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Abstract

The research work presented here focuses on the subject of transport aircraft design at
the pre-design or conceptual level. The primary topics addressed are: (1) generation of a
vast array of new quasi-analytical expressions to permit a conceptual treatment of
commercial and business transport aircraft with adequate sensitivity for more advanced
trade studies, (2) review and adoption of a method to predict stability and control
characteristics (using the Mitchell method); (3) a study of the relative merits between
various methods in facilitating an expedient and robust constrained multi-objective
optimisation result within the context of traditional conceptual design problems (Genetic
Algorithms and Nelder-Mead Simplex search); (4) creation of a software package as a new
and unique conceptual tool that permits the generation of design proposals in an accurate
yet expeditious manner; and, (5) practical demonstration of the new conceptual design
software package by undertaking some actual aircraft design proposals.

The design problem is addressed using mostly closed form solutions but
transcendental expressions with much simplified numerical scheme algorithms have also
been adopted for sake of accuracy. Various new models have been proposed for
atmospheric properties, geometry, gas-turbine engine performance, low-speed and high-
speed aerodynamic characteristics, minimum control speed limited balanced field
estimation, asymmetric flight, and, en route performance characteristics including
definition of operationally permissible speed schedules and flight techniques for payload-
range/fixed sector profiles optimised in terms of maximum specific air range, minimum
fuel, minimum time, minimum direct operating cost and maximum profit/return on
investment. The work was extended further to include issues relating to the impact of
vehicular attributes to pricing the market is willing to absorb. Useful information regarding
how these individual computational elements of the methodology may be integrated for the
purpose of constructing coherent modular sub-spaces and formulation of a basic inter-
disciplinary coupling is also presented. The mathematical foundations derived in this work
have lead to an array of tangible conclusions that aid the conceptual designer via implicit
guidelines to achieve truly balanced design concepts.

In an explicit demonstration of methodology effectiveness and relative simplicity, a
software package called QCARD or Quick Conceptual Aircraft Research and Development
was created in the MATLAB environment. The new software system was developed to
assist the designer in predicting, visualising and optimising conceptual aircraft designsin a
much more interactive and far-reaching manner than what is afforded with contemporary
applications whilst emphasising speed and economy of effort.

The methodology and software was employed for a 19 passenger turbofan commuter
transport design using the cost effective Williams International FJ44-2 engines. To
complement this, a fuselage stretch version of the baseline vehicle designed to
accommodate 31-34 passengers was also undertaken utilising a growth version of the
original FJ44 power plant. The minimum goal for both of these concepts was to afford
unparalleled comfort through speed and spaciousness with a competitive edge against
turboprops in terms of economics and field performance. The fina design effort involved
proposal of a Trans-Atlantic high-performance executive transport employing an
unconventional Twin Oblique Lifting Surfaces, or, TOLS configuration. The intent here
was to produce a new super-large business jet able to operate up to low supersonic speeds
with field performance, en route fuel burn efficiency and cost comparable to that of
contemporary business aircraft for this market segment.
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INTRODUCTION & RESEARCH SCOPE 1

Quasi-analytical M odelling and Optimisation Techniques
for Transport Aircraft Design

An Introduction

AskinT. Isikveren

This treatise focuses on the formulation of many new algorithms intended for use in pre-design and
conceptual aircraft design sizing studies and associative measure of capability. Fundamentally, emphasis is
placed on the development of simple algebraic models. In the absence of maintaining a harmonious
interaction between the various design parameters, a reliance on statistical datasets of actual aircraft is
considered, but where practical, applied using a quasi-analytical mindset. By producing a software package
encompassing these ideas, it is the intention of the author to convey the notion that a visually interactive
ensemble, imbued with capabilitie of conducting a sophisticated level of objective function analysis whilst
ensuring consistent sensitivity, and, complemented by some basic decision support tools to assist the designer
during the conceptual process can be produced without resorting to very large, convoluted and cumbersome
digital codes.

1 I ntroduction

Today, early indications are emerging that the aerospace sector is undergoing some
changes with respect to how vehicles are designed, built and operated. It appears that the
analytical tools currently available for conceptual design engineers to conduct feasibility
studies that “push the envelope” in terms of minimising development costs and creating
shifts in operationa paradigms are not suitable due to the predominant philosophy of
simply utilising and coding existing, sometimes outdated handbook methods. Many new
methodologies that approach the conceptual design problem from a different perspective
are to be reviewed in this body of work. Together with the main focus of generating
theories more compatible in applicability and scope for requirements stipulated by
contemporary design offices, they are also devised expressly for the purpose of being
utilised to investigate the more seriously contemplated concepts currently gathering
momentum, such as progenitive highly synergised family concepts, and, high transonic
and/or supersonic commercia flight.

11 What is Conceptual Design?

Throughout the aerospace industry and academic institutions this question is open to
many interpretations, and frequently, quite distinct viewpoints. It is therefore prudent to
address this issue from the outset in order to set the theme of this dissertation, thus allaying
any chance for misinterpretation.

The entire aircraft design process can be categorised into three distinct phases. (1)
conceptua definition; (2) preliminary definition; and, (3) detailed definition. Depending on
the requirements of time and resources deemed appropriate by the airframe manufacturer,
the conceptual definition phase itself cannot be branded as adhering to one type of mindset.
In fact as exemplified by Figure 1, there exist two tiers under this phase, one aimed at
establishing a very quick (time-scale can be from one to a few weeks) yet technicaly
consistent feasibility study some call pre-design, and the other would be a protracted and
labour intensive effort involving more advanced first-order trade studies to produce a
refinement in defining the minimum goals of a candidate project. During the preliminary
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definition, product design is still undergoing a somewhat fluid process and indeed warrants
some element of generalist-type thinking, but can be thought of essentially as a constrained
exercise because the minimum goals of the project have already been established during
the conceptual definition phase and the aim is to meet these targets using methods that do
not necessarily reflect the conventional wisdom established during the conceptual
definition phase. Furthermore, the participants in this working group are mostly genuine
specidlists in each respective discipline. As the status of a project is well within the
preliminary design phase, assuming the manufacturer has confidence in the potential for a
new product line and has established a development cost it is willing to absorb, the detailed
definition phase would begin after the project is formally launched. This phase is, as a
literal interpretation would yield, design of the individual detalls, sub-assemblies and
assemblies that constitute the aerospace vehicle.

Marketing Requirements & Objectives Design Concepts
Customer Company Certification Configuration Engine Technologies
Requirements || Requirements || Reguirements Studies & Studies & Studies &
Selection Selection Section
PRE-DESIGN
Parametric Studies Initial Baseline Design
Sensitivity Establish Main Design Clean Sheet Family Feasibility
Andlysis Trade-off Parameter Design? Concept? Studies
Values
CONCEPTUAL DESIGN
Baseline Configuration Refinement
Wing Design || capin Design Fuselage
High & Low & Interior Design
Speed
Empennage Landing Gear Structural *PRELIMINARY
Design Design Andlysis ‘ DEFINITION
) *DETAILED
Systems Power Plant Weight & DEEINITION
Design Installation Balance
Operational Stability & Cost
Performance Control Estimation
& Noise
Figure 1. Illustration of the conceptual design process segmented into two tiers: the

initial or “pre-design” and refined baseline configuration definitions.

More specifically, a transport aircraft pre-design and conceptual design, which is the
concentration of this research, may be defined as a very tentative engineering proposal,
which meets the requirements of a current (or envisioned) market niche with facility for
accommodating perceived future needs constrained by the redlities of contemporary and
foreseeable economic forces. Disciplines of structures, weights, thermodynamics and
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aerodynamics must be traded with each other in order to produce a balanced design
candidate, which not only conforms to airworthiness and operational requirements, but
also, if it is destined to be a commercial transport, gives wide scope of revenue potential.
The analytical processes that aid in bringing a conceptual design into fruition are primarily
based on methods that are smple to at most moderately high in complexity.
Notwithstanding, interactions between multitudes of free variables that go into defining a
configuration commonly result in a rather complex array of objective functions. These
criteria are subsequently inspected via sensitivity studies in order to foster an optimised
vehicle layout. The focal point that coalesces from quantifying the weight, lift, drag and
power plant characteristics of a vehicle candidate is performance. For coherent aircraft
critical appraisals, this aspect is considered crucial because it is used as a fundamental
comparison basis not only in an absolute sense but also when considered in the
transformed Direct Operating Cost (DOC) and Maximum Profit/Return on Investment (P-
ROI) functional form.

1.2 Basisand Protocol for Conceptual Aircraft Design Prediction

As described by Torenbeek® and Bil?, conceptua design is primarily a search process
whereby the goal is to formulate a set of design variable quantities, which in consort
produces a vehicle that at least fulfils a devised list of minimum requirements. The
mechanism behind this search is mathematics and the core utilities required to conduct the
design process can be itemised as:

» Design specifications — a set of minimum requirements that define the success of
any aircraft design candidate. The specifications are categorised into two groups:
those that are hard specifications and those that are soft. The hard specifications
stipulate no compromise in delivering compliance according to the target values,
whereas, soft specifications permit some element of freedom in violating the
original target.

» Design parameters — are a set of abscissa values intentionally selected such that
they collectively describe the vehicular characteristics of with regards to
compliance, performance and profitability. These independent variables not only
define the aeroplane in a physically tangible sense, but can also be expressed as
specia ratios or parametric functional relationships known to demonstrate direct
correlation to a desired outcome.

* Dependent variables — are the ordinate values produced from the collective
outcome of the design parameters. They are also known as objective functions
because they demonstrate functional relationships to the design parameters through
physical principles or statistical correlation.

» Figures of merit — are special ratios and mathematical expressions that demonstrate
a strong functional proportionality to a given dependent variable without resorting
to the length of actually computing the value. They are characteristically expressed
as a combination of design parameters in order to reduce the number of steps in
computing them, thereby simplifying the problem of establishing what level of
sensitivity a particular design parameter has with respect to the dependent variable
outcome.

* Prediction methods — are expressions that explicitly define the physical
relationship between the design parameters and dependent variables. These
functions vary greatly in complexity and accuracy of the methods relies on the
amount and fidelity of the input information.
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« Design space —is a collection of vehicular candidates that completely, partially, or
not even fulfil the design specifications. Occasions where severa design
candidates fulfil the design specifications, another arbitrary rule, such as
examination of agiven figure of merit, can be used to establish the best candidate.

Conceptual aircraft design has been the subject of parametric studies albeit in limited
scope since the mid portion of this century. It is can be said that two distinct levels of
analysis are available to modern designers. first order minimalism predominated by the
closed form edict, or, higher order techniques that draw heavily upon complex
mathematics and numerical methods.

121 First Order Minimalism

Originally borne out of industrial necessity, this approach limits the knowledge of
mathematics to an elementary level by employing first order analytical techniques in
conjunction with empirical databases and established handbook methods**°. The tools
utilised are commonly of a closed form and adopt greatly ssmplified critical assumptionsin
an effort to reduce the amount of work to be expended.

For example, afirst order maximum range calculation may use a linear control factor
to represent climb, a closed form analytical representation for cruise at constant Mach
number whereupon the descent is assumed to be equal to the fuel used during cruising
flight over the same distance. This supposition totally neglects the transversality condition
which is additive between climb, cruise and descent phases, and, does not take into account
appropriately the quantities of fuel necessary for manoeuvring, reserves or other
contingencies. In keeping with the simplification tact, ambient conditions are routinely
fixed to an idealised scenario of ISA and atmospheric properties showing no indication of
the vehicle' s attributes in more realistic operational circumstances.

This is not to detract from the relevance of afirst order assumption, especially during
the pre-design stages of a new conceptual design project since they provide fast and
reasonably accurate tools for prediction. However, the entire process is dominated by an
implicit minimum goal success philosophy, which makes for a highly subjective basis
susceptible to a sometimes quite optimistic result when utilised by the uninitiated.

1.2.2 Advanced Higher Order Iterative Algorithms

The design prediction method in this instance is increased in complexity somewhat via
the introduction of techniques based on finite element theory and calculus of variations™"®.
In essence, this approach reflects a natural shift of the design process where more detailed
analyses replace older approximations. The primary intent here is to skip the traditional
conceptual step and view it more as a preliminary design problem from the outset. As a
result, each discipline is identified as a subspace open to individual optimisation prior to
attempts made for global objective function convergence.

