by the manoeuvring diagram in Figure 7-10. Sufficient thrust was
obtained during the cruise segments, with a throttle setting of 93% in dry mode
during the supercruise segments, and a 97% throttle, also in dry mode, during
the dash segments. Figure 7-11 (a) shows the drag envelope (shaded area,

limited to 100 kN) imposed on the thrust contour (top), and Figure 7-11 (b) shows

197



the specific excess power maps at 1g and 2g conditions. It can be clearly seen

that these mission requirements can be met by the baseline configuration.
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Figure 7-9 - Mass breakdown comparison of UCAV and manned aircraft

After the main vehicle characteristics were obtained, a secondary optimisation
loop was performed in order to improve the packaging and CG range, as well as

the static margin during the main cruise segments. Table 7-5 shows the input
variables and constraints applied during this loop.

The results of the packaging and CG optimisation are shown schematically in
Figure 7-12, and the CG translation and static margin during the main cruise
segments are shown in Figure 7-13. A minimum static margin of -6.3% occurs

during the dash in segment, which is well within the requirement limits.

Fuel scheduling has not been fully explored at this stage of the design, and as
seen from three-view schematics in Figure 7-12, there are potential locations for

additional trim tanks, specifically behind the main landing gear bays.
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Figure 7-10 - Manoeuvring diagram during dash segment

Table 7-5 - Packaging and CG optimisation inputs

Input Variable Lower Bound Upper Bound
Engine CG 11.05m 12.75m
Weapon Bay CG 10.0m 10.54 m
Nose Landing Gear CG 1.53m 3.4m
Main Landing Gear CG 119m 14.45m

Constraints

Nose Landing Gear load

8% < NLGpuq < 20%

Weapon Bay clash

Weapon bay most forward point inside LE;
Weapon bay most aft point inside TE

Main Landing Gear clash

Avoid clash with weapon bays, comply with
landing gear loads

Static Margin

—30% < K, < 10%
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Figure 7-11 - Thrust and specific excess power constraints
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Figure 7-13 - CG and static margin during cruise segments
Prior to the operational trade-studies, it should be mentioned that additional work
should be carried out in order to validate the results of the overall vehicle’s
masses, size, propulsion system characteristics, and general performance. In this
particular case, the payload requirements and the large structural cut-outs might

impose some mass penalties not yet accounted for through the existing models.
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The specific strategies required have been acknowledged as further work, and
are mentioned in §89.2.

7.2.3 Operational Trade-Off Studies

Given that the main purpose of this mission is to establish a new aircraft which
can effectively deliver tactical payload at long range and with a rapid response,
the main factors to investigate will be the supercruise Mach number and the dash
Mach number; variations of £20% from the baseline will be investigated.

From the initial sizing results, it has been observed that a specific excess power
requirement of 60 m/s at max power, 1g, 50% fuel and 100% payload largely
drives the engine sizing. Therefore, this requirement will be reduced by 10% and
20% accordingly, but it will not be increased by the same amounts. The variations

on mission parameters are summarised in Table 7-6.

Table 7-6 - Operational trade study parameters for deep interdiction UCAV

Requirement B-20% B-10% Baseline B+10% B+20%
Supercruise Mach 1.3 1.45 1.6 1.75 1.9
Dash Mach 1.6 1.8 2.0 2.2 2.4
SEP1 (1g, mil power, Om/s 0Om/s 0 m/s 0 m/s 0 m/s
@MDash)

SEP2 (1g, max power, | 48 m/s 55 m/s 60 m/s 60 m/s 60 m/s
@MDash)
SEPs3 (29, max power, | 0 m/s 0m/s 0 m/s 0 m/s 0 m/s
@MDash)

A summary of the masses, propulsion output, and achieved performance is
shown in Table 7-7, while the trends for take-off, empty, and fuel masses are
shown in Figure 7-14. It can be seen that masses increase at reduced Mach
numbers, with a marked increase in fuel consumption, while also showing that
specific excess power is still the dominating design constraint for all cases except
at a dash Mach number of 2.4; this is related to the increased performance of the

afterburner at very high speeds.
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Table 7-7 — Mach trade-off mass and performance results

Setting | MTOM[kg] OEMI[kg] Fuel[kg] - [Tkrlllr]“St [S”']E/Zi
B-20% 28228 16573.45  7654.6 149.7 48.0
B-10% 27367.3 164748 68925 160 55.0
Baseline 26690 16224 6465 154 60.0
B+10% 26749.6  16182.6 6567 144.4 60.0
B+20% 272141 166803  6533.8 156.9 107.8

MTOM [ton]
OEM [ton]

a) Maximum Take-Off Mass b) Operating Empty Mass

Fuel Consumption [kg]

c) Total Fuel Consumption

Figure 7-14 - Take-off, empty, and fuel mass trends
The increase in fuel at reduced Mach numbers is a result of the longer mission
durations and the engine sizing mostly being dictated by the specific excess
power requirements. The total mission durations are 213, 188, 175 (baseline),
159, and 147 minutes respectively, as shown in the mission profiles of Figure

7-15.
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The changes in several mass components and component groups as compared
to the baseline configuration are shown in Figure 7-16. It can be seen that the
fuel mass shows the largest change across configurations, followed by systems
(propulsion system excluded), the wing structure and the overall structural mass.
Conversely, despite an increment in take-off mass, the fuselage structure mass
is highly dependent on the maximum Mach number, as shown in function form in
Eq. (7-3).
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Figure 7-15 - Mass and Mach number mission profiles for all configurations
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Figure 7-16 - Change in component's masses compared to the baseline

MFuselage = f(MTOM: Minax, Hmaxr Winax ) (7-3)

7.2.3.1 Expanded Design Space Exploration

Due to the observed behaviour with respect to supercruise and dash Mach
numbers, an expanded design space exploration has been carried out based on
the operational requirements given in Table 7-8. Specific excess power

requirements follow the values set in the original variants.

Table 7-8 - Expanded operational design space parameters

Supercruise Mach Dash Mach numbers
B-20%: 1.3 1.5 1.6 1.8
B-10%: 1.45 1.6 1.8 2
Baseline: 1.6 1.8 2.0 2.2
B+10%: 1.75 2 2.2 2.4
B+20%: 1.9 2.2 2.4 2.5

The surface responses in Figure 7-17 show the original responses for the
expanded design space exploration in the coloured patches, while the grey semi-
transparent surface has been obtained through a spline interpolation across rows

of constant supercruise Mach numbers. The complete data set is given in Table
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7-9 with the extrapolated values coloured in red. Sharp increases in empty and
take-off masses, fuel, and sea level thrust are shown for low supercruise Mach
numbers in combination with very high dash Mach numbers. These mission
points do not offer balance between the various performance criteria and are

unlikely to have any operational value.
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Figure 7-17 - Mach trade-off response surfaces with interpolated data
Contrary to the other trends, the minimum fuel consumption is located at an
operational point of supercruise Mach ~1.8 and dash Mach ~1.5; this does not
offer an operational advantage compared to the possible optimum mission point
established before.

Additionally, 7 operational points have been investigated and compared to the
extrapolated surfaces. The new extrapolated surfaces are shown by the red semi-

transparent surfaces in Figure 7-18.
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Table 7-9 - Expanded design space results (extrapolated values in red)

Dash Mach Number

15 1.6 1.8 2.0 2.2 24 2.5
Supercruise MTOM [kg]
1.3 29717.1 28228.0 28057.6  29205.9 31672.9  35458.6  40563.0
1.45 28558.5 27788.5 27367.3  27294.9 27571.2  28196.3  29170.2
1.6 28738.0 27427.1 26744.4 26690.0 27263.9 28466.0 30296.3
1.75 27620.8 27110.5 26795.1  26674.6 26749.0 27018.3 274825
1.9 29461.0 28497.2 27790.7 273413 27149.1  27214.1  27536.3
Supercruise OEM [kg]
1.3 17528.6 16573.5 16631.7 17703.4 19788.4 22886.9 26998.7
1.45 17323.1 16768.4 16474.8 16442.3 16670.9 17160.6 17911.4
1.6 17569.1 16770.4 16322.1 16224.0 16476.2 17078.8 18031.6
1.75 18435.6 17344.5 16605.3 16218.0 16182.6 16499.1 17167.6
1.9 19837.2 18562.2 17609.0  16977.6 16668.1  16680.3  17014.4
Supercruise Fuel [kg]
1.3 8188.5 7654.6 7425.8 7502.1 7883.5 8570.0 9561.6
1.45 7235.4 7020.1 6892.5 6852.5 6900.1 7035.4 7258.3
1.6 7177.0 6659.7 6422.4 6465.0 6787.6 7390.2 8272.8
1.75 5176.2 5761.2 6188.0 6456.6 6567.0 6519.2 6313.2
1.9 5623.4 5934.8 6181.5 6363.6 6481.0 6533.8 6521.9
Supercruise Sea Level Thrust [kN]
1.3 181.3 149.7 153.9 193.9 269.8 381.4 528.8
145 196.3 174.3 160.0 153.5 154.8 163.9 180.8
1.6 196.1 177.8 163.8 154.0 148.4 147.1 149.9
1.75 278.7 221.1 179.5 154.0 144.4 150.8 173.3
1.9 317.0 2594 214.6 182.6 163.3 156.9 163.3
Supercruise SEP1 [m/s] (1g, max power)
1.3 48.5 48 48 - - - -
145 - 55 55 58 - - -
1.6 - - 60 60 64.8 - -
1.75 - - - 60 60 97.5 -
1.9 - - - - 87.5 107 184
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These new points do not necessarily represent realistic operational requirements,
especially those with a higher supercruise Mach number than the dash segment

Mach number.
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Figure 7-18 - Revised response surfaces
The main difference between the extrapolated response surfaces is seen at the
low supercruise Mach and very high dash Mach numbers, with the direction of
the response being completely reversed, especially obvious for take-off mass,
empty mass, and sea level thrust. This is due to the afterburner performance
being able to easily meet the mission requirements at very high Mach numbers,

and thus not driving a growth in mass as originally forecasted.

These results emphasize the sensitivity of the responses to operational criteria
such as supercruise and dash Mach numbers, and performance requirements

like specific excess power.

7.2.4 Study Summary

This study focused around the design of a fully supersonic, long range, deep

interdiction UCAV, the payload requirements are also high in mass and volume.
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The initial design assumptions and an initial baseline configuration were tested
through the GENUS framework methodologies and found to be inadequate in
terms of wing loading, and thus, wing area; this mainly due to the volumetric and
packaging constraints imposed by the large payload, which dictates the centre
wing geometry, has a strong interaction with the landing gear and engine
locations, as well as a potential major impact on CG control throughout the

mission.

The revised baseline configuration was achieved by balancing packaging
constraints, required fuel tank volume, performance, geometric constraints for
subsonic leading edges and control surface effectiveness, and low-observability
from the nose-on view angle. The engine sizing was determined mainly by the
specific excess power requirement during the high-altitude, high-speed dash

segment, under 1g loading conditions, full payload, 50% fuel and afterburner.

