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Summary

A Master Thesis Research has been undertaken with the goal of investigating the po-
tential of micro gas turbines as propulsion system of choice for small Unmanned Aerial
Vehicle (UAV) used in civil applications.

An Exploration Study is performed both in the fields of UAV technology and of Micro
Gas Turbine technology. These two areas are covered in order to understand the possible
advantages and limitations of micro gas turbine engines compared to alternative propul-
sion concepts (e.g. electric and reciprocating engines) when used for a specific application.

After the identification of a significant Case Study, a conceptual design of a high-potential
UAV micro gas turbine based propulsion system is performed. Prediction of scale effects
is important within the framework of turbine conceptual design where the power output
is varied in order to optimize the mission performance in which the turbine is integrated.
To this end, engine cycle optimization using Gas turbine Simulation Program (GSP) is
carried out.

Furthermore, an ”Aircraft Study” is performed in a correlated Master Thesis Project
in which the aerodynamic and flight performance model of a baseline UAV is developed.
After the model validation, results from the micro gas turbine model are integrated and
the performance of the new UAV configuration is investigated.
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Chapter 1

Introduction

The term UAV is an acronym for Unmanned Aerial Vehicle, an aircraft with no pilot on
board. The UAV market is likely to develop great economic and technological importance
on a near future because of the wide variety of applications and the added value related to
these unmanned vehicles. Over the last decade, UAV manufacturers have moved beyond
the military sector and have shown a significant amount of interest in potential UAV
applications in civil and commercial markets. The military has acted as a first adopter
of UAV systems and has demonstrated their utility, encouraging the idea of their use in
a large number of non-military applications.

New multi-disciplinary technologies, not only from the sphere of aeronautics but also
from many other disciplines, will considerably promote UAV improvements. In this re-
gard, research focused on improving UAV capabilities is strictly related to UAV propulsion
systems; as a matter of fact, aircraft performance is dependent on the mass of the power-
plant and its specific fuel consumption since these can have a very significant effect on
the reduction in size or increase in range of the UAV.

The following Master Thesis Project has been performed with the goal of investigat-
ing the potential of micro gas turbine based propulsion systems for a UAV used for a civil
application. Firstly, an Exploration Study has been carried out focusing on analysing
both UAV and micro turbine technologies in order to establish the potential of their inte-
gration for a civil mission. This requires the definition of a Case Study to set a significant
framework for the investigation: it will allow the development of the research objectives
and the clear assessment of the results.

The work is developed in nine main chapters. Chapter 1 presents the project proposal,
where the research question and the objectives of the study are addressed in detail. Chap-
ter 2 focuses on the Exploration Study, where UAV technology and micro gas turbine
technology State of the art are extensively analysed. Chapter 3 explains the methodology
adopted in the investigation and the specific planning of the project. The aforementioned
Case Study is defined in Chapter 4, followed by the micro gas turbine model development
described in Chapter 5. Analysis of the results of the engine cycle optimization are dis-
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cussed in Chapter 6. According to the mission performance of different engine models,
in Chapter 7 a micro gas turbine conceptual design is concluded for the selected Case
Study. Chapter 8 addresses the results of the investigation, and the main conclusions and
recommendations are summarised in Chapter 9.

1.1 Project Rationale

UAVs represent a rapidly growing activity in commercial aviation that will have a very
significant economic impact in the near future. The use of small UAVs in performing
civil and commercial operations such as photography, wild life research and survey, agri-
culture surveying and mapping, and others, has stimulated the demand for UAVs in the
commercial sector. The strong growth of this market will come along with the increase
in functionalities such as higher endurance, lower noise and emissions, extended mission
range, among others.

The type and performance of the air vehicle is principally determined by the needs of
the operational mission. Significant determinants in the design of the aircraft configu-
ration are the operational range, flight speed, and endurance demanded by the mission
requirements. The endurance and range requirements will determine the fuel load to be
carried. Achievement of small fuel consumption and maximised performance will require
an efficient propulsion system and optimum airframe aerodynamics. For this reason, de-
velopments are taking place to advance the technology of power plants. The high power
to weight ratio of gas turbines could benefit new UAV concepts, provided that their effi-
ciency will be sufficiently high for specific requirements in terms of range and endurance,
especially when compared to other possible propulsion systems available. Even though
micro turbines are becoming increasingly popular for small-scale power generation, and
they are gradually emerging as the propulsion system of choice for small aircraft with
power ratings down to 200 kW, it is speculated that the full potential of this technology
for civil UAVs has not been explored yet.

Given the experience of the Delft Universitys Propulsion and Power group in micro tur-
bine technology, it is considered an interesting opportunity to investigate the potential of
micro turbines for civil UAVs. Results of the study may well lead to interesting research
questions and solutions that will contribute to the development of competitive novel gas
turbine propelled UAV concepts for various applications. Results of the investigation
will be used for to assess requirements for experimental facilities in the envisaged new
Aerospace Propulsion and Power (APP) Lab.

1.2 Research question, aims and objectives

The goal of the project is to investigate the potential of micro gas turbines as propulsion
system of choice for small UAV used in civil applications. The research question to be
answered can be structured as follows:

"Which design options may allow a micro turbine based propulsion system to arguably
showcase a competitive edge compared to alternative propulsion concepts (e.g. electric
and reciprocating engines) when used as power propulsion system for a small civil UAV?’
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In order to answer this question, several subquestions are identified and further inves-
tigated.

e What is the definition of UAV?

e How are the different types of UAVs classified?

e What is the current regulation regarding UAV deployment in the civil air space?

e Which civil missions can they perform?

e Which requirements should a civil UAV satisfy for each mission?

e How are those requirements translated into design specifications?

e What is the current State of the art in UAV technology?

e Which propulsion systems are currently used by existing UAVs?

e What is the definition of micro gas turbine technology?

e Which applications currently make use of micro gas turbines?

e What are the pros and cons of micro gas turbines compared to alternative propulsion
systems for a civil UAV?

e Which design considerations should be taken into account when downscaling a micro
gas turbine?

e How is the efficiency of the components affected by downscaling?

e How should a valuable Case Study be developed?

By answering these questions, the State of the art in UAV technology is determined with a
clear overview of current UAV types and classifications. Analysis of civil applications with
potential to meet demands from society and/or the market is performed. This requires an
investigation both in the academic environment and in the market scene, with particular
attention to development trends for the future generations of UAV systems, regulations
and certifications, and analysis of key technologies which challenge the market expansion.
In addition, in depth investigation on micro gas turbine technology will allow the under-
standing of the possibilities of their utilisation as propulsion system of choice for a small
UAV. This needs to be set against the analysis of other possible propulsion systems, in
particular considering their performances in terms of power range, power-to-weight ratios,
efficiencies, and suitability according to the requirements that civil UAVs dictate. Effects
of downscaling on the design parameters such as specific fuel consumption and efficiency
of turbomachinery components represent a fundamental part of the investigation.
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Chapter 2

Exploration Study

The following Exploration Study provides an overview of UAV and micro gas turbine
technologies. In section 2.1, the State of the art on UAV technology is discussed. An
introduction of the current definitions and classifications used for UAVs is given in para-
graph 2.1.1. In paragraph 2.1.2, market and development trends analysis are presented,
followed by an overview of current regulations and certifications in paragraph 2.1.3. Cur-
rent and foreseen civil applications are discussed in paragraph 2.1.4, while paragraph 2.1.5
briefly presents the existing UAVs.

In section 2.2, a review of different propulsion system requirements and configurations is
performed, with detailed section for electric motors 2.2.1, reciprocating engines 2.2.2, and
gas turbine engines 2.2.3. A structured analysis of micro gas turbine design considerations
follows (2.3) with a discussion of pros and cons of their utilization and a developed review
of the main effects of downscaling in the turbine design(2.3.1).

2.1 UAYV Overview

2.1.1 Definition and Classifications

Literature presents many different definitions of an UAV. Vehicles that fly without pilots
are commonly defined as Unmanned Aerial Vehicles (UAVs), Remotely Piloted Vehicles
(RPVs), and drones. While RPVs are characterized by being controlled from a remote
location, UAVs differentiate since they may also perform autonomous or preprogrammed
missions. In the past, they were all are called drones, that is a “an unmanned aircraft
or ship guided by remote control or onboard computers” according to Merriam-Websters
Dictionary [3]. Today the UAV developer and user community does not use the term
drone except for vehicles which have limited flexibility for their missions and fly in a dull,
monotonous, and indifferent manner, such as a target drone. Another common definition
is Unmanned Air System (UAS) which highlights the fact that nowadays this kind of
technology includes more sophisticated ground control systems, payloads, and other com-
ponents. Throughout this document, the terms UAV, UAS and RPV will be considered
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interchangeable terms.

The Department of Defense and ATAA Committee of Standards [4] give the following
definition for an Unmanned Aerial Vehicle :

”A powered, aerial vehicle which is designed or modified not to carry a human oper-
ator/pilot, uses aerodynamic forces to provide vehicle lift, can fly autonomously or be
piloted remotely, can be expendable or recoverable, and can carry one or multiple desig-
nated payload(s)”

As a minimum, Gundlach [5] states that a typical UAV system is composed of air vehi-
cle(s), one or more ground control station and/or mission planning and control stations,
payload, and data link. In addition, many systems include launch and recovery subsys-
tems, air-vehicle carriers, and other ground handling and maintenance equipment. The
air vehicle includes the airframe, the propulsion system, flight controls, and electric power
unit. The air data terminal is mounted in the air vehicle, and is the airborne portion
of the communications data link. The payload is also on-board the air vehicle, but it is
recognized as an independent subsystem that often is easily interchanged with different
air vehicles and uniquely designed to accomplish one or more missions. Payload types
can be classified as follows [6]:

e Camera: optical cameras, low-light-level cameras and thermal imaging cameras.

e Sensor: a lot of options possible like pollution monitoring, weather sensors, distance
measurements, etc.

e Radio relay system: radio receiver, amplifier and transmitter used to increase the
range of radio communication.

e Non-disposable: a lot of options possible like radar, public addressing system, etc.

e Disposable (Solid): medical supplies, surviving equipment, postal packages, seeds,
etc.

e Disposable (Liquid): Fire retardant liquids, water, fertilizers and pesticides, etc.

The aircraft itself has much in common with manned aircraft, but presents also several dif-
ferences. Those mainly result from the differences in operational requirements compared
with manned aircraft, for example the need to take off from remote, short, unprepared
runway or to fly for long periods at very high altitudes. The performance of the aircraft is
often enhanced by not having to carry the weight of equipment and structure required to
accommodate the aircrew, and by having a lower aerodynamic drag for the same reason [6].

There are several ways used by academics to categorize different kinds of UAV. These
classifications are commonly based on UAV size and/or mission. However, these defini-
tions are constantly being changed as technology developments allow smaller systems to
perform the roles of bigger ones. The boundaries, therefore, are often blurred and the
following classes (based on [7]) should be considered as working definitions for the scope
of the present study.

The terms currently in use cover a range of systems, from the HALE with an aircraft of
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Altitude | Endurance | Range MTOW
Examples
[m] [hr] [km)] [kg]
GlobalHawk, Xianglong,
HALE - Soar Dragon, EuroHawk,
15000-20000 24 - 48 > 2000 | 2500-12500
High Altitude Long Endurance Hamaseh, Buraq ,
Global Observer
Predator, Orion ,
CyberEye II, BZK-005,
MALE -
5000-15000 24 - 48 > 500 1000-1500 | Pterodactyl, Harfang,
Medium Altitude Long Endurance
Barracude, European UAS,
Dominator
EN - Aerosonde, Vulture II Exp,
5000 - 8000 12-24 > 500 500 - 1500
Endurance UAV Shadow II, Searcher IT
LR -
5000 6-12 200 - 500 - Hunter, Vigilante 502
Long Range UAV
Aerostar, Fagle Eye+,
MR - Sniper, Firescout (VTOL),
3000 - 5000 6-10 70 - 200 150 - 500
Medium Range UAV Camcopter S100 (VTOL),
Seagull (VTOL)
SR - Scorpi 6/30, Firebird,
3000 3-6 30-70 200
Short Range UAV Luna, Copter 4
Scan Eagle, Observer,
Close-Range UAV 3000 2-4 10 -30 150
Phoeniz, Sprite (VTOL)
Desert Hawak 111,
MUAV -
150 - 300 <2 < 10 <30 Bluebird Skylite,
Mini UAV
Indago (VTOL)
MAV - Wasp, MinO, Maveric,
250 <1 < 10 0.10
Micro UAV Quadrotor (VTOL)

Table 2.1: UAVs classification according to flight altitude, endurance, range, and MTOW

35 m or greater wing span, down to the MAV which are of only 150 mm span. Therefore,
different UAVs can be defined according to table 2.1.

For each class of UAV, requirements in terms of flight altitude, endurance, range and
maximum take-off weight are specified. Some examples of existing UAVs which belong to
each class are given. This categorization will be useful in a further stage to assess which
UAV class is suitable for each civil application as identified in the following paragraph.

2.1.2 Market and Development Trends

Military investment in UAV research, systems, and applied technologies is increasing and
potential uses for UAVs in civil operations are currently being investigated. These devel-
opments, along with growing scientific research in automation and sensor technologies, are
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proving the potential for costs savings and causing commercial interest in the unmanned
market. Indeed, these vehicles offer a unique range of features, among which ultra-long
endurance and high-risk mission acceptance.

How the demand for UAVs will manifest itself in a future market remains highly specula-
tive. Indeed, market forecasts for the UAV industry are tempered by the fact that they do
not include the projections for payload costs or operational costs. Table 2.2 lists various
forecasts based on the number of units of demand for basic systems; these forecasts do
not reflect the total market including operations and sensor suites [4].

Source Date | Forecast | Uses
Strike force to be .
Department of Defense F.Y. 2001 budget Military
1/3 UAVs by 2010
Market to double Military, science,
Teal Group Dec 2002
by 2014 homeland security
. Military, science,
Frost and Sullivan Oct 2003 5.5B EUR by 2012
homeland security
$10.6B by 2013 Military, science,
Forecast Intl Oct 2003
Massive growth 2010 homeland security
Military, science,
Teal Group Date Aug 2004 $4.5B/year by 2014
homeland security
Frost and Sullivan Oct 2005 $1.45B /year by 2015 Civil and commercial
. Military, civil
Frost and Sullivan Mar 2006 $17B by 2011
and commercial

Table 2.2: UAV Market Forecasts

Of interest to this effort is the fact that all indicate a high rate of growth in the number of
units demanded over the next ten years. By extension, the growth in the support market
could be considered explosive as well. UAV price structure will be the major influence in
the civil sector growth rate.

According to Lucintel Brief market forecast [8], approximately 70% of global growth and
market share is currently in the USA, while in terms of production, European develop-
ment of dual-use systems for military and civilian applications is broadening the market
demand of UAV systems. In the Mid-East region, Israel is the pioneer for many of the
current tactical UAV efforts and major player in UAV sales to armed forces around the
globe, and Asia-Pacific countries have increased their actives in UAV development, show-
ing great potential in the coming years.

The creation of a UAV market is a combination of the emergent technology revolution
together with emergent market opportunities. Evolving technologies in the fields of com-
putation, propulsion, communications, payloads, materials and manufacturing, feed the
motivation to develop new UAV products. New multi-disciplinary technologies, not only
from the sphere of aeronautics, will considerably advance UAV improvements, and the em-
phasis during the coming years will be on affordability, performance, safety and readiness.
Key Technologies for a successful development of UAVs include the following:

e Airframes - the flight platform is the main component of a UAV system. Given the
unique requirements for specific tasks, the airframes and their flight performance
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should be developed to suit them, e.g. high maneuvering performance required for
low level terrain-following.

e Propulsion units - this is particularly significant for high altitude and/or long
endurance requirements. Likewise, there may be special fuel or engine material-
property requirements.

e Autonomous Flight Controllers - the key to wide application potential of UAVs.
Globally, there has not yet been many UAVs capable of completely autonomous
operations.

e Launch and Recovery - key phases of UAV flight. Launch and recovery requirements
are often dependent on task and operational requirements. Current launching tech-
niques range from the use of runways, catapults, rockets, to the use of trucks.

e Navigation and Guidance - the common availability of Global Positioning Satellite
Navigation Systems has had a prominently positive impact on navigation in general,
and likewise their use in UAVs. The integration of satellite navigation and inertial
sensor data with flight control systems enable wider application potential for UAVs.

e Self-Protection - safety for the possibly valuable on-board sensors and airframes,
from external interference and damage, to keep costs low.

e Ground Control Station - the UAVs would need to be monitored from base in some
form, and the possibility to update task requirements mid-way through a mission.

e Payloads - innovation and imagination remains the key to using UAVs to carry
payloads and sensors, ranging from surveillance sensors to possibly express parcel
delivery systems.

e Data Communication, Storage, Processing, and Dissemination - secure data links,
and information technology.

However, several prerequisites must be satisfied to render the UAV a viable, cost-effective
and regulated alternative to existing resources. According to [4], major civil and com-
mercial market barriers include:

e Lack of airspace regulation that covers all types of UAV systems (encompassing
'sense and avoid’, airspace integration and airworthiness issues)

e Affordability - price and customization issues (e.g. commercial off-the-shelf, open
modular architecture)

e Liability for civil operation

e Capacity for payload flexibility

e Lack of sufficient secure non-military frequencies for civil operation
e Perceived reliability (e.g. vehicle attrition rate vs. manned aircraft)

e Operator training issues
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e Recognition/customer perception of the UAV market

e Technology developments for multi-mission capability

The market demands for better performance push the technology to continually provide
improved solutions. With respect to body design, it is important for a UAV to have
a light structure, high-stabilty construction, high thrust-to-weight ratio, and a general
design that is well-suited for autonomous flight. With regard to autonomous control, a
UAV requires a highly reliable data link and advanced sensors.

Important UAV research topics include: formation flight control, such as for civil use
observation work, data relay, and in-air refueling; integrated hierarchical control of UAVs
and micro air vehicles (MAVs) (for example, highly precise missions can be carried at
by coordinating small UAVs with a larger supervisory UAV); high-altitude flight (since
a UAV does not carry people, it is well-suited for prolonged flight in the stratosphere for
scientific observation missions); all weather flight; installation of collision-avoidance radar
systems and other equipment; intelligent flight control and management systems [9, 7].
Current research focuses on improved-cost-effectiveness of small class UAV, with more
than 24 hours endurance. Long endurance has numerous benefits for UAV operation, like
flexibility, effectiveness, reduced ground operation (returning to base less frequently) etc.
Improved configurations and improved propulsion systems, with higher lift to drag ratio,
higher fuel fraction, lower empty weight and lower payload weight are currently investi-
gated [10]. Research in advanced high lift aerodynamics includes improved take-off and
landing performance (steep glide angles), flight safety at reduced airspeeds (mild stall
characteristics), and the capability of continuing the mission in unfavorable weather and
icing conditions.

In order to overcome atmospheric pollution problems, researchers worldwide are seeking
alternative propulsion methods which will utilize other fuel sources as an alternative to
petroleum. Research in this direction includes fuel cells and solar cells which create a
potential for new propulsion systems for long endurance UAVs [10, 11].

2.1.3 Regulations and Certifications

Even thou nowadays’ UAVs are almost entirely used for military deployment, the potential
application of UAVs for civil and commercial use has generated considerable interest
worldwide. As a matter of fact, in the long term the market potential on the civil side
is considerably larger than the military sector. Currently, the major constraints are the
lack of a central authority and the absence of legislation and regulations for safe flight in
integrated airspace [12].

Over the last few years work has began to stimulate the civil UAV market through a
number of initiatives also in cooperation with military users. These initiatives primarily
aim to deal with the key problems which are the lack of a framework of rules governing the
flight safety on the one hand, and insertion of civil and military UAVs in non-segregated
airspace on the other [13]. A whole range of legislative and regulatory measures need to be
designed, find common approval, and then implemented. Until this goal is reached, UAVs
are required to fly either with a special military or a Civil Aviation Authority exemption,
or in segregated airspace. At the moment, rules vary from one country to another, an
incoherence which makes things more difficult for manufacturers and operators. However,
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some rules have already been issued. On 20 June 2013, the European RPAS Steering
Group (ERSG) of the European Commission published the ”Roadmap for the integration
of civil remotely-Piloted aircraft Systems into the Furopean Awviation System”, covering
the development and integration into non-segregated airspace of civil RPAS in the next
15 years. The roadmap is articulated in three pillars: research and development; safety
regulation and technical standardisation; and complementary measures including privacy
and data protection, insurance and liability. According to Regulation (EC) No 216/2008
[14], airframes with a mass of more than 150 kilos are now required to obtain airworthiness
certification at a European level from the European Aviation Safety Agency (EASA).
Another important issue is that of radio frequency allocation. Currently, there are no
particular areas of the RF spectrum allocated exclusively to UAV operations, which has
already caused significant problems in the military use of UAVs.