A typical example is the methodology for wing design. The analysis can be upgraded
from the conceptua approach of statistical regression functions for wing weight
approximation based on various geometries and loadings of actual data from a variety of
past and present commercial aircraft to a wing structure subspace problem including
structural/stress analysis and weight optimisation based on finite element techniques. The
design variables are expanded to include skin, rib and web thickness and main spar
geometry. Through an iterative process where hundreds of stress constraints are
considered, the function returns a wing weight that is optimum for specific wing
geometries (aspect ratio, taper ratio, thickness and sweep).
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The two major advantages associated with this approach are the effects of biased
decision making can be avoided, and, it is most useful for non-conventional configurations.
However, the computational resources required tend to become excessive including
additional problems that arise because of programming and debugging. Also, since a more
detailed dlant is considered, there are many occasions where the method must rely on
simplified analytical techniques in order to fulfil the requirements of complete variable
definition before the algorithms are permitted to proceed. An issue of inconsistency with
respect to this method’s formulation of the critical assumptions may therefore be raised:
first order expressions commonly used as a basis for complex anaysis technigques does not
seem to justify a marked increase in complexity when tackling the design problem.

1.2.3 Quasi-analytical Algorithms—A Compromise Between
Economy of Effort and Higher Order Accuracy

One approach in calculating objective functions is to predict the most basic and
integral element(s) using an analytical technique and then apply adjustments by way of
factors, penalties and increments to better model the specific problem at hand. This method
is termed as a quasi-analytical approach because the predictions are based on anaytically
derived intermediary estimates that are then correlated against known empirical or actua
data. Application of this method originates from work conducted by Burt® and Shanley™®
who examined ways in which prediction of wing weight can be based on e ementary
strength and stiffness considerations with supplementary adjustments incorporated
according to experimental and statistical data. The main thrust of their respective methods
was a fundamental willingness to rely on a collocation of computational procedures,
namely analytical, numerical and statistical operations, strategicaly applied to each
functional component that contributes to the objective function.

To elucidate the method clearly, consideration can be given to one of the more
sophisticated algorithm exemplars used in practise, such as, a sequence of operations to
conduct wing structural weight estimation'*"2. The optimum bending shear and torsion
carrying structural box beam weight would be estimated by a station cut analysis that
considers materials, their properties, the construction type, the specific geometry, the loads
either supplied or assumed by some test-based data for compression stability evaluation.
The total wing weight estimate would then be accomplished by applying a series of
anaytical and statistically based increments to this basic estimate to account for non-
optimum weights such as fasteners, cut-outs, wing fold, splices and joints, fuselage
attachment, fuel containment, and al other unique features of the aircraft wingbox under
anaysis. To complete the exercise, the control surfaces weights, fixed edges, etc. would be
estimated in isolation using statistical methods.

One sdlient observation is that higher-end quasi-analytical procedures do require an
elaborate array of input data than the traditional statistically based methods. Nonetheless, if
approached in a thoughtful manner, a sizable scope in reducing the complexity can be
realised. This is achievable through the formulation of suitable default assumptions and
accumulation of knowledge that instils a genuine appreciation of the physica cues
regarding sensitivity of each engineering parameter to the final objective function. When
adopting this approach and placing such an emphasis on economy of effort, the
methodology offers greater versatility in terms of retaining accuracy for contemporary
technology vehicles. Furthermore, the main advantage over the purely statistical based
methods (irrespective of increasing complexity when constructed in the analytical form) is
an ability to retain some semblance of accuracy in extrapolating outside the parameter
dataset range. Moreover, a possibility now arises in maintaining this accuracy level during



6 CONCEPTUAL AIRCRAFT DESIGN METHODS

trade-studies and departures in the contemporary technology level and eventually leadsto a
much surer assessment of the feasibility of unconventional configurations.

13 Operational Criteria Placed On Contemporary

Transport Aircraft

Trajectories computed using more refined methods like calculus of variations are
characterised by continuously varying airspeeds during climb and descent phases with the
throttle setting assumed to be a continuous function of time for the entire flight. In contrast,
a succinct overview of both Air Traffic Control (ATC) and route structure to follow
demonstrate the difficulties associated when attempting to adhere to precision a planned
profile with respect to route, flight level” and time. Also, it is customary to predict
performance for new conceptual designs of transport aircraft based on techniques which
model the idealised scenario. The onus is placed on the designer to ensure that new
conceptual designs should abide by the rules and practises in accordance with modern day
operational criteria. In essence, the performance specification should be defined by taking
increasingly demanding airworthiness regulations into account, which proves to be an
especially arduous undertaking when attempting to produce commercially viable designs.

131 Present-Day Air Traffic Control and Route Structure

The ATC service isresponsible for the “...provision of a safe, orderly and expeditious
flow of air traffic...”*® and is one of the more important air navigation services originally
conceived by the International Civil Aviation Organisation (ICAO). For each specific
region, subdivisions known as Flight Information Regions (FIR) are designated. These in
turn, consist of two elements, namely, the airspace division and the route structure. Within
each FIR, airspace can be distinguished as controlled and uncontrolled — the controlled
airspace being under ATC’s jurisdiction. Primarily, ATC determines aircraft position and
subsequently applies this information in assessing the minimum safe distance required for
separation between aircraft. Combined with an additional task of reacting to potentially
dangerous situations, these standards, amongst others, determine the maximum number of
aircraft, which can use a certain volume of airspace in a certain period of time. Procedural
allocation of airspace also depends on the specific flight phase an aircraft is undergoing
because relative speed between vehicles must be taken into consideration as well.

Route structure is defined in a horizontal plane in terms of a series of reference points
determined by the location of radio navigation beacons. These reference points, commonly
referred to as waypoints, are connected by straight line segments which also have a dud
property being a series of pre-designated vertical planes or available flight levels the
vehicle may traverse. These flight paths are structured into special zones due to many
reasons, some of which usually pertain to undesirable terrain profile avoidance, purposes
of noise abatement, or even to segregate civil transports from military traffic. Furthermore,
each airway segment defined by the two-waypoint nodes characteristically, through both
the local regulatory body as well as ATC compliance, permit aircraft the ability of utilising
adistinct airspeed and flight level from previous ones. Route structure can be divided into
two categories. ones approved by the local regulatory agency which incidentally must be
used at all practicable times, and, company designated routes only to be used occasionally
when extenuating circumstances arise.

* The term flight level is a common operational parlance. This quantity is the altitude expressed in units of
hundreds of feet, e.g. FL 250 is equivalent to 25000 ft.
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132 Operationally Permissible Flight Control Techniques

Current airline operational practise utilises smplified control techniques comprising of
a constant calibrated airspeed (CAS) which transitions to a constant Mach number. This
technique is referred to as the CAS/Mach speed schedule and is employed for climb and
descent phases. Climbing flight commences with a speed schedule of CAS and then
proceeds with constant Mach number usually at a maximum climb throttle setting.
Conversely, descent is mostly conducted at an idle throttle and begins with a constant
Mach with subsequent transition to constant CAS.

Some flexibility to cruise is afforded since speed and flight level are permitted to vary
for each waypoint aong the route. This transates into possibilities of adhering to optimal
flight plans provided ATC and route structure do not impose any restrictions. Although
available thrust may theoretically allow an aircraft to fly continuously at Maximum Range
Cruise (MRC) speeds, this procedure is not usually selected in practise. Instead, a speed
schedule called Long Range Cruising (LRC) is adopted which is a trade between the fuel
penalty for time saved due to faster cruise speed. This value is commonly defined as 98-
99% of maximum specific air range and is derived based on schedules at the initia
condition of flight which allows the vehicle to remain close to the maximum Specific Air
Range target (SAR) whilst still affording a significant measure of speed increase. For
flights where delays must be soaked or the mission requirement is of short distance, a
larger fuel penalty can be accepted when the aircraft is flown at the Maximum Cruise
(MCRZ) rating and at lower flight levels.

14 Stability and Control

The very concept of stability and control is concerned with the provision of permitting
sustained authority over the aircraft at any point within the vehicular flight envelope. This
requirement extends to a control system that promotes ease and effectiveness of aeroplane
response acquiescent with the pilot’s commands. As it has been proven repeatedly'*, and
sometimes with spectacular results, inadequate appreciation with respect to stability and
control fundamentals can catastrophically cause the demise of any projects — even those
showing unequivocal promise from the outset. One truism in the aerospace industry is the
fact that amost all aircraft projects have experienced flying qualities problems at some
stage during the flight-testing process. Even if handling and control present no problems
when the vehicle is operated in the nominal mode, one aspect like very poor control in
manual reversion mode may for instance become the source of maor consternation
because of the fundamental design minimum goals potentially being compromised.

The basic concept for stability***>'*" is simply a stable aircraft has a tendency to
restore itself to its original condition whenever a force or moment disturbs the flight — this
property of the vehicle is referred to as static stability. The disturbance is indicative of
random fluctuations that arise from the atmosphere, such as from gusts. The concept of
dynamic stability involves an appreciation of the vehicle characteristics as a result of a
disturbance from an equilibrium condition. There exist two distinct categories of response:
(1) dynamically stable, which in-turn is sub-divided into those situations where a gentle
resumption back to original condition occurs, or, a damped oscillation where resumption
back to the original condition occurs with overshoots; and, (2) dynamically unstable, which
is aso sub-divided into undamped oscillations of constant amplitude usually referred to as
neutral dynamic stability, forced oscillations where the amplitude increases over time, and
finally, a statically unstable situation typified by divergence from the equilibrium condition
after a disturbance. It is quite evident that the aircraft should not possess any statically
unstable properties in any dynamic mode, or at the very least, the divergence that results
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from such instability is not so rapid the pilot can reasonably apply a correction. If the
aircraft exhibits any dynamically unstable oscillatory behaviour, the oscillations need to be
either totally eliminated or damped sufficiently to reduce the frequency through passive or
active means.

Aircraft control is concerned with the response of the vehicle after control mechanisms
have been intentionally manipulated to deviate from a given equilibrium condition.
Aerodynamic control is achieved through basicaly three sets of dedicated surfaces:
elevators in pitch; ailerons in primary roll and secondary yaw; and, the rudder in primary
yaw and secondary roll. Control is a different problem from that of stability. The aircraft
control system should possess a characteristic response to a control action such that itisin
the same sense and control reversal is avoided entirely. The sensitivity of control
displacements should also be calibrated such that a statically stable aircraft is not “too
stable”. Also, the magnitude of the force to manipulate the control should steadily increase
with the control displacement and correspondingly reflected in the magnitude of the
aircraft response, and little or negligable time lag should prevail in the aircraft response to
a control input. These requirements not only apply to aerodynamic control but also the
engine throttle, and hence speed.

In view of the foregoing discussions, in conjunction with the notion simplified
methods in assessing handling qualities are not tenable, and the fact gross inefficiencies
would result from manual calculation procedures, it is quite evident a requirement now
exists in developing and integrating some sort of dedicated software system. This utility
should permit rapid and economical estimations of aerodynamic stability and control
gualities from data available in the conceptual design stage. Two candidates that can
conduct stability and control analysis are the Digital Datcom® and Mitchell*> computer
programs. The Digital Datcom for al intensive purposes is a trandlation (with some minor
differences) of the Datcom methods into a computer program. The greatest drawback of
Digital Datcom is the methods are geared more towards preliminary design operations and
therefore raises questions of inconsistency between formulation of critical assumptions for
complex analysis techniques. In contrast, the Mitchell code most advantageously works
from amore simplified numerical description of the external geometry, and from that basis,
can compute the aerodynamic derivatives, moments of inertia, characteristics of the fixed-
stick stability modes, the lateral response to control inputs and disturbances, and some |low-
speed limitations.

15 Multi-disciplinary Design Optimisation

Due to the austere nature of skills for implementation, the lack of an extensive array of
constraints imposed by airworthiness regulations, an absence of issues dictated by
operational performance protocols and loose adherence to customer sponsored
performance guarantees, the aircraft design process was considerably less complex in the
past. Astechnological development has compounded the intricacy to the point where many
specialists now participate in the design process, even though the specialists can find the
best technological solution within the realm of their respective discipline, it does not
necessarily mean the best global design will result. Accumulated experience within the
aerospace industry draws one to the conclusion that philosophicaly an interdisciplinary
approach to aircraft conception is paramount if significant breakthroughs are to be realised.
One method in addressing thisissue is to create a formalised design strategy and examples
are the so-called Multi-disciplinary Integration of Deutsche Airbus Specidists (MIDAS)Y®
and the Bombardier Aerospace Bombardier Engineering System (BES)® initiative.
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Apart from spelling out the phases, milestones and processes in an aircraft design
cycle, scope must be given to optimise each stage and this can only be achieved with multi-
disciplinary design and optimisation practises. The American Institute of Aeronautics and
Astronautics (AIAA) defines Multi-disciplinary Design Optimisation (MDO) as “...a
technology that synergistically exploits the interaction among disparate disciplines to
improve performance, lower cost and lower product design cycle time...”. A variety of
techniques whether they are based on the premise of mathematical programming or
evolution methods are available today as numerical tools in searching for an optimum
solution. One successful commercial application of this design philosophy is the
Automated STRuctural Optimisation System (ASTROS)? finite element based software
system devel oped to assist the preliminary design of aerospace structures.