Regarding the proposed stealth considerations, the nose-on RCS signature
requirement can be considered as a target for current and future configurations.
The results for clean geometries and perfect electric conductor materials
obtained by POFACETS have been found to be consistently optimistic throughout
this research. However, the trends observed for RCS against sweep angles are
indicative of possible design solutions.

Reducing both supercruise and dash Mach numbers results in increased masses
and engine sizes, mainly due to increased mission duration, even for reduced
levels of performance. However, specific excess power requirements at Mach
numbers higher than 2.2 are not a significant design constraint due to the

improved afterburner performance as speed increases.

As a result of the Mach number trade studies, it has become apparent that the
original mission point can be improved by modifying the supercruise Mach
number requirement, from M1.6 to ~M1.8, while the high-altitude dash Mach
number can be increased to ~2.1 with no significant penalties in take-off, empty

and fuel masses, engine sizing, or achieved performance.
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Finally, the additional operational points investigated showcase the sensitivity of
the responses to changes in mission parameters and the importance of well-
balanced mission requirements. Furthermore, it can be seen that applying
strategies such as design of experiments (DOE) can provide valuable information
on optimal mission conditions, sensible requirements, and potential results. This
capability has been identified as a potential improvement to the GENUS
multidisciplinary design and optimisation procedures which will allow the

designers to acquire new knowledge in a quick and interactive way.

7.3 Mach 3+ Supersonic Strike UCAVs

The Thunderbolt UCAV project was initiated in Cranfield University’s Aircraft
Design group in 2014 with the purpose of exploring the feasibility of a high speed
Unmanned Combat Air Vehicle capable of naval operations. It is intended that
the vehicle would be integrated with other UK/EU defence assets®%), Costs are
to be the minimum required to achieve a basic operational capability. The
estimated service entry date is relatively short, potentially as early as 2030;
appropriate TRL levels (7 to 9) as given by Table 7-10, should be considered
through the design. The principal objectives of such a vehicle are:

1. To provide a robust and effective weapons delivery system that is not overly
dependent on very low-observable technology.

2. To provide a weapons delivery system suitable for time critical missions
without the need for persistence capability.

3. Being compatible with other systems operating in the envisaged In Service

Period.

Table 7-10 - Technology readiness levels (US DoD)

TRL Definition

1 Basic principles observed and reported

2 Technology concept and/or application formulated

3 Analytical and experimental critical function and/or characteristic proof
of concept

4 Component and/or breadboard validation in laboratory environment
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5 Component and/or breadboard validation in relevant environment

6 System/subsystem model or prototype demonstration in a relevant
environment

7 System prototype demonstration in an operational environment

8 Actual system completed and qualified through test and demonstration

9 Actual system proven through successful mission operations

7.3.1 Mission Design

The most important mission parameter for this class of vehicles relates to time-
critical strike against high value targets (HVT), with launch to weapon on target
of 30 minutes (essential), and 20 minutes (desirable) assuming the vehicle is in
a high state of readiness. To do so, the vehicles need to be operated from aircraft
carriers. For the same reason, combat radii values will be limited within a range
of 500 km to 850 km at speeds as high as Mach 4.0. The weapons bay should
be at least the size of one F-35 weapons bay and also be able to carry 1 x 2000
Ib JIDAM. Payloads will be limited to the 1000-2000 kg range.

An indicative flight envelope is given in Figure 7-19, which corresponds to a
maximum dynamic pressure of 45.4 kPa, chosen as a compromise between
performance, structural penalties, and material choices. Another aspect of the
flight envelope will consider the maximum allowable structural temperatures
achieved during high supersonic flight, with an estimated temperature limit

around 330-400 °C (depending on material selection).

A preliminary mission plan is given by the phases below:

0-1 Warm up and take-off. Carrier based take-off variants will be
investigated

1-2 Minimum time to climb to cruise Mach and altitude

2-3 Supersonic cruise out (best speed)

2-3 (b) Supersonic ingress (best range)

3-4 Descent to M 1.5/15 km altitude

4-5 Payload drop

5-6 Climb to supersonic cruise altitude and speed
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6-7 Supersonic cruise in (best speed)

6-7 (b) Supersonic egress (best range)

7-8 Descent and landing
Another important aspect of this mission is to evaluate the effectiveness of time-
critical missions when compared to current defence assets such as Eurofighter
Typhoon, Rafale, and other 4+ and 5" generation aircraft (however, technical

data on fighter performance is hard to obtain).
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Figure 7-19 - Indicative flight envelope for high supersonic UCAVs
7.3.2 Initial Design Assumptions

The Thunderbolt project has gone through several design iterations, starting as
a twin engine configuration with a MTOM of 23514 kg(%42%)  followed by a
subsequent revision leading to a central engine configuration with a MTOM of
17500 kg%, The engine modelled during these conceptual design studies was
a scaled version of the Pratt & Whitney J58 turboramjet used in the SR-71. A side
by side comparison of both configurations is shown in Figure 7-20. Overall
dimensions and other technical data for both variants are given in Table 7-11.

The mass of both configurations has been verified through the GENUS mass
estimations methods for a fixed engine size and total fuel mass with good
agreement for both cases, especially for Howe’'s mass methods, as shown in
Figure 7-21 (a) for the twin engine case and Figure 7-21 (b) for the single engine

configuration.

212



Due to the fully supersonic mission, biconvex aerofoils with low thickness to chord
ratios will be assumed throughout this design study.
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Figure 7-20 - Comparison of single-engine and twin-engine geometries
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Figure 7-21 - Comparison of mass methods for Thunderbolt variants

Table 7-11 - Thunderbolt configurations technical data

Design Parameter Twin Engine Single Engine
MTOM [kg] 23514 17500
OEM [Kg] 13867 7785
Fuel [kg] 8435 8500
Total Length [m] 14 16
Wing Span [m] 10 10
Wing Area [m?] 70.4 70.4
Wing LE Sweep 68° 68°
Wing t/c 10% inner to 4% outer 4%
Wing Loading [N/m?] 3276.6 2438.6
Thrust Loading [-] 0.65 Not available

The conceptual design studies for Thunderbolt have been carried out with similar

conceptual methods as those present in the GENUS framework. Therefore,

similarly to previous results obtained during this research, additional work should

be carried out in order to validate the results of the overall vehicle’s masses, size,

propulsion system characteristics, and general performance, as well as the

effects of aerodynamic heating and the system heat loads. The specific strategies

required have been acknowledged as further work, and are mentioned in §9.2.
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7.3.3 Mission and Performance Trade Studies

A high-supersonic strike mission has been evaluated through the GENUS
framework; the initial mission parameters are: a cruise altitude of 25 km at a Mach
number of 3.75, a payload of 1224 kg, and a combat radius of 700 km. The
geometric characteristics of the twin-engine configuration have been used for an

initial convergence and optimisation check.

The initial results match very well with the original Thunderbolt data, with a
calculated take-off mass of 23990 kg, a total fuel consumption of 8646 kg, and a
total sea level thrust of 154 kN, with a twin turboramjet configuration. The mission
profile plotted in Figure 7-22 shows that the initial climb takes over 6 minutes and
250 km, the cruise out duration is 7 minutes, and the rapid descent lasts around
3 minutes, achieving a time-to-target of 16 minutes, well within the ‘desirable’
requirement. The subsequent climb takes slightly over 3 minutes and 163 km. A
large portion (49%) of the fuel is consumed during the initial climb, followed by
the secondary climb (26.6%), the cruise in segment (9.6%), and the cruise out
segment (8.5%). The final descent consumes around 5% of the total fuel, while
the rapid descent consumes only 0.25% of the fuel. This has been identified as
an area of potential fuel savings; however, the high loads experienced during the

rapid descent might have a detrimental effect on the life of the aircraft.
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Figure 7-22 - Baseline high-supersonic mission profile, from GENUS
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The take-off procedure has been assumed as a ski-jump with the performance
shown in Figure 7-23. The deck length has been assumed as 70 meters, the ski
ramp radius as 255 meters, the maximum ramp angle is 13.6°, and the carrier
speed is 14 m/s. The total take-off distance is 182 meters, at a speed of 78 m/s
(Mach 0.23) and 3° angle of attack. A total of 54.6 kg of fuel were consumed
during take-off.

35 4
E 30 § 3
) S,
25 2
2 £
= a
< 20 <1
15 0
0 50 100 150 200 0 50 100 150 200
10* Distance [m] Distance [m]
2475 80
)
= 2.398 E 60
El —_—
w 2.396 £ 40
0 o
B [s]
= 2.394 T 20
]
2.392 0
1] 50 100 150 200 1] 50 100 150 200
Distance [m] Distance [m]

Figure 7-23 - Ski jump take-off performance for baseline high supersonic UCAV
The total mission duration from take-off to landing is 43 minutes; from the FTMS
performance plots, Figure 7-24, the thermal endurance of the vehicle at the
equilibrium temperature of the cruise segments (without additional heat input,
Qsink = 0) is 59 minutes. It can be seen that no recirculation fuel is required for this
case. The FTMS performance deteriorates as additional heat load from the

systems is added to the fuel, as shown by Figure 7-25.

Under an additional systems heat load of 375 kW, the thermal endurance is equal
to the mission duration, but the residual fuel (the amount of fuel remaining at the
moment the fuel in the tanks reaches its maximum temperature) is approximately

3800 kg. This would severely limit the endurance of the vehicle and would incur
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in additional fuel weight to ensure that no spontaneous fuel ignition occurs during
the flight.

10000 450
2 ¥ 400
@ =1
7] £
© 5000 @ 350
= [
E E 300
0 250
0 1000 2000 3000 4000 0 1000 2000 3000 4000
. Time [s] Time [s]
3 x10 2
= — Y i Fuel flow
=6 Q2 15 [ Recirculation
72 S OO ==
o Q3 ol
g 4 Qout E 1
.._I.. Qr L=
S 2 EXX
T s
0 _____ T 0
0 1000 2000 3000 4000 0 1000 2000 3000 4000
Time [s] Time [s]
Figure 7-24 - FTMS performance at cruise conditions
3800
% 3500 T =-0.0008Qsink? - 2.3018Qsink + 3543.8
O R?=1
@ 3200 -
>
2 2900 -
L
© 2600 -
S
@ 2300 -
=
2000 . . . . ;
0 100 200 300 400 500 600
QSink [kW]

Figure 7-25 - Thermal endurance vs additional system heat loads
The maximum and minimum temperatures for the upper and lower skins are
712K, 545K, 707K, and 510K respectively. This is 40 degrees higher than the
limit temperature of titanium alloys, set here as 400 °C or 673K. This temperature

is obtained under conservative assumptions including midday sun exposure, no
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water vapour dissipation, and it does not take into consideration the cooling from
the fuel system.

7.3.3.1 Cruise Mach and Altitude Trade-Offs

The purpose of varying mission parameters will be to determine the most
beneficial mission conditions for minimum take-off mass, fuel consumption, and

for maximising thermal endurance at a minimum residual fuel penalty.