Another issue to be considered is the pilot training and certification. As with the UAV
platform, future users have to prove that UAV pilots can train and operate with an
equivalent level of safety as the on-board pilots. As was the case with development
of UAS platforms, it is the militaries that have been leading the way in terms of pilot
certification processes and training requirements. This is particularly the case in the U.S.,
which has the largest operational fleet of large UAVs. The current approach in Europe
has been set by EASA, which divides UAV pilots into two classes: line of sight (Class
1) and beyond line of sight (Class 2), and is working on pilot certification issues. The
current view is that UAV pilots will be treated differently from on-board pilots in terms
of skills and requirements but that their training curriculum will be similar.

2.1.4 Civil Applications

Although UAV development for civil use is in the early stages, it appears that there are
many uses being proposed for them. UAS are popularly commended as being well suited
to civil applications that are dull, dirty or dangerous, tasks that entail monotony or hazard
for the pilot of a manned aircraft[15]. Unmanned Air Systems are now finding operational
applications to peacetime public and private industry security and surveillance, detection
and monitoring missions related to environmental protection, natural disasters and law
enforcement [16, 17]. Because of their relatively low cost and propensity for providing
accurate information (some UAS are able to keep station for days, weeks or even months,
making them particularly well suited for use as communication relays) numerous UAV de-
velopment programs have been initiated worldwide. Several studies discuss potential civil
applications for UAVs. Possible missions are: forest management [18, 9]; urban highway
traffic monitoring [9, 19]; fire-fighting [20, 9]; meteorological observation (surveys of the
ozone layer, air pollution, snow coverage, polar zones, rivers, conditions for typhoon and
hurricane generation, tornado formation, etc.)[9]; life search and rescue [20]; law enforce-
ment (border surveillance, police surveillance, counter terrorism operations); large scale
public outdoor events surveillance; environmental control and monitoring (including air
and sea pollution); telecommunications [20]; disaster assessment and management [21];
crop spray and monitoring [22, 9]; fisheries protection; mineral exploration and magnetic
surveys [23], [9]; ground mapping and photography [24]; pipeline and power line monitor-
ing [16, 23, 20, 9].
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The civil UAV capability assessment performed by NASA [4] classified civil UAV appli-
cations into three identifiable groupings: Commercial and Land Management, Homeland
Security, and Earth Science. For each application, requirements in terms of range, en-
durance, flight altitude, speed, and vertical take-off and landing (VTOL) capability, have
been determined based on the literature available. Table 2.3 presents the definitions used
to define the requirements values for each application.

Range Endurance Altitude ‘ Speed

Short = 0 - 70 km Short = 0 - 3 hr Low = 0 - 3,000 m Low = 0 100 km/h

Medium = 70 - 500 km Medium = 3 - 12 hr Medium = 3,000 - 5,000 m | Medium = 100 km/h - 350 km/h
Long = 500 - 20,000 km Long = 12 - 48 hr High = 5,000 - 20,000 m High = >350 km/h

Ultra long= 20,000 - co km | Ultra long = 48 - oo hr

Table 2.3: Requirements values definition

As it is shown in tables 2.4, 2.5, 2.6, all the applications proposed are defined following the
same criteria used for the UAV types classification 2.1. By doing this, each application
is matched with the most suitable UAV type/types. This is the first step of the analysis
for the selection of the possible civil UAV missions for the case study of the Master
Thesis Project. However, propulsion systems investigation is still required to determine
which applications (and, therefore, which UAV classes) could competitively perform when
powered by a micro gas turbine.

L. Requirements
Application Type
Range Endurance Altitude Speed VTOL/Hover
X Urban Short Short Low Low Yes MAV to CR
Aerial photography
Mapping Medium to Long | Medium to Long | Medium to high | Low to medium No SR to HALE
Crop monitoring . ) . ) R
X Short to medium | Short to medium | Low to medium | Low to medium Yes MAV to MR
Agriculture and spraying
Herd monitoring
Short to medium | Medium to long Low Low to medium Yes CR to SR
Commercial and and driving
Land Management | Utility companies (Gas, Oil & Electricity) - . X . .
Medium to long | Medium to long | Low to medium | Low to medium No MR to LR
Pipeline and powerline inspection
Mining Companies - .
Medium to long | Medium to long Medium Low to medium No MR to LR
Looking for minerals
Courier Service - B
Short to long Short to Medium Low to high Low to high Yes MAYV to EN
Delivering packages
Information services -
Short Short Low Low Yes MAV to CR
News information and broadcasting
Telecommunications Long Long High Medium to high No EN to HALE

Table 2.4: Commercial and Land Management UAVs applications

2.1.5 Existing UAVs

In order to understand possible trends in the design of UAVs, all the existing UAV have
been analysed as listed in the 2013 Worldwide UAV Roundup done by the American
Institute of Aeronautics and Astronautics [1]. For each of them, all the information
available has been gathered for a complete overview of the current status of the existing
UAV technology.
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L. Requirements
Application Type
Range Endurance Altitude Speed VTOL/Hover

SAR and Coast and ) . R
Coastguard Long Medium to long | Medium to high Low to high No EN to HALE
sealine monitoring

X " Security and incident X X ) X
Police Authorities Short to medium | Short to medium | Low to medium | Low to medium Yes MAV to MR

surveillance

SAR and Delivering X ) X i
Emergency support Short to long Short to medium | Low to medium Low to high Yes MAYV to LR

Homeland emergency supplies

Security Forest fire detection . . . . R
Long Medium to long | Medium to high | Low to medium No EN to HALE

. . and damage assessment
Fire Service

Forest fire fighting

Short to medium | Short to medium | Low to medium | Low to medium Yes MAV to MR
Communication
Lifeboat Institutions -
Incident investigation, Long Medium to long | Medium to high Low to high No EN to HALE
guidance and control
Customs and Excise - .
Long Medium to long | Medium to high Low to high No EN to HALE
surveillance for illegal imports
Local Authorities -
Short to medium | Short to medium | Low to medium | Low to medium Yes MAV to MR
disaster control
Traffic Agencies -
Monitoring and control Short to medium | Short to medium Low Low Yes MAV to SR
of traffic
Table 2.5: Homeland security UAVs applications
L Requirements
Application Type
Range Endurance ‘ Altitude ‘ Speed VTOL/Hover
Conservation - X ) ) .
Long Medium to long | Medium to high | Low to medium No EN to HALE
Pollution, land and wildlife monitoring
Fisheries -
Long Medium to long | Medium to high | Medium to high No EN to HALE

Fisheries protection

. Meteorological services - . . . .
Earth Science Long Medium to long | Medium to high Low to high No EN to HALE

Sampling and analysis of atmosphere

Geographical X : . No
Long Medium to long High Low to medium EN to HALE
Survey | Geological No
Archaeological Short Short Low Low Yes MAV to CR
River Authorities -
Medium to long | Medium to long Low medium Low to medium No MR to LR
Water course and level monitoring
Atmospheric Satellite Ultra long Ultra long High High No HALE
Ice reconnaissance Medium to long | Medium to long | Low to medium | Medium to high No MR to LR

Table 2.6: Earth Science UAVs applications

As it is shown in figure 2.1, U.S. is the first worldwide UAVs manufacturer, followed by
China and Israel. Few European countries follow, namely France, Germany, Russia and
UK. Developing countries are also showing a strong interest in this market, especially
Pakistan, Brazil, and India. However, it should be highlighted that the majority of the
existing UAVs are currently military.

Figures 2.2, 2.3, 2.4, present some results of this preliminary analysis. From the graphs,
it is clear that UAVs are not an established technology yet since most of the existing
UAVs are still in development phase. It is also interesting to notice that the majority of
the existing ones currently employ reciprocating engines or electric motors as propulsion
systems. This topic will be later addressed in section 2.2. Finally, we can see that
VTOL/hover capability is implemented in almost 20% of the existing UAVs, proving a
growing interest in this function. This fact is also noticeable from the civil applications
analysis carried out in section 2.2.
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Figure 2.1: Top 10 UAVs manufacturing Countries according to the 2013 Worldwide UAV
Roundup done by the American Institute of Aeronautics and Astronautics
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Figure 2.2: Existing UAVs status according to the 2013 Worldwide UAV Roundup done by
the American Institute of Aeronautics and Astronautics [1]
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Figure 2.3: Propulsion systems employed by existing UAVs according to the 2013 Worldwide
UAV Roundup done by the American Institute of Aeronautics and Astronautics
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VTOL/Hover Capabilities
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Figure 2.4: Vertical take-off and landing (VTOL) and hover capability of existing UAVs
according to the 2013 Worldwide UAV Roundup done by the American Institute
of Aeronautics and Astronautics

2.2 Propulsion Systems

The power system for a UAV, as for any aircraft, includes an energy source, a means
of converting that energy into mechanical energy and a means of converting that into a
lift or thrust force. A power-plant will include engine speed and/or power output con-
trollers, engine temperature controller and, usually for fixed-wing aircraft, an electrical
power generator.

Both unmanned and manned aircrafts are frequently powered by jets, turboprops, and re-
ciprocating engines. However, unmanned aircraft commonly use battery-propeller propul-
sion, and occasionally fuel-cell power plants, while solar-powered aircraft technologies are
now maturing. In fact, engines for UAV have certain special requirements compared to
manned aircraft: long endurance, duty cycle characterized by heavy weight and/or high
altitude flight (completely different than for light aviation), compactness translated in
high power-to-weight ratio and low volume. Moreover, simple maintainability is often
required in terms of robustness due to often lower skills ground crews [25, 26].

As a general approximation, according to Austin [6] the mass of the power-plant in most
aircraft of moderately high performance is about 10% of the maximum take-off weight
(MTOW) of the aircraft. Typically, the fuel carried is about 10-15% of the MTOW for
light aircraft of medium range. The payload of these aircrafts usually is in the order of
40-50% of the MTOW. In the case where the payload may be of imaging sensors or other
light electronic systems, and so of a lower fraction of MTOW, more fuel may be carried to
extend the range. The fuel load in a UAV may therefore be 20-25% of the MTOW, raising
the proportion of total power-plant and fuel mass to one-third or more of the MTOW.
Any reduction in the mass of the power-plant or in its specific fuel consumption can have
a very significant effect on the reduction in size or increase in range of a UAV. Therefore,
developments are taking place to advance the technology of power-plants, with these be-
ing internal combustion engines (reciprocating or gas turbine) and electric motors.

In the following sections the State of the art of electric motors, reciprocating engines, and
gas turbines technology are discussed. Attention is given to analyse their performance
when used as propulsion system for an unmanned aircraft in comparison with manned
aircraft.
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2.2.1 Electric Motors

Electric motors convert electrical energy into mechanical energy to drive a propeller, fan
or rotor. The electrical power may be supplied by battery, a solar-powered photovoltaic
cell or a fuel cell. The propulsor is the motor-propeller combination and the power source
can be a battery, solar array, turbine-driven generator, or fuel-cell stack, among others.
According to [6] and [5], electric motors have multiple advantages. Unlike internal com-
bustion engines, there is very little maintenance and no consumables such as liquid fuel
and lubricants. Electric motors can be stored for very long periods of time and no starters
are required, and so UAV air-launch is simplified. The performance characteristics are
independent of altitude and they have the particular advantage of being the quietest of
all the engines and with the smallest thermal signature. Electric motor systems are also
simple to design, integrate, and test. Electric motors apply nearly constant torque to
the propeller and their smooth operation reduces the structural loads on the propeller.
Properly balanced electric motors have low vibration levels compared to well-designed
reciprocating engines. This quality can support low vibration levels at the payload for
better pointing accuracy. Also, the motor frontal area is less than a reciprocating engine
producing equivalent power, permitting lower drag fairings.

Electric motors have no emissions, and so the UAV emissions depend upon the power
source type. Batteries and solar arrays produce no emissions, and hydrogen fuel cells
emit only water (this will be discussed in more detail in paragraph 2.2.1), showing poten-
tial for very limited environmental impact. Hydrocarbon-based power sources for electric
motors have complex emissions that include COs and water, among many other con-
stituents.

The biggest limitation for electric flight is the short endurance that can result from the
power source. Modern batteries have low specific energy relative to liquid hydrocarbon
fuel, resulting in UAVs with only 0.5-3 hr endurance. The demand on the battery is made
not only by the motor, but also by the payload and communication system. Therefore,
the flight endurance and speed of such UAV systems and the capability of their payload
and communication systems are limited. Back-up batteries must be carried and regularly
charged to ensure an electrical supply. Other means of obtaining a continuous electrical
supply are being sought in order to extend the range and capability of electrically pow-
ered systems and to this end research is underway to develop solar-powered photovoltaic
cells and fuel cells compatible with UAV systems requirements. Both systems have been
flown in a UAV, but the technology is still under development. Currently only micro- and
mini-UAV which weight about 9 kg (or less) are powered by batteries and electric motors
with less than 1 kW output power.

The following paragraphs analyse more in detail batteries, fuel cells, and solar cells tech-
nologies.

Battery Power

A battery is an electrochemical device that converts stored chemical energy into electrical
power. It can be rechargeable or single use. Non rechargeable batteries are known as
primary, and rechargeable batteries are called secondary. Primary cells may have superior
performance characteristics but the cost of replacing batteries is generally prohibitive for
multi-use UAVs, and so secondary batteries are used for those applications. Secondary
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batteries are also required for multiday duration solar-powered UAVs that use batteries
to power the motors at night.

Several battery chemistries have been used for unammaned aircraft propulsion systems [5].
Nickel- cadmium (NiCd) batteries were dominant in the 1980s and 1990s. Nickel metal
hydride (NiMH) made were available in the late 1990s and early 2000s. However, lithium-
ion (Li-Ion) and lithium-ion-polymer (Li-Po) batteries are the main type in use today
for small UAS propulsion systems. Improvements in rechargeable battery performance
through use of LiS (lithium sulphur) technology has reduced the mass-to-energy ratio
to about one quarter that of other battery types [6]. Unfortunately a down-side of the
system is the large volume of the batteries. For a given energy storage, even LiS batteries
occupy four times the volume of that of fossil fuels, presenting a problem for all other than
short-range UAV. Todays unmanned aircraft using LiPo batteries might have practical
flight durations of about 2 hrs.

Fuel Cells Technology

Fuel cells are electrochemical devices that use chemical reactions of a fuel source and
oxidizer to generate electrical power. The fuel and oxidizer are consumed in the conver-
sion process, and the by-product (pure water when the hydrogen is the fuel) are either
exhausted from the fuel cell or stored onboard the UAV ! [27]. The reaction occurs in
the presence of an electrolyte, which is not consumed.

Recent developments by companies such as Protonex [28] indicate a power-to-weight ratio
for a hydrogen-powered fuel cell in the order of 1 kW /kg. To this, the mass of an electric
motor must be added reducing the ratio for the installation to 0.8 kW /kg, making the
installation heavier than any of the other systems. It is claimed, that the process is very
efficient with energy conversion being about 95% compared with that of about 35% for
most internal combustion engines. Although there is little information available on the
fuel consumption, the hydrogen must be contained in pressure vessels which must weigh
more per mass of fuel compared with the tanks for fossil fuels.

Stated advantages [6] for the fuel cell based system are higher efficiency than any other
fossil-fuel-based technology, modular and easy installation, in most cases zero-emission
devices, zero or very low noise (except for occasional vibrations). Disadvantages are the
high production costs due to exotic materials and complicated design and assembly, their
high sensibility to fuel contamination adding expense for filters and cleaners, and their
need for skilled personnel for maintenance and overhaul.

Solar Power

Solar cells use the photovoltaic effect to convert the sun radiated power into electrical
power. This power does not require onboard energy storage for peak daylight operations.
However, multiday flights require that extra energy is stored to power the UAV through
the night, allowing the UAV to operate almost indefinitely, bounded only by reliability
and component life.

Integrating solar arrays on an aircraft involves compromises across a number of disciplines

L At present, emissions of COy are however nearly always involved into the production of hydrogen that
is needed as a fuel.
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[5]. Solar arrays cause structural challenges since they comprise a large portion of the
UAV wing weight. Most of the solar-array weight is aft of the wing torsional axis, which
can require additional structure or active aeroelastic control along the wing to prevent
flutter. Moreover, many solar-powered aircraft designs find that the wing area required
to generate propulsion power is greater than the optimum wing area for minimum power
flight. The increased area results in higher UAV weight, more drag, and hence more power
required to fly. The wing sizing is often solved through optimization, but this topic is out
of the scope of the current literature review.

2.2.2 Reciprocating Engines

The great majority of UAVs in operation are powered by internal combustion engines and
most of those have reciprocating engines. These are the most common form of propulsion
for UAVs with maximum take off weight (MTOW) values between 10 and 1100 kg, with
commercial off-the-shelf engines widely available between 1-150 kW [5]. However, it is
speculated that the popularity of reciprocating engines is driven by the lack of suitable
jet and turboprop engines for the most prolific UAV classes.

UAV reciprocating engines come from a variety of sources ranging from model aircraft
to general aviation. The majority of UAVs use modified engines from other sources.
Model aircraft engines mostly generate less than 9 kW output power, with the greatest
selection around 0.4-1.5 kW [5]. High power-to-weight ratio and low cost are the most
important considerations, while fuel consumption can be high because the typical flight
time is between 5 to 20 min and the small fuel weight has negligible impact on the flight
performance. Moreover, power specifications from model aircraft engine manufacturers
should be verified and fuel flow data are rarely available. They are not designed to meet
any defined manufacturing or reliability standards, and therefore the manufacturers do
not usually measure the performance data of their products.

Large aviation engines such as those used on ultralights and general aviation aircraft are
readily adaptable to UAV applications. Ultralight engines start at approximately 15 kW
with mostly two-stroke piston engines. Larger ultralight engines usually are four-strokes,
with the Rotax 912 and 914 series seeing widespread use on MALE UAVs [5]. General
aviation engines are less common on UAVs, primarily because of their higher power output
which is normally not required.

Reciprocating engines may be categorized in three main types, although there are sub-
types of each.

e Two-stroke engines
e Four-stroke engines

e Rotary engines

These are outlined in the following paragraphs.

Two-stroke and Four-stroke Engines

The only basic difference between two-stroke and four-stroke engines is that the two-stroke
engine has a power-stroke on each revolution of the crank-shaft whereas the four-stroke
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has a power-stroke every other revolution. Hence, the two-stroke tends to produce twice
the power in unit time at the same rotational speed compared with the four-stroke unit.
For a given power level, two-stroke engines tend to be half the displacement and weight of
their four-stroke counterparts (power-to-weight of the two-stroke engine ranges from 0.8
to 2 kW /kg [5]). The two-stroke unit tends to run hotter than the four-stroke and may
require more cooling facilities than the four-stroke, while the four-stroke unit tends to be
heavier than the two-stroke. Moreover, two-stroke engines are generally less expensive
than four-stroke engines, but are less efficient. The specific fuel consumption ranges from
0.45-1.2 kg/kWh as compared to an average of 0.3-0.4 for four-stroke engines [5]. There-
fore, both types will pay for higher performance and higher fuel efficiency with greater
complexity, weight and cost. Moreover, two-stroke engine rotational speeds generally vary
between 5,000 and 9,000 rpm, which generates higher-frequency noise. Finally, neither
type produces power with smooth torque (as does a turbine engine), but the torque of
both varies during each revolution [6]. However, the torque peaks of the two-stroke unit
are much smaller than those of the comparable four-stroke unit. This is of particular
concern for a rotorcraft transmission and rotor system (to a lesser extent this will affect
the design of propeller too) which must be the more robust if driven by a four-stroke
engine.

Rotary Engines

Todays rotary engines are reported to offer a long life and low specific fuel consumption
(0.35 kg/kWh)[6]. Although the basic engines are of high power-to-weight ratio, because
the engines operate at a high rotational speed, a reduction gearbox is usually necessary.
This, together with high levels of cooling equipment required, increases the mass towards
that of a conventional four-stroke engine. Currently, there appear to be no rotary engines
below a power rating of about 28 kW or above 60 kW available for aircraft. Moreover,
the limited data on rotary engines does indicate a strong scale effect where smaller units
are far less efficient than equivalent two- or four-cycle engines.