The intention of this particular research was to establish some sort of framework for
multi-disciplinary design functionality at the conceptual design level. Investigative work
conducted by Van der Velden? reveals feasibility in utilising evolution and Nelder-Mead
Simplex methods for not only simplified Multi-variate Optimisation (MVO) problems, but
also for the more complex hyper-dimensional (greater than 20 design variables) MDO
problem formulation as well.

16 Computer Aided Engineering in Conceptual Design

The use of software to conduct aircraft conceptual design and optimisation has been
around for well over a decade. Even though significant strides have been made in relation
to interactive graphics capability, computer aided engineering systems for conceptual
design have not established a pivotal role. Reasons for apprehension in extensively
integrating such systems stem from the fact that the conceptual design process is not
strictly alogical and sequential series of events, thus coming into conflict against the rigid
structure dictated by computer programming. Another reason is the plain fact the programs
and agorithms producing the prediction during minimum goal formulation are not totally
transparent, therefore the results are tacitly accepted or met with great scepticism such that
more time is expended in justifying the result than the time it took to conduct the original
analysis. This suspicion becomes even more pronounced whenever multi-parametric
sengitivity studies take place. Owing to the quite complex interaction between the
multitudes of design variables, the physical relationships between disciplines become
difficult to comprehend. The final difficulty lies with the feeling the software is
“designing” the aircraft as opposed to the designer because the perception is the tool
requires minimal input from the human in the loop and the final vehicular design is
deemed immediately invalid. This phenomenon is sometimes ignominiously referred to as
the “black-box” solution.

Notwithstanding these foibles, computer aided aircraft conceptual design can produce
significant benefits. These include greater throughput of design feasibility studies for a
given period, an ability to dramatically expedite the response time for projects that emerge
unexpectedly, an ability to generate a marked improvement in design quality and the
number of concurrent design projects undertaken for given resource level, possibility in
promoting a reduction in development cost for the project as it matures, and the likelihood
of undertaking a more sophisticated larger scale design problem is not possible with the
traditional greatly simplified handbook methodologies. For this reason, significant energy
is expended in developing new software packages that can deliver these tangible benefits
whilst avoiding the pitfalls discussed earlier. At this moment in time, a number of
conceptual design codes are commercially available, however, the frequency of competing
software platforms is not vast since airframe manufacturers have a propensity to develop
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their own algorithms in-house. In order to serve as a benchmark indicating the level of
sophistication currently available to designers, a synopsis of contemporary commercially
available software is presented below.

Developed by Simos® and distributed by Lissys Ltd., the Project
Interactive ANalysis and Optimisation software package is publicised
as being a complete aircraft design program. The scope for analysis
includes geometry, weights, aerodynamics and a somewhat broader
(yet still simplified) range of performance estimation capability
compared to other products. The basic theme for PIANO is the
conventional commercial transport adhering to FAR Part 25
certification; however, business aircraft can be designed if other
sources are utilised for missing information or anaysis capability. Currently, the
software’s clientele list is not extensive, yet includes well-known airframe manufacturers,
engine manufacturers, and governmental and research institutions. One major drawback is
that PIANO only executes on the Apple Macintosh and is currently not portable to any
other platform.

AAA
The origins of DARcorporation’s Advanced Aircraft Analysis stem
. ( W ?\ from the multi-volume and quite comprehensive texts, Airplane
- =2 :

authored by Roskam. AAA incorporates and coordinates the
methods, statistical databases (now quite dated), formulas, and

- relevant illustrations and drawings from these references. The AAA
program aIIows the design engineer to rapidly evolve an aircraft configuration from early
weight sizing, through open loop and closed loop dynamic stability and sensitivity
analysis, while working within regulatory and cost constraints. The software applies to
civil and military aircraft including unconventional configurations.

‘ Design, Parts I-V111° and Airplane Flight Dynamics Parts | and 1,

RDS-Professional

RDS marketed and supported by Conceptual Research Corporation
(CRC) is an aircraft design, sizing and performance software
package with very basic drafting functions. An emphasis is placed
on conducting very rapid feasibility studies. In fact the author
clamsit alows the development, assessment, and optimisation of a
new notional design concepts in as little as a day. The algorithm
methods reflect primarily the widely used textbook by Raymer?,
Aircraft Design: A Conceptual Approach. The package is adequate
for early design and requirements trade studies, and has a number of automated capabilities
for producing key graphs and figures documenting the trade study results. The program
facilitates cost analysis, as well as airline economics.
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ACSYNT

Available from Phoenix Integration, Inc., this code is intended for
aircraft sizing and optimisation/mission analysis™. Working closely
with airframe and engine manufacturers, Ames formulated the basic
AirCraft SYNThesis tool. In 1987, Ames and the Virginia
Polytechnic Institute CAD Laboratory began to design and code a
Computer-Aided Design (CAD) system for ACSYNT. The product
of this collaboration is a high-end aircraft design tool that provides
a three-dimensional computer-aided design environment coupled with detailed analysis
capabilities. An aircraft concept can be modelled in the CAD interface, and then analysed
using a suite of multi-disciplinary modules representing aerodynamic, propulsion, and
mission performance parameters. ACSYNT has been successfully applied to high-speed
civil transport configurations, subsonic transports, and supersonic fighters. The entire
package does offer avast array of functionality, but necessitates a significant investment in
time and effort to use it effectively. In view of this characteristicc ACSYNT is not a
software platform for all aircraft designers.

17 Decision Support Systems

There are examples of work done in the field of Decision Support Dystems (DSS) for
engineering design and much of the work is focused on presenting design axioms or advice
to designers on how to design®. These approaches require the investment of considerable
time to capture the knowledge into forms that can be accessed and subsequently provide
the designer with suitable advice. A sophisticated study conducted by Eaglesham?® has
extended the conventional DSS concept for engineering and added the further dimension of
costs related to the manufacturing of advanced composite components, thus providing a
means to access the information that companies already have, but have in the past found
difficult to use in meaningful ways during the design selection process.

Idedlly, even arudimentary design decision support systems should take advantage of
the data a given airframe manufacturer has accumulated about the various aerospace
disciplines. It is this type of information most companies attempt to purchase “off-the-
shelf” with commercialy available conceptual design packages. It comes as no surprise
they find the application somewhat short of expectations because various methodologies
and design driver philosophies are not necessarily reflected in the package, and as is
commonly the case, in direct conflict with the manufacturers perception of what is
appropriate. The key to successfully fulfilling this requisite is to integrate engineering
design knowledge into aformat similar to how contemporary business information systems
deal with knowledge discovery, i.e. statistical correlation and visual cues indicating zones
relevance or consequence.

A suitable amount of effort should be expended in establishing some semblance of a
DSS infrastructure to permit possibilities of incorporating more elaborate functionalities
with relative ease in the future. Apart from addressing issues of “error-trap” type messages
and warnings that simply instruct the designer of an impending questionable basis for the
analysis, aminimum goal should be at least imparting to the designer information showing
how the aircraft fits in the historical trend and what room for pragmatic improvement is
available compared to their own preconceptions of what is valid.

18 Objectives, Scopeand Thesis Structure
The fundamental research questions are: How can existing methods for conceptual
design prediction and limited optimisation be significantly improved upon, and, to what
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extent could an improved aircraft design be produced thereafter?

Based on the posed questions, a number of principal aims were generated to serve as
solidifying the purpose of the research. The core research objectives can be summarised as
such:

To assess the needs of aircraft designers and produce new and improved algorithms by
analysing the scope of analysis tools necessary for them to execute contemporary
conceptual design analysis objectives in an effective and expedient manner. To propose
new aircraft design proposals in an attempt to highlight new market niche possibilities,
this task also has the dual purpose of demonstrating a software package developed from
the conceptual design theoretical work.

This initial am was to completely re-examine the type of analytical tools utilised in
predictions during conceptual design of aircraft. This was mostly realised by exploring the
merits of an alternative analytica basis for the calculation of atmospheric properties,
weights, power plant performance, aerodynamics, operational performance, and, DOC and
P-ROI prediction. Emphasis was also placed on deriving a unified analytical treatment not
only to demonstrate relevance in the computed result, but also accommodate a deeper
insight into the design problem at hand. The goal was to gain an understanding that would
implicitly orientate the designer to achieving a truly balanced aircraft conceptua design.
To complement this effort, a follow-on objective was to verify the accuracy of the above-
mentioned new techniques against published results of contemporary vehicles. A focusis
placed on turbofan regional aircraft in the ensuing discussions, however, it should be
highlighted that all presented research is generally applicable for any gas-turbine based
propulsion systems with propeller power or jet thrust output as well as any size class of
transport vehicle. A strong mathematical basis has been identified as the mainstay to
achieving the intended result, with an onus placed on converting traditionally discrete
analytica expressions by continuous differentiable functions open to solution for
conditions of optimality. This unique approach gives facility to transform the typica
conceptual design optimisation problem from the interaction of a sometimes esoteric array
of merit functions to definitions of feasibility using tangible dependent variables having a
physical meaning.

The next milestone of this research was to produce a new and unique conceptual
aircraft design tool that emphasises the designer’s role during the synthesis process. By
virtue of setting this ultimate goa meant the selection of an appropriate software
environment to work in. The software system requirements also include a modular and
robust construct to ensure future development with relative ease, and possibly as the most
important consideration, revolves around issues of portability as well.

Thethird and final goal was to demonstrate the speed and effectiveness of the software
package that embodies the theory developed in this work by conducting actual conceptual
design studies of two regional and one business transport aircraft examples.

These core objectives can subsequently be itemised into a series of sub-objectives,
namely,

* Review of the various new models developed for atmospheric properties, geometry,
weights, gas-turbine engine performance, aerodynamic characteristics and
operational performance qualities coupled to DOC/ P-ROI objective functions;
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* Include discussion of Quick Conceptual Aircraft Research and Development
(QCARD) software package as a new and unique design tool, and a brief overview
of the concept behind hidden and explicit design DSS framework in the QCARD
system;

* Implementation of methods to predict stability and control characteristics (Mitchell
code) and to subsequently couple this subspace into the QCARD system;

» Facility to support constrained multi-objective optimisation using Genetic
Algorithms (GA), or, Nelder-Mead Simplex search, or, a strategic combination of
both in QCARD system; and,

* To draw together all the published theories, principles and design software package
and conduct practical design examples ideally targeting market segments that are
quite broad and distinct from one another.

This PhD thesis consists of a comprehensive introductory note concerning the
development and rationale behind new conceptual design prediction methodologies and
systematically expounds the theories themselves, including an explanation of scope and
applicability therein. The intention is for this body of text to act as a precursor to a
summary of four selected papers that focuses on an overview of the methodology, practica
application of the developed methods on three conceptual design exercises and a
comprehensive examination of objective functions related to costs and profitability with
respect to flight technique formulation of commercial transports.

Paper I, “Methodology for Conceptual Design and Optimisation of Transport
Aircraft”, introduces the notion of an impulse function used to produce differentiable
continuous expressions out of normally discrete processes, and, to construct maximising
and minimising functions. In addition, new prediction methods for atmospheric properties,
gas-turbine engine performance, high and low speed aerodynamic characteristics, and,
operational performance qualities coupled to DOC and maximum P-ROI objective
functions were also presented. A discussion of methods to identify optimal performance
and subsequently formulate operationally permissible climb, cruise and descent control
techniques was expounded, including a review of the Optimum Traectory Profile
Algorithm (OTPA) borne from a collection of work discussed above. Coupled to this was
an introductory note to a new method for DOC and P-ROI optimisation with respect to
predicted operational performance. It was rounded-off with a presentation of the PD340-
3X, a31-34 PAX commuter turbofan aircraft conceptual design.