The cruise Mach number will be varied from 3.5 to 4.0, while the cruise altitude
will be varied from 21 km to 28 km. At this stage, the combat radius, payload
mass, and payload drop Mach-altitude have been kept constant at 700 km, 1224
kg, and M 1.5/15 km. Furthermore, an environmental heat load of 375 kW has

been applied to all mission cases.

The response contours for MTOM and total fuel consumption are shown in Figure
7-26. It can be seen that the minimum take-off and fuel values are found at low
Mach-altitude values, while the maximum values are found at the high Mach-

altitude combinations.

The initial climb, which has been specified as a minimum time-to-climb trajectory,
has a large influence on the overall fuel consumption and the total mass of the
vehicle; the climb trajectories for all altitudes and Mach numbers are shown in
Figure 7-27. The first discontinuity during the climb relates to the transonic
acceleration, where a drop in altitude is used to surpass the transonic barrier and
the sharp increase in drag that comes with it. The second discontinuity in the
trajectory occurs at a constant Mach number of 2.5 due to the transition Mach
number defined for the combined turbine-based propulsion system assumed for
all designs. It can also be seen that the last segment of the climb trajectory
consists of a constant energy height climb; the maximum speed encountered
throughout the mission is likely to occur at the end of the climb segment, and this

has been found to be one of the main engine sizing requirements.

The time-to-climb and the climb segment’s fuel consumption as a fraction of the

total fuel consumption for all cases are shown in Figure 7-28.
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An important mission constraint is related to the time-to-target, here defined as

the time to reach the payload drop Mach-altitude point, and being 20 minutes

considered as ‘desirable’ and 30 minutes as ‘essential’. From Figure 7-29, it can
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be seen that all mission points investigated (for a fixed combat radius of 700 km)
comply with the desirable status, which could point towards relaxed mission

parameters.
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Figure 7-29 - Time-to-target contour for all Mach and altitudes
An interesting result corresponds to the fuel thermal management system
performance. Results show that the Mach-altitude pairs that maximise thermal
endurance are in the opposite direction for minimising residual fuel, as shown in

Figure 7-30.

4 wllwl T
)
3.95 PR
MM o o T O
=
=)
~

Resi Fuel [%]

3.9

3.85

w
@

w

Mach number
w
2 Y L
2
P s,
X\
3 :
% 5
s
2
o
2 %
77
s
%
S
¥

Mach number
w
P ~
~ wn
1

294

w
o
Il

'l
2o WO .
’
4
Yo )
3.55 w 3.55 A e A% ¥ S o ™
= S Al S & ,,_",‘7 S ‘b/'\
9 / / 2 P &
3. L 3. VAR VAN A ARV AN
21 22 28 21 22 23 24 25 26 27 28
Altitude [km] Altitude [km]

Figure 7-30 - Thermal endurance and residual fuel for various Mach and altitudes
Furthermore, thermal endurance can constraint the entire mission at those Mach
numbers and altitudes where its value is less than the duration of the mission, as
shown by the red area in Figure 7-31, thus establishing minimum safe operational

altitudes and speeds. The residual fuel has not been fully accounted for in the
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overall sizing loop, which could reduce the vehicle’s endurance or increase the

total mass of the aircraft.
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7.3.3.2 Combat Radius Trade-Offs
Variations in combat radius, from 500 km up to 850 km, have been investigated
at a constant cruise altitude of 25 km for all operational Mach numbers previously
defined (3.5, 3.75, and 4.0). Payload mass and payload drop Mach-altitude have

also been kept constant.

The MTOM and fuel consumption maps shown in Figure 7-32 show that both
parameters have an influence on the mass growth of the vehicle. However,
examining the results of the OEM show that increases in the cruise Mach number
have a much larger effect on the mass increments of the vehicle when compared

to combat radius, as shown in Figure 7-33.

Fuel [kg]
2 115 z
(9 96 1099212539 : 5N
0 (2] 1 .8 15 [o}
8 0> 7
28 31.7 49
2 8 3. "~ 04795
3 o \
2 2 2 'SRQ
g % 7 g 3. 'q\/\?\ 8
£ £ ,
ﬁ)
$a7 29350 V6. R S \
E \ 59, 9\5\6‘)‘5@-\ ‘E" . 89
230 23955 g % 8643
—
227&-?551-& 5|

=l

. 3.
500 550 600 650 700 750 800 850 500 550 600 650 700 750 800 850
Altitude [km] Altitude [km]

Figure 7-32 - MTOM and Fuel for various Mach numbers and combat radii
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Figure 7-33 - OEM for various Mach numbers and combat radii
Furthermore, as can be seen from Figure 7-34, the time-to-target is mainly
dependent on combat radius and not on the cruise Mach number. Initially, the
fact that increasing the cruise speed does not contribute significantly to reducing
the time-to-target is counterintuitive. Further analysis shows that this behaviour
can be explained by the differences in climb time and descent time for the various

Mach numbers and combat radii.
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The minimum time-to-climb and rapid descent times are shown in Figure 7-35 for
all Mach numbers and combat radii. The trend in climb time shows several
discontinuities due to the fact that it is highly sensitive to the engine sizing;

however, the time to climb generally increases as the desired cruise Mach
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number increases. For the rapid descent segment, since the engines are
operating at idle condition, the descent time is directly proportional to the initial
Mach number. Therefore, a relaxed cruise Mach number requirement can result

in equivalent time-to-target results, at a reduced empty mass and engine size.
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Figure 7-35 - Climb and descent time for various Mach numbers and combat radii

7.3.3.3 Modified Mission

The time-to-target results shown in the section above highlight the potential for
equivalent performance at reduced speeds. However, this is a result of the
assumption that the maximum Mach and altitude for weapons release is

significantly lower than the cruise condition, at Mach 1.5 and 15 km altitude.

Assuming a weapon design exists that, along with its accompanying systems
(weapon bay structure and doors, release mechanism and release trajectory), is
capable of being released at the cruise conditions, there would be no need for a
rapid descent segment and the subsequent climb back to cruise conditions.
Therefore, a modified mission was established in order to quantify the effects of
speed and combat radius on the time-to-target requirement; this new mission

schematic is shown in Figure 7-36.

The results shown below have been obtained at a fixed operating altitude of 25
km. It should also be noted that these results do not account for any potential
structural penalties resulting from the severe aero-acoustic environment inside

and around the weapon bays due to weapons release at very high speeds.
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Figure 7-36 - Modified high-supersonic mission, no intermediate descent

The time-to-target contour in Figure 7-37 shows that at low values of combat
radius there is little effect of increased speeds due to the distance travelled during
the initial climb; for a combat radius of 550 km, operating at Mach 4.0 results in a
time-to-target improvement of approximately 45 seconds compared to operating
at Mach 3.5. However, for larger values of combat radius, the time saving starts
to increase at a higher rate; for instance, the time-to-target at Mach 4.0 and 850
km combat radius is approximately 14 minutes and 40 seconds, while at Mach

3.5itis 16 minutes with 10 seconds.
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Figure 7-37 - Time to target for modified high-supersonic mission
The discontinuity in the contour lines of Figure 7-37, especially evident at low
values of combat radius, is a result of the initial climb segment time and distance,
which has been shown to be very sensitive to the engine sizing. As can be seen
from Figure 7-38, the minimum percentile distance and time for the initial climb
has been found close to the operational Mach number of 3.75, from 500 km to

750 km combat radius. These results could be a function of the objective function
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used for the convergence check in the GENUS framework and the optimiser
performance, which in this case was the MTOM. This design characteristic
prioritises diminishing the engine dimensions to the lowest acceptable value so
as to reduce the OEM and fuel consumption during cruise. This reduces the
effectiveness of the minimum time-to-climb trajectory. The effect of choosing
different objective functions has not been fully explored due to time constraints.
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7.3.4 Summary of High-Supersonic UCAVs

This section has shown the operational and mission trade-off studies for a high-
supersonic strike mission. The basic geometric characteristics of the UCAV have
been selected as those of the Thunderbolt UCAV previously investigated at
Cranfield University’s Aircraft Design Group. Good agreement has been achieved

between the available data and the data generated by the GENUS framework.

The baseline mission fuel consumption data shows that the initial climb and the
secondary climb are costly in terms of fuel consumption, with approximately 75%
of the fuel being consumed between those two segments. Ski-jump take-off
procedure has been investigated showing that the baseline engine size does not

result in a typical ballistic trajectory while consuming little fuel (<1%).

From the Mach number and cruise altitude studies in 87.3.3.1, it has been shown
that the OEM is mainly dependent on the cruise Mach number, which drives the
engine size through the minimum time-to-climb segment. The throttle setting at

cruise conditions normally ranges from 70% at Mach 3.5 to 85% at Mach 4.0. It
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can also be observed that the percentage of total fuel consumed during the initial
climb segment is mainly dependent on the target altitude, which ranges from 35%
to over 50% of the total fuel. Low altitudes generally result in lower fuel
consumption; however, from a survivability aspect, lower altitudes would increase
the vehicle’s susceptibility due to the partial neglect of low-observability design

requirements.

The minimum time-to-climb results in trajectories that closely follow the maximum
dynamic pressure, initially estimated as 45 kPa for an acceptable trade-off
between potential structural mass penalties and material temperature limits.
Preliminary results show that increasing the maximum dynamic pressure results
in shorter and faster climb segments; however, the mass penalties resulting from

these changes have not been fully quantified.

Further, the conditions that maximise the vehicle’s thermal endurance are in
direct opposition to those conditions that minimise the residual fuel. These
conflicting requirements highlight the importance of including thermal effects in
the sizing loop of supersonic vehicles. Low altitudes values have also been

restricted by the FTMS performance and the thermal endurance.

The Mach number and combat radius studies in §7.3.3.2 have shown that an
equivalent time-to-target can be achieved at reduced speeds due to the
reductions in time-to-climb and time for rapid descent, which are generally
proportional to the cruise Mach number. These results have been obtained under
the assumption that the maximum Mach number and altitude for weapons release
is Mach 1.5 at 15000 meters.

Due to the fact that the rapid descent and subsequent climb back to cruise altitude
segments are quite costly with regards to mission time, survivability, and fuel
consumption, a modified mission was investigated assuming the payload can be
released at the cruise conditions. The results in §7.3.3.3 show the advantage of

operating at very high speeds, specifically at higher values of combat radius.

The results shown here are limited to the initial design assumptions considering

a pre-defined geometry, mission, and the basic set of requirements identified as
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relevant to this class of vehicles. Through these studies several trade-offs have
been recognised that cannot be currently modelled with sufficient levels of fidelity;
these include studies concerning the optimised trajectories as a function of
thermal requirements, and trade studies for asymmetric speed/altitude mission

profiles, and system studies for thermal protection.

227






8 DISCUSSION

This section will briefly summarise the methodologies developed, the main

research findings and the contributions to knowledge.