2.2.3 Gas Turbine Engines

Gas turbine engines may be divided into two generic types:

e turbo-jet units which are designed to produce thrust from a high-velocity jet for
direct propulsion;

e Turbo-shaft units which produce power in an output shaft which may drive a pro-
peller or helicopter rotor to provide thrust.

Gas turbines produce much less noise than piston engines and have a smooth power at high
power-to-mass ratios. They usually operate with heavy fuel (Jet A for civilian airports
and JP-5 or JP-8 for military operations). These attributes make jets and turboprops
especially desirable for military applications. According to Gundlach [5], gas turbines can
be very reliable and have long mean time between overhauls compared with reciprocating
engines. There are relatively few moving parts to fail. The combustion is continuous
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rather than oscillatory, and the rotational speed is steady; therefore, the vibration is low
relative to reciprocating engines.

With the heavy fuel compatibility, good altitude performance, ability to generate thrust at
high speeds, high reliability, and long life, turbines certainly have suitable characteristics
to be used on UAVs, despite the current scenario. Most of the time, turbines simply
are not available with the necessary performance for smaller UAVs, especially when long
endurance at low speed is required. In addition, reciprocating engines tend to have a
lower acquisition cost.

In the following paragraphs, turbo-jet units and turbo-shaft units are briefly presented
along with their current applications as propulsion systems for UAVs.

Turbo-jet units

Turbofan and turbojet engines are generically referred to as jet engines. These propulsion
systems maintain thrust at high speeds and high altitudes better than propeller-driven
alternatives. The high-speed capabilities of jet engines make them suitable for UAVs
flying at equivalent airspeeds greater than 370 km/h and at Mach numbers greater than
0.6 [5].

The simplest form of jet engine is the turbojet. The oncoming air enters the engine in
an inlet, which helps diffusing the air. A compressor slows the air to near static condi-
tions, while increasing the pressure and temperature. The compressed air enters a burner
where fuel is injected and ignited. This heated air is then expanded in a turbine, which
provides power to drive the compressor. This power is mechanically transferred between
the turbine and compressor via a shaft. The air exits the turbine and is accelerated in a
nozzle to provide high velocity flow for thrust generation.

Turbofans are similar to turbojets, except that a second turbine is added to drive a ducted
fan. The fan turns at a much slower rate than the compressor, and so two separate shafts
are used. A turbo-fan unit is in effect a mixture of the turbo-jet and turbo-shaft engines
in so far as some of the combustion energy is extracted as a jet whilst some energy is
converted to mechanical power to drive a fan which produces a slower-flowing, but larger
volume, jet of air. A thrust-producing jet is at its most efficient when the minimum
amount of jet velocity is left in the ambient air mass after the aircraft has passed.
Mature jet-units are generally selected for UAS programs because development budgets
are rarely available and UAV production quantities are usually insufficient to justify a com-
mercial development by engine manufacturers [5]. However, there are very few manned
aircraft engines below 4 kN thrust, requiring engines built specifically for UAVs. The
largest markets for military small turbine engines are targets and cruise missiles, where
thrust class ranges from 0.13-4.45 kN. Cruise missile engines are designed to operate for
a single flight and must start rapidly. Moreover, these engines tend to have a short de-
sign life and are difficult to tailor to other UAV applications such as long-duration ISR
(Intelligence, Surveillance and Reconnaissance) missions.

At the smallest end of the jet-engine thrust spectrum are engines designed for model
aircraft. These engines are intended for aircraft weighing 4.5-25 kg, and so the thrust
class is generally less than 0.13 kN. Like target and cruise missile engines, the design life
is low, and the TSFC (Thrust Specific Fuel Consumption) is high.
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Turbo-shaft units

Turbo-shaft units are divided into turboprops and turboshafts. Turboprop engines are
quite similar to turbofans, except that the low-pressure turbine drives a propeller instead
of a ducted fan. A reduction gearbox is usually required to match the speed of the pro-
peller and low-pressure turbine. Turboshaft engines are similar to turboprops, except the
shaft does not drive a propeller and is available for other uses such as powering a gen-
erator. In their simplest form they employ a compressor set and turbine set on a single
output shaft.

Their disadvantage is that any increased load on the power output which slows the tur-
bine will also slow the compressor set, thus reducing the power available to accelerate
the engine back to operating speed (until an increase in fuel injection can take effect).
The result is a lag in response which is bad for a propeller-driven aircraft, but can be
disastrous for a helicopter. Most turbo-shaft engines of today therefore are of the free-
power-turbine (FPT) configuration. Here the output shaft is a second separate shaft
from that mounting the power-generating compressor/turbine sets. Thus when the out-
put demand is increased, the compressor is not slowed and an increase in injected fuel
accelerates the compressor spool more rapidly, giving a speedy response to extra power
demand [6].

Turboprop engines have many favorable attributes. Like jets, these engines usually oper-
ate on heavy fuels such as Jet A, JP-5, and JP-8. The vibration level is low, and reliability
is high relative to reciprocating engines. Quite importantly, turboprops have low weight
for their power and are scalable to very large power levels. Their power-to-weight ratios
range between 3.5 and 4.8 kW /kg, while turboshafts are approximately 4.3-9 kW /kg [5].
Manned aircraft turboprop engines have mean time between overhauls of approximately
3,000 to 4,000 hrs, which is over twice that of reciprocating engines. The performance is
suitable for UAVs operating at a height of 7 to 15 km, which is above the operable range
of reciprocating engines. Turboprops are used at flight speeds of less than Mach 0.6 due
to propeller tip compressibility constraints.

It is speculated that the main reason why turboprops are not used more frequently on
UAVs is the lack of available engines in the desired power class [5]. Most turboprop
engines are intended for large general-aviation aircraft, regional commercial transports,
and military transports. This engine class has much more power than is necessary for
most UAV applications. Smaller, medium- and close-range aircraft are usually powered
by piston engines, but they would benefit from the high power-to-weight ratio of the tur-
bine engine [6]. Unfortunately, there are no small turboshaft/turboprop engines available
below the approximately 200 kW power. A turbine engine is at its most fuel efficient when
operating near maximum power, and its specific fuel consumption deteriorates sharply if
operated at part-load. Therefore attempting to use an over-size engine for the smaller
aircraft would impose not only a mass and bulk penalty, but an unacceptable level of
fuel consumption. Of the current medium- and short-range aircraft, a few would require
installed power levels of about 120 kW, several in the 30-40 kW range and a number as
low as 5-10 kW.

At power levels lower than 200 kW, which would be relevant to most UAV other than
MALE or HALE UAS, none of this type of engine is available for serious use. In smaller
sizes they have, due to scale effects, a higher fuel consumption than piston engines.
This, together with higher acquisition costs, makes them uncompetitive, in spite of their
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smoother power output and ability to use a range of "heavy’ fuels, with the alternative en-
gine types. Altogether, due to their diverse attributes, especially in the free-power-turbine
configuration for VT'OL aircraft, turboprop engines showcase very desirable features for
UAYV applications.

As mentioned before, very small turboprop engines are available for model aviation. These
engines are of the same kind as model aircraft turbojets. These engines generally use cen-
trifugal compressors and are designed for low cost and high power-to-weight ratios, which
comes at the expense of fuel consumption, reliability, and engine life.

Modern materials and fuel monitoring together with new manufacturing techniques and
the increasing demand for UAV systems may yet make the development of small turbine
engines viable [5].

2.2.4 Propulsion Systems Comparison

Table 2.7 shows a complete overview of the UAV propulsion systems as discussed in
section 2.2. Limiting flight altitude and speed are specified accordingly to the engine type
performance requirements, and important parameters for engines performance comparison
such as State of the art specific fuel consumption (SFC), power or thrust range, and
power-to-weight /power-to-thrust ratio are presented when available.

Power
Altitude SFC @ Cruise P/W
POWER PLANT Speed (or Thrust)
(km] [kg/kWh] kW /kg]
[kW]
Battery N.A. 0.1-1
N.A.
Electric Motors Fuel cell 0-15 <Mach 0.6 N.A. <1
0.090.15
Solar-powered
(where the reference N.A. N.A.
photovoltaic cell
fuel is H2)
Two-stroke engines 04-12 0.8-2
X . . 1-150
Reciprocating Engines | Four-stroke engines 0-9 <Mach 0.6 0.3-04 04-1
Rotary engines 0.35 15- 70 N.A.
>4 kN
Turbo-jet medium to high altitude 0.13-4.45 kN f
) s >370 km/h N.A. ( o K for N.A.
Gas turbine engines (see table 2.3) target/cruise missiles)
Turbo-fan N.A.
Turbo-prop 0.3 0.5 3.5-4.8
7-15 <Mach 0.6 >200
Turbo-shaft N.A. 4.3-9

Table 2.7: UAV propulsion systems overview

As it can be seen, even though UAV powered by electric motors do not have altitude
limitations due to possible performance deterioration, they are constrained to fly below a
certain Mach number due to compressibility effects of the propeller (the propulsor). On
the other hand, turbo-jet units do not have this limitation but they better perform at
medium/high altitudes and high speeds.

Power level is difficult to be specified for electric motors since it strictly depends on
the batteries/fuel-cells/photovoltaic-cells specific configuration. In comparison with gas
turbine engines, which are usually not available at power level below the 200 kW, re-
ciprocating engines output power can reach 150 kW while also lower levels are covered
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down to 1 kW. On the other side, the table clearly shows that neither electric motors nor
reciprocating engines can achieve a competitive power-to-weight ratio compared to gas
turbines when this is required.

2.3 Micro Gas Turbines

Different research projects have been recently carried out by academics in the field of
micro turbine for propulsion and power generation, mostly with turbine power output
lower than 100 W [25, 29, 30]. Relatively bigger turbofan and turbojets are being devel-
oped as propulsion systems of choice of UAVs and missiles for military applications [31].
The extreme compactness demanded of such stealthy advanced vehicles requires relatively
higher power density combined with increased payload and endurance.

Many model aircrafts use gas turbine as their propulsion system. However, available
values of engine power and efficiency are based on manufacturer’s published data, which
usually report only peak power at a particular operating speed. Since these engines are
primarily produced for hobbyists, fuel consumption information and efficiency must be
estimated and are therefore not reliable [17].

According to Pilavachi [32], the main advantage of small gas turbine engines lies in the
high energy density potential of the fuel-based systems. It is considered that even with
relatively low overall system efficiency the power per unit of weight of a gas turbine sys-
tem will be much higher compared to existing or in the near future available batteries.
Fuel-based power generating systems also have a power density advantage compared to
batteries and fuel cells. This means that a relatively short period is needed to withdraw
the energy to the system, unlike batteries which have a high impedance. Moreover, bat-
teries naturally discharge over time while a fuel provides a long storage time without the
loss of potency.

Additional potential advantages compared to other technologies are a small number of
moving parts, lower noise, multi-fuel capabilities as well as opportunities for lower emis-
sions. By reducing the overall system weight significantly, they appear to be the preferred
choice for missions requiring a high power output and a long duration.

Main technical barriers to the implementation of micro-turbine technology are that, at
present, the gas turbine has a lower efficiency in its basic configuration than an equal
power output reciprocating engine. In addition, the efficiency of the gas turbine decreases
at partial load and burning of lower heating value fuels may not be feasible, depending
on the type of the turbine.

High efficiency can only be obtained when the machine operates at high pressure and
temperature conditions, which challenge the skills of engineers and materials technolo-
gists [32, 31]. When the size of the engine is small, the high turbine inlet temperature will
lead to a high overall temperature of the engine structure. Several safety measurements
will be needed and the situation is even further aggravated by the high temperature of
the exhaust gases. However, it is speculated that the incorporation of a recuperator in
the engine cycle could reduce these issues and at the same time further increase the power
output of the device [16].

Ways to improve the performance of several types of gas turbine cycle will be a major
objective in the coming years.
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2.3.1 Downscaling Effects

In this chapter attention is given to the main issues encountered by academics when
scaling down a turbine. This is needed in order to provide useful insight of the design
problems to be considered in the development of micro gas turbines.

The reduction of scale has several effects on the performance and construction of the
turbine. Dimensional analysis shows that the power generated by a gasturbine is propor-
tional to the density of the gas, the fifth power of the diameter, and the third power of the
rotational speed [33]. For a known pressure ratio and constant inlet conditions, the speed
of the fluid at the exit of the nozzles is a constant, independent of the size of the nozzles.
Therefore, the circumferential speed of the turbine is constant, independent of the tur-
bine size. This means that at optimal working conditions, size and rotational speed are
inversely proportional. The power density of turbine increases thus with miniaturisation,
and this mass reduction is advantageous for aeronautical and space applications.
Previous studies [25, 29, 30], showed that although maximizing the power-to-weight ratio
is important for all aerospace power systems, two factors make it absolutely critical to
micro air vehicles. First, the overall aerodynamic efficiencies of conventional fixed-wing
vehicles using steady-state analysis tools decreases with size. Second, the efficiency of
the power/propulsion system appears to degrade with decreasing size. Together, these
factors conspire to make the power-to-weight ratio and efficiency of the power system
critical [17].

Military research focusing on advanced gas turbine engines with diameter of 10 cm has
been carried out [31]. Attention has been given in increasing gas turbine power density and
fuel economy through improved aerothermodynamic component technologies and higher
temperature, lower density materials. The goals being to decrease engine size and frontal
area for a given power output, and to decrease engine fuel consumption, in order to im-
prove engine affordability. Several engine design configuration options are considered for
the impending UAV applications including turbojets and turbofans, with centrifugal and
axial turbomachinery. The study showed that the lower limit in size is dictated by the
feasibility of stable combustion operation throughout the mission profile, and high speed
bearing life in the 100 to 250 krpm speed range [31, 34]. Current state of the art small
gas turbines exhibit rotational speeds from 60 to 150 krpm with both conventional an-
tifriction and air bearings. The very high rotational speed needed to obtain the enthalpy
and pressure changes prescribed by the gas turbine cycle, is one of the major mechanical
problems [34].

Scaling is a common technique to define larger or smaller geometries with similar charac-
teristics. However, a simple scaling of a high performance large gas turbine will not result
in a good micro gas turbine. Although many of the effects presented here are encoun-
tered when extreme downscaling is executed (micro turbine total volume in the order of
1 cubic cm [33]), it is considered important to acknowledge the main issues encountered
in previous researches.

According to Van den Braembussche [34], the main factors perturbing such a scaling are:

e The large change in Reynolds number

e Massive heat transfer between the hot and cold components (negligible in large
machines)
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e Geometrical restrictions related to material and manufacturing of miniaturized com-
ponents

These effects are here discussed in more details.

Reynolds Number In order to understand the impact of Reynolds Number on the
performance losses of small gas turbine engine, it is interesting to analyse its effect on
micro gas turbine with power output as low as 80 W, where the diameter of the compressor
can be as short as 4 mm [29]. In this context, the role played by the low Reynolds numbers
on engine performance is significant and indicates the dominance of frictional forces over
inertial ones. The Reynolds number is a key parameter when considering the effects of
scaling on a micro engine. Since Reynolds number scales linearly with the length scale
factor of the turbine, it is several orders of magnitude less than that of a conventional
engine, indicating that viscous effects will be more pronounced. In particular, laminar flow
will be prevailing, whereas turbulent flow predominates in large scale engines. This means
that the viscous friction losses are expected to be higher and that mixing of the fuel-air
mixture in the combustor will be slower, both having a negative impact on efficiency and
power density [35, 34]. The 4 mm diameter compressor of the MEMS-based (Micro Electro
Mechanical Systems) gas turbine generator in [29] appears to be close to the borderline
of suitability according to the study in [33]; at Re=2600 the three-dimensional efficiency
of the compressor is predicted to be much less than 50%, a value that is insufficient for
the engine to generate net power.

Heat Transfer Reducing size means increasing surface-to-volume ratio, resulting in
higher heat transfer. The higher thermal losses have a negative effect on the efficiency of
the turbine, and may even cause flame extinction. At very small sizes, the heat gener-
ated by the combustion minus the heat loss is no longer sufficient to ignite the mixture.
Therefore, thermal insulation between the hot parts and the cold parts becomes critical
[34].

Internal heat transfer has an important impact on the performance of very small turbo-
machines, used in micro- and nano- gas turbines. The heat flux from the hot turbine to
the colder compressor results in a cooling of the flow in the turbine and a heating of the
flow in the compressor. The performance changes and can no longer be evaluated by the
flow conditions measured at inlet and outlet of the components. This problem has first
been recognized and studied for small turbochargers where it was shown that the distance
between the hot turbine and the cold compressor might have a considerable impact on
the flow conditions [34].

Geometrical restrictions The power density of a miniature turbine is also limited for
technological reasons. Small turbines cannot be made with the same relative accuracy
and detail as large ones, so the performance will be worse than predicted by the scale
laws.

One of the major problems in micro gas turbines is the decrease of compressor and turbine
efficiency with decreasing dimensions. This is further enhanced by the effect of larger
roughness resulting from materials and manufacturing techniques. It is known that gap-
to-blade height ratios increase as the engine size decreases and compressor efficiency
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is sensitive to small increases in tip clearance [35]. Geometric similarity is generally
not maintained when decreasing scale and this may well introduce additional deviations.
These may be reflected in changes of velocity ratio (ratio of rotor tip speed to theoretical
spouting velocity), and exit flow coefficient (ratio of exit meridional velocity to tip speed).
The velocity ratio is a direct measure of the blade loading. The exit flow coefficient is an
indirect measure of the specific speed [35].

The resulting decrease in cycle efficiency does not make micro gas turbines to ecological
devices. More than any other criterion, performance might define the lower limit for
these engines. Therefore, special attention should be given to compressor and turbine
optimization [34].
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Methodology

The Exploration Study presented the framework of the research project. Main flight pa-
rameters such as service ceiling, maximum take-off power, and cruise speed are defined
for each civil UAV application identified, as well as for each propulsion system examined,
and for every different typology of UAV. Those determine the kind of propulsion system
that will be further analysed. Besides this, all the existing UAVs with accessible infor-
mation (deployed, in production, or in development) are considered based on their power
level, specific fuel consumption, and critical characteristics. Consequently, identification
of possible trends and/or relations among features such as MTOW (Maximum Take Off
Weight), wing span, and range, will be feasible and may be further used in the design
process.

From the Exploration Study, it is clear that gas turbine engines have many advantages
compared to typical reciprocating engines and electric motors. Smoother power output,
low vibration levels, heavy fuel compatibility, high reliability (small number of moving
parts), to name a few. In particular, turboprops are suitable for UAVs operating between
7 and 15 km height, which is above the operable range of reciprocating engines, at high
speeds of less than Mach 0.6. With a power-to-weight ratio four times higher than that
of reciprocating engines and electric motors, they appear to be the preferred choice for
missions requiring a high power output and a long duration. Moreover, the turboprop
engine, especially in the free-power-turbine configuration, appears to be suitable for a
broader range of possible applications. However, most turboprop engines are intended for
large general-aviation aircrafts, regional commercial transports, and military transports,
with power output much higher than that required for most UAV applications. Since
turbine engine performance deteriorates sharply if operated at part-load, attempting to
use an over-size engine for a smaller aircraft would impose not only a mass and bulk
penalty, but an unacceptable level of fuel consumption. Therefore, a gap in the current
available technology has been identified which is speculated to be potentially filled by the
development of small gas turbine based engines.

A Case Study needs to be defined in order to specify a significant environment for the

27
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investigation: it allows the development of the research objectives and the clear assess-
ment of the results. The Case Study has to be consistent with the three main topics
of the research: UAV, propulsion systems, and Micro Gas Turbine (MGT) technologies.
These are further translated into, respectively, future potential UAV Civil Applications,
unexplored advantage of a gas turbine based propulsion system, and design considerations
of a MGT. The first two topics are developed in the definition process of the Case Study.
Next, the MGT design considerations will be applied in the modeling of the gas turbine
engine. The Case Study definition is performed according to the following procedure:

1. Based on the results of the trade-off between UAV types, possible civil missions
requirements, and propulsion systems performances, the application which presents
the highest potential to meet the demands from society and/or the market when
propelled by a micro gas turbine is proposed for a case study.