Paper Il entitled, “Design and Optimisation of a 19 PAX Turbofan Regional
Transport”, solely covers the conceptual design of the PD340-2, a new 19 PAX turbofan
commuter aircraft. The PD340 project design study was conducted for Williams
International with support from Saab AB, Karlebo Aviation AB and KTH. The technical
paper had a dua purpose of detailing the viability of targeting a new market niche and to
act as a demonstration of the author’s initial array of prediction methods inherent
capabilities. The conceptua design utilised Williams-Rolls Inc. FJ44-2A small turbofan
engines and adhered to maximum commonality with Saab Aerospace Saab 340 aircraft.
The design ended up with competitive field performance and comparable reference speeds
to turboprops and was set a minimum goal of climbing to altitudes at least 10000 ft higher
than contemporary turboprops with reasonable time-to-climb to initial cruise atitude. In
conjunction with cruise at speeds targeted to be around 50% faster than turboprops, a
potential to generate around three times the maximum profit at optimal stage length was
also found.
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Paper 111, “High-Performance Executive Transport Design Employing Twin Oblique
Lifting Surfaces’, entails adescription of TOLS-X aircraft conceptual design, a new Trans-
Atlantic 19 PAX executive transport able to cruise up to low supersonic speeds. Here, the
concept of Twin Oblique Lifting Surfaces (TOLS) configuration was first introduced, and
preliminary evidence was given to motivate the aerodynamic suitability for high-transonic
and low-supersonic operation. Owing to the unique nature of such configurations, a new
method to quantify vortex-induced drag factor for TOLS type configurations was
presented. Also proposed was the concept of the BR-71X engine: a modified BMW Rolls-
Royce BR-715 power plant suitable for operation up to low super-sonic speeds. The
TOLS-X vehicle minimum goals were characterised by the largest cabin volume compared
to contemporary large and smaller super large business jets, and TOLS-X was found to
possess a similar SAR efficiency to the Gulfstream GIV-SP yet at much faster speeds
while having an ability to operate out of typical corporate airfields.

The final manuscript, Paper 1V, “ldentifying Economically Optimal Flight Techniques
of Transport Aircraft”, details a comprehensive treatment of how to identify optimal flight
techniques with respect to DOC and P-ROI for given sector mission criteria and assumed
reference time frame utilisation. A series of new models used to accurately simulate
maintenance and material costs, block fuel expenditure and revenue were introduced. One
salient conclusion from the theory was hourly-based utilisation results in faster block
speeds tending towards the minimum block time threshold, whereas, the fixed departures
scenario yields a slower yet congruous flight technique optima requirement for DOC and
P-ROI objectives. As an alternative for optimality, a new speed schedule definition called
Economical Long Range Cruise (ELRC) was created to replace the traditional 99%
maximum SAR LRC speed. To complement this, a new merit function called Operational
Flexibility Index (OFI) was derived to enable transparency of what en route operational
gualities a given aircraft exhibits. Merit parameters that give rise to the ability of sub-
optimising for more desirable P-ROI characteristics were also presented, and details were
given showing how the methodology may be integrated to facilitate the optimisation of
conceptual aircraft designs. To complete the paper, worked examples for 50 PAX regional
aircraft, namely, two turbofans and one high-speed turboprop were also discussed.
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2 Formulation of a New Project Design Specifications

One of the most difficult tasks in the competitive environment of aircraft
manufacturing and sales is to produce a vehicle that employs a particular mix of design
specifications, i.e. amenities, performance, efficiency and flexibility, at a price the market
is willing to absorb. Rather than the questionable approach of a technology-driven edict
solely dictating what makes sound economic sense, there exists a vital requirement that
some sort of impartial methodology can be utilised such that both engineering and strategic
product development departments can plan for new design proposals with some
confidence. It should not be disputed that the market sets the price of all aircraft products.
Factors such as reliability, maintainability, utility, perceived safety, efficiency, operating
costs, brand name loyalty and aesthetics affect the propensity for a customer to purchase an
aircraft. In addition, it is erroneous for one to postulate that costs associated with research,
design, testing, manufacturing and certification play a significant role in setting price; in
thelong run it is the market that dictates price.

2.1 Establishing the Value of Performance and Amenities

A significant amount of effort has been expended in addressing the issue of aircraft
price and value. Work conducted by Timmons®’ through the so-called “Comfort Index”,
defined as the cabin volume multiplied by maximum range, was one of the first attempts
and can be considered the basis for a contemporary need in using analytical and statistical
techniques in understanding the economic advantage of aircraft. Norris™ introduced an
alternative figure of merit suited more for commercial transports called the “Vaue Factor”
to observe trends against aircraft price. This parameter is defined as the product of vehicle
daily productivity, available passenger space and passenger headroom divided by the
amount of expended fuel per day.

Narrowing the list to those parametric expressions that exhibit the best qualities to
perform a thoughtful prediction analysis, Killingsworth and Wolz* showed a correlation
between the price of business jets and a productivity index defined as the product of speed,
range and cabin volume. A notable contribution aso includes investigations conducted by
Moghadam and Farsi®. They examined the cost of performance for multi-engine gas-
turbine business aircraft and established a trend exists between aircraft price and their own
parametric construct coined “Performance Index” that represents a market-based measure
of arcraft performance. This parametric expression is defined as the cabin volume
multiplied by maximum fuel range, maximum fuel speed and maximum fuel payload
divided by the Takeoff Field Length (TOFL).

After reviewing the array of suggested methods that map market trends, an adequately
descriptive parametric productivity index (Pl) was found to be an equation first proposed
by Allied Signal Aerospace™

M re Rire Vew
B

Pl = )

where M rc is the aircraft typical LRC Mach number, R rc represents the maximum
achievable range at LRC speed and carrying the aircraft standard PAX complement, Vca, IS
the cabin volume, or aternatively expressed as the product of cabin cross-sectional area
(Acap) and cabin length (lcan), and B equals the TOFL. This parametric equation promotes
suitable trend progression and by virtue of this characteristic, can be utilised to identify
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pockets of coverage not currently serviced by contemporary aircraft. This also includes the
possibility of more dramatically, identifying new market niche opportunities. Based on
known business aircraft data, Figure 2 elucidates the potential this methodology offers for
prediction work.
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Figure2. Chart indicating the value of performance and amenities for business aircraft
using a parametric productivity index.
2.2 Constructing the Airframer Paradigm

As a complementary toolkit for the market niche identification equation given by Eq.
(1), the next step requires finding a method where price can be quantified based on a given
combination of design specifications with suitable assurance. One way this task can be
accomplished is through the use of Geometric Programming. First discovered by Claurence
Zener of Westinghouse in 1961, the original goal of Geometric Programming was to
permit a computationally convenient non-linear optimisation technique, which even in a
restricted form would offer a number of advantages over conventional techniques based on
classical calculus. Zener noted that the sum of component costs of a process sometimes can
be minimised almost by inspection provided these costs are functions of the product of the
variables involved in each cost term, with each of the variables raised to arbitrary real
exponents. One example of the method's success is cited based on McMasters ¥ work of
using this mathematical technique in finding solutions to various optimisation problems
related to aircraft performance.

In order to exploit the potentia benefits of adopting the Zener approach, a new primal
objective function construct known hereon as the Airframer Paradigm was created in an
effort to ascertain how much a given set of design specifications are worth to the market.
Recognising that a given aircraft manufacturer intrinsically defines its own unigque primal
objective function (in this instance referring to aircraft price), a multivariate model based
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on the build-up and summation of component “costs’ of an assembly (or macroscopic
aircraft design objective functions) can be constructed. Through experimentation one
suggested form that showed promise was

C=f Rtk +f, B2+, V2 +f,S0 +fs Myir, (2

I isthe aircraft price, Sy represents the cabin slenderness ratio given by cabin length
divided by the addition of cabin width and cabin height, or Scap = lcab / (Weap + heap), and,
Mwmcrz IS the maximum cruise Mach number.

As a genera curiosity, it would be of interest to examine the sensitivity of the
paradigm equation assuming various combinations of design specifications. A more
insightful investigation could be identification of what direction in its domain I" increases
most rapidly at a given design variable combination Po(Rirco,Bo,V cabor ScabosMmcrzo). The
importance of this posed question becomes quite evident if one considers point P, in the
domain represents a known baseline aircraft design. If the partial derivatives of the primal
objective function T'(R_rc,B,V cab, ScansMmcrz) are defined at Po(RLrco,Bo,V cabor Scabos MmcRzo)s
then the gradient of I at P, is the vector

VI =f, W, RIEC i+, Wy B™ ™ j+ 8, K+ 0O 1 +f, w MUz, m

3)

and is obtained by evaluating the partial derivatives of I" at P,. Recaling the partial

derivatives for cabin volume and cabin slenderness are themselves compound functions of

cabin metrics, a series of conditional partial derivatives need to be defined, thus giving

some freedom in electing what design variables shall be observed for sensitivity studies.
Initially one can examine the partial differential

S :Fvcab: f3W3 V;Jg_l (4)

for an independent V ¢4, Otherwise,

|W4—l
e =T :f3W3AWcafa|micafa_l+f4W4$w )
® (Wcab + hcab) )

for an independent | 4. Furthermore,
O :rscab =f,w, Sﬁva‘é_l (6)

for an independent Sca, OF, Oca, = 0 for an independent | cap.

In order to appreciate how much the function I" changes for excursions from point P,
to a another point, the rate change of I'is calculated by multiplying the directional
derivative of T" by u, which is the direction of the tendency away from P,. The direction of
the tendency towards another point from baseline P, is algebraically described by the unit
vector u =VF/| VF|.

As an example of the perceptive power the Airframer Paradigm can produce, a
sensitivity study of Gulfstream Aerospace’s product range of G100, G200, GIV-SP, GV
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and GV-SP business jets was conducted in order to establish the design specification
drivers typified by Gulfstream aircraft in the business jet market place. Assuming
Gulfstream Aerospace produce derivative and clean sheet aircraft proposals using the
GIV/IGV fuselage cross-section, the most influential parameters to an equipped aircraft
price the market is willing to absorb is chiefly a function of range and cabin length. Figure
3 illustrates this sensitivity, and as a validation exercise, an equipped aircraft price for the
new GV-SP business jet was predicted. As annotated in the chart, a prediction of USD 43.0
million, subsequently incremented in price for Enhanced Vision System (EVS) to be
equipped as standard, and incorporating an adjustment to reflect 2003USD (GV-SP entry-
into-service planned for fourth quarter 2003) produces a total of around USD 45.0 million.
This figure appears to mimic the currently quoted price found in aviation media®.

Gulfstream Aerospace Paradigm
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Figure3. Sensitivity study of next available price in relation to maximum range and
cabin length for Gulfstream Aerospace business jets.

By combining the market niche identification method with paradigm prediction, the
possibility now arises in finding a sequence of design specifications that meet both a
targeted Pl and aircraft price. Although the presented methods have been illustrated using
business aircraft data, this does not exclude validity for commercial transports as well. In
lieu of a more suitable parametric association, the PI given by Eq. (1) can still be used for
commuters, regionas, narrow-bodies and wide-bodies as a tool for market niche
identification. Furthermore, the Airframer Paradigm given by Eg. (2) and the
accompanying protocol for sensitivity studies can be considered as being universally
applicable for all transport aircraft types.
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3 Mathematical Foundations. Concept of an
| mpulse Function

A traditional conceptual study revolves around analysis that is predominately discrete
in nature. This can become quite cumbersome and impractical especially when typical
conceptual design performance assessments even at the most elementary level can consist
of hundreds or even thousands of point calculations, each requiring an instantaneous
estimate. Additionaly, this philosophy denies the possibility of conducting analytical
performance optima identification via single expression algorithms, thereby, in an effort to
reduce complexity; it compels the use of coarser numerical integration procedures or
closed form approximations prone to large errors.

31 Mathematical For mulation and Gover ning Rules of Operation

By introducing the concept of an impulse function or unit step, normally discrete
procedures of analysis can be transformed into continuous differentiable equations. The
step input function represents a jump discontinuity and the idea is to promote an
instantaneous change in the reference analytical expression according to specific
requirements. The mathematical representation of a step functionis

1 vx>0
f(x):{O Vx <0 or f(X)=, (7)

where @, = ®(X,Xs) is the impulse function and the function is not defined at x = 0. A
mathematical approximation of the jump discontinuity can be proposed as

@(f,f,) =k, +k,tanh[k,(f —f_)] (8)

where the coefficients k,, represent values which assist in modelling an idealised unit step,
and, the variables f and fs are the tested and critical values respectively. Suitable values for
these constants were found to be ki = 0.5, ko = 0.5 and ks = 110. Figure 4 illustrates the
concepts behind both the idealised jump discontinuity and its analytically approximate
counterpart. As an example of this impulse function utility, consider the operator @
(10,20), which resultsin O, or conversely, ®(20,10) is 1.

It can be discerned the approximate unit step expression does invoke some degree of
error with respect to the idealised function. This phenomenon is taken to be an
advantageous occurrence because instead of modelling an abrupt change in characteristics,
properties are more realistically resolved as a transition. This notion can be exemplified by
modelling of the atmosphere where transition in flight level between the troposphere and
the tropopause takes place. The progression between a linear temperature ratio lapse to a
constant one is not surmised to happen instantaneously but rather is intuitively expected to
occur progressively. The impulse function or approximate unit step aids in simulating this
intuitive analogy.