8.1 The GENUS Aircraft Design Environment

Starting in 2012, Cranfield University’s Aircraft Design Group has engaged in the
development of a multidisciplinary aircraft conceptual design framework, with the
main philosophies of being flexible, robust, license independent, and with
potentially unlimited expandability. The GENUS framework consists of nine
essential ‘abstract’ aircraft design modules, and as many ‘special’ modules as
required to analyse non-conventional aircraft design disciplines such as stealth,
aerodynamic heating, sonic boom, and cost, to mention a few. Additionally, a
custom-made genetic algorithm and a robust gradient-based optimiser can be
used to perform large-scale design space explorations and trade studies.

Moreover, it has been shown that the graphic user interface of the GENUS
framework allows the designers to quickly and intuitively select the
methodologies appropriate for their class of aircraft, as well as selecting the main
design inputs and optimisation objective and constraints. The optimisation tab
displays a useful summary of the objective function, the constraints and their
setting, the design input variables with lower and upper bounds, the optimisation
algorithm selected, the history of the objective function, and a summary table with
the compliance status of the constraints. Despite its simple and intuitive layout,
the GENUS framework is not to be used as a ‘black box’ tool, but it should
complement a ‘knowledgeable user’ in its aircraft design tasks, furthering these

tasks from the experience of the user and the capabilities of the framework.

The GENUS framework has gone through a series of quasi-validations and
verifications which have provided ample confidence in the framework and its
methodologies. GENUS has been utilised in the conceptual design of hypersonic
transports, tube-and-wing and blended wing body airliners, solar powered UAVS,
supersonic business jets and finally, low-observable UCAVs. Numerous

publications in peer-reviewed journals and major aerospace conferences have
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been published as a result of developing and using the GENUS framework,

proving its value as an effective aircraft conceptual design environment.

8.2 UCAYV Design Methodologies

Due to the wide variety of missions and operational requirements relevant to low-
observable UCAVs, the conceptual design methodologies developed throughout
this research have emphasised flexibility and robustness. Moreover, low to
medium fidelity methods have been integrated in order to maintain the
expandability and license-free philosophies of the GENUS framework, as well as
prioritising versatile tools without high time or computational costs.

Validation and verification has been achieved for semi-empirical and statistical
mass breakdown methods, propulsion system modelling, aerodynamic
calculations including friction and wave drag, take-off procedures, and radar

Cross section estimates.

The aerofoll library has been significantly expanded to include NACA5, NACAG,
and biconvex aerofoils, and a general procedure for including aerofoils without

an analytical definition has been developed, including supercritical aerofoils.

The propulsion system fidelity has been increased from simple empirical
regression methods, to a flexible, physics-based engine design module. This
improvement allows the designers to investigate the effects of the various engine

design characteristics and off-design performance on the overall configurations.

A complete aerodynamic characterisation has been achieved through a
combination of empirical, numerical, and analytical methods, which are not
limited to UCAV configurations, but that directly contribute to the GENUS vision
of a common robust framework populated with well-proven methods used in the

conceptual design of novel and unconventional configurations.

Similarly, the performance module has been expanded from a simple climb-
cruise-descent definition to a powerful module with internal methods able to set-

up and analyse a multitude of mission types and flight segments.
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A packaging procedure has been developed that automatically decides the
number of weapon bays based on user inputs such as weapon types, payload
mass, humber of engines, and geometric constraints. An analytical fuel volume
calculation has been developed in order to improve the accuracy when compared
to empirical methods. Longitudinal and lateral clashes between various
components such as engines, weapon bays, and landing gear locations can be

handled inside the packaging module.

Special modules have been developed and integrated directly into the design
loop (if chosen by the user) to quantify non-typical aircraft design disciplines;
these are radar cross section, aerodynamic heating, fuel thermal management
system, and RDT&E cost, some of which are vital for the design of UCAVs and
future combat systems.

Sufficient confidence for these methodologies has been generated through the
various peer-reviewed publications achieved during the course of this research
project. Nevertheless, the following limitations and reservations have been
identified (for further work see §9.2):

o The main aerodynamic analysis tool, PANAIR, is capable of capturing the
overall aerodynamic behaviour of UCAV configurations at subsonic and
supersonic speeds (Mach < 4.0) with relatively good accuracy, as
demonstrated by the validation results. PANAIR is not capable of generating
accurate aerodynamic data at high angles of attack, which might impact flight
segments such as climbs, manoeuvres, and field performance. Moreover,
digital DATCOM has been used for the sizing of control surfaces through
empirical methods, without considering the complex aerodynamics of UCAVSs.
However, both PANAIR and DATCOM have been used extensively by
external sources during the design of combat aircraft, ensuring its applicability
during the conceptual design stages.

o The turbine-based combined engine model, turboramjet, has been idealised
as two separate engines with an estimated transition Mach number so as to
provide a smooth thrust profile at all speeds. While this might not represent
the most realistic or efficient procedure, the thrust and TSFC estimates match
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well with previous models generated during the conceptual design of a high-
supersonic UCAV. The detailed modelling of the complex intake geometry,
actuation, and aerodynamics has not been carried out.

o The radar cross section calculations have been integrated directly into the
design loop which represents a distinct advantage over other reported design
frameworks, despite the fact that they are currently limited to monostatic RCS
of clean geometries. The inclusion of bi-static or multi-static RCS calculations
and a database of radar absorbent materials would increase the capabilities
of this additional module, and its effect on the design of UCAVSs.

o The aerodynamic heating and fuel thermal management system analysis
tools have been included through a special module, assuming steady state
conditions throughout a given cruise segment. A fully integrated module would
require this analysis to be performed in parallel with the mission performance
in order to allow for trajectory optimisation, increasing the accuracy due to the
smaller time steps used during the steady state analysis. Even so, it has been
shown that this module can have an impact on defining mission parameters
such as minimum speeds and altitudes for a given thermal endurance
requirement or maximum allowable temperatures.

o The cost model should be updated to include the cost of advanced software

for potentially fully autonomous vehicles and network-centric operations.

8.3 UCAYV Design Space Exploration

Following the piece-wise validation and verification of the individual design
methodologies, an initial framework validation for subsonic UCAVs was
performed; this exercise has been published under a peer-reviewed journal and
repeated in Appendix E. Subsequently, several large-scale design space
exploration studies have been carried out for subsonic, moderately supersonic,

and high-supersonic UCAV configurations.

From the subsonic strike mission trade studies in Chapter 5, it is clear that the
requirements for specific excess power values have the largest influence on the
engine sizing, which can account for up to 20% of the empty mass of the vehicle,
depending on the payload requirements. Leading edge sweep also has a large
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influence on engine sizing through the effects of compressibility drag at high
subsonic and transonic speeds. Increasing the specific excess power
requirement to levels comparable to air superiority fighters neglects the
aerodynamic benefits of high sweep, even for very high sweep angles. Moreover,
high sweep angles result in reduced radar signatures at the +30° view angle. The
RDT&E cost results show a high correlation to gross and empty mass, as well as
sea level thrust requirements. Increases in the vehicle’s autonomy might offset
this trend by focusing on the development cost of sophisticated software
architectures, and its accompanying hardware. It is recommended that future
designers explore different cost models in order to quantify the effects of

increased autonomy.

The conceptual design of a 51" generation UCAV design, or loyal wingman, shown
in Chapter 6 shows the versatile mission definition available in the GENUS
performance module. Numerous design aspects such as aerofoil thickness and
type, and propulsion system choice can be easily investigated and their effects
quantified prior to large-scale multivariate optimisation. This helps reduce the
complexity of the optimisation problem and to achieve rapid convergence of the

design inputs.

The subsequent preliminary design studies have identified several limitations in
the conceptual design process, mainly related to the complex structural
arrangement and packaging of such a compact and stealthy vehicle. Several
mass penalties resulting from the transportation requirements, specifically a
wing-fold mechanism, have not been accounted for during the conceptual design
procedure and would need to be addressed during the next design iteration. It
has also been shown that in order to align this vehicle with the new technologies
like power-by-wire and advanced avionics through the use of high voltage
electrical distribution systems, the sizing of the engine must consider large power
off-take requirements and not just the mission performance. Lastly, the large
structural cut-outs required for engine maintenance, landing gears, and weapon
bays severely limits the structural depth and effectiveness, which could result in

a heavier structure, and a more expensive aircraft.

233



The supersonic UCAYV studies presented in Chapter 7 have been divided into a
deep interdiction (Hi-Hi-Hi) mission, and a high-supersonic (Mach = 3.5) strike
mission. The operational trade studies for the deep interdiction mission have
shown that the large payload demand dictated a lower value of wing loading when
compared to manned aircraft in the same category. The engine sizing was a
result of the specific excess power requirements at high-altitude, high-Mach
conditions. For this reason, increasing the cruise and dash Mach numbers by
10% to 20% does not result in a significant gross mass increase, despite a small
fuel increment. In contrast, reducing the operational Mach numbers while
reducing the SEP requirement proportionally results in a large mass increment,
resulting from higher fuel consumption due to the longer mission duration, and a

reduced efficiency in the afterburner performance at lower Mach numbers.

For the high-supersonic strike mission, the GENUS modules were tested against
previously generated data by two conceptual design studies for a Mach 3.5-4.0
UCAV. Initial data matches well with the reported data for both the twin-engine
and single-engine configurations. Mission trade studies regarding the cruise
Mach number and altitude have been carried out for a Mach range of 3.5 to 4.0
and an altitude range from 21km to 28km. The initial climb segment, considered
as a minimum time-to-climb trajectory, results in a large portion of the time-to-
target and the total fuel consumption, generally increasing with Mach and altitude.
Furthermore, due to the assumed limitations for the weapon release conditions,
the time used during the rapid descent segment is proportional to the initial Mach
number, resulting in a time-to-target performance which is mainly dependent on
the cruise altitude, and not overly dependent on the operational Mach number.
Moreover, the Mach and altitude conditions that maximise the thermal endurance
have been found to be in direct opposition to those that minimise the residual fuel.
These conflicting mission requirements highlight the importance of including
thermal effects in the trajectory and mission planning of high-supersonic vehicles.
The thermal endurance of the vehicle has also been used to limit the operational
altitudes, with a minimum allowable altitude of 24km for Mach numbers from 3.7

to 4.0, and a minimum allowable altitude of 25km for Mach numbers below 3.7.
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A revised mission profile that ignores the assumed limitations for the maximum
weapon release Mach and altitude conditions was then investigated. In this case,
there is a distinct advantage regarding the time-to-target for the higher
operational Mach numbers, and more so at higher values of combat radius.
Regardless of the mission configuration, the initial climb segment is the most
critical design stage, having a large influence on the total fuel consumption, the
time-to-target, and the engine size due to the fact that the maximum speed occurs
at a lower altitude than the cruise altitude, immediately before the constant

energy-height climb.

It has been observed that the initial climb segment is highly dependent on the
operational envelope, specifically the maximum dynamic pressure limit, which
points towards potentially revised mission parameters. A preliminary study
showed, informally, that higher dynamic pressures result in shorter and faster
climb segments; however, the effect of increasing the maximum dynamic
pressure on the structural mass and the spill over effects on engine size and fuel

consumption were not fully quantified.