2. An existing UAV is selected with similar requirements to those established for the
application in the Case Study. This UAV is further used as a reference for a parallel
Master Thesis project [36], the ” Aircraft Study”, which focuses on the modeling of
the UAV platform and mission performance. The selected UAV has to make use of
a different propulsion system suitable for further comparison with the gas turbine
model performance.

3. An existing gas turbine with the same power level of the current propulsion system
employed in the reference UAV is selected, which will be used as baseline for the
downscaling procedure.

Eventually, the Case Study enables the investigation of different possibilities at a con-
ceptual design phase, which should characterize the micro gas turbine as a competitive
alternative to the current propulsion system employed in the specific application.
Analysis of design considerations of micro gas turbine engines showed that the design of
a small gas turbine with positive power output is a challenging task. The trend towards
diminishing size requires to maintain the high levels of component efficiencies needed to
achieve the improved engine performance goals. The main challenge of the project is to
improve the propulsion system efficiency for specific requirements in terms of range and
endurance. The goal of the study is to optimize the maximum takeoff power, still satisfy-
ing the cruise power required, while performing a competitive specific fuel consumption.
For the modeling and optimization, the NLR!’s Gas turbine Simulation Program (GSP)
will be used to determine the best choice of engine flow path and components types,
identifying the critical parameters in the thermodynamic process. Figure 3.1 shows the
research process layout described in this chapter.

!The Nationaal Lucht- en Ruimtevaartlaboratorium (NLR) is the National Aerospace Laboratory of
the Netherlands, an independent non-profit organisation that provides high-quality technical support to
the aerospace sector (NLR is ISO 9001:2000/ AQAP-110 certified).
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Chapter 4

Case Study

In this chapter, the development of a Case Study is elaborated. Section 4.1 explains how
a reference mission is selected from the potential applications previously identified. Based
on this, an existing UAV is chosen to be used as a reference model for the study. This
choice is explained in detail in section 4.2. Finally, section 4.3 illustrates the importance
of selecting an existing gas turbine as baseline for the design of the Case Study engine
model.

4.1 Application

The possible civil UAV applications identified showed a great variety of possible require-
ments to be satisfied by the system. In the Exploration Study 2.1.4, an effort has been
done to translate mission objectives into standardized requirements in terms of range, en-
durance, flight altitude, speed, vertical take-off and landing capability. Definitions used
to establish comparable values for the requirements for each application have been pro-
posed. According to this criteria, a first selection of UAV types which could perform each
mission has been performed. This represents the starting point for the identification of a
Case Study application. The selection process is explained in detail in section 4.1.1, while
the applications proposal and the selected mission requirements are discussed in section
4.1.2.

4.1.1 Selection Procedure
In the Case Study definition process, it is fundamental to identify the elements which
play a key role in the research, and to carefully define the relations among them. These

elements are:

e Application

e Type of Propulsion System
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e Type of UAV

Their relations are based on the application requirements, propulsion system performance,
and agreed UAV type definition, as described in figure 4.1.

Operational altitude
Operational speed
SFC

Power Level

P/W

Performance

| Propulsion Systems |

UAV Types Applications

Classification Mission Requirements

f

* Operational altitude Range
* Endurance
* Endurance . .
* Operational altitude
* Range .
* Operational speed
MTow * VTOL/Hover capability

Figure 4.1: Selection process elements and relations layout

The three main blocks and relations implied by the blue arrow have been previously
discussed in the Exploration Study. In table 4.1, an effort has been done to categorise
typical UAV propulsion systems according to UAV type and power level, determining the
red arrow in figure 4.1.

As already discussed, the lack of existing gas turbine engines with power levels below
200 kW constrains the smaller UAV classes to employ reciprocating engines or electric
motors. It is therefore interesting to investigate which identified civil applications from
the literature review could benefit from a UAV powered by a gas turbine. In figure 4.2,
the green arrow is developed as a map of UAV applications areas for which gas turbines
could be suitable. High endurance, high speed, long range or high altitude requirements
will play a vital role in the conceptual design process of the UAV. Especially the speed
requirement will be a dominant factor for both the UAV configuration and the type
of propulsion system which is selected (turbojet/fan or turboprop/shaft). For clarity
purposes, in figure 4.2 the UAV civil applications have been divided according to the gas
turbine engine type(s) whose requirements matched those of the particular application.
From the figure, it is clear that certain applications could well benefit from two or even
three different kinds of gas turbine engines. This is due to the fact that the definitions
of the applications themselves are still at a conceptual phase and only a more detailed
evaluation could enable the setting of more specific requirements in these terms.
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Turboshaft

e Urban photography
* Information services
o Traffic agencies

e Archaeological survey

Power Range
UAYV Type | Engine Type
(kW)

Micro Electrical 0.75
Mini/

| Piston (2x2) 0.75 - 15
CR/SR
LR/EN Rotary 15-70
MALE Piston (4x4) 70 - 150
MALE Turboprop 200 - 370
HALE Turbo-Jet/Fan >370

Table 4.1: Engines for UAVs

Turbofan / Turbojet

e Telecommunication
e Atmospheric satellite

Courier service
Emergency
support

e Herd monitoring

s Police authorities (security
and incident surveillance)
* Forest fire communication

and fighting

e Local authorities (disaster

control)

spraying
Private security
company

e Crop monitoring and

Coast guard
Fisheries
Customs an

Ice reconna

services

Lifeboat institutions

Meteorological

d excise

issance

Turboprop

River authorities (water
course and level monitoring)
Utility companies - gas, oil,
and electricity

Mining

Mapping

Forest fire detection
Conservation
Geographical and
geological survey

Figure 4.2: Applications divided according to most suitable Gas turbine engine type
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As it can be seen, not all the applications presented in 2.1.4 are present in the figure.
The reason for this is that applications with very low required speed and/or low altitude
are not suitable to be powered by a gas turbine engine. Moreover, in order to reduce
unnecessary complexity in the further case study, also UAV applications which required
vertical take off an landing (VTOL) and hover capabilities have been excluded from this
analysis.

In figure 4.3, UAV civil applications grouped according to similar requirements have
been set over the different UAV classes which could accomplish the specific task. In
addition, different colors have been used to distinguished which gas turbine engine type(s)

is expected to best perform for each case.

HALE — High Altitude Long Endurance

MALE — Medium Altitude Long Endurance

Endurance

Long Range

Medium Range

Short Range

Close Range

Mini

I Turboshaft
Ry Turboprop /
shaft

— Turboprop

VZZZ3 Turboprop / fan £
<

I Turbofan / jet &7

Turboshaft /
prop / fan

Y co,
Oritiag
Co,,
CUSPO
Sery; ey

Uty
aug,

Figure 4.3: UAV civil applications versus UAV types versus gas turbine engine types

As it is shown both in table 4.2 and in figure 4.3, the turboprop configuration appears
to be suitable for the broader range of possible applications. Geological surveys, forest
fire detection, utility companies support are some of the civil applications recognized
with the highest potential in the near future, and which could highly benefit from the

implementation of a gas turbine base propulsion system.

4.1.2 Mission Requirements Definition

According to these results, three types of applications are considered suitable for a Case

Study. These are:

1. Power and Pipeline Inspection
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2. Package Delivery
3. Forest Fire Support / Mining Exploration

Power and Pipeline monitoring is much in demand in Russia, U.S., Canada, and in many
other counties worldwide. Oil and gas pipelines and power lines are fixed located. That
is why allocation, concordance and authorization of limited controlled airspace over the
pipelines and power lines for UAVs flights, especially at a low altitude, could be real-
istic in near-term outlook. Numerous international oil companies have sponsored UAV
demonstrations focused on facility and pipeline inspection, surveillance and monitoring.
Currently, many areas of high risk to pollution and high environmental sensitivity are
monitored daily by costly manned aircraft surveillance; UAVs can replace or augment
these manned air vehicles, providing a cost effective alternative that also reduces human
risks.

There are several reported activities of this kind involving the use of UAVs. Quoting
UAV Systems: The Global Perspective 2005 by Blyenburgh & Co, ” Aeronautics Defense
Systems is using its short range Aerostar UAV to provide protection and patrol services
for Chevron Texacos operations in Angola, under a two year contract awarded last year
and reportedly worth US$ 4 million. The Aerostar carries a payload of up to 50 kg and
has an endurance of 14 hours. Moreover, Fugro Airborne Surveys ! reported on the de-
velopment and deployment of the Fugro GeoRanger, a 18 kg UAV based on the InSitu
Scan Eagle 2, used in magnetic surveys. It has an endurance of up to 10 hours and a
cruise speed of 75 km/hr. The maximum fuel and payload weight is 5.4 Kg. Another
example is the MagSurvey Prion 3, a 30 kg UAV targeted for use in magnetic field surveys
which makes use of a very sensitive Cesium magnetometer. Furthermore, according to a
written statement by Terzah Poe of Shell Oil 4, ”Shell may enlist pilotless planes to aid in
exploration [...]. Drones are being investigated as an alternative to manned aerial flights
for marine mammal monitoring in order to reduce the safety risk to humans associated
with flights over remote stretches of Arctic Ocean. The unmanned aerial vehicle, or drone
aircraft, would be used to monitor and track marine mammals in the areas where we are
operating.”

Requirements for each application have been identified in table 4.2 according to the results
of the Exloration Study and, when required, practical estimations to meet the mission
goals. For example, Package delivery range value has been selected by considering the
average distance between African capitals. This choice was determined as a proper refer-
ence example of a typical point-to-point mission where lack of infrastructure could hinder
the deliver of high value goods such as medicines or emergency items. In the same case,
high cruise speed is advantageous, compared to the lower required speed for applications
1 and 3. This has been estimated according to the need of quick intervention of applica-
tion 2 opposed to the required accuracy for the cameras which can only be achieved at a
flight speed inferior to 100 km/h. Similar reasoning have been elaborated for the missions
requirements when not available in the literature.

For the mission requirements estimation in table 4.3, the reasoning in [23] has been
followed. Regarding pipelines, one of the longest oil pipelines in the world is the 1768

www.fugroairborne.com, Accessed: 04-10-2014
www.insitu.com, Accessed: 10-04-2014”
www.magsurvey.co.uk, Accessed: 10-04-2014"

1
2
3
4www.alaskajournal.com, Accessed: 10-04-2014”
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L. 1- Power and Pipeline . 3- Forest Fire Support
Application 2- Package Delivery
Inspection or Mining Exploration
Routine inspections: Goods delivering to
—Identify forest fires
—1004 km stretches of areas with limited
in gather intelligence;
L power & pipeline or difficult access;
Description —Locate potential mining
—timely detect leaks, —Issue of landlockedness
areas;
disruptions or problems in developing countries
—surveys for oil and gas
—Longest line 1768 km —Point-to-point
1100 km 400 km
Range 1800 km (average distance between | (100 km above forest +
African capitals) 300 km travel distance)
Cruise speed 100 km/h >300 km/h 100 km/h
Endurance 20 h 4h 30 +h
5000 m
Altitude 1000 m >5000 m (high enough to avoid
hot and turbulent air)
10 kg 10 kg
Payload 100 kg

(IR and day camera)

(IR and day camera)

Table 4.2: Applications Proposal

km long Baku-Thilisi-Ceyhan (BTC). On the other hand, a development survey typically
covers an area of 400 km?, whereas an exploration survey can cover up to 10000 km? °.
For a 400 km? development survey of a region 200 km from a suitable UAV take-off and
landing strip, with a line scan spacing of 200 m it has been calculated that 2 flights are
needed, each flight covering 1569 line km in about 16 hours, for a UAV cruising at 100
km/hr. For an exploration survey covering a 10000 km? region, 200 km from a take-off
and landing strip, with a line scan spacing of 400 m, a requirement for 24 flights, each
flight covering 1560 line km and lasting about 16 hours, at a cruising speed of 100 km /hr
has been calculated. From the above considerations, a UAV with a range of 1800 km,
flying at 100 km/hr for 18 to 21 hours per flight would be suitable for both geophysical
survey and pipeline monitoring work.

Requirements
Range 1800 km
Cruise speed | 100 km/h
Endurance 20 hr
Payload 10-50 kg

Table 4.3: Requirements established for the selected Case Study Application

SBP Frontiers Magazine: Issue 18, April 2007: Surveys in silicon.
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4.2 Reference UAV

Investigation of the potential of a micro gas turbine engine propulsed UAV for the se-
lected mission starts with the identification of a reference existing UAV. This reference
UAV needs to showcase similar mission performance to that established for the Case Study
Application. Once such a UAV is selected, it can be modeled and its mission performance
can be studied when different engine models are implemented.

In the definition of the Case Study, the exploration of a class of gas turbine based en-
gines which is not currently available in the market has to be guaranteed. To prove it to
be a competitive technology compared to the current propulsion systems employed, the
preferred output power of gas turbine based propulsion system for a high potential civil
UAV application should be selected in the range of 30-60 kW, a value expected to be
further updated during the research process. This conclusion has been drawn according
to the discussion of the Exploration Study results with the Delft University’s Propulsion
and Power group.

Appendix D presents all the existing UAVs within the selected power range with their
specifications. Almost all the existing UAVs in this power class make use of reciprocat-
ing engine, mainly due to the lack of reliable gas turbine engines with the same output
power available in the market. Moreover, the selected power range is considered to be
appropriate for most of the missions identified which might be potentially powered by

a turboprop/turboshaft engine. As shown in figure 4.4, no evident trends in terms
MTOW and Power Span and MTOW
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Figure 4.4: Design and system performance trends evaluation of existing UAVs

of maximum take off weight, wing span, mission requirements, and, in general, in UAVs
design could be identified from the analysis of the existing UAVs in the selected power
range. This definitely shows the great variety and possibilities enabled by this new kind
of technology, indicating that each new system requires a tailored design according to the
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specific mission to be performed.

According to the analysis of the existing UAVs in section 2.1.5, the EADS Harfang has
been chosen as reference. Harfang is a medium-altitude, long-endurance (MALE) un-
manned air vehicle system principally designed and developed for the French Air Force
to perform Intelligence, Surveillance, Target Acquisition and Reconnaissance (ISTAR)
missions at strategic, operative and tactical levels. It is manufactured by EADS, France,
and Israel Aerospace Industries (IAI) further aided in manufacturing the aerial platform
and subsystems.

The Harfang design is based on IAT’s Eagle 1/Heron TP platform, in figure 4.5. It can
perform a range of missions encompassing surveillance, reconnaissance and target desig-
nation. It transmits data or images captured by the optronics sensor and airborne radar
through a satellite link. The drone features a high wing, equipped with shutters and
de-icing systems stabilised by a twin-boom. It can carry a maximum payload of 250 kg
to 7500 m for 24 hours without refuelling. Table 4.4 summarizes the UAV specifications
which are discussed in more detailed in the following subsections. The Harfang is pow-
ered by a single four-stroke liquid air-cooled Rotax 914 F turbocharged engine [37]. It
was manufactured by Austrian aircraft engine supplier BRP-Rotax. The engines drive
a two-bladed propeller in pusher configuration at the rear of the fuselage nacelle. It
can produce 115 hp (86 kW) of output power, a value further used as reference for the
modeling of the gas turbine engine. It is expected that two different propulsion systems
(reciprocating and turbine engines) with the same power output will unlikely showcase
the same performance (in terms of specific fuel consumption), especially considering their
diverse power-to-weight ratios.

~ ‘i_k \1'—/%’ Il

Figure 4.5: EADS Harfang UAV views, from [2]

4.3 Reference Gas Turbine Engine

The engine model further used as a baseline engine for the Case Study is a TP100 tur-
boprop with output shaft power of 180 kW built by PBS Velka Biteé, [38]. This engine
is a dual shaft turboprop set-up with a gas generator module on one shaft and a free
power turbine on the other. Exhaust gases from gas generator drives the single stage
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EADS Harfang Technical Data
Country of Origin France
Manufacturer EADS - Netherlands / IAI - Israel
Initial Year of Service 2008
Production 4
Length 30.51 ft (9.30 m)
Width 54.46 ft (16.60 m)
Height 7.55 ft (2.30 m)
Weight (Empty) 14455 1b (660 kg)
Weight (MTOW) 2756 1b (1250 kg)
Powerplant 1 x Rotax 914F turbocharged engine (115 hp)
Maximum Speed (true air speed) 127 mph (204 km/h, 110 kts)
Endurance 24 h
Loiter time 12 h at 550 nm
Maximum Range 621 miles (1000 km)
Service ceiling 24934 ft (7600 m)
Payolad 250 kg - sensors, optics and communications equipment

Table 4.4: EADS Harfang Specifications

power turbine, and the power is subsequently transmitted through a gearbox to a three
blades propeller with constant speed. The engine can be installed in both pusher and
tractor mode. Pusher configuration is designed for experimental aircraft or UAV, and it
will be further considered in accordance with the original reciprocating engine configu-
ration of the Reference UAV in section 4.2. The gas generator is made up by a single
stage radial compressor and an axial turbine. Centrifugal compressors are able to achieve
higher pressure ratios than their axial counterparts. However, compressor disk diameter
increases quite rapidly with increasing mass flow, making a centrifugal compressor un-
suited for larger gas turbine engines, but attractive for the MGT in this study. Both the
gas generator and power turbines are axial turbines. The free power turbine is connected
to a gearbox which reduces the axial speed to a suitable speed for the propeller. In the
case of the TP100 the gas turbine is connected to a three bladed constant speed propeller.
TP100 Specifications are described in table 4.5.
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TP100 Technical Data

Manufacturer

PBS Velkd Bites - Czech Republic

Output Shaft Power

180 kW (Sea Level Static Conditions)

Dry Weight 61.6 kg

Engine Length 887 mm

Width x Depth (without exhaust) 330 x 398 mm

Fuel JET A, Al, B, TS-1, T2, RT
Operational Ceiling 9000 m

Table 4.5: TP100 Engine Specifications




Chapter 5

Model Development

5.1 Micro Gas Turbine Performance Model

As highlighted by the Explorations Study, the design of a small gas turbine is a chal-
lenging task, since MGT performance and losses are dependent on engine size. When an
engine of one size (power output) has been designed, one can estimate some of the design
parameters for an engine of a different size through a type of scaling which depends on
the assumption that compressor pressure ratio, turbine inlet temperature, and efficiencies
do not change from one design to the other. The first conclusion is that the mass flow of
air through the engine would vary in direct proportion to power. If similar geometry are
also assumed, then dimensions such as the wheel diameter scale with the square root of
power, and rotational speed varies inversely to the square root of power.

Despite careful attention to detail at the design stage and during manufacture, small tur-
bomachines always have lower efficiencies than larger geometrically similar machines. The
primary reason for this is that it is not possible to establish perfect dynamical similarity
between machines of different size. According to Dixon [39], exact geometric similarity
cannot be achieved for the following reasons:

e the blades in the scaled machine will probably be relatively thicker than in the
original one;

e the relative surface roughness for the scaled machine blades will be greater;

e leakage losses around the blade tips of the scaled machine will be relatively greater
as a result of increased relative tip clearances.

The starting point for the modeling of the MGT is therefore the downscaling process of
the reference turboprop engine described in 4.3.

The main requirement when scaling down a gas turbine is to preserve the characteristics
of the thermodynamic cycle. This means that the same enthalpy change in the compressor
and turbine should be preserved, but at a smaller mass flow. The thermodynamic cycle

41
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analysis can be then used to predict the performance of the engine in terms of efficiency
and power output for a given mass flow rate. The thermodynamic performance of a gas
turbine cycle at design point conditions is mainly a function of three parameters:

e Turbine inlet temperature (TIT)
e Compressor pressure ratio

e Component efficiencies

Turbine Inlet Temperature Next to gas parameters several other parameters are needed.
These parameters include:

e Inlet pressure, temperature, and mass flow (7h,);

e Combustion efficiency (1), and fuel heating value (LHV);

Gas Generator Turbine shaft mechanical efficiency(7,,);

Power Turbine shaft mechanical efficiency(n,,), exit-to-ambient relative pressure

drop (dPp);

Exhaust Nozzle efficiency (7,) and effective area;

e Propeller diameter (D)), dynamic and static efficiency (1, nprsTaric)-

Most of this values are available for the reference turboprop engine, while propeller diam-
eter has been selected according to the Reference UAV manufacturer data, and propeller
static and dynamic efficiency have been implemented according to the ideal propeller the-
ory as further explained in appendix C.

The choice of engine flow path and components type will be based on a series of experi-
ments performed with the NLR’s Gas turbine Simulation Program.