The rules of differentiation concerning the impulse function are assumed to conform
approximately to standard results produced by the derivative of a constant

.0 ad Lox
dx dx

1
I

D, (9)
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Figure4. Theidealised unit step function compared to a mathematical approximation.

3.2 I dentification of Maxima and Minima Using the Impulse

Function Approximation

Many instances arise in conceptual prediction that necessitates identification and
subsequent introduction of maxima and minima values for the end result. This aspect
hinders adherence to the continuous function edict because expressions already geared to
accommodate continuous properties may lose this status by becoming discretised during
the identification process. Fortunately, the aforementioned approximate unit step
philosophy can be extended for identification of maxima or minima between quantities as
well. A maximising function ® s can be produced viathe associative rule

@, (a,b)=ad(a b)+bd(b,a) (10)
whereas, a minimising function ®n,,, between the tested valuesaand b is of the form
@ . (a,b)=ad(b,a)+bd(-b,-a) (11)

3.3 Exponential Interpolation for Integrated Computations

A third and final utility produced by the unit step function operator is the ability to
conduct interpolation or extrapolation of results using exponential curve fitting. This can
be considered as avery powerful tool especialy when a number of discrete calculations are
produced from a series of step sizes and an integrated solution which lies within a
particular interval is desired. A closed form expression capable of delivering such an
integrated solution with accuracy was achieved by combining exponential interpolation
with unit step functions, the latter basically “switching” on or off intervals of relevance. If
one considers a number of intervals (i) bounded by discrete independent quantities n;.1, nj,
Ni+1, NMi+2....., With corresponding computed results of mj_q, M, Mix1, Misy,....., respectively,
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ageneral system of equations for this series of i intervals using the premise of exponential
regression can be constructed, i.e.

m_ =j e i=123,... (12)

m, =je" i=123.. (13)

By solving for the coefficients of proportionality, j; and k;, an interpolated estimate of
the integrated solution, say at ni+12, would be given by the formula

[niﬂ/z_ni—lj
m. Ni—Nj

My, = CD(ni+:|/21ni—l)q)(ni , ni+:l/2)mi—l(m '
i1

[ N2~ J
NN

0010 )0l )| T

[ ni+]/27ni+1]
N2 Nig

m.
+ q)(ni+]/27 ni+1)q)(ni+2’ ni+]/2)mi+l($2 to
rni+1
(14)
with the final solution found from arationalised form of Eq. (14)
Ny~
m. ( ni+17n\ j
M,y :mi( n,';l (15)

This occurs because interval boundaries that fall outside a coupled boundary constraint
of i and i+1 for an i+1/2 estimate produce unit step operator results of zero. It can be
observed that ®(nj,ni+12) = O for interval i-1 and i, and, ®(Nj+1/2,ni+1) = O for interval i+1
and i+2. In contrast, a factored result between ®(ni;+12,n;) = 1 and ®(nj+1,Ni+12) = 1isequal
to one thereby defaulting the interpolation for interval i and i+1 only. A practical example
of a closed form expression that produces estimates of integrated results would be the
calculation of climb time, fuel and distance to specified flight level. If for instance, the
analyst wishes to estimate these dependent variables at service ceiling, a chained equation
in the form of Eq. (14) can be constructed for each separate dependent variable assuming
an All-Up Weight (AUW) with service ceiling flight level as the input parameter alone,
hence, giving scope to estimate the integrated solution.
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4 The International Standard Atmosphere

A fictitious set of values established by international agreement postulated to be
representative of the variation with altitude of physical properties of air is known as the
International Standard Atmosphere (ISA). The atmosphere’s chaotic behaviour does not
permit the ISA model to adequately predict actual conditions anywhere at any given time,
but contemporary performance presentations of aircraft at a given atitude are always
quoted with respect to the Standard Atmosphere.

4.1 Nomenclature Describing Atmospheric Properties

Atmospheric properties of major importance for the scope of this study include the
variation of temperature (T), pressure (), density (p), speed of sound (a), coefficient of
viscosity (u) and kinematic viscosity (v) with height above the Earth’s surface. When
quantifying these properties it is useful to refer to relative values which in each case are
local values divided by the sea level value. Sea level standard values are denoted by the
suffix dls.
The static pressure ratio 6 = w/wgys IS related to temperature and density variation in the
following manner

5=00 (16)

where 6 = T/Tgs is defined as the absolute temperature ratio and ¢ = p/pgs the
corresponding density ratio at given flight level. The coefficient of viscosity is defined by
measuring the kinematic viscosity of agasto its density

H=vp (17)

The parameter v is equal to 1.46 x 10° m?/s at sea level standard conditions. Local
sonic velocity variation is related to temperature lapse rate by the following formula

a-a, 0V (18)

where ays IS the speed of sound value at sea level standard conditions.

As an addendum, operational concerns dictate that adequate modelling of these
properties should be permitted not only for the idealised Standard Atmosphere, but more
poignantly, for any subsequent temperature deviations from this reference.

4.2 Modelling Temperature Variation

It has been demonstrated® temperature decreases linearly with flight level. This
premise holds true within the troposphere, and when surpassed, temperature remains
approximately constant with increasing flight level up to about FL 700 or the lower part of
the stratosphere. This altitude can be considered as an upper threshold of flight level well
in excess of those frequented by contemporary subsonic transport aircraft. A continuous
function concept for temperature variation is quite difficult to achieve with contemporary
methods of representation due to the existence of a tropopause discontinuity. By
incorporating an impulse function to mimic commencement of the tropopause, i.e. Oy =
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d(h,FL 361), the lapse rate for temperature ratio (6) as a function of flight level (h) and
International Standard Atmosphere temperature deviation (AISA) is proposed here as

KD, (kO h+KS)+ ki AISA - h

K

0=1+ [FL 0, FL 700] (19)

where the coefficients k! = 6.900 x 10 per FL, k$ =-0.2480, kS = 5.046 FL/°C and « =

1454 per FL would be used in order to model the International Standard Atmosphere or
any given temperature deviations from ISA.

4.3 Density

For the standard atmosphere, the atmospheric hydrostatic relation® equates density
ratio lapse as some exponentia function of temperature ratio. By introducing the influence
of the tropopause, variation of density ratio for ISA can be expressed as

Gran = 022+ @ (kS Inh+KS) (FL 0, FL 700] (20)

By facilitating this with an enhancement that accounts for any arbitrary temperature
deviation from ISA, the density ratio is therefore given by

G = 9@\% (FL 0, FL 700] (21)

where the coefficients k7 =-0.4398 andk; = 2.583 and k = 1454 per FL would be used in

order to model the International Standard Atmosphere or any given temperature deviations
from ISA.

4.4 Coefficient of Viscosity

A physical quantity important for the calculation of Reynolds number used for drag
prediction is the coefficient of viscosity (u) at given flight level. This property increases
with temperature thus falls steadily with flight level until the tropopause is reached and
becomes constant in the stratosphere. Various formulae have been produced and a useful
one was found to be Sutherland’s® empirical expression which models the variation of
flight level with temperature ratio.

ML - % 0% [FL 0, FL 700] (22)
ds '

The parameter pgs is equal to 1.79 x 10 kg/ms at sea level standard conditions. The
formula given by Eq. (22) is a continuous function and is applicable for all ambient
temperatures up to and including 2500 K.
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5 Geometric Definitions

For al aircraft design proposals, a good deal of importance must be placed on an
accurate definition and subsequent analysis of geometric attributes. This statement is
supported by the basic fact the entire scope of intermediary and final objective function
evaluations, i.e. design weights, aerodynamics, performance, etc., stem from a fundamental
geometric description leading to a physically tangible outcome. In view of this
circumstance, it becomes crucia to have some semblance of accuracy with respect to
geometric description and analysis even at the conceptual design level of engineering
analysis. This particular section not only presents a review of the best practises and
conventions in terms of geometry, but aso offers alternate methodologies in describing
complex assemblies with greater accuracy than has been achievable using the traditional
handbook approach. The new algorithms do appear to employ a step up in level of
sophistication compared to the traditional approach, but this is deceptive since the increase
in sophistication is dependent upon an addition of some previously ignored general set of
design variables.

51 An Overview of Equivalent Reference Wing Conventions

The equivalent wing concept is a representation of actual cranked wings by afictitious
planform that extends towards the fuselage centre-line. For the sake of simplifying the
array of main design parameters that need to be considered for sizing and optimisation, the
overall aerodynamic characteristics of a vehicular configuration with cranks or notches in
the planform geometry are replaced by a suitable representative, namely, an equivalent
trapezoid. All aerodynamic computations are non-dimensionalised with respect to the
reference wing area and associative aerodynamic design parameters. Since each semi-wing
geometry is simplified into a straight-tapered trapezoidal shape with no crank (constant
sweep), the complexity of design variables is somewhat rationalised into a more
manageable and therefore comprehensible level. The basic parameters for al reference
lifting surfaces, i.e. wing and empennage, can be itemised as. the wing area (Sw); leading
edge sweep (ALg) and quarter-chord sweep (Aqcha); aspect ratio (AR); taper ratio (A);
dihedral (I") and the mean thickness to chord ratio (t/C)m.

The sections to follow, in order of preference, will offer a succinct explanation of the
three most recognised reference wing definition methodologies. All the conventions
described below require projecting the body and the wing onto the same horizontal plane,
such that vertical positioning of the wing becomes redundant. Furthermore, the reference
wing is considered to have an identical (maximum) span to that of the original wing. The
span does not include additional length due to wingtip devices, like for instance winglets;
this aspect is treated separately both from a geometric and aerodynamic viewpoint, and is
discussed extensively in Section 7.7.

511 Weighted M ean Aerodynamic Chord M ethod

The initial task is to project the exposed inboard trapezoidal panel leading and trailing
edge lines (at the fuselage-wing juncture) through the fuselage to the aircraft plane of
symmetry as shown in Figure 5. The reference wing planform area is then obtained by
summing each trapezoidal panel area. Recognising each panel possesses an intrinsic Mean
Aerodynamic Chord (MAC) magnitude and location, the supposition is an equivalent
reference wing would have an MAC equa in magnitude and location to the collective
influence of all panels — obtained using the superposition of each panel constituent MAC
weighted on the basis of individual areas.
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Figure5. Equivalent reference wing geometric definition using the Weighted MAC
method.

Assuming the reference wing shares a common apex point at the original wing tip
chord leading edge, the leading edge sweep of the reference wing can be quantified by
projecting a line through the tip chord apex and leading edge of the weighted MAC
towards the aircraft centre-line. This operation identifies the reference wing root chord
apex at the plane of symmetry. Since the reference wing area has been tallied, the root
chord length is then derived using the original wingspan and tip chord. The main advantage
of the weighted MAC method is that it produces a reference wing area at least equal ™ to the
origina wing (projected to the plane of symmetry) planform area. This does however mean
a dightly more conservative representation of the equivalent reference wing in an
aerodynamic sense compared to other conventions. The very notion the MAC location is
based on weighted areas means that there is a tendency to draw the MAC more inboard,
thus generating a dlight larger mean wing thickness. Also, since the reference wing
planform areais at least equal to the original wing area, a smaller AR is produced as well
(recall AR = b? / Sw). Regardless of these observations, this method of defining the
equivalent reference wing is considered to be the most apt representation of the origina
wing.

512 ESDU Method

The concept of the ESDU equivalent wing planform® (Figure 6) was first published in
1976, since that time, it has been employed with a growing popularity and has become a
standard in numerous academic institutions and airframe manufacturers. Fundamentally,
the methodology works off the exposed original wing planform area with some inherent
geometric elements as a basis for generating the final projected equivalent reference wing.

t By virtue of projecting a collinear line through the wing tip chord and weighted MAC leading edges, in
some instances, the reference wing area can become marginally larger than the original planform area.
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Figure6. Equivaent reference wing geometric definition using the ESDU method.

The exposed planform area of the original wing is calculated by summing the areas of
each exposed trapezoidal panel. Assuming the residual span measured from the fuselage
maximum diameter (henceforth recognised as the fuselage-wing juncture) datum to the
wingtip, the chord at the projected fuselage-wing juncture is computed using the original
wingtip chord and the recently computed exposed planform area. The leading edge of the
fuselage-wing juncture chord is then calculated using the equal area principle — which can
be thought of as a line projecting towards the aircraft plane of symmetry from the wingtip
and when intersecting the original cranked planform A, g angles forms transversal zones of
equal area. Concurrently, the angle at which this geometric congruity occurs is designated
as the equivalent reference wing A g angle. Using the trigonometric property of similar
triangles and projecting from the original wing wingtip chord and the recently computed
fuselage-wing chord magnitude and location, the reference wing root chord is quantified
with the corresponding equivalent reference planform area.