8.4 Contributions to Knowledge

As a result of this research, an initial literature revision and compilation of
technological and operational challenges of stealth UCAVs has been published
at a peer-reviewed journal under the title Technology challenges of stealth
unmanned combat aerial vehicles. This publication lacks the challenges of
supersonic configurations but it represents an important starting point for future
UCAV designers.

Further, the integration of conceptual design methodologies into the GENUS
framework, as well as a proof of the optimisation capabilities has also been
published at a peer-reviewed journal under the title Multidisciplinary analysis of
subsonic stealth unmanned combat aerial vehicles. This publication addresses
the already mentioned need of a highly-coupled framework with consistent fidelity
levels across several design disciplines, including non-typical aircraft design

aspects such as integrated packaging and stealth considerations.
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Following the integration and validation of the subsonic design methodologies, a
large-scale mission trade-off study has been carried out for subsonic ground
strike missions at various speeds, combat radii, and performance requirements.
This study has been published at a peer-reviewed journal under the title Impact

of mission requirements on the design of low-observable UCAV configurations.

Lastly, the conceptual design procedure for a future 5" generation UCAV design
has been published at a major aerospace conference under the title Conceptual
design of a fifth generation unmanned strike fighter. Following, a series of
preliminary design studies have been carried out concerning the structural
concept, systems design, avionics integration, and stealth. Vast amounts of data
have been generated during these preliminary design studies, leading to high-
quality information and lessons learned regarding the complex design of future
high-performance UCAV configurations, which will feed into the future design
iterations. This vehicle has been labelled as a loyal wingman, which is an
emerging trend concerning UCAVs. Therefore, Cranfield University is at an

advantageous position to make an impact and contribution in this area.
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9 CONCLUSIONS

Unmanned aircraft have transformed the way military forces all around the world
make use of airspace, air power, and aeronautical technology. This
transformation is expected to continue and expand to the point of highly
cooperative operations between manned and unmanned aircraft, with increases
in unmanned aircraft capabilities and autonomy. As observed from the UCAV
advanced technology demonstrator programmes, as well as the loyal wingmen
designs currently emerging and the future supersonic and hypersonic strike
concepts, UCAVs will perform in a wide variety of roles, dominated by very
different requirements and technologies. Low-observability design practices are
still relevant and are often the driving factor behind numerous design aspects
such as the basic planform, the mission design, the systems architecture, and the

material and structural choices.

This chapter will briefly summarise how this research project has addressed the
identified gaps in the literature, the achievements with respect to the aim and

objectives, and finally, the identified areas of further work.

9.1 Achievements and General Conclusions

Through the literature review, it was identified the need for a flexible conceptual
design framework that incorporates consistent fidelity levels across all aircraft
design disciplines, and that does not ignore important design aspects such as

packaging and stealth, especially relevant for UCAV designs.

During the course of this research, the GENUS framework has been the main
tool used and developed to aid in the conceptual design of UCAVs. Keeping with
the main philosophies of the GENUS environment, flexible and robust analysis
tools have been developed and integrated into the framework in order to

standardise the design, analysis, and optimisation of multiple aircraft types.

In the field of aerodynamics, the panel method PANAIR has been integrated into
the framework. A meshing algorithm has been developed which can convert a

geometry from the LAWGS format to structured grids with boundary conditions
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and wakes in less than a tenth of a second (limitations in Appendix C, 8C.1). The
aerodynamic analysis in PANAIR takes around 5 seconds to evaluate 25 different
Mach-attitude conditions, providing lift, induced drag, moment coefficients, and
the total forces and moments. Furthermore, at supersonic speeds, Harris wave
drag calculations based on the area ruling procedure have been implemented for
arbitrary geometries.

An engine design and sizing procedure has also been developed, which
combined with a parametric mission specification and performance evaluations
modules significantly improve the analysis capabilities of the GENUS framework,

especially when it comes to non-civilian classes of aircratft.

The inclusion of low-observability constraints and objectives into the design loop
has been achieved through the physical optics approximation code POFACETS.
An automated faceting algorithm has been developed for flying wing
configurations, which is expandable to more complex geometries. The fully
spherical radar cross section results can be obtained for any configuration in only

a couple of seconds.

Finally, a first approach to a significant revision in the sizing procedure of
supersonic UCAVs has been included through the aerodynamic heating and fuel
thermal management system. It has been shown that this module can serve to
constraint the operational conditions, despite the fact that it has not been
implemented in parallel to the performance module.

Through the methodologies integrated into the GENUS framework, more than
300 design evaluations and were carried out for 4 different classes of UCAV
concepts and missions, including fully subsonic configurations, moderately

supersonic vehicles, to fully supersonic and high-supersonic designs.

To conclude, it has been shown that the methodology developed has resulted in
a flexible, expandable, and robust framework that offers the knowledgeable users
and designers the capability to study large areas of the design space for particular

mission requirements and specific technology constraints. This methodology also
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offers the capability to investigate the impact of changing and emerging mission

requirements behind the current and future operational concepts.

9.2 Identified Areas of Opportunity and Future Work

Regarding the overall functionality and performance of the GENUS aircraft design

environment, the following improvements have been identified:

1.

Development of a robust geometry engine capable of supporting the design
of future combat systems, and other non-typical geometrical features such as
distributed propulsion systems and boundary layer ingestion.

The framework and designers would benefit from the inclusion of additional
design of experiments (DOE) tools, multi-objective optimisers, and
multivariate data visualisation tools available freely through Java libraries.
Saving and loading of the generated configurations onto the framework is not
currently implemented. This functionality would greatly reduce the time and

effort to design new configurations and to carry out trade studies.

The availability in the open literature of high-quality technical data concerning

UCAV concepts and prototypes is extremely limited. For this reason, the

validation of various design disciplines has proven extremely challenging, and in

some areas the accuracy of the models has not been rigorously tested. The

following improvements are proposed to various aircraft design disciplines:

1.

Aerodynamics: Following the current approach of the aerodynamics module
within GENUS, additional methods should complement the high angle of
attack aerodynamics, and the approximations during transonic conditions.
These aspects are especially relevant for field performance, control surface
sizing, and manoeuvrability evaluations. The inclusion of high-fidelity CFD
methods has been considered impractical at this stage of the development of
the GENUS framework, but the high-fidelity results from individual studies
could form the basis of a comprehensive aerodynamic surrogate model.

Propulsion: The installed propulsion losses originating from the complex
intake geometries, the use of high aspect ratio nozzles, and the demanding

power off-takes from the electric and power systems require a more detailed

239



modelling in order to improve the accuracy of the performance and fuel
consumption results, which will impact the overall sizing of the configurations.
3. Mass Estimation: Improved mass estimation models for structural and system
components can be developed through the statistical analysis of highly
detailed technical data. This technique could be applied to the limited number
of existent UCAV designs and concepts, were the information available.
Moreover, the detailed design of several UCAV configurations could be
completed and the information generated used retroactively in the
development of mass estimation equations. Particularly relevant data includes
the mass of structural reinforcements around large cut-outs such as those
used for the internal weapon bays and the buried engines, as well as structural
masses of low-observable intakes, and radar absorbent paints and structures.
4. Volume Accounting: The volume occupied by the various systems such as
avionics, electrical, and hydraulics, are difficult to evaluate during the
conceptual design stage. Through the evaluation of detailed configurations,
an empirical value of occupied and usable fuel fractions (in percent of usable
volume for various sections such as the fuselage and the wing) can be
established. Total volume can be a severe design constraint for UCAV

configurations, and needs to be fully integrated into the packaging module.

Finally, future GENUS users and developers focusing on advanced combat
systems would benefit from defining a more explicit systems architecture
philosophy that incorporates 5" and 6" generation trends, a conceptual level
structural layout and sizing procedure, and the modelling of their interaction with

the packaging, stealth, and thermal management modules.
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Appendix A Aerofoil Library Additions

This appendix includes the methods included in GENUS to generate various

aerofoil families.

A.1 NACA5S Aerofoils

The NACAS family of aerofoils is defined in a very similar manner as the well-
known NACA4 aerofoils. However, the mean camber line is defined in a more

complex way. Figure A-1 illustrates the NACA5 nomenclature@°7),

NACA 23012~
7

\1 % thickness
3/2 design 0.15c max
lift coefficient camber (p)

Figure A-1 - NACA5 nomenclature

The mean camber line equations are given by:

k
—L[x3 = 3mx? + m2(3 — m)x], 0<x<p
_) 6 (A-1)
Ve = 3
kym
6 (1_x)l p<XSC

Where c is the non-dimensional chord value, with range ¢ = [0, 1]. The values of

m and k; are given in Table A-1.

Table A-1 - NACAS series camber line definition

Mean-line Position of maximum
i ) m ki1
designation camber

210 0.05 0.0580 361.400
220 0.1 0.1260 51.640
230 0.15 0.2025 15.957
240 0.2 0.2900 6.643
250 0.3 0.3910 3.230
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Thickness distribution and final coordinates follow the same procedure as NACA4

series.

A.2 NACAG Aerofoils

The NACAG series symmetrical aerofoils were designed by specifying the desired
pressure or velocity distribution and using conformal mapping to achieve the right
geometry in order to maximise the region of laminar flow over the aerofoil,
therefore reducing drag at particular lift coefficients. Non-symmetrical aerofoils
were experimentally developed by varying two family functions, the so-called y
and ¢ functions. For these reasons, NACA6 aerofoils have no analytical
formulation. Their nomenclature is also quite complex and is explained in Figure
A-2(207).