5.1.1 Downscaling Approach

A preliminary micro turbine design can be drafted by scaling from an existing reference
model using the appropriate non-dimensional parameters. As a first step, the design
air flow will be scaled down to obtain the required power output by changing the tur-
bomachinery diameter, since inlet mass flow is proportional to the second power of the
diameter, and roughly proportional to output Power:

e < D? oc PW (5.1)

Moreover, design efficiencies need to be corrected for the downscaling effects. Efficien-
cies generally decrease with decreasing scaling factor according to complex non-linear
relations. The effects of scaling on the efficiency will be implemented through efficiency
drops. The corrected inlet flow parameter reflects the physical size of the turbine nozzle
throat, and controls flow capacity. However, for a particular turbine design the efficiency
is also dependent upon velocity ratio, blade solidity, vane and blade profiles, Mach and
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Reynolds numbers. Conservation of Reynolds number conflicts with the conservation of
enthalpy change when changing the dimensions of the rotor. A reduction of Reynolds
number with decreasing dimensions is unavoidable unless also the viscosity and/or pres-
sure level of the fluid are modified.

The downscaling technique adopted in this study is here outlined:

1. Identification of a scaling factor (SF) based on the expected shaft output power
at specified engine cycle conditions (ambient temperature and pressure, PR., and
TIT): Scaling Factor

o PWpesired

SF = 5.2
PWrEgr (52)

2. Identification of required air mass-flow based on selected SF':
ma,scaled = MaREF * SF (53)

3. Complete cycle calculation assuming component efficiencies as size-dependent vari-
ables according to the relations explained in section 5.1.2.

Since mass flow rate and power are expected to drop disproportionally with size due to
increasing boundary layer and loss effects, an iterative process is required to adjust 1y,
SF, and components efficiency, in order to reach the desired output power.

Therefore, in this work different scales mainly refer to different engine mass flow rate
rather than different output power. This is because changing compressor pressure ratio
and turbine inlet temperature at the same ambient conditions will effect the power output
of the engine, even though the inlet air mass flow is kept constant. This will be further
discussed in Chapter 6.

5.1.2 Components Efficiency Calculation

Despite careful attention to detail at the design stage and during manufacture, it is
a fact that small turbomachines always have lower efficiencies than larger geometrically
similar machines. The primary reason for this is that it is not possible to establish perfect
dynamical similarity between turbomachines of different size. Components efficiencies can
be estimated with empirical loss models and correlations, which can eventually include
size as a variable for performance change prediction with engine dimension.

The component efficiencies are influenced by:

e The rotor/impeller sizes;

e Velocity ratio (vuTtt)? ratio of rotor tip speed to theoretical spouting velocity;

e Exit Flow coefficient (C—t), ratio of exit meridional velocity to tip speed;

m
U

e (Clearance gaps;
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The velocity ratio is direct measure of the blade loading. The exit flow coefficient is an
indirect measure of the specific speed. Radial turbine design is dictated by criteria like
specific speed and/or velocity ratios. For smaller turbines the size of the turbine wheel
needs to be reduced and, thus, the rotational speed increased in order to reach a high
efficiency.

Various simple corrections have been devised to allow for the effects of size (or scale) on
the efficiency. One of the simplest and best known method is that due to Moody and
Zowski [40], also reported by Addison [41] and Massey [42], which applied to the efficiency

of turbines is: N N
1 —nerEF D, VSF '

Where the index n is in the range of 0.2 to 0.25.

To improve fuel economy there is a strong incentive to increase cycle pressure ratio.
Higher stage pressure ratios are realized by increasing rotor tangential velocities, and are
accompanied, therefore, by larger Mach numbers both at the rotor entry and exit. The
aerodynamic problems associated with diffusion from these larger Mach numbers must
then be solved concurrently if efficient high pressure ratio operation is to be obtained.
These problems involve careful selection of the blading solidity, thickness chord ratios,
nose radius, hub and shroud contours, appropriate rotor and diffuser diffusion ratios,
and strict control of the design dimensions. It is not feasible to maintain the desired
aerodynamic blading properties as size is diminished because of manufacturing tolerance
limitations. Blade-edge thickness cannot be continually decreased in proportion to diam-
eter and contour envelope accuracy must be compromised. The inducer section of small
radial compressors is particularly sensitive to Mach and Reynolds number effects as a
consequence of the strong suction surface diffusion near optimum incidence. As a result
of all these factors, the decrease of compressor efficiency with increasing pressure ratio
can be approximated by the empirical relationship:

Constant [ Py
An,= ———+—[—=-20 5.5
7 V VCR (Pl ) ( )

PPressurePressure The value of the constant is usually of the order 0.1-0.13, where ’0.13’
is for current small compressor designs, with zero inlet air pre-rotation and is the value
which is further implemented in the model. R is the gas constant in [ft Ib/lb degR] and
is gas dependent, therefore 53.3 was used for air.

The losses resulting from clearance gaps are basically related to the ratio of the effective
clearance gap to blade height. Due to a lack of blade height and clearance gap data on
different sizes of turbines, these effects are not included in this study. This will obviously
induce some error in predicting the complete effect on the efficiency loss due to size
decrease. However, previous work estimated that this effects do not exceed 1% ([35]).
The final equations for the compressor and turbine isentropic efficiency are:

Mo = [1 — (1= Thep) (\;TF)OQ + [0.040415 - (3%) (PR. - 2)} (5.6)

Equation 5.6 is arranged to break down to the design compressor efficiency of the reference
TP100 when the scaling factor SF is 1 and PR, is 4.6794. Again, the first expression in
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the square brackets represents the size effects, while the second expression is a measure
of the pressure ratio effects.

Turbines do not exhibit significant Mach number and pressure ratio penalties providing
pressure ratios are lower than approximately 5.0. Therefore, the final relation for the gas
generator and power turbine is:

(5.7)

o= [1 (1= ) (%}F)O

5.1.3 Technology Levels

In order to get a high power output, a high turbine inlet temperature (TIT) is needed.
Given the small scale of the engine, a high TIT will lead to high overall temperature of
the engine structure, and several safety measurement will be needed. The TIT is de-
termined by the rotor alloy stress rupture and low cycle fatigue strengths, duty cycle,
and cooling options. Compromises are made in turbine design to achieve the optimum
balance of power, efficiency, cost, engine life, and other factors. For example, an engine
that can operate at a higher TIT than previous models (due to improved materials and
design) will allow for increased power and improved efficiency while adding higher cost
for the direct cooling of the first turbine stage airfoils and other components. Current
microturbine inlet temperatures are generally quite low to enable the use of relatively
inexpensive materials for the turbine wheel. Previous works have indicated that turbine
inlet temperatures up to 1250 K are feasible with the customary Inconel 713 material.
With advanced materials, such as MAR-M247, TIT can be raised up to 1300 K [43].

On the other hand, increasing cycle pressure ratio is attracting in order to improve engine
fuel economy. Therefore, choice of compressor pressure ratio is a major design consider-
ation. Small gas turbines have been designed with overall pressure ratios ranging from
2.5 to 8.0 with both single stage centrifugal, mixed flow, multistage axial compressors,
and combinations of the above. The centrifugal is the least sensitive to clearance losses,
and is therefore capable of wide surge margins with high inlet flow distortion tolerance.
Higher stage pressure ratios are attained by increasing rotor tangential velocities, and
are accompanied, therefore, by larger Mach numbers both at the rotor entry and exit.
The aerodynamic problems associated with diffusion from these larger Mach numbers in-
volve careful selection of the blading solidity, thickness chord ratios, nose radius, hub and
shroud contours, appropriate rotor and diffuser diffusion ratios, and strict control of the
design dimensions. It is not feasible to maintain the desired aerodynamic blading prop-
erties as size is diminished because of manufacturing tolerance limitations. The inducer
section of small radial compressors is particularly sensitive to Mach and Reynolds number
effects as a consequence of the strong suction surface diffusion near optimum incidence.
However, at higher pressure ratios, compressor surge and engine matching do not always
allow operation at peak compressor efficiency. Therefore, engine design point compressor
efficiency may be one to two percentage points below peak efficiency dependent upon
compressor flow range characteristics.
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The choice of TIT effects the turbine specific power, while compressor pressure ratio PR,
influences the specific fuel consumption. This means that engine size and dry weight is
dependent upon specific power, while engine wet weight is dependent on SFC.

The focus of improving gas turbine technology is centered on combinations of higher
temperatures and finding the corresponding optimum compressor pressure ratios. For the
scope of engine performance analysis, each combination of design TIT and design PR,
is defined as a certain ”Technology Level”, which implies specific turbine material and
cooling options, and specific compressor design and manufacturing limitations.

5.1.4 Weight Estimation

Once a new engine is assumed to be a scaled version of an existing one, with some per-
formance improvement due to the use of newer technologies, a preliminary engine weight
estimation needs to be performed. This is required because the integration of an engine
with reduced weight and size effects the aerodynamic performance of the UAV. This ef-
fect should be taken into account for further mission performance analysis when different
engine technologies are compared.

Two preliminary weight estimations methods depending on turboprop power output have
been selected. The first one, developed by Raymer [44], follows the scaling equations
defined in table 5.1. Weight is in pounds, length and diameter in inches.

Scaling Law for turboprop engines

Xscated=XactuarSF?, b from table values

SF = gLic; , PW in hp
X b
Weight 0.803
Length 3.73
Diameter 0.12

Table 5.1: Scaling laws for turboprop engines

In reference [45], an empirical model was formulated for the specific weight of a turbine,
which is the weight of the engine per kilowatt produced. This empirical expression is
given as follows:

Wi = ax (PW)~%292 4 0.9852Y (5.8)

Where:

Wy specific weight in (kg/kW)
a: coefficient

PW: shaft power required (kW)
AY': years from 1958
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The value of the coefficient for the required shaft power has been adapted based on the
data for the reference turboprop engine TP100: with 180 kW max power, 2009 year of
production, and 61.6 kg of engine dry weight, the above formula takes the form:

W, = —0.54859 = (PW) %292 4 0.9852Y (5.9)
By multiplying the specific weight with the turbine output power, the final weight is
obtained. For the scope of this study, a rough weight and size estimation is assumed
acceptable. Engine installation weight is also not considered at this stage. Therefore, the
two aforementioned methods have been applied for weight calculation and the average of
the results has been further considered in the model, as shown in the example for different
scaled models in table 5.2:

PW | Estimated | Estimated | Averaged
Weight 1 | Weight 2 Weight

(kW] [kg] k] [keg]

86 34 23 29

70 29 18 24

60 25 15 20

Table 5.2: Weight Estimation Methods for different scaled models in the selected power
range

5.1.5 GSP Implementation

The GSP Gas turbine Simulation Program [46] cycle code is used to predict engine per-
formance scale effects in terms of efficiency and power output.

GSP is a component based modeling environment developed by Dutch National Aerospace
Laboratory NLR and Delft University of Technology. GSP allows steady state and tran-
sient simulation of different gas turbine architectures for performance prediction, con-
trol system performance analysis, diagnostics/prognostics, failure analysis, structural and
thermal load prediction, and life prediction.

Besides being a performance prediction tool, GSP is especially suitable for parameter
sensitivity analysis such as: ambient (flight) condition effects analysis, preliminary design
analysis, installation loss effects analysis, analysis of effects of certain engine malfunction-
ing, component deterioration effects analysis, emissions and jet noise.

GSP is primarily based on 0-D modeling of the thermodynamic gas turbine cycle, whereas
the gas model is based on NASA’s CEA program for the thermodynamic properties of
gas chemical composition. As a zero dimension model, in GSP the flow properties are
averaged over the flow cross section areas at the interface surfaces of the component mod-
els (inlet and the exit). Component model stacking is used to create the thermodynamic
cycle of the engine of interest, where the exit gas condition of a component forms the
inlet gas condition of the next component in the configuration.
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In this study, both Design Point Performance and Off-Design Performance analysis are
performed. In the cycle Design Point (cycle reference point) all the mass flows, the total
pressures and total temperatures at the inlet and exit of all components of the engine
are given. When appropriate Mach numbers at the component boundaries are selected,
then all aero-thermodynamic important dimensions of the gas turbine are fixed. Thus,
selecting a cycle DP defines the geometry of the gas turbine and cycle design point studies
compare gas turbines of different geometries.

Furthermore, off-design performance is required to check the steady state performance of
gas turbines when their operational conditions are changed. For an off-design simulation,
components maps are required. The maps are scaled before the off-design calculation
commences in such a way that they are consistent with the cycle design point.

The design operating point for the TP100 is take-off power at runway conditions. An
overview of the design model parameters is described in table 5.3.

Reference Engine Design Point parameters

Description Symbol Value  Unit
Inlet pressure Ptl 101325 [N/m2]
Inlet temperature Ttl 288.15 (K]
Inlet mass flow me  1.424  [kg/s]
Compressor isentropic efficiency ne  0.805 ]
Compressor pressure ratio PRc 4.6794 ]
Fuel mass flow my  0.026  [kg/s]
Combustion efficiency m  0.958 ]
Fuel lower heating value LHV 42916 [MJ/kg]
Gas generator turbine isentropic efficiency Nggt 0.836 -]
Power turbine isentropic efficiency et 0.825 ]
Shaft mechanical efficiency (both shafts) N 0.99 ]
Power turbine power delivered Pwghagt 190 kW]

Table 5.3: TP100 design point parameters

This model is further improved with the implementation of the downscaling method as
explained in 5.1.1, and it is extended with the addition of the propeller component model.
The final architecture for the baseline MGT analysed in this study is shown in figure 5.1.

In this figure, the gas generator consists of an inlet (8), a compressor (9), a combustor
(11) and the high pressure turbine(12). The gas generator exit gas is expanded in the
low pressure power turbine (13). In the exhaust nozzle (14) the power turbine exit gas,
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Figure 5.1: GSP model of the MGT

which still has some over pressure, is expanded into a jet at the nozzle exit station (9),
providing a small percentage of the total thrust. Since there is no divergent nozzle, part
nozzle throat station (8) is equivalent to exit station (9) in the GSP model. The propeller
component (3) receives power from the power turbine shaft and translates it to thrust,
as further explained in section 5.1.6. The manual fuel controller (10) is a component
required by GSP that enables direct specification of off-design fuel flow to the combus-
tor component. Fuel flow also can be specified as a ’free state’ in order to calculate an
off-design operating point with user specified combustor exit temperature TIT, or other
power setting conditions such as turbine rotor speed and/or power load.

The next step is to configure the component models with their design data and perfor-
mance characteristics. Component(1) is used to set the constant scaling factor SF as
defined in 5.1.1, while component (4), (5), (6), and (7) are DP equation components
which add relations among input parameters. In the scheduling component (7), the inlet
mass flow rate is imposed with according to SF as shown in figure 5.2. Components (4),
(5) and (6) are used for implementing the scaling relationship for turbines and compressor
efficiencies. Equation 5.10 shows the final implementation of the compressor design effi-
ciency. Here, the scaling laws developed in section 5.1.2 have been implemented together
with the trasformation from isentropic efficiency into polytropic efficiency. A compression
or expansion process can be characterized by either isentropic or polytropic efficiencies.
In case of calculating gas turbine cycle performance for a range of compression ratio val-
ues as is typical for cycle analysis and optimisation, using polytropic efficiency is most
practical. Morevoer, the air specific heat ratio has been averaged between 1o at station
12 and 73 at station 3. R is the gas constant in [ft 1b/lb degR| and is gas dependent,
therefore 53.3 was used for air. Figure 5.3 shows how this is implemented in the GSP
Design Scheduler.
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Figure 5.2: Design Point Equation Scheduler for Inlet air mass flow
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5.1.6 Propeller Model

The propeller component can be used simulate various types of propellers:
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Figure 5.3: Design Point Equation Scheduler for Compressor Design Efficiency

e propellers with a user specified propulsion efficiency based on the ideal propeller
theory;

e fixed pitch propellers with varying shaft speeds;

e variable pitch propellers at constant shaft speeds.

Since a performance map was not available for the propeller component, ideal propeller
theory with user specified propulsion efficiency has been used:

AL
Tlprop = W
erformance of propellers with an user specified efficiency at flight-conditions (no map)
are described with actuator disk (or ideal propeller) theory. A detailed explanation of this
method is developed in appendix C. The actuator disk is a model for an ideal propeller.
The energy given by the actuator disk to the flow is fully transformed into the kinetic
energy of the slip stream. The propulsion or so-called Froude efficiency is given by:

(5.13)

TV 2
NFR = PW = Vj%ml (5.14)

Where Vj ;j4eq1 is the ideal jet velocity and Vj is the true air speed.

In GSP, ngg is calculated and compared with the user specified efficiency. If the user
specified efficiency is higher than nppg, it is lowered to this value. If the user specified
efficiency is lower than ngp, that user defined value is directly used to calculate the
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propeller thrust.

A distinction is made between static and in-flight conditions. The reason is that at
static conditions npr = 0 by definition, since V; = 0. Therefore, at static conditions the
propeller efficiency is defined as 7:

dEk'Ln,z

dt
= o 5.15
st PWdelivered ( )

The numerator in equation 5.15 is the kinetic energy production rate in the slip stream
based on the axial velocity component.

To avoid singularity problems, a propeller with virtual rotational speed N as power setting
variable is introduced and the propeller diameter is chosen to be equal to the diameter
of the actuator disk. The virtual rotor speed is used as scaling parameter. The power
delivered to the propeller is given by:

PW = CpypN3D? (5.16)

from which the power coefficient C,,, is obtained, with N propeller rotational speed in
[s7!] and D propeller diameter in [m]. The propeller net thrust T is defined by:

T = CypN?*D* (5.17)

where C} is propeller thrust coefficient. Therefore the kinetic energy conversion efficiency
Niin,z = Nst as defined in equation 5.15, becomes:

dELin o T Vj,ichal C’f/sz3D5 \/g 03/2

dt
- _ _ - 5.18
L 2 T CpupN3D5 Cpur /% (5.18)

The value of ny;p . = 7t is user specified, and it is used to calculate the thrust coefficient
Ctl

—\ 2/3
Cy= (nstcpw 2) (519)

The static thrust Ty is then calculated as:

p- 2/3
T = (nstm /,02PW> (5.20)

Limitations of this method are discussed in chapter 6.
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MGT Design Point Parameters

Description Symbol Value Unit
Scaling Factor SF 0.473 -]
Inlet pressure Pt0 101325  [N/m?|
Inlet temperature Tt0 288.15 [K]
Inlet massflow Mgir 0.67434  [kg/s]
Compressor Polytropic Efficiency Nooe 0.8269 -]
Compressor Pressure Ratio PR, 4.6794 ]
Turbine Inlet Temperature TIT 1144.46 [K]
Fuel lower heating value LHV 42916  [kJ/kg]
Fuel massflow Mypuer  0.01224  [kg/s]
Combustion Efficiency M 0.958 -]
Gas Generator Turbine Polytropic Efficiency Moot 0.7996 -]
Power turbine Polytropic Efficiency Noopt 0.7911 ]
Exit to Ambient relative Pressure Drop dPp 0.08 -]
Shaft Mechanical Efficiency (both shafts) N, 0.99 -]
Power Turbine Shaft Power PWihare  85.704 kW]
Thrust FN 3.055 [kN]

Table 5.4: MGT Design Point Performance Parameters

Design Point

The first step in modeling the performance of a gas turbine is the Design Point, which
represents a desired performance at a specified operating point. Table 5.4 present the DP
cycle parameters of the MGT after the downscaling procedure, at full take-off power and
static sea-level conditions.

As explained in section 5.1.3, different combinations of TIT and PR, should be analyzed
for engine design point performance analysis using carpet plot output. Series of Design
Points ('DP sweep’) can be calculated in GSP in conjunction with a Loop Case Control
component. This component can be used as the central storage for specific case input
data. The looped input series of TIT and PR, shown in figure 5.4 have been performed.

Off Design Performance

It is only after DP analysis that a first engine geometry is defined. In order to estimate
the performances under various ambient conditions and thrust settings, it is necessary to
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Figure 5.4: Loop Case Control input series for DP analysis

create an off design model. The off-design performance calculations are fundamental to
ensure that the engine is capable of operating throughout its flight envelope and power
range in a safe, stable and efficient manner. The data from the DP cycle is first used to
create a thermodynamic model and is subsequently extended with a control suite.