The ESDU equivalent reference wing is typified by smaller planform area and higher
AR compared to the original planform. Since there is atendency to draw the location of the
MAC outboard in relation to the Weighted MAC method, the wing (t/C)n, is smaller
therefore advantageous from an aerodynamics perspective.

51.3 Simple Trapezoid or Net Method

The most basic of equivalent reference wing conventions, the process requires simply
projecting both the leading and trailing edge lines of the most outboard trapezoidal panel
towards the aircraft centre-line as depicted in Figure 7. The implication is the reference
wing inherits the most outboard panel’s Ag angle, which can be undesirable for multiple
cranked planform geometries where an appreciable difference occurs between each panel
ALg angle. In conjunction with qualities that promotes a propensity for lower values of Sy
compared to the original planform and higher AR compared to the ESDU method, it is
suggested this convention be utilised only for single wing planform breaks (one crank)
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Figure7. Equivaent reference wing geometric definition using the Simple Trapezoid or
Net method.

where both panels share a common A g angle. In this way, the smple trapezoid will
produce a better representation model of the origina planform as opposed to employing
this methodology for more complicated wing with multiple cranks.

514 Ancillary Wing Conventions

Airframe manufacturers are usually inclined to conceiving unique in-house developed
technical methodologies and conventions for purposes of tailoring to their respective
design philosophies. Accordingly, there exist other reference wing definition conventions
and two notable examples are the Airbus Gross® and Boeing Wimpress®, and it can be
stated that the method of definition is quite distinct from the Weighted MAC, ESDU and
Net approaches. The Airbus Gross method assumes the total wing area comprises the
exposed wing area (up to the wing-fuselage juncture) and the rectangular area across the
fuselage cross-section in plan-view bounded by the leading and trailing edges where wing-
fuselage juncture occurs. The Boeing Wimpress employs a slightly more complicated
approach — the simple trapezoid area is tallied with the remaining exposed wing area and a
contribution produced by a weighted residual area within the fuselage.

Irrespective of the Airbus Gross and Boeing Wimpress conventions, the equivalent
trapezoidal geometric details, i.e. root chord, magnitude and location of MAC, sweep
angles, etc., are subsequently derived from the basic assumption of tip chord congruity
with the original planform. Although the two most recognised airframe manufacturers
adopt these reference wing definition conventions, they are customised for all too common
planform geometries with no leading edge cranks and generally one trailing edge bresk.
One fortuitous bi-product of adopting a unique reference wing convention for an airframe
manufacturer is some form of security can be maintained, especially those occasions where
correlation between aircraft design parametric associations and vehicular aerodynamic
attributes are examined.
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Figure8. Equivaent reference wing geometric definition using the Airbus Gross (above)
and Boeing Wimpress (below) methods.

515 Fundamental Parametric Relationshipsfor the Reference Wing

Once the reference wing convention has been chosen, arrays of basic geometric and
parametric measures are required for a complete definition of the lifting surface planform.
These expressions are well established relationships and covered extensively in the
literature™***>%* and as a precursor to the derivations to follow are reviewed briefly here.
These parameters relate to the constraint-free condition where the designer considers an
arbitrary Sy, AR and A, and hence would like to quantify the resulting cgr. Utilising the
customary equation for wing geometric definition

2
AR= 2
S,

and recalling the definition of trapezoidal area

S, =2 calt-+)

(23)

(24)



30 CONCEPTUAL AIRCRAFT DESIGN METHODS

and by re-arranging Eq. (23), then substituting the result into Eq. (24), the root chord may
be solved for by the expression

_2 [s,
CR_(1+x) AR (29

This result is important since S, AR and A can now be considered as independent
design variables, which is conducive for any generalised optimisation methodology. To
finalise the array of fundamental analytical relationships that can be utilised in the design
process, the chord distribution of alinearly tapered wing® is given by

c= cR[1+ (n - 1)2—by} (26)

wherey is any span-wise location.

52 Quasi-analytical Methods for Fuselage Geometric Description

At the conceptual design level, the traditional approach is to assume a fuselage body
consisting of the main cabin, deemed to be a right circular cylinder, with the pilot’'s
compartment, nose and tail cones attached accordingly. Each component is generally
assumed to be axially symmetric, though the nose and tail cones are not strictly considered
to be conical, but are assumed to be quadric dlightly prolate circular hyperboloids with
fineness ratios obtained from length and diameter determined earlier by baseline fuselage
geometric definitions*>%,

To obviate the loss of precision, one suggested method is to employ conic lofting®*.
The principal toolkit for lofting is a second-degree all-purpose curve known as the “conic”;
thus alowing for individual cross-sections to be described by geometric constructs like the
circle, ellipse, parabola and hyperbola. In geometric terms, the operation involves
identifying a start point, end point, and, a control point to which a shape parameter is
varied until the desired curve is achieved. From each cross-section, the local circumference
and area are computed numerically, giving scope to yield an estimate of both wetted area
and volume. Conic lofting is an advantageous process when issues of accuracy in
reproducibility are concerned because a unique mathematical definition describes each of
the curves that collectively compose the entire body. However, this marked improvement
in accuracy comes at the behest of time expended in defining the individual cross-sections.
This is a quite difficult proposition when the designer is confronted with a “clean-sheet”
exercise because there is no real preconceived (let alone elaborate) notion of what the body
shall look like.

To find a middle ground between the extremes of simplistic yet expedient empirical
estimation and more elaborately defined conic lofting, an alternative utilising analytical
techniques is to be presented. Before proceeding with the method, the fundamental
assumptions that need to be considered include:

o Thefuselageistaken to be athree-segment body: the nose; the centre; and, the aft.
e The centre body is assumed to have a constant cross-section with the singular
constraint of symmetry about the x-z plane.
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521 Fuselage Centre-Section: Cross-Section Definition

The fuselage cross-section geometry, as depicted in Figure 9, consists of upper and
lower lobes with a stipulation of symmetry about the x-z plane imposed. One can assume a
basic circular geometry can be distorted into an ovoid shape by displacing the original
origin by some proportion (henceforth designated as the distortion coefficient, or, &) of the
maximum cross-section height (d), i.e. acircular geometry distortion coefficient would be
Ex = 0.50, and all others would fall between, 0 < & < 1, zero corresponding to the upper or
positive z-direction.

|

displaced
origin

reference
origin

B

d,

Figure9. Illustration of displaced origin for fuselage cross-section geometric definition.

Since an association can be established between the radius and angular sweep, the
Fourier Series Expansion® can satisfactorily represent this functional relationship as an
infinite sum of sine and cosine terms. Due to stipulation of symmetry about the x-z plane
and placing an emphasis on compactness, a sufficiently accurate model of any continuous
fuselage cross-section geometry can be obtained using an abridged form

r(¢) =a, +a,cos2p+b,sind 27)

The coefficients a,, a; and b, can be evaluated using a numerical integration procedure
like Simpson’s rule®, or alternatively evaluated with non-linear regression techniques such
as the Levenberg-Marquardt method***3,

As a demonstration of the presented method, consider a model of the Embraer 170
typical fuselage cross-section. This geometry is fashioned as a double-bubble arrangement
and has dimensions of dy, = 3.35 m and d, = 3.01 m. Using a supplied schematic in
brochure documentation*, the distortion coefficient was estimated to be &, = 0.651, or
aternatively stated, the distance from the cross-section vertical axis midpoint to the
beginning of the lower lobe semi-circle was estimated to be approximately 0.505 m. Upon
substitution of the main data and recognising four points can be compiled to constitute the



32 CONCEPTUAL AIRCRAFT DESIGN METHODS

model dataset, conducting analysis using Eq. (27) as the template, an estimate of the
Embraer 170 cross-section described in metresis given by the expression

r(9) = 1.5698 — 0.10520c0s2¢ + 0.33504sin ¢

To appreciate the accuracy of this result, Figure 10 compares the Embraer 170 actual
geometry to that of the model. It is evident that the model does not adequately trace the
zone of geometric transition between the upper and lower lobe juncture, nonetheless, a
qualitative assessment shows the model to be generally in good agreement with the actual
Cross-section.
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Figure 10. Comparison between actual geometry and model for the Embraer 170 typical
fuselage cross-section.
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If one focuses on the upper and lower lobe junction points, a maximum error of
approximately +3% occurs, otherwise the remainder of the geometry appears to be
adequately modelled. The lower lobe geometry does pose some problems for the model
since the actual geometry calls for a constant radius for given angular sweep. This
generates some oscillatory behaviour from the Fourier Series Expansion, however, the
error can be considered to be quite minor considering the coarser level of accuracy deemed
acceptable for conceptual design predictions.

The area within a sector region (Asg) bounded by rays ¢ = o, ¢ = 3 and the curver =
f(¢) reads as®

A =I§%r2d¢ a<o<p (29)

Recognising the cross-section geometry is only symmetric about the x-z plane, two
distinct values of Asg, namely for the upper and lower lobes need to be computed.
Collectively, the area of the fuselage cross-section, Axs, becomes

A= (28 +a; +b}) (29)

The length differential equation of a sector region bounded by rays ¢ = o, ¢ = and
the curver = f(¢) is defined as®

ds® = rd¢ + dr? a<d<P (30)

Attempts to integrate Eq. (30) between the appropriate limits of ¢ becomes a difficult
proposition owing to the form of r(¢p) as presented in EQ. (27). Instead, an equivalent
method exists wherein the average radius (rav) characteristic of the function can be utilised
to generate a sufficiently accurate estimate of the arc length. The average value of r over
the curver = f(¢), a < ¢ < B, with respect to ¢ isthe value of the integral®

1 s
=5 ], @ a<p<p (31)

Recognising the cross-section geometry is symmetric about the x-z plane, two distinct
values of ray, namely for the upper and lower lobes, need to be computed to generate an
accurate approximation of the circumference. Recalling the length of an arc of constant
radius is C = 2xr, collectively, the circumference of the fuselage cross-section, Cxs,
becomes

Cxs = 2nd6 (32)

522 Forward and Aft Fuselage Sections: Three-dimensional Definition

The intention here was to create a quasi-analytical process whereby both the fuselage
forward and aft bodies can be geometrically described as dlightly prolate, circular,
hyperboloid surfaces with an offset vertex. The first requisite is a level of accuracy better
than those produced using traditional empirical methods™**. An additional and quite
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important objective is the ability to analytically estimate the wetted area of the body from
the initial geometry description process. A fundamental assumption is that the fuselage
forward and aft body geometry will be modelled using a template exponential function in
the x-z plane. The body shell is then produced via a surface of revolution about the x-axis
generated between the region of z = f(x), a < x < b, and the x-axis. The fina step is to
offset the axis-symmetric surface of revolution in the z-direction by applying a vertical
coordinate increment/decrement at each body station. This adjustment is effected using a
linear function related to both body station and down-sweep or up-sweep.

As presented in Figure 11, each section is partitioned into two segments delineated by
a sweep line (down-sweep denoted by ¢) originating from the body apex or extremity to
the fuselage centre-section vertical midpoint (at Fuselage Reference Plane or FRP). A
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Body Apex \

ed,
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£
- lage Ref Pl
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g ¢ -7 Fuselage Station

Body Apex

Figure 11. Comparison between Saab 2000* and Saab 340* actual (above) and modelled
forward fuselage geometric definition.
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supplementary parameter designated as the shield-sweep, o, is aso introduced and is
essentially a measure of the angle of the body frontal face in the x-z plane. The convention
discussed for the forward fuselage example is equally applicable for the aft fuselage body
as well. Instead of down-sweep, generally an up-sweep would be considered, and the
shield-sweep would be replaced by tail-sweep of the body lower portion, both measured
anti-clockwise with respect to the FRP.

Recalling the objective is to describe upper and lower segments using very simple
analytical models whilst retaining a suitable level of accuracy, a review of plane curves
revealed an adequate representation of geometry in side view could be obtained by using
the algebraic model

z=ax’ (33)

where z denotes the vertical axis or water-line and x represents the longitudinal or fuselage
station. The B coefficient is derived empirically and based on correlation to known aircraft
fore and aft bodies, investigations have shown that the potential coefficient is a
trigonometric function of ¢ and .