1/10 design
6 series  lift coefficient

B
NACA 64,-212 with a = 0.6
\

/
1/10c min % thickness  %chord with uniform
pressure pressure distribution

min drag maintained
at C, 0.1 above and
below design C,
Figure A-2 - NACA6 nomenclature
The camber line for NACAG aerofoils can be generated by specifying the design

lift coefficient and the value of the ‘a’ parameter.

l, {1 lo.s(a:)zm|a:|0.5(1j)21n(1i)‘i1n:+gh:} (A-2)

= 2 _ 2 2
ma+1)|l-a +0.25(1—§) —0.25(a—§)

Ye

1__1 ~[a*(0.5In(a) - 0.25) +0.25] (A-3)

g:

h = 1T1a [05(1-a)?In(1—a)—025(1-a)?]+g (A-4)
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Only eight families of NACAG aerofoils have been included in GENUS due to the
availability of family function data, which was taken from a NASA aerofoil

generating code®), and various other sources(?09210),

The tabular 1 and ¢ data for the 63, 64, 65, 66, 67, 63A, 64A, and 65A families
have been translated into 81" degree polynomials, given by Eqgns. (A-5) to (A-18).

g63 = —0.001500009¢° + 0.019917103¢7 — 0.110621216¢° + 0.3389922¢°5 — 0.63186028¢* (A_5)
+0.70772016¢3 — 0.417624161¢?2 + 0.132330248¢ — 7.43223E — 6

Yoz = —0.000614574¢® + 0.008095377¢7 — 0.045442291¢6 + 0.138587113¢5 (A-6)
—0.228002951¢% + 0.1540454¢° + 0.0120365¢2 — 0.0572753¢
+0.1524051

g64 = —0.001500009¢°8 + 0.019917103¢7 — 0.110621216¢° + 0.3389922¢5 — 0.63186028¢* (A_7)
+0.70772016¢3 — 0.417624161¢p? + 0.132330248¢ — 7.43223E — 6

Pea = —0.000614574¢8 + 0.008095377¢7 — 0.045442291¢° + 0.138587113¢5 (A-8)
—0.228002951¢* + 0.1540454¢3 + 0.0120365¢% — 0.0572753¢
+0.1524051

g65 = —0.001500009¢°8 + 0.019917103¢7 — 0.110621216¢° + 0.3389922¢5 — 0.63186028¢* (A_g)
+0.70772016¢3 — 0.417624161¢? + 0.132330248¢ — 7.43223E — 6

Yes = —0.000614574¢8 + 0.008095377¢7 — 0.045442291¢° + 0.138587113¢5 (A-10)
—0.228002951¢* + 0.1540454¢3 + 0.0120365¢2 — 0.0572753¢
+0.1524051

g66 = —0.001500009¢°% + 0.019917103¢7 — 0.110621216¢° + 0.3389922¢5 — 0.63186028¢* (A-]_]_)
+0.70772016¢3 — 0.417624161¢?2 + 0.132330248¢ — 7.43223E — 6

Yer = —0.000614574¢8 + 0.008095377¢7 — 0.045442291¢° + 0.138587113¢5 (A-12)
—0.228002951¢% + 0.1540454¢3 + 0.0120365¢2 — 0.0572753¢
+0.1524051
€634 = —0.001500009¢8 + 0.019917103¢7 — 0.110621216¢° + 0.3389922¢° (A-13)
— 0.63186028¢* + 0.70772016¢3 — 0.417624161¢? + 0.132330248¢
—7.43223E -6
Ye3a = —0.000614574¢8 + 0.008095377¢7 — 0.045442291¢5 + 0.138587113¢° (A-14)
—0.228002951¢* + 0.1540454¢3 + 0.0120365¢2 — 0.0572753¢
+0.1524051
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€644 = —0.001500009¢8 + 0.019917103¢7 — 0.110621216¢° + 0.3389922¢°
— 0.63186028¢* + 0.70772016¢3 — 0.417624161¢? + 0.132330248¢
—7.43223E — 6

(A-15)

Wean = —0.000614574¢% + 0.008095377¢7 — 0.045442291¢° + 0.138587113¢°
—0.228002951¢* + 0.1540454¢3 + 0.0120365¢% — 0.0572753¢
+0.1524051

(A-16)

€654 = —0.001500009¢% + 0.019917103¢7 — 0.110621216¢° + 0.3389922¢5
—0.63186028¢p* + 0.70772016¢% — 0.417624161¢? + 0.132330248¢
—7.43223E -6

(A-17)

Yesa = —0.000614574¢° + 0.008095377¢7 — 0.045442291¢° + 0.138587113¢5
—0.228002951¢* + 0.1540454¢° + 0.0120365¢2 — 0.0572753¢
+0.1524051

(A-18)

Where ¢ =[0,mn]. The family functions are multiplied by a scaling factor

depending on the aerofoil thickness (t/c), as given by Eq. (A-19) and Table A-2.
sf = ka(t/c) + ky(t/c)? + ks(t/c)® + ky(t/c)* (A-19)

Table A-2 - NACAG scaling factors

Family k1 k2 ks k4
63 8.18277 1.3776209 -0.0928517 7.5942563
64 4.6535511 1.038063 -1.5041794 4.7882784
65 6.5718716 0.4937629 0.7319794 1.9491474
66 6.7581414 0.1925377 0.8128826 0.852090
67 6.627289 0.0989966 0.9675977 0.9053758
63A 8.1845925 1.0492569 1.3115094 4.4515579
64A 8.2125018 0.7685596 1.4922345 3.6130133
65A 8.2514822 0.4656936 1.5013018 2.0908904

Finally, the camber line, family functions, and aerofoil thickness are combined

through the transformation between the z - z’ - { planes as shown below.

7z = ell’o—i<ﬂ

7' =z e¥—o-ic
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(A-20)

(A-21)




(=2z'+1/z (A-22)

{rinar = (G0 — O/1S1ast — ol (A-23)
xt = real(rina) (A-24)
yt = —imag({rina) (A-25)
xu = xt + yt - sinf (A-26)
YU = Yeamper T Yt - c0SO (A-27)
xl = xt + yt - sinf (A-28)
YL = Ycamper — Yt - c0s6 (A-29)
Where
0 = tan™" (V(amper) (A-30)

A.3 Modified Supercritical Aerofoils

Several supercritical aerofoils have been added to the GENUS library. However,
all aerofoil coordinates have been modified for compliance with the LAWGS
geometry format, which requires independent rotation of the upper and lower

surfaces, so that: ZTEypsiow = 0- For aerofoils with low values of design lift

coefficient the effect is almost negligible; however, large design lift coefficients
result in trailing edges well below the z = 0 axis. The transformation follows the

procedure given below, with results shown in Figure A-3:

0,p = tan™? 21, (A-31)

Oiow = tan"t zrg, (A-32)

Zup g = XsinOyy, + Zy;,c0560y, (A-33)
Ziowpop = XSO0y + Z101, €050, (A-34)
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NACA SC(2)-0606

0 0.1 02 03 04 05 06 07 08 0.9 1

0.6 NACA SC(Z)'1006 —Original

—Rotated

Figure A-3 — Modified supercritical aerofoils

A.4 Supersonic Aerofoils

Biconvex airfoils are included via the following equations:

y = a(x — x?) (A-35)
1 -
1ND=T (A-36)
Xtmax = (3)
tmax = 2a(Xemax — x?max) (A-37)

Where x is the non-dimensional chord with range x = [0, 1], and tmax is the
maximum thickness to chord ratio. Iteration is required to find the value of

parameter b.

e ——

Figure A-4 - 7% thickness biconvex aerofoil, Ximax at 50%
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Appendix B Mass Breakdown

This appendix contains the set of Class Il mass estimation methods used for
subsonic and supersonic UCAV designs. Several methods have been employed

during the course of this research.

B.1 Systems Mass Estimation

System mass equations, in kg, are given by Eqgns. (B-1) to (B-8)(130-132),

Mg = 0.17M°8% (B-1)

MDe—ice = 0.13M°%7 (B-2)

Myyq = 0.012M (B-3)

MFCS = 108Ml%7 (B-4)

B 0.32My,, 0.06M;, 0.15My, (8-5)
MAvi—0.4536[15+ 000 " 900 500 +0.12M”,]

MAvilbO.538 B 6

Mgcs = 0.4536 212m + 0.0075M (B-6)

Mpyersys = 0.4536 [80(Ngng + Nranks — 1) + 0.15/ Nrgns

0.33
n Mfuellb
6.55

MPropSys = MEngCool + MOilCool + MStarter + MEngCtrl + MEngMounts (B'S)

(B-7)

Where M is the maximum take-off mass in kg; M is the maximum take-off mass

in lbs; Myyer,, is the fuel mass in Ibs; Neng is the total number of engines, and Nranks

is the total number of fuel tanks.

Engine mass estimations are available through EngineSim as mentioned in
Section 4.5.2.2, and through empirical estimations provided by Raymer(12°

sect10.3) For a non-afterburning engine, the mass is given by:

Mgyg = 14.7T, e~ “0*5BPR (B-9)
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While for an afterburning engine, the mass is given by:
MEng =11. 1T0k MO .25 —0 81BPR (B_lo)
Where T, , is the sea-level thrust in kN, and My, . is the engine’s maximum

Mach number.

B.2 Miscellaneous Items Mass Estimation

Miscellaneous items include paint, and items such as parachutes and arresting
hooks. The generic formula in Eq. (B-12) is applied to all elements that result from
a sizing procedure where the initial dimensions are unknown and depend on a

convergent design solution.
MPaintkg = O-SSwingmz (B-11)

Mitem = VitemPitem (B-12)

Other mass penalties and allowances, such as the mass dedicated to stealth
measures are normally specified by the user.

Raymer recommends that the mass of furnishings be added with a crew number

of 0.5 for unmanned vehicles, so that the furnishings mass in kg is:
Mfurnish = 98.7Nrew (B-13)

B.3 Structures Mass Estimation

Structural mass component equations are given by Eqgns. (B-14) to (B-21)131).

)
N,M 21-2))°
Myying = 0.45364 C; |1076 - ﬂ{tan/l - ¥} + 1]

t/c AR(1+ 1)

(B-14)

- AR(1 + 2)Ca85%

NG ftsq

Where Nz is the maximum normal acceleration factor, A is the sweep angle, A is
the taper ratio, t/c is the average thickness to chord ratio, AR the aspect ratio,

and SWingftsq is the reference wing area in squared feet.
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Mgyseiage = 0.4536

C
C.KE: (qu”ePSf)C3(Mlb )C“ [AN (B-15)
P\ 100 1000/ \hs

Where Kin is equal to 1.25 for fuselage mounted or buried engines, and 1.0 for

inlets located elsewhere; Apive s, is the design dive dynamic pressure in Ib/ft?, Ir

and hr are length and maximum fuselage height in feet, respectively.

Mpyoserg = 0.4536[C; + C, M7 (B-16)
Myainie = 04536[C; + C,M,§ + C,Mp) (B-17)
Myrmament = 0.02M (B-18)
Mpowerpiantstruc = 0.003M (B-19)
0.643 0.182 771.498 (Ls —0373 (B-20)
Mincake = 04536 |13.29K,, L0545, KS192NE#8 ( /Ld) DEngﬁ]
Mraiipipe = 04536 [3.50E,,gftNEngLft] (B-21)

Where DEngft is the engine diameter in feet, Ly is the length of the tailpipe in feet,

and the intake factor Ky, is equal to 1.62 for a variable geometry inlet or 1.0

otherwise.

The non-dimensional intake factors K, Ls/Lq of Eq. (B-20) and the intake geometry
definition are shown in Figure B-1.

ORI S —

Engine
face face
/
LR . 20 1
\D aﬁ yl.0
KD =1.68 KD =343 KD =26

Figure B-1 - Intake geometry factors

268



For supersonic mixed compression inlets, Nicolai(*45 chap-20) provides empirical

mass estimations. For variable geometry ramps (all units in English system):

1.201 _
Mintake = 4"079[NEngLlntakeA(i)r'zstakeKTE] (B-22)

_ 1.0, Mp < 3.0 B8.23
Krs = {(MD +2)/5, 3.0 < M, > 6.0 ( )

Where Lintake and Ameake are the length and frontal area of the intake in feet and

squared feet, respectively, and Mp is the engine design Mach number.
For a half-round fixed spike (all units in English system):
Mintake = 12-53[NEngA1ntake] (B-24)
For a full-round translating spike (all units in English system):
Mintake = 15-65[NEngAIntake] (B-25)
For a full-round translating and expanding spike (all units in English system):
Mintake = 51-8[NEngA1ntake] (B-26)

The structural masses coefficients vary for carrier-based and normal operations,

with values summarised in Table B-1.