The Off-design performance (OD) in this study concerns the operating point change
with varying altitude and flight speed, as it is further explained in section 5.1.6. In
GSP, off-design performance is an iterative process which requires additional information
with respect to the DP simulation. This information is included in the model by the
component maps. These enable prediction of off-design corrected mass flows, pressure
ratios, efficiencies, relative shaft speeds, etc. However, the component characteristic maps
are often hard to obtain or need to be scaled from available standard/similar maps. High
quality maps are a requirement for accurate simulations, especially for the compressor.
In the GSP reference model, the actual compressor map from the manufacturer was used.
For the gas generator turbine the standard generic GSP map was scaled, and for the power
turbine the map of a similar (but larger) engine power turbine was used. Manufacturer
data points have then been used to tune the model of the TP100 engine by adjusting the
specific data inputs in the data entry windows of the GSP model components.

The selected operating conditions to be varied are the ambient conditions and thrust
setting. The next two sections will explain both in more details.
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Flight Envelope

The flight envelope describes the range of altitude and Mach number within which the
engine is intended to operate. There are four speed limits that restrict the flight envelope.
For altitudes between 0 and 3048 m (10000 ft), it extends to zero speed. This altitude
is commonly cited in engine performance studies and is usually the acceleration altitude
during the en route climb in a typical flight mission of a civil transport airplane. Above
3048 m, the left boundary of the flight envelope is limited to the minimum calibrated
airspeed (CAS). The maximum speed is set by the maximum CAS and the maximum
Mach number (lowest is used). In a conceptual flight envelope design, the minimum CAS
is chosen slightly less than the minimum en route stalling speed calculated for the air-
plane model at sea level for the weight equal to the typical operating empty weight. This
is to guarantee that the left border of the engine flight envelope will never conflict with
the airplane stall limit. The maximum speed should not exceed the maximum operating
Mach number usually given in the airplane specifications. The maximum operating alti-
tude in the engine envelope is taken higher or equal to the airplane maximum certified
altitude. Figure 5.5 shows how the flight envelope looks like once the above mentioned
considerations have been implemented. Engine operating maximum altitude is 8000 m,
while operating true air speed varies between 0 and 0.19 Mach, with minimum CAS of
27 m/s above 3048 m, and maximum CAS equal to 38 m/s.

Operating point envelope GSP 11
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Figure 5.5: Flight Envelope for the Off-Design Simulations

Thrust Ratings

A thrust aero-engine has to ensure delivery of the required level of thrust at given operat-
ing conditions. This thrust is attained by controlling the engine with a certain measurable
engine parameter (control parameter) associated with predefined thrust setting for each
particular mission phase. In this study, the turbine inlet temperature TIT has been se-
lected as control parameter.
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Thrust ratings are used to describe the maximum available thrust under standard rat-
ing definitions. These are the maximum take-off (MTO), maximum continuous (MCT),
maximum climb (MCL), and flight idle ratings in a normal operation, described as:

Maximum Takeoff thrust(MTO) This is the maximum thrust that the engine can
deliver for 5 minutes in the take-off envelope of the aircraft. Peak thrust is usually
achieved when the engine is static. This condition usually generates the highest stresses
and temperatures in the engine, hence use of this rating is only permitted for up to 5
minutes of operation. It is used, as the name suggests, for take-off when the aircraft is
at its heaviest and has to be accelerated to take-off speed in a finite runway distance.
The higher the thrust available from the engine, the shorter the runway can be, or the
greater the aircraft payload can be. As an alternative to payload, a higher thrust rating
allows more fuel load to be carried into the air, so extending range of operation. These
trade-offs between available thrust, runway length, aircraft weight and range may need
to be assessed for each flight. An aircraft may take-off with less than maximum take-off
thrust to reduce wear on the engine and extend its life. This is usually termed a 'reduced
thrust’ take-off, and is used to reduce engine maintenance costs.

Maximum Continuous thrust (MICT) Outside the MTO flight envelope, the MCT
rating defines the maximum thrust that can be demanded from the engine. As such, it
has particular significance with respect to engine failure in flight, as the aircraft will have
to proceed to its destination or nearest diversion airport at max continuous thrust.

Maximum Climb thrust (MCL) This is the thrust rating to be used during the climb
phase and it may be the same as max continuous thrust. The top of the climb phase is
typically the most challenging condition for an engine outside the take-off regime, and is
a critical design requirement. De-rate can be applied to MCL thrust to extend engine life,
but at the cost of a slower time to climb and slightly increased trip fuel consumption.

Flight Idle The idle rating is the minimum thrust that can be used whilst the aircraft
is in flight. It is largely defined by the requirement to keep the engine running, possibly
supplying secondary services to the aircraft such as hydraulic and electrical power. The
flight idle rating is important in that the lower it is, the quicker the aircraft can descend
(without going into a dive). It is often determined by stability considerations such as
flutter and surge margin.

For the sake of uniformity in performance modeling and reporting, the Society of Au-
tomotive Engineers (SAE) defined rating code (RC) assignments. The standard Rating
Code numbers are 50 = max takeoff, 45 = max continuous, 40 = max climb, and 20 =
low idle.
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5.2 Models Coupling

A typical aircraft performance model sets the net thrusts required at specific points of the
operational envelope of the aircraft. On the other hand, the engine designer establishes
for each phase the net thrust available by the engine as a function of a certain physical
characteristic of the engine, referred to as control parameter (usually either EPR or TIT),
ambient conditions and flight speed. Rating codes and measured ambient conditions are
converted with the Thrust Management Tables into the value of the control parameter
corresponding to the required thrust. The system also sets the fuel flow rate as required
to maintain the control parameter value.

When applied to this case study, the thrusts available at each SAE rating code have to be
established by modeling at a number of points which discretely represent the engine flight
envelope, as explained in 5.1.6. In the current case, they are obtained from engine OD
simulation according to the following line of reasoning: the value of the control parameter
TIT is calculated corresponding to a certain percentage of maximum thrust. OD simula-
tions are run for the Flight Envelope where the control setting is achieved through a Power
(or thrust) Control component. In this component, Power Codes are defined according
to the thrust rating codes in 5.1.6. To each Power Code is assigned the respective TIT.
The results of the simulations are the above mentioned Thrust Management Tables. Each
rating table contains the variation of ’fractional thrust’ with Mach number and altitude.
"Fractional thrust’ is the thrust divided by reference-thrust-per-engine (sea-level static
thrust, also called fn*). The factors used for different Rating Codes (RC) are available in
table 5.5. In the Thrust Management Tables (figure 5.6), each RC stands a matrix of net

Thrust Rating Code fn/fn*

Maximum Take-Off RC 50 1
Maximum Continuos RC 45 0.9
Maximum Climb RC 40 0.85
Flight Idle RC 20 0.2

Table 5.5: Thrust Rating Codes Assignment

thrusts and a matrix of fuel flows obtained from engine system simulation. Each row in
the engine performance matrixes contains a sweep of either thrust or fuel flow rate values
corresponding to a constant Mach number and varying flight altitude. Each column, in
its turn, is composed of either thrust or fuel flow rate values for a fixed altitude and a
range of Mach number.

Firstly, the rating command is applied to provide unique throttle positions for the mission
phases where thrust modulation is not normally required, as at takeoff and climb. For
the cruise and descent phase, interpolation of the thrust values (and hence fuel flows)
available between RC 45 and RC 20 is required, according to the Aircraft Performance
model results.
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Figure 5.6: Thrust Management Tables structure

5.3 Aircraft Performance Model

An Aircraft Performance Model is developed in a parallel Thesis Project. The model is
able to estimate mission performance for the reference UAV platform described in 4.2,
where the baseline reciprocating engine model is implemented. This is further used as
reference for the evaluation of possible mission performance improvements with other gas
turbine designs. In fact, different gas turbine designs can be compared in the Aircraft
Performance model through implementation of the aforementioned Thrust Management
Tables.

Detailed description of the model is out of the scope of this Thesis, and the reader is
suggested to refer to Beuselinck’s work [36] for a more elaborated explanation.



Chapter 6

Analysis

In this chapter, the results of the engine model are analysed. The effect of different
technology levels, size, and components efficiency on the engine model performance is
discussed, both at design point and off-design. It is important to remember that the
design point has been selected at sea level static conditions. This choice has been made
considering that the combined takeoff-climb phases are those where the engine is assumed
to produce the maximum thrust force, therefore the most critical in the flight envelope.
A final section presents the results of the Aircraft Performance model with different engine
models implemented.

6.1 Technology Level Effects

Different design points for a specific size (in terms of inlet air mass flow) but different
combinations of TIT and compressor pressure ratio can be visualized in a so-called carpet
plot. A carpet plot is a fundamental tool for a comprehensive understanding of the possi-
ble design points: the importance and the effects of TIT and PR, on engine performance
are here further discussed.

Figure 6.1 shows the carpet plot for the first technology level variations after the down-
scaling with a Scaling Factor (SF) of 0.47, value obtained according to the procedure
explained in section 5.1.1. The nominal output power obtained with the reference TIT of
1144.46 K and PR, of 4.6794, once the size effect on the components efficiency have been
applied, is 86 kW. This is the same shaft power delivered by the reference reciprocating
engine. However, it is clear from the figure that increasing TIT has the direct effect of
increasing the power delivered by the engine to the propeller (x axis), while increasing
PR, has the strongest influence in lowering the specific fuel consumption (SFC) of the
engine (y axis).

The SFC is defined as the mass of fuel burned by an engine in one hour divided by the
power that the engine produces. However, for the scope of this study, a different figure
of merit is further selected. The thrust specific fuel consumption (TSFC) refers in fact to

59
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Figure 6.1: Carpet Plot for a Scaling Factor of 0.47 with power output and specific fuel
consumption variations for different technology levels (pressure ratio effects on
components efficiency not included).

the fuel consumed per unit of thrust produced, providing important information about
the performance of a given aircraft engine. Engineers use the TSFC to figure out how
much fuel is required for an aircraft to perform a given mission. However, the value of
TSFC varies with speed and altitude, because the efficiency of the engine changes with
atmospheric conditions. Figure 6.2 reports the values of TSFC over thrust for different
possible Technology Levels at sea level static conditions. From this figure, the increase in
TIT is not beneficial to the TSFC, which in fact increases. This result is due to the fact
that the thrust at the denominator (T'SFC = %) is calculated using an ideal propeller
with constant diameter: this choice is further discusses in the following sections.

At each TIT it is possible to find an ’optimum’ value of PR., which increases with
increasing TIT. These ’optimum’ pressure ratios are not the ones which give the minimum
TSFC for a selected turbine inlet temperature, as it could be concluded from figure 6.3. In
fact, an ’optimum’ PR, for a specific TIT is the one that allows for the best compromise
between thrust available and TSFC, represented by the point where a further increase
in PR, starts decreasing the level of generated thrust. To better explain this concept,
the choice of ’optimum’ PR, is discussed for the baseline TIT of 1144.46 K. The red
dot in figure 6.2 shows the DP at which the engine has been first sized. Clearly, it
does not represent an advantageous point neither in therms of thrust available nor in
terms of TSFC. The ’optimum’ PR, would preferably be closer to 6. Nevertheless, if
the maximum required thrust for the mission is e.g. 3.1 kN, a better option would be to
choose PR, = 7, hence reducing even further the TSFC. On the other hand, this choice
will also effect the performance of the engine in conditions different than the selected
DP, and more information is required for the selection of the best pressure ratio. This
information regards the thrust available at different operational thrust settings in several
critical points of the flight envelope, where the thrust available is only a certain percentage
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Figure 6.2: Carpet Plot for a Scaling Factor of 0.47 with power output and thrust specific
fuel consumption (TSFC) variations for different technology levels (pressure ratio
effects on components efficiency not included).
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Figure 6.3: Variation of TSFC with compressor pressure ratio for different TIT at DP.

of the maximum thrust. These data can be obtained by running the off design simulations
at the conditions of interest, and from the Aircraft Performance model simulations.
Based on the available information at this conceptual stage, a preference for reduced TSFC
leads to the selection of PR, slightly higher than the aforedescribed ’optimum’ PR.. TIT
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step of 50 K is considered a proper representation of engine technology improvement, as
already discussed in Chapter 5; TIT equal to 1300 K is not taken into account because of
the level of thrust generated exceeding by far the required thrust for the selected mission.

6.2 Size Effects

Excess thrust can be reduced by downscaling the turbine even more. Again, size is chosen
to be identified by the inlet air mass flow rate. Hence, different carpet plots can be made
for distinct inlet air mass flow rates, as it is shown in figure 6.4. The figure displays the
carpet plots trend with downscaling. In the graph, SFC over shaft power is plotted for
different combinations of compressor pressure ratio and turbine inlet temperature, whose
values increase in the direction shown by the arrows. In the figure, scaling factor (SF) of
0.47 (black), 0.39 (blue) and 0.33 (green) are presented. They correspond respectively to
an output power of 86, 70 and 60 kW at DP for the baseline technology level (TIT=1144.46
K and PR.=4.6794). The red line connects the same baseline design point at different
engine scales. It is clear that decreasing size worsen turbine SFC at comparable technology
levels, as expected.
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Figure 6.4: Carpets trend (SFC over Power) with engine size reduction. Green plot refers
to a scaling factor of 0.33, blue plot to SF=0.39, and black plot to a SF=0.47.

However, a different result is obtained when TSFC is plotted over engine thrust. The
same design point at decreasing engine scales showcases improved TSFC, as shown by
the red line in figure 6.5. This would mean better performance with downscaling, in
contradiction with what expected.

The trend in graph 6.5 is explained by the assumption of the same propeller diameter
D for different engine sizes. The assumption of a propeller diameter is reasonable if the
same airframe is considered. Ideally, the propeller diameter should be greater for efficient
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Figure 6.5: Carpets trend (TSFC over FN) with engine size reduction. Green plot refers to
a scaling factor of 0.33, blue plot to SF=0.39, and black plot to a SF=0.47.

low airspeed operation, especially for take-off performance. Larger propellers have more
surface area, which gives the propeller more thrust for the same amount of input power.
In other words, larger diameter propellers are more efficient. This means that reducing
the size of the engine (hence the power input to the propeller), but not the propeller
diameter, gives higher thrust than what is expected from a turboprop where also the
propeller diameter is scaled. As a consequence, SFC ( PI/IV/[Z fput) increases (worsens) at

Wf . . . .
Npmp) decreases (improves) with size up to a certain

smaller engine size, while TSFC (&
flight speed Vj.

The trend of TSFC with increasing DP true air speed is shown in figures 6.6. The
graph starts at flight Mach number Ma=0.02, where the transition from static to in-flight
conditions occurs. At about Ma=0.11, there is a turning point, meaning smaller scale
becomes less efficient (higher TSFC). The limitations of the ideal propeller model are
further discussed in Chapter 8.

Figure 6.7 shows the DP performance of different engine scales at the beginning of the
climb phase, where ideal propeller theory at in-flight conditions is applied. From this
graph, TSFC is increasing with downscaling as expected. Therefore, not the selected
figure of merit (TSFC), but SFC is further used as term of performance comparison at
sea level static conditions.

6.3 Components Efficiency Effects

Turbmachinery efficiencies play a fundamental role in engine overall performance. The
effects of downscaling on components efficiency has already been discussed. When both
the effects of size and pressure ratio are included in the calculations of the components
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efficiency, the carpet plot discussed in section 6.1 for the first scale (SF=0.47) changes as
shown in figure 6.8. Here, the increasing PR, positively effects TSFC up to a value of
about 9. Above this point, the losses in the compressor reduce its efficiency causing very
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poor overall engine performance. Therefore, higher compressor pressure ratios should be
selected only in case appropriate blade and rotor design can be performed and manu-
facturing techniques will allow to maintain an acceptable level of component efficiency.
Moreover, the 'optimum’ PR, at each TIT is lower than in figure 6.3, and TSFC is higher
for the same combination of TIT and PR.. Once the effect of increasing PR, are included
in the estimation of components efficiency with downscaling, the carpet plots at different
sizes present the trend for SFC shown in figure 6.9.
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Figure 6.8: Carpet Plot for a Scaling Factor of 0.47, pressure ratio effect on components
efficiency is included.

It is of great interest to estimate the gain in engine performance with components effi-
ciency improvement. When a theoretical increase of 2% in the components efficiency is
assumed, TSFC and available thrust improve substantially. Figure 6.10 shows the trend
in the carpet plot with efficiencies advancement for the smaller size (SF=0.33), at sea
level static conditions. In the figure, effects of size and pressure ratio on the efficiency
have been included for each DP of the carpet. The values of compressor efficiency at each
DP are available in figure 6.11. Turbine efficiency does not vary significantly for different
points of the same carpet. For this engine size, the gas generator turbine isentropic effi-
ciency is equal to 0.812 (for each DP of the original carpet), a value improved to 0.826 for
the blue carpet (where the components efficiency has been increased by 2%). Similarly,
power turbine isentropic efficiency is equal to 0.8 for the original carpet, improved to
0.814 for the blue one.
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Figure 6.9: Carpet Plot trends with pressure ratio effects on components efficiency included.
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Figure 6.10: Carpet trend with 2% components efficiency improvement for engine scale
factor SF=0.33.
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Figure 6.11: Compressor Isentropic Efficiency values for engine scale factor SF=0.33.

6.4 Mission Results

According to the above analysis, three technology levels have been selected in addition
to the baseline TL 0 (TIT=1144.46 K with PRc=4.6794) to be further developed as
engine models. The reasoning behind these choices as already been discussed. Each
of these Technology Levels represents a different engine design. Table 6.1 shows which
combinations of TIT and PR, for different engine size have been preferred. Technology
Level 0 and 1 for the scale factor SF=0.33 have not been implemented since their thrust
level was too low to perform the mission. Technology Level 3+ refers to TL 3 with
components efficiency values increased by 2%. LT

For each engine DP selected in the table, models have been developed at off-design con-
ditions (OD). Thrust Management Tables have been created and implemented into the
Aircraft Performance Model.

The mission is divided according to the typical aircraft flight phases: Take-Off, Climb,
Cruise, Descent, Loiter, Approach, and Landing. However, the relevant phases used for
engine performance comparison are Climb, Cruise, and Descent, where the greatest differ-
ences among propulsion systems are evident. For each phase, flight time, distance covered,
and fuel consumed data have been compared in table 6.2. The baseline reciprocating en-
gine has been used as reference to estimate relative performance gain or loss with the
other gas turbine engine models of different sizes and technology levels. Therefore, the
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Power Eta Eta Eta
Scale Technology TIT PRc Output Compressor GG Power
Factor Level K] -] Turbine Turbine

[kW] ['] [_] [_]
0.47 TL O 1144.46 4.68 86 0.78 0.82 0.80
0.47 TL 1 1144.46 6 86 0.76 0.82 0.80
0.47 TL 2 1200 7 97 0.75 0.82 0.80
0.47 TL 3 1250 8 105 0.73 0.82 0.80
0.39 TL O 1144.46 4.68 70 0.78 0.81 0.80
0.39 TL 1 1144.46 6 70 0.76 0.81 0.80
0.39 TL 2 1200 7 77 0.74 0.81 0.80
0.39 TL 3 1250 8 83 0.73 0.81 0.80
0.33 TL 2 1200 7 64 0.74 0.81 0.79
0.33 TL 3 1250 8 70 0.72 0.81 0.79
0.33 TL 3+ 1250 8 77 0.73 0.82 0.80

Table 6.1: Engine DP selected from carpet plot analysis

results are also given as relative variation (in percentage) with respect to the reciprocating
engine. Table 6.3 shows the distance traveled for each mission phase. Finally, table 6.4
summarizes the total mission results in terms of endurance, range, and fuel consumed for
each engine model. During climb, optimized PR, for a specific TIT and engine size gives

Time
Climb Cruise Descent

Engine Type Fuel Fuel Fuel

(h] [kg/h] [h] [kg/h] [h] [kg/h]
Reciprocating | | ; 17.35 22.3 12.92 3.3 8.41
Engine
lr;lfg SF=047 1.3 21% 65.04 275% | 14.7 -34% 1495 16% | 4.8 44% 6.37  -24%
TL 1 1.2 13% 24.33  40% 16.9 -24% 14.28 11% | 4.8 45% 12.47  48%
TL 2 0.9 -15% 2597 50% | 19.8 -11% 13.66 6% | 3.3 0% 11.73  39%
TL 3 0.8 -28% 27.18  5™% 20.8 -™% 13.37 3% 3.0 -11% 11.53 3%
l%lfg‘ SF=0.39 4.4 321% 18.74 8% 15.3 -31% 14.30 11% | 2.8 -16% 10.85  29%
TL 1 3.1 198% 18.43 6% 18.6 -16% 13.37 3% 2.6 -21% 10.08  20%
TL 2 1.8 6% 20.41 18% 18.4 -17% 13.32 3% 4.4 34% 11.07  32%
TL 3 1.3 24% 21.84  26% 21.0 -6% 12.92 0% 3.2 -3% 10.33 23%
yfg SF=0.33 6.8 548% 15.70 -10% | 15.8 -29% 1246 4% | 3.1 -5% 9.54 13%
TL 3 3.3 216% 17.14  -1% 185 -17% 1262 2% | 4.1 24% 10.15  21%
TL 3+ 1.9 7% 18.11 4% 23.0 3% 11.81 9% | 3.2 -4% 8.94 6%

Table 6.2: Mission Phases Endurance: Engine models performance comparison.

a significant improvement both in terms of time and in fuel consumption (per hour of
flight). However, the reciprocating engine is performing better than any turbine model in
this phase. As technology level increases, time to climb decreases, as expected from the
higher level of thrust available at climb power settings. For the scaling factor SF=0.47,
TL 2 and 3 are able to climb faster (up to 28%) compared to the reciprocating engine,
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Distance [km]

Engine Type | Climb ‘ Cruise ‘ Descent
Reciprocating | g 3724 446

Engine

l%dLGg SF=047T 1 900 319 2420  -35% 643 44%
TL 1 187 22% 2779 -25% 644 44%
TL 2 142 7% 3262 -12% 461 3%
TL 3 123 -20% | 3420 -8% 414 7%
1%455 SF=039 1 6oq  346% | 2521 -32% 380 -15%
TL 1 484 216% | 3053  -18% 358 -20%
TL 2 2711 7% 3019 -19% 595 33.2%
TL 3 203 32% 3445 8% 438 -2%
1%455 SF=033 1 1048 584% | 2581  -31% 422 5%
TL 3 512 234% | 3034  -19% 550 23%
TL 3+ 287  87% 3766 1% 430 -4%

Table 6.3: Mission Phases Distance: Engine models performance comparison.