B =0.54+0.1tan(o — ) (34)

The o coefficient is ssimply found by equating Eq. (33) with the fuselage vertical
radius corresponding to fuselage station [¢ d,] from the body apex. The parameter ¢ is used
to define the body length to diameter ratio.

d 1 dt-p)
' =V 35
“T2Gd) 20 a

Invoking a geometric constraint of z(x = [e dy]) = d/2 * [¢ d,]tan(¢p), where the axis
convention dictates & dy]tan(¢) to denote observance of the upper body and +[e d,]tan(¢)
the lower. A geometric description of the each upper and lower body segment as a function
of body station is therefore given by

d(lfﬁ) X B
" v2 (_] +(gdv _x) tan ¢ Vv x above body apex
(36)

p
—j —(ed, -x)tange Vv x below body apex
€

To re-iterate, the ordinate values generated by Eq. (36) adhere to the axis convention
defined by the body down-sweep or up-sweep depending on whether the forward or aft
fuselage are being considered respectively. Sweeping out a surface then generates the
three-dimensional geometry of aforward or aft fuselage assembly by revolving around the
longitudinal axis or the fuselage station axis. A vertex offset is subsequently imposed by
adjusting each z vaue through a geometry augmenter (see structure of Eq. (36) for
increment/decrement) that is alinear function of body station and body down-sweep.
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53 Analytical Method for Wing-to-Fuselage Fairing Geometric
Description

There exists a growing popularity, particularly when it concerns business jets, in
utilising multiple fuel storage cells within the wing-fuselage fairing body as exemplified by
in-service aircraft like the Bombardier Aerospace CL-604 Challenger®®, Embraer Legacy™
and ERJ 145XR™, Dassault Aviation Falcon 2000EX*' and Falcon 900EX®, and
Gulfstream Aerospace G200°® to name a few. These tanks are normally saddle and
underfloor tanks located either well forward and aft, or, even just forward and aft of the
wing torsion box structure. Furthermore, there is also a propensity in the industry to
incorporate conformal fuel tanks, i.e. more amorphous-looking tanks defined by tracing the
fairing geometry rather than installation of a series of box-like cells. For this reason, a
requirement now arises calling for a relatively accurate assessment of fairing volume; the
most expedient method would be use of an appropriate member from the quadric surface
family of cylinders.

The wing-fuselage fairing geometry is taken to be a quadric surface, namely, a body
whose equations combine linear constants with quadratic terms to describe the outer shell.
Characteristics displayed by elliptic paraboloids appear well suited in modelling the way
wing-fuselage fairings are fashioned on contemporary aerospace vehicles. As shown in
Figure 12, the cross-sections perpendicular to the x-axis forward of the y-z plane are
ellipses, whereas, the cross-sections in the plane that contain the x-axis are parabolas.

The elliptical paraboloid » + SR
z
& :
The parabola z = — x2 |
P az [

] ¥ xz 12
in the xz-plane —'—\\ The ellipse gk ‘%ﬁ =1
i ¢

/ in the plang z =

— The parabola z = ﬁ y2

in the yz-plane
He -y
Figure 12. The generic elliptic paraboloid comprises a series of ellipse sectionsvaryingin
relative size in accordance with a parabolic progession™.

In the context of traditional aircraft axes, the generic elliptic paraboloid is given by the

Cartesian equation™
X 7 2 2
SEEH S
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and is symmetric with respect to the y and z planes. Now, considering a forward or aft
wing-fuselage fairing having a length from the wing front or rear spar of |4, a base width
equal to the local fuselage chord, dys, and designated fairing height, tg, in order to generate
the entire surface, the z values are computed for given x, and y correspondingly computed
at given x

Z (-
z=2(y2-y?)” (38)
y
where the ellipse operator is
12
_ (&
y ( 2l j (39)
and the parabolic function reads as
2\
Z=|—R-x (40)
4|fair
wherey =y i/nfori=1,2, 3, ....., n, for given station x. The parameter, n, is used for

spacing y values according to the number of segments deemed satisfactory; a selection of n
= 12 segments would produce adequate results.

54 Quasi-analytical Method for Turbofan Nacelle and

Miscellaneous Power Plants Geometric Description

Many methods exist which allow for the prediction of nacelle wetted area for gas
turbine engines, unfortunately, a detailed array of information is also required to utilise
these geometric expressions and this becomes impractical at the conceptual level since
much of the dimensioning is open to conjecture. The idea is to develop a simple yet
effective empirical expression, which requires a minimum of subjective work on the part of
the designer. The aim is to construct a generic nacelle model fashioned to be a quadric
surface representing constituents of fan cowling, gas generator cowling and plug in the hot
flow; the body can be explicitly thought of as an ellipsoid with pieces cut by perpendicular
planes on both ends.

54.1 Nacelle Three-dimensional Definition

An adequate method is to describe such geometries by utilising the flexibility
exhibited by parametric equations™ (see Figure 13). Here, the coordinates of the x and z
are expressed as functions of a third variable or parameter, t, and by a pair of parametric
equations, namely, x = f(t) and z = f(t).

Usualy, the functions for x and z are trigonometric in form, and after some
experimentation, the most appropriate system of equations was found to be

X =il eztsingt (41)
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z=c¢,,d.. [1+ e? cosg t] (42)

wheret=i/nfori=1,2 3, .... , N, Inac @nd dnsc are the nacelle length and maximum
diameter respectively. The scaling factors, it and caia, are derived based on the properties
inherent to each trigonometric function; their respective values are i = 0.2079 and Ggia =
0.2028. The parameter, t, can be thought of as a spacing variable and its purpose is to
generate each x and z coordinates according to the number of segments deemed
satisfactory. For example, investigations have shown a sufficiently consistent
representation of any nacelle body can be achieved using atotal of n = 12 segments.

y = fix)
A N B

Figure 13. General representation of swept surface resulting from revolution of curve AB
about the x-axis™.

54.2 The Nacelle Geometric Design Variables

This sequence of analysis requires the correlation between a tangible global design
variable such as the maximum static thrust of an engine (T,) and the fall-out or associative
geometric design parameters. Thrust is a driver variable because it is one of the primary
determinates in any aircraft sizing process. As a result, a departure from the algebraic
process needs to occur, and statistical methods are enlisted in defining the dependent
variables.

A strong logarithmic correlation between engine equivalent diameter (deng) and engine
weight may be described by an expression of the form>

dgng = (kdl InTo)_ kd2 (43)

where kq; and kg, are regression coefficients. Substituting an empirical equation for engine
weight™ and subsequently expanding Eq. (43) leads to

deng = (kdlkemz InTo + kdlln keml - I‘(dZ)]/2 (44)

This result indicates that the predicted equivalent diameter of any gas turbine engine
can be taken to be a monotonic function of the T, potential at ISA, sealevel conditions. As
a supplementary note for turboprop installations, agood initial rule in quantifying propeller
diameters (dprop) is to factor deng by 3. This simulates an equivalent by-pass ratio increase
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due to the presence of propeller or larger fan diameter for given equivalent maximum static
thrust rating.

Even though Eq. (44) estimates the equivalent diameter of arbitrary gas turbine
engines, the corresponding equivalent nacelle diameter is of interest when attempting to
calculate the external wetted area. An extensive review of nacelle layouts have shown an
additional 250 mm (10 in.) increase in deng Would account for the enshrouding structure’s
geometry. Quantifying Eq. (44)'s coefficients of proportionality using data given in
Aviation Week™, Janes™® and data compiled by Svoboda™, and incrementing the structural
allowance criterion, the equivalent diameter of any gas turbine nacelle is then given
approximately by

Ao = (4- @,g){o.0625 +—1(L730InT, - ) 2} V To>85kN (45)

42

where T, isin KN and dny IS given in metres. The impulse function operator ®ig = d(s,1)
denotes presence of an on-wing nacelle-undercarriage integration and is invoked for values
of s=1, otherwiseis zero for s< 1.

Caution should be exercised when quantifying deng and dnac during the design process.
If the intention is to not consider a rubber-engine approach to sizing, then the metrics
produced by Eq. (45) relates to engine and nacelle sizing based on an engine T, quoted at
the maximum practical* or even thermodynamic limit. If a particular engine designation is
to be employed, the designer must be mindful that the geometric design variables must be
based on a T, quoted as the maximum practical or thermodynamic limit, and then de-rate
the engine accordingly before proceeding with any ensuing analysis.

Prediction of nacelle total length (leng) can be derived based on the same premise used
for dnae. There exists a correlation between the total volume encased by engine geometry
for given To, and when this association is empirically derived®, leng IN Metres can be
determined trivially via

_ 4Ven9 _ 4kev1Tc|)( *

| = =
9 ndgng (K KamoIN T, + Ky INKry —Kyy)

(46)

The arbitrary total I, any pitot installation is approximately related to leng by some
correction factor knyp. The correction is equal to Knyp = 5/3 for short duct nacelles and Kpyp
= 2.0 for long duct installations. It is also common practise to integrate the gas turbine
engine nacelle and wing structure through an on-wing installation layout for many high or
low wing turboprop configurations. The total nacelle length for on-wing installations
(Inac,ow) can be estimated by summation of leng and local wing chord length at the spanwise
powerplant location yeng. The final scenario concerns powerplant installations as an S-duct
integrated into the fuselage body, or a straight duct usually integrated structurally with the
vertical tail assembly. The revised nacelle length is then taken to be 25% longer than a
comparable long duct pitot installation. It would be ideal to combine the myriad of isolated
algorithms that predict nacelle length conforming to a given power plant installation
philosophy; such atask produces the algorithm for nacelle length prediction to look like

* This upper limit in thrust is sometimes defined as the lowest permissible flat rating temperature the engine
manufacturer has made available to the market, and a commercial version of the engine operating at the
thermodynamic limit is simply not a pragmatic consideration.
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0.9839
TO

7
e =|5+®D,, +—-D
e [ P4 dijn(l.?SOlnTo—n)

2
+ @, Cq {1— @-2) ybe”g}

V To>85kN
(47)

Invoking the concept of an impulse function assists this endeavour with incorporation
of operators such as, ®nyp = P(s,1) representing the assumption of a long ducted nacelle,
and, ®gye = P(s,1) caling for an additional adjustment of the nacelle length by virtue of
the installation being either an S-duct or straight duct type. All operators are invoked for
values of s=1, otherwiseiszero for s< 1.

55 Estimating The Wetted Area of Primary Components

The total exposed surface area of an aircraft is defined as the area of external parts that
contribute to the friction drag. For conceptual design, primary constituents can be
identified as wing, empennage, fuselage, engine nacelles including pylons, dorsal intakes
(S-duct), propellers, or, miscellaneous contributions due to additional fairings and
appendages such as fuselage mounted undercarriage pods, winglets as well as ventral and
dorsal fins. A wide selection exists in literature™*>* for the prediction of wetted area of
aircraft, and it can be said that they vary in the level of detail required for input aswell. To
follow is a synopsis of the suggested methodology when estimating conceptual wetted
area. As it shall be seen, this section comprises entirely of recently conceived alternative
methods for each of the major constituents discussed above. The emphasis is to improve
the prediction accuracy of not only the global objective, namely the vehicular wetted area,
but to ensure a better major constituent calculation. This is of importance to all subsequent
drag calculations since it is fundamental to the component build-up method, which
crucially defines the Equivalent Characteristic Length Method reference condition to be
presented in Section 7.2.

55.1 Centre Fuselage External Area

The fuselage is divided into a nose section including pilots compartment, cabin, and
aft section, each of which is sized separately and then combined to yield the total fuselage
wetted area. The cabin is housed within the centre fuselage structure, and this major
assembly is assumed to be aright cylinder, i.e. constant cross-section throughout. The total
exposed surface area of the centre fuselage is simply

Swet,cfuse = CXS lcfuse (48)

where Cxs is given by Eq. (32), and lgus IS the length of the entire [centre] fuselage
segment. It should be remembered that corrections to the fuselage total wetted area must be
incorporated to account for the presence of lifting surface junctions, nacelle or fairing
cutouts, etc. on the fuselage body.