Table B-1 - Naval and regular mass coefficients®3!

Component Normal Naval
¢, =3.08 C, =19.29
C, = 0.593 C, = 0.464
Wing
C; = 0.89 C; =0.70
C, =0.741 C, =0.58
C, = 20.86 ¢, = 11.03
C, =1.42 C, =1.23
Fuselage C; = 0.283 C; = 0.245
C, =0.95 c, =0.98
Cs = 0.71 Cs = 0.61
Nose landing gear C; =12.48 C; =0.0
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C, = 0.0624 C, = 0.203
C; =0.75 C; = 0.66
C, = 34.32 ¢, =0.0
C, = 0.0416 C, = 1.1491
Main landing gear
C; =0.75 C; = 0.66
C, =0.02184 C, =0.0

Additionally, a technology reduction factor can be applied to structural mass
components, especially to the wing and fuselage, to account for composite
materials. A conservative estimate for subsonic and moderately supersonic
aircraft is a structural mass reduction between 10% and 15% due to advanced

materials and manufacturing practices.
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Appendix C PANAIR Geometry Format

This section provides additional details on the structured grids geometric
processing algorithm developed for the aerodynamic analysis of arbitrary three-

dimensional geometries in PANAIR.

C.1 Meshing Algorithm

Due to the specific geometrical input required for the aerodynamic analysis in
PANAIR, a special algorithm had to be developed. This algorithm has been
applied to configurations with a central fuselage and an array of lifting surfaces,

as well as flying wings.

In its present form this algorithm cannot account for the following geometries and

configurations:

Bi-planes

Box wings

Wing or fuselage mounted nacelles

Blended engine nacelles and serpentine inlets
Distributed propulsion systems

Twin tail boom body components

N o o~ wDbdE

Rotorcraft

The meshing algorithm follows a three-step process by which all the geometrical
components are first identified and classified; subsequently, the various
components are independently meshed according to the correct point order and
mesh divisions; the last step includes making sure the network edges match and
that the {XYZ} coordinate lists, boundary conditions, and wakes are in the correct

order. This process is schematically shown in Figure C-1.

The central component for the meshing algorithm is the main wing, the order and
location of additional lifting surfaces (canard, tail plane) has a large influence over

the fuselage network number and arrangement. Furthermore, the root airfoils
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coordinates of all lifting surfaces have to be mapped to the fuselage side or top

surface in order to avoid geometric discontinuities.

Set geometry flags

Get inputs from
geometry
- Bodies

- Lifting S.

identified components

|
|
Set logical flags for |,
|
|
|

Iterate through generate points Create {XYZ} points, boundary conditions,
Lifting Surfaces and store wakes and update number of networks
has fuselage il Yes
No

No |

Yes Update fuselage divisions based
on position; map root points to
fuselage side, update lists
No
Yes Update fuselage divisions based
has V. Tail on position; map root points to
fuselage top, update lists
No
D

oo |

Figure C-1 - PANAIR meshing algorithm flow chart

generate points
and store

Update fuselage divisions based
on position; map root points to
fuselage side, update lists

The lifting surface designated as the main wing is meshed as a thick impermeable
surface, with the mesh density controlled by chord-wise and span-wise divisions
(per kink) in the order depicted by the arrows and axes shown in Figure C-2. All
other lifting surfaces are idealised as thin surfaces meshed at the camber line
and declared as ‘thick’ surfaces during the analysis through a special boundary

condition available in the PANAIR code.
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<

Figure C-2 - Panel order for lifting surfaces
For body components, the mesh density is controlled by divisions in the Z axis
and the longitudinal axis, with the correct point order shown by the arrows and

axes shown in Figure C-3 (longitudinal symmetry plane).

Figure C-3 - Panel order for body components

During the next step of the meshing process, the fuselage networks (if there are
any) are corrected according to the number and position of the lifting surfaces.
Specifically, the location and overlapping (on the longitudinal axis) of the surfaces
needs to be considered. Figure C-4 shows only some of the variations in fuselage

network divisions due to multiple lifting surfaces.
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Figure C-4 - Fuselage network divisions

C.1.1 Network Abutments

The final step in the meshing algorithm is to ensure that the edges of contiguous
networks match point by point. This can happen between the networks of a lifting
surface and a body component, or several networks in a single body component.
Since the variables that control mesh density for lifting surfaces and body
components are independent of each other, this is done once the entirety of the

three-dimensional grid points have been generated.

For the case of the root aerofoil coordinates mapped onto the surface of a body
component, longitudinal and vertical locations of the root aerofoil points are
located, the generated points on the body component skin that are closest to the
root aerofoil are then substituted with the exact copies in {XYZ} of the root
aerofoil, as schematically shown in Figure C-5.

Figure C-5 - Fuselage point correction and root chord mapping

For contiguous body component networks in the presence or vicinity of a lifting
surface, several non-dimensional ratios need to be obtained with reference to the
main lifting surfaces in the configuration. These ratios are then used to substitute
and correct the vertical positions of the abutting edges of the body component
networks, as schematically shown in Figure C-6. The longitudinal panel locations
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need to be mapped to any existing root aerofoils, including canard, vertical and

horizontal tail planes.

The complexity and number of correction performed during this part of the
process increases with the number of lifting surfaces, with the most complex

scenario being that of a three-surface configuration.

: point substitution ,
‘ Centre upper : Aft upper along this line .
. mapped root aerofoil fant &
B i L TS : consiant Crg
Forward ZFM ‘,'ﬁ _______________________ Tl Z ...............................................
Centre lower T Aft lower
TE =Zw
ZFHS‘ mapped root aerofoil
_ /
Centre upper : Intermediate upper """"""" i- J— B
. mapped root aerofoil fant & Aft upper. ..
ppmrmrm e ———— : CONStant Crp e
Forward  |Zrus i DL
Centre lower ZTE Intermediate lower :

Figure C-6 - Body component network abutment schematic

Finally, visualisation of the structured grids and aerodynamic results (pressure
coefficients) is available through the open source post-processing tool pyNastran
GUI (external to GENUS). Figure C-7 shows various configurations meshed
through the algorithm here explained; the point correction and additional lines
due to overlapping lifting surfaces is clearly visible in the supersonic business jet
configuration for the wing-canard combination, and for the tail segment of the
airliner geometry. Also, the pressure distribution on the upper and lower sides of

a three-surface supersonic business jet can be observed.
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Airliner with wing-body wake

4

Supersonic tailless UCAV

Supersonic business jet with canard
and wing-body wake

Supersonic business jet pressure
distribution on upper and lower
surfaces

Figure C-7 - Panel visualisation over several configurations

C.2 Java Native Interface - C++ - FORTRAN Integration

As explained previously, PANAIR’s FORTRAN source code has been linked to
the GENUS framework through the JNI functionality, a C++ wrapper file, and

finally, a static DLL file. For a schematic diagram of this process, see Figure 4-20.
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A brief example of the code structure will be included in this appendix for future
references. The native method that calls PANAIR at a given Mach number in the

Java file callPANAIR.java IS:

/**
* This calls the program from the .dll
*/
native wvoid runPANAIRatM (double[] Mach, double[] alpha, double[] beta, int

Nrmachs, int Nralphas, double span, double cbar, double dref, double sref, double
xref, double yref, double zref, int[] kt, int[] nm, int[] nn, double[] stuffx,

double[] stuffy, double[] stuffz, int[] netsid, int[] netwithwake, int][]
wakeedge, double xwake,int networks, int wakes, int wakenetworks, int geomsize,
double WingApex, double WingEnd, int[] wingnetsid, int wingnetsnum, int

sectional) ;

This method is then called inside the Java method that returns the aerodynamic
coefficients matrix getcoefficients. A header file (.h) is created by the JNI

compiler, which identifies the native method as:

JNIEXPORT void JNICALL Java_genus_aerodynamics_ PANAIR callPANAIR1 runPANAIRatM

(INIEnv *, Jjobject, JjdoubleArray, JjdoubleArray, jdoubleArray, Jint, Jjint,
jdouble, Jdouble, jdouble, Jjdouble, Jjdouble, Jjdouble, jdouble, JjintArray,
jintArray, JintArray, JdoubleArray, JjdoubleArray, JjdoubleArray, JjintArray,

jintArray, jintArray, jdouble, jint, Jjint, jint, jint);
This file is referenced in the C++ wrapper (.cpp) file by including the following

line:
#include
Inside the C++ file, the FORTRAN subroutines inputs are specified by:

extern void panairaerodynamics_( /All the necessary inputs/)

And these FORTRAN subroutines are linked to Java native methods through:

JNTEXPORT void JNICALL Java_genus_aerodynamics_ PANAIR callPANAIR1 runPANAIRatM
(/A11l inputs from Java/) {

* Perform the necessary data conversion from Java data types to C++ types *
panairaerodynamics_( /All the necessary inputs/)

}

To compile the DLL, the following files are necessary:
1. Java class file with the native methods (*.java)

2. NI header file (*.h)
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3. The C++ wrapper file (*.cpp)
4. The FORTRAN source code (*.f90, or *.f)

The compiling procedure is as follows: The FORTRAN source code is compiled

into an object file .0’ through the compiler command:
gfortran -c fortranfile.f -mé64 -03
The header file is generated through the following command:

javah -jni genus.aerodynamics.PANAIR.callPANAIR

The C++ file (which includes the JNI header file) is compiled into an object file

through the following command
g++ -c cppfile.cpp -m64
Finally, to combine all files into a DLL, the following command is used

g++ fortranfile.o cppfile.o -o DLLname.dll -m64 -shared -

static -lgfortran

The static flag guarantees the ability to copy, or cut, and paste the DLL file into a
different folder. Finally, to call the DLL file from the GENUS framework, the DLL
file must be located in the main GENUS folder, and the following statement must

be included in call1PANAIR.java:
static {

System. loadLibrary ( ) ;
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Appendix D Radar Cross Section

This section provides details on the implementation of the physical optics
approximation method for RCS estimation. The core calculations have been
adapted from the original POFACETS code in its Matlab form, and transcribed
into a Java method integrated in a special module inside GENUS.

D.1 Geometry Discretization

Due to the discrete geometric definition within GENUS, which divides a vehicle
into body components and lifting surfaces, a RCS-specific geometry format had
to be developed. According to POFACETS’ documentation®73211) the target
geometry must be discretized in triangular facets, with each facet having an area
and a normal vector, which contribute to the overall scattered field. Normal
vectors should point outwards in order to properly evaluate if they are being

‘illuminated’ by the incident wave.

The main body axes as well as the rotation axes are illustrated in Figure D-1.

Figure D-1 - Rotation axes for radar cross section calculations
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Research into geometry discretization algorithms resulted in the use of convex
hulls for three dimensional objects. An easy visualization of the convex hull for a
set of points on a plane is the shape enclosed by a rubber band stretched over
the points, imagining the points as sticking out of the plane, as shown in Figure
D-2. A formal mathematical definition of convex hulls in N-dimensional space is

out of the scope of this research.