Total Mission Results

. T(.)tal Fuel Consumption T(?tal

Engine Type | Time kg /h] Distance
[h] [km]

Reciprocating

. 27.6 12.46 4438
Engine
¥LG§ SE=04T 1 915 a9 15.97 28% | 3358  -24%
TL 1 23.7 -14% 14.48 16% 3711 -16%
TL 2 24.6 -11% 13.95 12% 3936 -11%
TL 3 25.1  -9% 13.70 10% 4026 -9%
BT/[LGOT SE=039 1 959 L16% 14.81 19% | 3663  -17%
TL 1 25.0 -9% 13.74 10% 3968 -11%
TL 2 25.4  -8% 13.51 8% 3985 -10%
TL 3 26.2 -5% 13.11 5% 4168 -6%
¥Sg SE=033 1 64 % 12.98 4% 4136 7%
TL 3 26.8  -3% 12.83 3% 4193 -6%
TL 3+ 28.7 4% 11.95 -4% 4567 3%

Table 6.4: Total Mission Results.

but their fuel consumption per hour is higher (50 and 55%). For SF=0.33, TL 2 is under
powered during climb, resulting in an unacceptable time to climb.
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During cruise, endurance and fuel consumption (per hour of flight) increase with increas-
ing technology level and smaller engine size. All technology levels with SF=0.33 have
lower fuel consumption [kg/h] than the reciprocating engine. In addition, SF=0.33 TL
3+ is the only gas turbine engine model which has both higher endurance and lower fuel
consumption than the reciprocating engine. During descent, fuel consumption improves
with engine size reduction.

Total range and total endurance of the turbine engine is increased with smaller engine
size and higher technology level. The engine model with SF=0.33 and TL 3+ covers a
distance of about 130 km longer than the reciprocating engine, with a total increase in
endurance of about 1 hour and 4% reduction in fuel consumption per hour of flight.
These results are further discussed in Chapter 8.



Chapter 7

Conceptual Engine Design

According to the mission results of various engine models, a final gas turbine engine has
to be selected based on the Mission Requirements identified in Chapter 4.

The engine model which showcased the best mission performance in Chapter 6 is consid-
ered a competitive alternative to the original reciprocating engine. Its conceptual design
at DP sea level static conditions derives from the reference TP100 model after the down-
scaling process performed with a scaling factor SF=0.33. A turbine inlet temperature of
1250 K and a compressor pressure ratio of 8 have been selected. Effects of size and PR,
have been considered when estimating components efficiency. A theoretical 2% improve-
ment for the polytropic efficiencies has been implemented for the compressor and both
turbines. Table 7.1 shows the main parameters of this engine at DP. Engine off-design
performance, in the form of Thrust Management Tables, are available in Appendix E.

This engine model is used in the redesign process of the UAV platform. Lower engine
weight allows to reduce the UAV maximum take-off weight (MTOW). In return, the fuel
required decreases, providing the possibility of optimizing the airframe of the UAV. With-
out significant configuration changes, wings, fuselage, and empennage can be redesigned
in an iterative process, until no more significant fuel saving is achieved.

Table 7.2 presents the results of the redesign process, with comparison between the base-
line and the optimized airframes. The redesigned UAV, implemented with the new turbine
design, is able to travel an estimate distance of about 4419 km with and endurance of
28.7 hours. A significant fuel reduction of 12.5% is gained compared to the original UAV
configuration, which has 18% lower MTOW.
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Conceptual Engine Design

Parameter Symbol Value Unit ‘
Inlet air '

massflow Wair 0.47467 [ke/s]
Compressor. PR < . .
pressure ratio

Compressor

Isentropic Efficiency Etac 0.746 -]
Turbine

Inlet Temperature T4 1250 K]
Combustor

Efficiency ETA b 0.96 ]
Fuel

massflow WF 0.00886 [kg/s]
Gas Generator

Turbine PR_.GGT 3.3 ]

Pressure Ratio
Gas Generator
Turbine Eta GGT 0.826 ]
Isentropic Efficiency
Power Turbine

Pressure Ratio PR_PT 2.2 ]
Power Turbine

Isentropic Efficiency Eta P'T 0.814 ]
Shaft Power

Output Pwshaft 7 kW]
Propeller FNoro ) 76153 o
Thrust prop .

Total

Net Thrust FN_tot 2.822557 [kN]
st Specitic TSFC 0.011  [kg/N b

Fuel Consumption

Specific

Fuel Consumption SFCshaft 0414 [kg/kW h]

Table 7.1: Engine Design Point Parameters

MTOW Wingspan Fuselage Fuel
length
[ke] [mm] [m] [keg]
Baseline UAV 1250 16.6 5.8 343
Optimized UAV 1021 15 5.1 300

Table 7.2: Redesigned UAV platform main parameters after the implementation of the se-
lected engine model.



Chapter 8

Results and Discussion

This Chapter discusses both the results of the different engine models of Chapter 6, and
those of the final conceptual engine design implemented in the optimized UAV of Chapter
7.

Firstly, a cycle point analysis has been performed. The engine design point was se-
lected to be at sea level static conditions. From the cycle point analysis, it is concluded
that for a determined engine size, increasing TIT has the effect of augmenting the power
generated by the engine, at the cost of a higher fuel consumption.

Nevertheless, at each TIT, increasing PR, improves engine fuel economy, until a certain
point is reached which performs minimum SFC with an acceptable level of take-off thrust.
On the other hand, decreasing turbine size affects the efficiency of the components. Both
scaling factor SF and compressor pressure ratio PR, have a negative influence on compo-
nents efficiency. In particular, increasing PR, has a strong effect on compressor efficiency,
which prevents the designer to select values higher than 9, as it is usual for further re-
ducing the specific fuel consumption.

In Chapter 6, the implications of assuming a constant propeller diameter with engine
downscaling have been presented. Larger propellers are more efficient, meaning that
smaller turboprops with the same propeller diameter have higher thrust than their coun-
terparts with a smaller propeller. The limitations of the ideal propeller model are evident:
as the engine is downscaled, while keeping the same propeller diameter D, V. and the
propeller thrust reduce for this model. The kinetic power that is lost and which is pro-
portional to Vf;t reduces much faster, leading to better thrust efficiency of the propeller
at smaller scale. At low speeds, the better thrust efficiency outweighs the opposite effect
of decreased turbomachinery efficiencies with size. On the other hand, at higher speeds
the effect of the engine components prevails and TSFC becomes larger.

It is important to remember that this thrust is an ideal number that does not account for
the losses that occur in practical high speed propellers, like tip losses. The losses must be
determined by a more detailed propeller theory, which is beyond the scope of this study.
The simple momentum theory, however, provides a good first approximation and can be
used for a preliminary design.
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In addition, ideal (maximum theoretical) propeller efficiency is adjusted in GSP according
to the following reasoning. The 1;4.q; is calculated and compared with a user specified
efficiency. The lowest value between the two is further used to calculate the propeller
thrust. This method implies that, for an increasing calculated 7;4eq;, the maximum pro-
peller efficiency that can be reached is limited at the value specified by the user, as shown
in figure 8.1. In the figure, 7,,op of different engine scales is plotted over a range of in-
creasing flight velocity at sea level. As previously discussed, better thrust efficiency of
the propeller is achieved at smaller scale.

Furthermore, off-design engine performance has been examined. Different phases in the
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Figure 8.1: Propeller efficiency with VO at sea level

flight envelope require specific operational settings, hence different thrust ratings.

At climb, fixed power setting has been defined. This means that the same percentage
of maximum thrust has been used for each engine models. Available thrust resulted to
be critical in the assessment of the engine model performance. As size is reduced, per-
formance becomes poorer because the power available is not sufficient to overcome the
aircraft drag. Higher technology levels, meaning greater power available, are fundamen-
tal. For a scaling factor of 0.39, technology levels 0, 1, and 2 take up to about 300% more
time than the reciprocating engine to reach the cruising altitude, meaning too low thrust
available at climb engine setting. At even smaller size (SF=0.33), only TL 3+ is able
to climb within an acceptable time. On the other hand, higher technology level means
higher thrust at the expenses of a higher fuel consumption. When turbine performance
at climb is set over the reference reciprocating engine performance, none of the turboprop
models is able to outdo it.

As a matter of fact, the reciprocating engine showcases very good performance at climb
due to the effect of the supercharger. Superchargers are a natural addition to aircraft
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piston engines that are intended for operation at high altitudes. As an aircraft climbs
to higher altitude, air pressure and air density decreases. The output of a piston engine
drops because of the reduction in the mass of air that can be drawn into the engine. A
supercharger increases the pressure of the air supplied, giving at each intake cycle more
oxygen, letting it burn more fuel and do more work, thus increasing power.

At cruise, no fixed engine setting is used. In fact, the aircraft design and mission profile
determine the required thrust by the engine and, thus, the power needed by the ideal
propeller. The closer the cruise power is to the maximum power of the engine, the better,
since turbine cycle efficiency is there at its optimum. A smaller turbine has to cruise at
a higher power setting compared to a bigger one in order to achieve the same required
thrust, therefore decreasing the specific fuel consumption.

The effect of power setting on cycle efficiency is partially compensating the negative effect
of scale on turbine components efficiency. This, in addition to the engine weight reduction,
allows a downscaled turboprop engine to arguably showcase overall better mission perfor-
mance compared to the bigger turbines and the reference reciprocating engine. Moreover,
the cruise phase represents the largest portion of the mission, and, correspondingly, the
largest opportunity for fuel burn reduction.

Finally, a conceptual engine design has been developed. A turboprop engine is selected
with one third of the design point inlet massflow of the original TP100. Engine diameter
scales with the square root of the scaling factor. With a scaling factor of 0.33 and the
original diameter of about 350 mm, the estimated engine diameter is 20 cm. With a calcu-
lated weight of 20 kg, the turbine is 70% lighter than the reciprocating engine. A turbine
inlet temperature of 1250 K requires the turbine blades to be made of MAR-M247. A
pressure ratio of 8 with isentropic efficiency of 0.74 is feasible for a radial compressor,
even though in multistage configuration, due to stress considerations which severely limit
the compressor safety, durability and life expectancy. With the current technology, the
equivalent flow axial compressor will be less efficient due primarily to a combination of
rotor and variable stator tip-clearance losses. Furthermore, a radial compressor offers the
advantages of simplicity of manufacturing and relatively low cost. This is due to requiring
fewer stages to achieve the same pressure rise.

When this engine model, at a conceptual design phase, is implemented into the UAV
platform, engine weight reduction and improved performance compared to the original
reciprocating engine allow to modify the UAV airframe and further optimize the mission
performance. The aircraft performance simulation estimates an endurance of 28.7 hours,
4% higher than the original UAV configuration for the same payload weight (250 kg).
The Case Study mission requirements established in Chapter 4 consist of a range value of
1800 km, for 18 to 21 hours endurance, suitable for both geophysical survey and pipeline
monitoring work. The actual range of the final UAV with the micro gas turbine is about
1.5 times higher, with 40% longer endurance. Moreover, the payload carried by the re-
designed UAV goes beyond the one estimated for the Case Study. A payload weight of
250 kg (instead of 50 kg) was chosen due to the performance data available for the ref-
erence UAV, which was fundamental for the aircraft model validation. This means that
also Application 2 of the Case Study, corresponding to a mission for delivering high value
goods to areas with limited access, is feasible.
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Chapter 9

Conclusion

The present Master Thesis Research investigated the potential of micro gas turbines em-
ployed in small Unmanned Aerial Vehicle for civil applications. The strong growth of the
UAV market is expected to come along with the increase in functionalities such as higher
endurance, lower noise and emissions, extended mission range, among others.

The type and performance of the UAV is principally determined by the needs of the op-
erational mission. In the Exploration Study, future high potential civil applications have
been identified and further developed into a Case Study. Different propulsion concepts
have been analysed, and gas turbine engines result having many advantages compared to
typical reciprocating engines and electric motors. In particular, turboprops are suitable
for UAVs operating between 7 and 15 km height at speeds of less than Mach 0.6. Nowa-
days, most turboprop engines are intended for large general-aviation aircrafts, regional
commercial transports, and military transports, with power output much higher than that
required for most UAV applications. Therefore, a gap in the current available technology
has been identified which was speculated to be potentially filled by the development of
small gas turbine based engines.

Micro gas turbine technology State of the art has been presented, with an extensive dis-
cussion of major design considerations. An engine model has been developed, starting
from a reference turboprop engine. According to the indications found in the literature,
the reference turboprop has been downscaled and effect of size on components efficiency
has been estimated. Engine cycle optimization using the Gas turbine Simulation Pro-
gram (GSP) has been carried out and the effects of turbine inlet temperature, compressor
pressure ratio, engine size, and components efficiency have been investigated.
Furthermore, an ” Aircraft Study” has been performed in a correlated Master Thesis
Project. In this work, the aerodynamic and flight performance model of a baseline UAV
has been developed. Results from the turbine model of different engine configurations,
in the form of Thrust Management Tables, have been integrated in the UAV mission
performance model. The outcome of the simulations consented to determine the best
performing engine configuration for the selected mission.

The main challenge of the project was to improve the propulsion system efficiency for
specific requirements in terms of range and endurance. When the optimized conceptual
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engine design is implemented into the UAV platform, redesigned accordingly to the re-
duced weight and improved performance, the mission model estimated an endurance of
28.7 hours, with a range of 4419 km and a payload weight of 250 kg, with a significant
fuel reduction of 12.5% compared to the original UAV configuration.

The design options which allow a micro turbine to arguably showcase a competitive edge
compared to alternative propulsion concepts have been established. The original recip-
rocating engine showcases 86 kW and a specific fuel consumption of 0.30 kg/kWh at sea
level. On the other hand, the micro gas turbine has 77 kW output power and a specific
fuel consumption of 0.41 kg/kWh at the same design point. Despite the worse perfor-
mance at sea level, the effect of power setting at cruise and the engine weight reduction
(20 kg un-installed dry weight instead of 70 kg for the reciprocating engine) allows the
turboprop to arguably showcase overall better mission performance.

The final engine configuration is a dual shaft turboprop set-up with a gas generator mod-
ule on one shaft and a free power turbine on the other. The output power is transmitted
through a gearbox to a propeller of 1.6 diameter. Turbine inlet temperature equal to 1250
K and a compressor pressure ratio of 8 are selected. The gas generator is made up by a
single multistage radial compressor with a design efficiency of 0.75 and an axial turbine
with a design efficiency of 0.83.

9.1 Recommendations for future work

Engine modeling and Aircraft Mission Performance modeling required several assump-
tions which effect the results of the study. In particular, the propeller model should be
improved with the implementation of performance maps, and constant or variable pitch
propeller configuration should be investigated. Gas generator and power turbine maps
should also be developed according to the data of the manufacturer.

Future work could explore lower power levels according to varying mission requirements
which can be modified in agreement with other possible UAV civil applications. Op-
timized mission profiles could be applied for different engine configuration, for a more
sensible performance comparison.

Since the cruise phase showcased to be the most influential for the fuel consumption,
investigation of a Design Point at cruise conditions is suggested for further engine sizing
optimization.

Finally, the technology of the derived conceptual engine model has to be developed into a
detailed design. CFD simulations are suggested for the definition of the optimum blades
geometry. Different compressor configurations should also be investigated, e.g. combina-
tion of multi stage axial and radial compressor.

9.2 Reflection

As a result of the work carried out in this Master Thesis Project, a valuable tool for
understanding the contribution of micro gas turbine integration into civil UAV has been
developed. The concept of using simulations for performance prediction is becoming in-
creasingly important due to less cost, better prediction and variety of modeling possible
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also to confirm new design without doing actual experiments. Nevertheless, test and
experiments are always required to verify the simulation results before using the model
predictions for design purposes. Based on these, empirical correlations can be developed
for further strengthening of the simulation estimations. This thesis apart from apply-
ing the above mentioned models provides vital insights on the current development of
simulations and provides a natural background for planning of relevant experiments and
test.
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Appendix A

Turboprop Thermodynamic Cycle

This appendix contains the mathematical model for the turboprop thermodynamic cycle
analysed in the thesis. It looks as follows:

Figure A.1 represent a two-shaft turboprop engine configuration.

P

Ma_

Figure A.1: Turboprop Layout and Station Numbering

Where Cip indicates the high pressure compressor, B the burner (or combustor), Ty p
the gas generator turbine, 77 p the power turbine (low pressure), and N the nozzle.

The power output of the free turbine (to the speed reduction gearbox) can be estimated
as follows:

Pshaft = Nmmgcpg (Toas — Tos) (A.1)

With 7,,, shaft mechanical efficiency, 7y gas mass flow at station (4,5), ¢4 gas specific
heat at constant pressure, T total temperature at the specified station.
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The temperature drop (Tpas — Tps) in the power turbine can be calculated using both
isentropic or polytropic efficiency. With the polytropic efficiency 7 pr, it becomes:

yg—1

Noo,PT
Pos g ’
Toas — Tos = Toas |1 — <p04 5) (A.2)

With ~, ratio of specific heat for the gas coming from the gas generator, p total pressure
at the specified station.
The upstream HP turbine must drive the main compressor, such that:

MaCp,a (Tos — To2) = Nm1gCp,g (Toa — Toas) (A.3)
So that:
1
Toas ~ Toa — — (Toz — To2) (A.4)
Nm
g
T ( 71)700»
P04,5 = Po4 [1(14’5} o eeer (A.5)
04
Downstream:
P
Tos = Toas — —22t (A.6)
NmMgCp,g

Where Pgpq ¢ is the power delivered to the propeller:
Pgpasi = CPpN3D? (A.7)

With N rotational speed of the propeller, D propeller diameter, p air density, and CP
power coeflicient.
The resulting propeller thrust is:

npropCPpN2D4 _ nproppshaft (AS)
J Vo

Where CT is the propeller thrust coefficient, J is the propeller advance ratio, and Vj is

the aircraft flight velocity.

Once Tp5 is known:

Fprop = CTpN?D* =

g9

1 Tos vg—1
~ 1——1(1-— A9
Pos =~ Po4,5 [ e ( To4,5)] ( )

Only in this formula, isentropic efficiency 7; instead of polytropic has been shown. Ap-
pendix B further discusses the relations between the two definitions.
In the typical case where a turboprop would not be using an afterburner, one can transfer
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flow property values immediately from station (5) to station (6) for the nozzle entry. The
core exhaust jet is usually unchoked, such that for a simple convergent nozzle with station
(7) as the exit plane:

D7 — Poo (A.10)
T =
-7 _ (poo) v (A.ll)
Tos P06
P
=— A.12
= R (A.12)
With R gas constant.
The exit jet velocity becomes:
Yg—1
z
Viee = | 20ncpgThs |1 — <p°°> ’ (A.13)
Poe

Finally, cycle thermal efficiency and turboprop overall efficiency can be calculated:

Py
= — A.l4
Tth iy LHV ( )
Where 7y LHV is the product of fuel mass flow and fuel lower heating value.
nrp = Mprith (A.15)
The definition of 7, is explained in appendix C.
Overall thrust is calculated by:
_ _ nprP sha ft .
Foverall = Fprop + Fjet = T + mg ([1 + .ﬂ V}'et - Vb) (AlG)

Where f is the ratio of air over fuel mass flows.
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Appendix B

Compressor and Turbine Efficiency

Radial flow turbomachinery handles the small volumetric flows of air and combustion
products (0.2 to 2 kg/s) with reasonably higher component efficiency compared to their
axial counterparts. These components are usually more efficient at low pressure ratios
due to their uncomplicated design, robustness and insensitivity to flaws. The compression
and expansion in the real process are not irreversible and adiabatic, which means the
relation between temperature and the pressure ratio is not fixed. Figure B.1 shows the
compression and expansion processes in the temperature-entropy diagram. The relation
between temperature and pressure can be expressed in terms of the ratio of work for the
ideal versus the real process in the form of the isentropic efficiency.

compression expansion
T Po3 T y /
\
Poa \
\
\
.\.
/
ng gs 9
] S

Figure B.1: Non-isentropic compression and expansion respectively.

Using the concept of total enthalpy or temperature, which accounts for the kinetic energy
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changes of the fluid between inlet and exit of the component, isentropic efficiency is defined
as follows:

kgir—1

(@) kair -1
Ppo2
i = B.1
Nis,compressor Tos ( )
To2
Tog _
_ Toa
Tlis turbine = Fgir—1 (BQ)
Pog kair 1
po4

A problem arises when gas turbine cycles are analysed with varying compression ratios.
In practice, changing pressure ratio means modifying the number of compressor or turbine
stages. A compressor generally has a number of successive stages in series with similar
characteristics, i.e. similar isentropic efficiency. Geometry is changing and blade length is
decreasing, because of increasing density with increasing pressure of the medium down-
stream. Design rules for the variation of geometry usually make flow losses and thereby
also stage isentropic efficiency remain rather constant. Figure B.2 shows a compressor
with three stages.

S

Figure B.2: Turboprop Layout and Station Numbering.

If we divide the compression phase into an infinite number of infinitely small compression
stages, with equal isentropic efficiencies, the result is a polytropic compression process
with a constant value for the polytropic exponent ng..

As an alternative for the isentropic efficiency, the polytropic efficiency is defined as the
isentropic efficiency of an infinitely small compression step with the assumption that
it is constant for throughout the compression phase. The polytropic efficiency can be
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calculated:
kgir—1
dTos ke
Nooe = a7, = ey (B.3)

Nair

For a compressor, polytropic efficiency can be expressed as:

kair—1

Po3 \ Kair
Noo,c = lngnzgé)) (B.4)

Tos

To2

For the expansion process, a similar relation can be formulated:

(3
04
Moot =~ kgt (B.5)
@ kgas

In (
Pbo4

For a turbine, isentropic stage efficiency is smaller than overall isentropic efficiency.

A compression or expansion process can be characterized by either isentropic or polytropic
efficiencies. The relation between the two can be derived combining B.1 with equations
B.4 (B.2 with B.5 for the turbine). In case of calculating gas turbine cycle performance
for a range of compression ratios as is typical for cycle analysis, using polytropic efficiency
is most practical and has further been implemented in this work.



92

Compressor and Turbine Efficiency




Appendix C

Ideal Propeller Theory

Ideal Propeller Theory, or Momentum Theory, was originally intended to provide an
analytical means for evaluating ship propellers.
Momentum Theory is also known as Disk Actuator Theory. This theory assumes that:

e Mach number is low so that the flow behaves as an incompressible fluid;

e the flow is inviscid and steady (ideal flow), therefore the propeller does not experi-
ence energy losses due to frictional drag;

e also the rotor is thought of as an actuator disk with an infinite number of blades,
each with an infinite aspect ratio;

e the propeller can produce thrust without causing rotation in the slipstream:;

e the flow outside the propeller streamtube has constant stagnation pressure (no work
is imparted to it);

e Across the actuator disk, assume that the pressure changes discontinuously, but the
velocity varies in a continuous manner.

Since most of these assumptions are unrealistic, this theory is only useful in predicting
ideal or maximum propeller efficiency.

In figure C.1, the flow is proceeding from left to right. Stations 0 and J are assumed to
be far upstream and downstream of the propeller respectively, and the location of the
actuator disk is identified by the subscript D.

From the basic thrust equation, the amount of thrust depends on the mass flow rate
through the propeller and the velocity change through the propulsion system (the only
force on the control volume is due to the change in momentum flux across its boundaries).
Hence, T is equal to the mass flow rate () times the difference in velocity (V):

T = mAV = m (V; — Vp) (C.1)
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I
r\ Actuator disk at propeller plane
i
i
i
i

Figure C.1: Actuator disk representation

There is no pressure-area term because the pressure at J is equal to the pressure at 0.
The mass of air passing through the propeller (per unit of time) is:

m = pAagist VD (C.2)

Where:

p = air density

Agisk = 77%2 propeller disk area
Vp = velocity through propeller

The power Pjy,p,t absorbed by the propeller is given by the change in kinetic energy:

1 1
P'L'nput = im (Vf - ‘/02) = ipAdisk‘VD (‘/;2 - %2) (03)

However, delivered power Pjy,p,: is also equal to the work done by the thrust force:

Pinput =TVp = pAaisk.VD (Vv] - VO) Vb (04)

By comparing equations C.3 and C.4, the velocity at the propeller position becomes:

Vp = = (V; + V) (C.5)

N

If Vp and V; are expressed in terms of flight velocity Vg, then:
Vi=Vo+ 02 (C.6)

Vb =W+ v (0.7)
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where v1 and v are known respectively as the increases in the velocities at the propeller
disk and in the position far downstream. As a consequence, the slipstream must contract
between the conditions existing far upstream and those existing downstream in order to
satisfy the continuity equation:

Qo =0Qp =Qj (C.8)
pVoAo = pVpAgisk = pVjA; (C.9)
VoA = (Vo +v1)Agisk = (Vo +v2)A4; (C.10)
Where:
D2 D2 D?
Ay — dzskA — 7014: —_J 11
disk U 4 0 7T 4 j 7T 4 (C )
Hence,
pp= tvips (C.12)
Vo
Vo +u1
D? D% = C4D2 C.13
7 VO + vy disk A disk ( )

where C4 is called the contraction factor.

The law of conservation of momentum equates the force exerted on the fluid with the
net outflow of momentum. The control volume is the stream tube from Ay to A;. The
mass per unit time through Ag is pVpAp and the momentum inflow is pViZAg. Similarly,
the momentum outflow through A; can be written and the conservation of momentum
requires that:

PVido—p(Vi+v2)? Aj+T =0 (C.14)

Using equations C.13 and C.12, this becomes:

D2
T= pﬂ% (Vo + v1) vo (C.15)

On the other hand, the thrust can also be written as T'= ApA. Bernoulli’s equation can
be used to relate the pressure and velocity upstream and downstream of the propeller
disk, but not through the disk. For the upstream and downstream of the disk in figure
C.2, respectively:

1 1
p1+ §p (Vo + v1)2 =po + §pV02 (C.16)
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and
1 2 1 2
p2+§p(Vo+v1) :po+§p(Vo—|—v2) (C.17)
T
.
Pi | P2
up | Up =y
Agisi

Figure C.2: Control volume around the actuator disk.
Subtracting the above equations:

1
Ap=p (2Vova + v3) (C.18)

Therefore, another formulation for the propeller thrust is:

— D?lzsk v2

Combining the two definitions of T C.15 and C.19, it is derived that:

Vo = 2111 (C.QO)

This shows that half of the acceleration takes place before the propeller disk and the
remaining half after the propeller disk. In other words, the axial induced velocity at the
propeller (v1) is half the axial induced velocity at J. The relation between the propeller
thrust and the axial induced velocity is:

D?
T= e (Vo +v1) 20g (C.21)

The propeller thrust is made non-dimensional with the propeller area and the inflow
velocity Vp:

T
Cr=—+—— (C.22)
T 3PVy
where Cr is a thrust coefficient indicating the propeller loading. The following correlation

between actuator disk parameters holds:

2 _ T+ Cr—1 (C.23)

Vo
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The induced velocity Vp in the slipstream represents the energy supplied to the flow
behind the propeller. This is due to the fact that the fluid gives way when a thrust is
exerted to it. The loss of the energy is reflected in an efficiency which is lower than 1. To
formulate the efficiency, the propeller disk moves with a velocity V; and exerts a force T.
The propulsive power is therefore:

Pyrop =TV (C.24)

In the slipstream, a velocity 2Vp = V; — V4 is present. With the mass flow expressed as
the mass flowing through the propeller disk, which is equal to that flowing through the
slipstream, this represents an energy of:

2

D
Eiost = 7——p (Vo = Vp) (2Vp)” (C.25)

Hence, the efficiency of the propeller can be written as:

Pprop o T%

— = C.26
"Iprop -Zjinput T‘/O + Elost ( )
Which becomes:
2
Tprop = PR (C.27)
1+ Vo

This represents the maximum efficiency which is theoretically possible in an inviscid flow
with a propeller not introducing any rotation in the slipstream. It is therefore called the
ideal propeller efficiency.
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Appendix D

Analysed existing UAVs

Table D.1 presents all the existing UAVs analysed in Chapter 4 within the selected power
range with their specifications.
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Wing/Rotor
Endurance | Range | Ceiling | Power | MTOW | Payload | Max speed | Cruise speed
Country Prime | Designation |  Status Launch | Propulsion | Type span
(hr) (km) | (m) | kW) | (kg) (kg) (km/h) (km/h)
(m)
Schicbel
Camcopter | In
) Camcopter Reciprocating | VTOL 6 180 5500 41 200 50 222 185 34
Austria $-100 production
$-100
Diamond Diamond In
Reciprocating 65 40 113
Aircraft Hero development
Kadet Bungee
MSAT-
India Defense Deployed | catapult or | Reciprocating | delta wing 175 10 5000 30 82 275
500/NG
Systems ! pneumatic
UVision
Tsracl Global Butterfly Under way Reciprocating | Paraglider 4 115 18 150 230 55
Aero Syst
Ground
Selex
In launched , MALE
Ttaly Galileo Falco Reciprocating 14 190 6500 48 420 70 216 72
production | catapult TUAV
Avionica
launched
Composite
Aludra Ground Fixed
Malaysia | Technology Deployed Reciprocating 3 48 3658 37 200 25 220 6
Mk 1 launched Wing
Rescarch
High Eye Under Ground i
Netherlands HEF150 Reciprocating | VTOL 7 11 50 3.15
B.V. way launched
Ground
. APID Under
Norway | CybAero and ship | Reciprocating | VTOL 8 200 41 180 50 150 90 33
60 way
launched
Ground Fixed
Pakistan | Satuma Flamingo Completed Reciprocating 8 200 1267 15 245 35 130 7.32
launched Wing
Under Catapult
Enics E08 Pulse Jet Canard 05 70 3000 59 150 300 200 5
way launched
Russia .
nssia Under Catapult Fixed
E95M Pulse Jet 05 187 3000 59 75 300 200 2.9
way launched wing
Ground
Under .
Kamov Ka-137 and ship | Reciprocating | VTOL 4 530 5000 50 280 80 175 145 53
way
launched
Military
In Ground Fixed
Serbia | Technical Pegaz 101 Reciprocating 12 100 3000 32 230 10 200 150
development | launched wing
Institute
. Under
Spain | INTA Siva 6.5 150 4000 50 300 149 190 115 58
way
APID Under
CybAero Reciprocating | VTOL 6 50 3000 41 160 55 90 60 33
55 way
Sweden
i Under
Vantage Reciprocating | VTOL 5 2400 31 173 16 185 277
way
Saab Skeldar In
VTOL 5 150 4500 41 200 40 130
defense V-200 production
Turkish
In Fixed
Turkey | Acrospace | Karayel Reciprocating 20 6858 52 500 70 148 105
production wing
Industries
ADCOM
Yabhon Under Catapult Fixed
Military Reciprocating 6 5500 37 160 50 240 204 58
UAE RX way launched wing
Industries
. Under Catapult , Flying
Yabhon-N Reciprocating 3 6000 37 100 40 420 107 275
way launched wing
Warrior Ground or
GULL 68 Under
UK (Aero-Marine Water Reciprocating | Seaplane 2081 33 250 94 185 76
UXV way
Ltd.) Lauched
Shadow Fixed
AAT Completed Reciprocating 14 322 1487 39 265 41 200 148 658
600 wing
T« LEAPP Under Ground
Us Atair Reciprocating | Paraglider 34 5182 41 544 91 34
Type I way Lauched
Elbit
Hermes Ground Fixed
Systems Deployed Reciprocating 18 300 5486 39 550 180 176 130 105
450 Lauched wing
of America
General
I-GNAT
Atomics
ER/Sky Deployed Reciprocating | MALE 40 250 7620 48 520 91 192 10.75
Aeronautical
Warrior
Systems

Table D.1: Existing UAVs in the 30-60 kW power range, from 2013 Worldwide UAV
Roundup,AlAA [1]



Appendix E

Thrust Management Tables

This appendix contains the Thrust Management Tables of the conceptual engine design
of Chapter 7. Each table shows a set of net thrust values or fuel values for the specified
rating code as defined in Chapter 5. In the tables, rows represent thrusts or fuel flows
available at different flight Mach numbers, while each column indicate a different flight
altitude.

RC 20 0 1000 2000 3000 4000 5000 6000 7000 8000

0| 794 801 793 778 759 750 713 684 643
0.03 | 666 684 688 684 676 670 662 634 991
0.06 | 489 510 522 527 528 527 521 514 483
0.09 | 337 359 376 388 398 410 412 415 393
0.12 | 257 274 286 295 302 309 319 316 304
0.15 | 209 223 233 239 244 250 258 255 245
0.18 | 178 187 197 202 206 210 212 213 206
0.19 | 170 180 187 192 196 200 201 202 196

Table E.1: RC 20 Net Thrust [N]
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RC 20 0 1000 2000 3000 4000 5000 6000 7000 8000

0] 11.14 1049 984 920 860 808 749 695 6.38
0.03 | 11.14 10.50 9.84 9.21 861 806 7.55 698 6.36
0.06 | 11.17 1051 986 9.22 862 805 750 699 6.37
0.09 | 11.20 10.54 9.89 925 864 809 751 7.00 6.38
0.12 | 11.25 10.59 993 9.28 867 809 759 7.02 6.42
0.15 | 11.31 10.64 998 932 870 812 7.62 7.04 6.43
0.18 | 11.39 10.69 10.04 937 875 815 7.58 T7.03 6.46
0.19 | 11.42 10.74 10.06 9.39 876 817 759 7.04 647

Table E.2: RC 20 Fuel Flow [kg/h]

RC 40‘ 0 1000 2000 3000 4000 5000 6000 7000 8000

0| 2419 2247 2075 1904 1739 1586 1437 1293 1161
0.03 | 2302 2146 1989 1831 1677 1533 1394 1256 1131
0.06 | 1937 1814 1688 1560 1434 1316 1200 1085 979
0.09 | 1617 1523 1423 1319 1217 1121 1026 930 842
0.12 | 1318 1254 1184 1108 1032 956 878 798 724
0.15 | 1063 1012 956 894 833 775 717 655 598
0.18 | 894 851 804 752 701 652 604 552 504
0.19 | 849 808 764 715 666 620 275 525 479

Table E.3: RC 40 Net Thrust [N]

RC 40 0 1000 2000 3000 4000 5000 6000 7000 8000

0] 26.46 24.45 2249 20.60 18.78 17.08 15.45 13.88 12.43
0.03 26.47 | 24.45 2250 20.61 18.78 17.08 15.46 13.91 1243

0.06 | 26.49 24.48 22.53 20.63 1880 17.10 1547 13.92 1245
0.09 | 26.53 24.52 22.57 20.67 1884 17.13 1550 13.92 1248
0.12 | 26.59 24.57 22.62 20.72 18.89 17.18 15.56 13.96 12.52
0.15 | 26.66 24.65 22.70 20.78 18.95 17.24 15.60 14.01 12.56
0.18 | 26.75 24.76 22.78 20.86 19.03 17.31 15.68 14.08 12.62
0.19 | 26.79 24.77r 22.82 20.89 19.06 17.33 15.72 14.10 12.64

Table E.4: RC 40 Fuel Flow [kg/h]
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RC 45 0 1000 2000 3000 4000 5000 6000 7000 8000
0 | 2568 2370 2176 1992 1819 1650 1488 1338 1204

0.03 | 2453 2273 2095 1922 1760 1600 1446 1305 1176
0.06 | 2076 1932 1787 1644 1511 1378 1248 1130 1021
0.09 | 1743 1630 1513 1396 1288 1179 1070 971 881
0.12 | 1439 1359 1273 1185 1099 1009 918 835 759
0.15 | 1161 1097 1028 957 891 824 754 690 632
0.18 | 976 923 865 806 750 694 635 581 532
0.19 | 927 877 822 766 713 660 604 953 506

Table E.5: RC 45 Net Thrust [N]

RC 45 ‘ 0 1000 2000 3000 4000 5000 6000 7000 8000
02829 26.01 2384 21.79 19.87 17.99 16.20 14.56 13.07

0.03 | 28.27 26.02 23.87 21.81 19.87 17.99 16.22 14.57 13.08
0.06 | 28.30 26.05 23.89 21.83 19.90 18.02 16.23 14.59 13.09
0.09 | 28.33 26.10 23.94 21.87 19.93 18.09 16.26 14.62 13.12
0.12 | 28.39 26.16 24.00 21.93 19.98 18.15 16.31 14.66 13.15
0.15 | 28.47 26.25 24.08 22.02 20.05 18.19 16.37 14.71 13.20
0.18 | 28.57 26.35 24.18 22.09 20.13 18.26 16.45 14.78 13.26
0.19 | 28.61 26.39 24.21 22.12 20.17 18.30 16.50 14.81 13.28

Table E.6: RC 45 Fuel Flow [kg/h]

RC 50 0 1000 2000 3000 4000 5000 6000 7000 8000
0| 2823 2590 2371 2150 1947 1760 1590 1434 1291

0.03 | 2719 2500 2296 2086 1893 1716 1553 1404 1268
0.06 | 2321 2142 1972 1796 1634 1484 1348 1221 1106
0.09 | 1968 1821 1682 1536 1401 1276 1162 1056 959
0.12 | 1662 1550 1436 1315 1201 1097 1001 913 831
0.15 | 1341 1252 1167 1074 987 906 832 763 700
0.18 | 1128 1053 982 905 831 763 701 643 589
0.19 | 1072 1001 933 860 790 726 666 611 560

Table E.7: RC 50 Net Thrust [N]
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RC 50‘ 0 1000 2000 3000 4000 5000 6000 7000 8000

03194 29.29 26.80 24.31 22.02 1990 1796 16.19 14.56
0.03 | 31.95 29.31 26.82 24.31 22.02 1991 17.96 16.19 14.57
0.06 | 31.98 29.34 26.85 24.34 22.05 19.93 17.99 16.21 14.58
0.09 | 32.04 29.39 26.88 24.39 22.09 19.96 18.02 16.24 14.61
0.12 | 32.12 29.47 26.97 24.46 22.15 20.02 18.07 16.26 14.65
0.15 | 32.23 29.56 27.06 24.56 22.24 20.10 18.14 16.32 14.70
0.18 | 32.36 29.69 27.17 24.68 22.34 20.18 18.22 16.38 14.76
0.19 | 32.40 29.73 27.22 2472 2237 20.22 1824 1644 14.79

Table E.8: RC 50 Fuel Flow [kg/h]
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