1.0

0.8

0.6

0.4}

0.2t

DD 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Figure D-2 - Convex hull of a set of 2D points

To alleviate computational complexity the Java library “QuickHull3D"179) has
been used. This library allows the user to build a convex hull from an array of
three dimensional points, as well as triangulate the hull’'s surfaces through a
Delaunay triangulation algorithm. To correctly capture the geometry, multiple
convex hulls are created at each geometrical section; otherwise the geometry is
inaccurately represented by its overall convex hull, as schematically shown in
Figure D-3 for a simple lambda wing configuration. This process involves
generating a set of three dimensional points over the specified range, generating
individual hulls, and assigning them to a list in a particular order. After this
operation, the QuickHull3D library performs a Delaunay triangulation in order to
generate only triangular facets. The facet properties are stored in a list over which
the physical optics approximation equations will iterate. The facets are then
stored in the right order along with their nomenclature and geometric properties,

which are shown in Figure D-4.
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Figure D-3 - Convex hull (blue transparency) over a lambda wing geometry

Facet # Facet Properties
1
P
7 Normal vector
3
P,
N Pi;

Figure D-4 — Schematic of facet list and properties
Two parameters control the fineness of the convex hulls over a wing section;

divisions per kink and chord-wise divisions. A mesh sensitivity analysis has been

performed and results are shown in the following section.

D.2 Mesh sensitivity study

Due to the complex shapes of aerofoils, and their translation and rotation along
the span direction, it is necessary to determine mesh densities that provide

accurate results without greatly compromising computational costs.

Divisions in the span-wise and chord-wise directions were varied while
maintaining one fixed in order to evaluate the influence of each parameter. The
total number of facets and the execution time were also compared.
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Figure D-5 - Divisions along the span and chord directions

The results shown below are for varying divisions along the span while

maintaining chord-wise division constant (10 on extrados and 10 on intrados).

20 -

10 -

-10 -

RCS [dBsm]

-20

-30

-40 - o
Phi Angle [deg]

~+—YDIV=2 ~B-YDIV=5 —4-YDIV=8 —-YDIV=10 —%-YDIV=20 ~-YDIV=50 ——YDIV=100 ——YDIV=125 —YDIV=150
Figure D-6 - Results over alambda wing UCAYV for variations in span-wise
divisions
It can be seen that at very low values, below 10 divisions per kink, results do not
vary; a similar trend can be seen for very high values, greater than 100 divisions
per kink. At intermediate values, such as 20 and 50, results vary significantly,
however the same trend in results is followed by all span-wise divisions. The

result for number of facets versus execution time is shown in Figure D-7.
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Figure D-7 - Facets versus execution time for increases divisions in the span-
wise direction

Variations in the chord-wise direction were done for a fixed value of 100 divisions
per kink; results are shown in Figure D-8. It can be seen that at values higher
than 10, and converging for values as high as 80 chord divisions, a higher RCS
value is captured at orientations between 20 and 75 degrees. Similarly, the trade-

off between number of facets and execution time is shown in Figure D-9.

The conclusion from this analysis shows that to obtain accurate results span-wise
divisions per kink should be at least 100 while chord-wise divisions should exceed
15. If a maximum 10% error across all angles is tolerable, span divisions could
be reduced to 50 and chord divisions fixed at 15, which results in run times 80-
100% shorter compared to a 100 x 15 grid.
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Figure D-8 - Results over a lambda wing UCAV for variations in chord-wise
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Figure D-9 - Facets versus execution time for increases divisions in the chord-
wise direction
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Appendix E Subsonic UCAV Framework Validation

This section will repeat the GENUS framework validation exercise published in
the journal article “Multidisciplinary analysis of subsonic stealth unmanned

combat aerial vehicles” by the CEAS Aeronautical Journal (2019).

E.1.1 Validation Exercise

The presented methodologies (subsonic UCAV design methodologies) are
evaluated through AIAA’s Unmanned Strike Fighter Request for Proposal
(RFP)212), The relevant requirements are summarised in Table E-1.

Table E-1 - Unmanned Strike Fighter RFP

Payload 2000 Ib JDAM

Range/performance 800 nm radius, cruise Mach = 0.7 at 40,000+ ft with
1.5 turns mid-mission at cruise speed/alt., instant.
turn rate = 20 deg/s. Ingress/egress of 100 nm each
at Mach 0.9 and 250 ft.

Acceleration M = 0.4 to 0.8 at 5000 ft. in 40 sec

Specific excess power | > 200 ft/s at 5000 ft. and M = 0.4

Ferry Range: 3,000 nm (external tanks allowed)

Take-off/landing: < 5000 ft

Propulsion Off-the-shelf commercial jet engine

Signature Low-observables (RCS & IR) ~ set as <-20 dBsm

nose-on view S-band (~3 GHz)

Avionics 500 Ib allowance for classified treatments avionics

The design starting point consists of a lambda-wing UCAV geometry, which can
be parametrised with the 7 inputs shown in Figure E-1, with the addition of the
aerofoil incidence angle at each wing station. NACAG6 aerofoils are used through
design process, with thicknesses varying across the span, from 15% at the centre
to 10% at the tip. This initial design does not comply with several mission

constraints.
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The propulsion system is assumed to be a buried, central low-bypass turbofan.
The payload has been divided into 2 internal weapon bays, each carrying one
GBU-32 JDAM. Longitudinal control is achieved through elevons located in the
first wing kink, with the chord ratio chosen as that to satisfy trim constraints for all
flight conditions. Table E-2 shows the lower and upper bounds on the input

variables, as well as the initial and final design points’ characteristics.

Apg,

Cr
41 LE,

Chink

/
f_.H' ;I /
g b | b,

Figure E-1 - Geometry input parameters, lambda wing UCAV

Figure E-2 shows the top view comparison between the initial design point and
the optimised configurations, overall length and wing span, as well as the location

of the internal weapon bays.

It can be seen that the resulting configurations shows a significant improvement
in the aerodynamic performance of the vehicle, which results in a smaller engine
and consequently 25.2% less fuel required. The gross mass reduction is
approximately 8%. Furthermore, an improvement in longitudinal stability is also
observed, however the upper static margin limit was violated. Figure E-3 shows
mass and static margin profiles throughout the mission segments, the drag polar

for both configurations at the cruise condition, as well as the mass breakdown.

Table E-2 - Unmanned Strike Fighter optimisation results

Design Parameters | Lower Bound Upper Bound USFo USFopt
Croot [M] 5 6.5 6 5.85
Ckink [M] 2.5 3.8 3.6 3.8
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Crip [m] 0.1 1 0.5 1
b1 [m] 1 3 1.25 1.69
b2 [m] 2.5 4 2.98 3.45
ALE1 40° 65° 56.7° 55.7°
ALE2 40° 65° 56.7° 53.6°
Incidenceroot -2° 2° 0° 2°
Incidencexink -2° 2° 0° -2
Incidencerip -3° 1° 0° -1.5°
MTOM [kg] 5500 7500 6758 6221
OEM [Kg] - - 3601 3588
Fuel [kg] 1200 2800 2250 1682
(L/D)cruise - - 16.6 18.4
(L/D)ingress/Egress - - 104 19.4
Swing [M?] - - 24.2 32.9
Span [m] - - 8.46 10.28
AR - - 2.96 3.21
Sea Le[\liﬁll]Thrust i i 16.6 44.32

Mission and Design Constraints

Ltake-off [M] - 1500 1102 460
LLanding [M] - 1500 1513 1448
Specific E. Power 60 i 69 67.9
[m/s]
Acceleration time [s] - 40 35 37
Nose-on RCS[dBsm] - -20 -27.8 -25.3
_ _ -16.6(min)  -13.6(min)
Static Margin [%)] -15 15

-1.5(min) 21.2(max)

Figure 15 shows the comparison of RCS signatures for both configurations,

assuming perfect electric conductor as material. The integration of the RCS
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analysis into the optimisation loop, added with a library of radar absorbent

materials is still in progress and will be the topic of a dedicated paper.

7.15m
6.93 m

i_l_______________:

8.46 m

10.28 m

Figure E-2 - Top view comparison between design starting point and optimised

design

Figure E-4 shows the comparison of RCS signatures for both configurations,

assuming perfect electric conductor as material. The integration of the RCS

analysis into the optimisation loop, added with a library of radar absorbent

materials is still in progress and will be the topic of a dedicated paper.
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Figure E-3 - Mass and static margin profiles (a), drag polar M =0. 7 (b), and mass
breakdown (c)
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E.1.2 Conclusions from the publication

An aircraft design, analysis, and optimisation environment has been shown in its
application to low-observable Unmanned Combat Aerial Vehicles. The
methodologies vary from empirical regressions to physics-based numerical
solutions, with multiple fidelity levels included for various disciplines. The
methodologies so far cover subsonic and low supersonic designs and missions,
which are the most likely roles for UCAVs to perform in the near future.

Mass breakdown methods resulted in good agreement between UCAV quoted
data and calculated maximum take-off mass and operating empty mass, while

maintaining design sensitivity, and not purely statistical approximations.

The higher order panel method Panair has been efficiently integrated into the
design environment to perform automatic aerodynamic analysis of arbitrary
configurations for speed regimes up to Mach 4.0. Similarly, USAF digital Datcom
performs automatic stability and control analysis for full configurations including

longitudinal control surfaces such as elevons.

Low-observability analysis is currently limited to monostatic radar cross section
signatures of clean configurations. This analysis has been adapted from the well-

known POFACETS code, with excellent agreement of results between platforms.

Finally, a lambda-wing unmanned strike fighter UCAV configuration has been
designed following AIAA’'s Unmanned Strike Fighter RFP. The GENUS
framework UCAV modules are applied to improving the initial design point in
order to comply with the mission requirements. A significant improvement in
aerodynamic performance is shown, as well as a take-off mass reduction of 8%

and a fuel mass reduction of 25%.
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Appendix F Publications

This research project has resulted in the following publications:

F.1 Journal Articles

1. Sepulveda E., Smith H. Technology challenges of stealth unmanned combat
aerial vehicles. The Aeronautical Journal. 2017; 121(1243). 1261-1295;
Available at: DOI: 10.1017/aer.2017.53.

2. Sepulveda E., Smith H., Sziroczak D. Multidisciplinary analysis of subsonic
stealth unmanned combat aerial vehicles. CEAS Aeronautical Journal. 2019;
10(2): 431-442. Available at: DOI: 10.1007/s13272-018-0325-0

3. Sepulveda E., Smith H. Impact of mission requirements on the design of low-
observable UCAV configurations. Aircraft Engineering and Aerospace
Technology. 2019; 91(10): 1295-1307. Available at: DOI: 10.1108/AEAT-09-
2018-0249

F.2 Conference Papers

1. Sepulveda E., Smith H. Conceptual design of a fifth generation unmanned
strike fighter. AIAA SciTech (2019). 7-11 January. San Diego, California;
Available at: DOI: 10.2514/6.2019-0811.
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