55.2 Forward and Aft Fuselage External Area

In view of the forward and aft fuselage section geometry three-dimensional description
methodology outlined in Section 5.2.2, the quasi-analytical model given by Eq. (36)
permits the opportunity of now deriving the associative wetted area of the body as well. If
z = f(x) and dz / dx are continuous functions of X, it can be shown the value of the
integral®
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2
Sue = [ 27z 1+ [%j dx a<x<b (49)

will define the total area of the surface swept out by revolving z = f(x), a< x < b about the
x-axis. Thisintegral is produced by substitution of Eq. (33) and its derivative into Eq. (49),
and the evaluation of it appears to be a non-trivial problem. To find an alternative action
other than attempting to complete this complex definite integral expression, an equivalent
form looks something like

Sue = |, 210 X" 41X dx (50)
wet o

where 9 = 2B, k = ap? and the exponential coefficient T = 4B-2. Upon examination of Eq.
(50), one insightful observation may be recognition that the algebraic function within the
definite integra mimics geometric progression characteristics of the exponentia
expression z = v X'. The supposition is this method of simplification can be incorporated,
thus paving the way for an adequate approximation of the original integral. Taking into
consideration the terms within the square root segment of the function, and assuming
congruity through geometric similarity, and rearranging such that x” becomes the subject

2
(x* +1x7)

L

X" = (51)

Taking the natural logarithm of each side, and then introducing the body length
quantity [€ d,], thence solving for y

v {In(a9 dd +xe’ df,)}—lno

52
Ined, (52)

By choosing two suitable points on the body, for example, x = ¢ d,/4 and x = ¢ d, two
simultaneous equations are produced with the solution for v given as

In{(sjv jg +K(Sjv jt]_(l_ lr:r;ngln[(adv)‘g +K(8dv)r]

L= In4 3)

Ined,

The definite integral problem posed by Eg. (50) can now be analysed using an
equivalent expression with an adequate amount of accuracy

2 .
Stme =y 60" (59)

where Syet sec represents the forward or aft fuselage body wetted area.
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55.3 Wing-Fuselage Fairing

It was earlier discussed in Section 5.3 that the fairing geometry would be suitably
described by an elliptic paraboloid analytical representation. The purpose of this approach
was to find a more consistent method in firstly drafting the fairing assembly, and then more
importantly, to produce an analytical expression in predicting the maximum volume of fuel
that can be stored for given fairing station length. One extension to these two basic
requirements could possibly include the notion of quantifying the incremental contribution
the fairing makes to the fuselage wetted area. The amount of work and agorithm
complexity in fulfilling this particular requirement was considered to quite excessive
compared to the relative magnitude of influence typical fairing assemblies impose upon the
global wetted area result, i.e. around 6-8% is an upper limit. The key inference to this
method is there exists a direct correlation between the increment in wetted area due to
fairing and the length fraction of the fairing with respect to overal fuselage length. Using
known aircraft data, one useful association to predict fairing wetted area (Syetfar) Was
found to be

S ~ 3Xfair S

wet fair — wet ,gbf
4 g

(55)

where Syergor 1S the total gross fuselage wetted area (addition of forward, centre and aft
fusel age bodies) not augmented according to the masked area due to presence of the fairing
assembly. The parameter, y:.r, represents the fraction of fairing length in relation to the
total fuselage length, namely,

ewarsair et sair (56)

Xtair = |

fuse

The subscripts fwd and aft define the forward and aft fairings respectively. It is
highlighted that both |44 and |44 €xclude the local wing chord at the aircraft wing-
fuselage juncture, i.e. the forward fairing length is equal to the distance between the most
forward point on the fairing and the wing-fuselage juncture wing chord leading edge, and,
similarly for the aft fairing, but working from the wing-fuselage juncture wing chord
trailing edge. Now, to establish the total net fuselage wetted area, an empirical assessment
found that the fuselage body area masked by the fairing assembly is approximately equal to
80% of the fairing wetted area. Alternatively, based on this supposition, one can then argue
that the fuselage total wetted area (including the fairing) is approximately equal to the
summation of Syegor @nd 20% of the estimated fairing wetted area. In view of this and
recalling the relation given by Eq. (55), thus, a revision of the total fuselage wetted area
due to presence of awing-fuselage fairing assembly becomes

BX air
Swet,fuse = SWet,gbf [1_'_ 2—6) (57)

554 Wing, Empennage and Other Streamlined Surfaces

The fundamental aim is to develop an al-purpose method whereby the wetted area of
all lifting surfaces such as the wing and empennage can be estimated with adequate
accuracy. An ancillary stipulation is the agorithm should be robust enough to cover
streamlined appendages with very high fineness ratios; this includes assemblies like engine
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pylons, winglets, ventral fins and dorsal fins. The arc length of a parabola can be computed

using the catenary®®
2(2d_ Y 2(2d Y
Spy =l o |1+ =] —2 | == 2| +... (58)
=l T, T

where the working parameters are given by Figure 14

Soar
Oy

par
Figure 14. Parameters of arbitrary parabolic curve used to compute arc length.

If dpar is relatively small in comparison to |4, EQ. (58) can be used as a basis to
formulate a general expression to approximate the arc length of any aerofoil section. For
each of the aerofoil upper or lower surfaces, a sufficiently accurate generic model is

proposed as
t 2
Sec = c|:1+ O, (Ej } (59)

The coefficient O« represents a factor that accounts for both the geometric scaling of
chord c to produce the arc length si, and has a dual function of serving as a relative
thickness-chord partition parameter. Whenever a symmetric profile is not employed, the
height of an aerofoil upper surface with respect to the chord line is not equal to that of the
lower surface. By applying Eq. (59) to the lower and upper aerofoil section curves
separately, and then combining both in order to produce the total circumferential length

(Scero) Of any aerofail
t 2
Saro = c|:2+ O o (Ej } (60)

A suggested value for the scaling factor ®4o IS 9.0. The thickness distribution (t/c) for
given wing buttock line is assumed to be for all intensive purposes a variation based on
geometric similarity between the root (t/c)r and tip (t/c)t

(99 32
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where, 1" = (t/c)r / (t/c)g, is the thickness taper ratio. Based on the structure of Eq. (60),
squaring Eqg. (61) and subsequently neglecting the smaller term produces

Joleaz] e

Now, the surface area differential equation for any body of length, a, characterised by a
varying cross-section, hence, corresponding circumference, s(y), reads as®

dS, =sdy O<y<a (63)

To modify Eqg. (63) and produce a definite integral equation requires recognition of
limits between the inboard side of a trapezoidal panel to the outboard and subsequent
substitution of Eqg. (26), Eg. (60) and Eq. (52). Upon evaluation of the definite integral and
factorising the result, a formula to estimate one trapezoidal panel wetted area for all types
of planform geometries, including, dorsal fins, engine pylons and vertical stabiliser bullets®
reads as

Suetuing = CF‘%{(“ x){z +0,, [32 } 28—3““’(1]2 (x -1 @+ zx)}

R CR

(64)

If the entire wing is a straight tapered trapezoid, by simply substituting yma = b, EQ.
(64) can compute the entire surface area of the planform (disregarding the fuselage cut-
out). In order to generate a more accurate result, Eg. (64) can be used in a cumulative
fashion, i.e. to reflect a more specific thickness distribution and for multiple crank wing
layouts, the surface area formula would be applied to each exposed (span less fuselage cut-
out) trapezoidal panel with appropriate measurement for local span, panel taper ratio and
thickness taper ratio incorporated. The total surface area estimate would then be produced
upon summation of each of these constituents. As a final note, it is recommended that the
wing area masked by on-wing nacelle installations be deducted from the wing wetted area
computational procedure; similarly, the masked area can be taken to be a trapezoidal panel
with alateral length equal to that of the nacelle local diameter.

555 Nacelle Surfaces

Earlier in Section 5.4.1, a parametric system of equations in order to define three-
dimensionally any nacelle installation was presented. Using these mathematical descriptors
as a basis, the goal here is to derive an analytical expression for a resultant wetted area.
Another form of the integral formula presented by Eq. (49) includes instances where the
curve is given in parametric form and sweeps out a surface. With x and z as functions of a
third variable t that varies from ato b, then Sy« is computed using™

§ This assembly is found on aircraft configurations employing a T-tail layout. The vertical stabiliser bullet
can be thought as a localised fairing to minimise interference drag effects between the horizontal tailplane
and vertical stabiliser. It also has a beneficia effect in reducing localised buffeting and vibration.
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b dx\* (dz)’
Swet:'[a an\/(aj +(Ej dt a<x<b (65)

where p is the distance from the axis of revolution to the element of arc length (see Figure
15) and is expressed as a function of t.

A S=er2rrpd.s'

Figure 15. The area of the surface swept out by revolving arc AB about the axis shown®.

After substituting the derivatives of x and z in conjunction with Eg. (45) into the
surface area formula for parametric equations given by Eq. (65), expanding out the results
and then recognising the trigonometric identity sin 260 = 2 sin 6 cos 0, the integral problem
now can be posed thus

Sueeree = 27 G dnacJ‘; (ez +e™ cos= t] \/gﬁﬁ 12_(1+sinnt)+c2, d>_ (1-sinnt) dt
(66)
Eq. (66) is anon-trivia integral expression; nonetheless, it can be solved analytically.

After some algebraic manipulation and quantifying the constant terms, the wetted area of
any nacelle is proposed here as

= 21° 4, o {(0.205712, +0.04661d2, )¥>+ (0.185312, +0.07557d2, )2
~(0.00507712, +0.01611d2, )¥*~ (0.0165112, +0.03666d2, )2

S

wet,nac

(67)

Eq. (67) can be used for podded configurations including both short and long duct, as
well as straight duct instalations. The equation is equally proficient at producing an
equivalent S-duct type installation estimate providing an equivalent nacelle length is
derived. By virtue of the power plant integrations being mostly an on-wing type of
configuration, turboprop installations require an additional step to the wetted area
algorithm given above. In this instance, the nacelle wetted area would comprise the
estimate yielded from Eqg. (67) in addition to a combined surface area computed assuming
two rectangular panels dnac / 2 in height and | o in length.
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5.5.6 Sample Computations of Wetted Area Using Actual Aircraft Data

When combining all the major constituent contributions detailed thus far, a wetted area
algorithm can be established for the entire vehicle. As an affirmation of the presented
methods, Figure 16 plots the estimation error (¢ = predicted — actual) for major constituents
aswell as the collective vehicular result against available manufacturer quoted values.
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Figure 16. Prediction accuracy of presented methods to estimated wetted area of major
constituents and accumulated vehicular result for select transport aircraft.

Known aircraft data involved a collection of business and regional jets as well as
turboprops. The vehicles examined include: Bombardier Aerospace CL-604 Challenger®®,
Global Express®, CRJ200%* and CRJ700°% Fokker Aircraft BV Fokker 100° and, Saab
Aerospace Saab 340%" and Saab 2000%.

Unfortunately, the level of major constituents' prediction accuracy cannot be regarded
as being universally consistent. The more enhanced methodology created for both wing
and fuselage (including fairing, dorsal fins, engine pylons, etc.) bodies, which typically
congtitutes approximately 75-80% of the total wetted area, has trandated into an
appreciable improvement in accuracy, i.e. mostly within an acceptable +5% splay the as
shown in Figure 16. For the remaining major constituent bodies such as the horizontal tail,
vertical tail and nacelles, the error splay opens out to a maximum error of +10% for almost
all bodies that were analysed; nonetheless, it must be recognised that each of these
constituents is characterised by a wetted area that is an order of magnitude smaller than
that of the entire vehicle. The global vehicular result indicates the likelihood of producing a
wetted area prediction with an error bandwidth of +5% is quite high. This is an
encouraging outcome and can be explained by both a concentrated focus of improving the
major constituent estimate. Additionally, the effect of self-cancelling errors prevails to
some extent as well, combining to assist in improving wetted area prediction accuracy.



GEOMETRIC DEFINITIONS 47

5.6 Estimating the Volume for Living Space and Fuel

The physical property of volume is quite an important working parameter for all
aircraft design proposals. Usable volume for cabin has a direct correlation to how
amenable (or not) the living space will be perceived by passengers when the mission is
being undertaken. In the context of commercia transports where a known number of
passengers predetermines the cabin length, the living volume really means a sufficient
amount of headroom or possibly seat width resulting from a more generous cross-sectional
area. For business aircraft, cabin volume means an ability to stand up and walk
comfortably from one end of the cabin to the other. Establishing an accurate estimate of the
maximum volume to house fuel is another important prerequisite. It can be appreciated that
since the fuel volume is one of the integral working quantities that help define the MTOW
and thus performance capability, efficiency, etc., due consideration should given to
improving prediction algorithms where they are found wanting.

5.6.1 Approximating the Cabin Volume

This parameter is one of the fundamental metrics used in assessing the
competitiveness of one cabin over another. Owing to the nature of geometry associated
with cabin cross-sections, i.e. the living space is usually fashioned by the remova of a
circular segment from the fuselage lower portion; computation of this objective function
has been more often than not neglected. The following is a simple procedure in
approximating the gross cabin volume of any type of cross-section, whether circular or
ovoid in shape. The method works off the premise, firstly, that the cross-section is uniform
throughout, and the designer has already quantified the primary working parameters,
namely, the maximum cabin height, hey,, the maximum cabin width, wea, the cabin floor
width, wy,, and the length of the cabin, |.a. Figure 17 provides a schematic representation
of the physical problem being analysed.

Figure 17. Primary working parameters required in estimating the cabin volume of both
circular and ovoid cross-sections.
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Assuming the maximum cabin radius remains approximately constant from the
maximum width line to the floor, the residual height from the fuselage cross-section
vertical axis mid-point to the floor, hs, is found simply from

h, = %wlwﬁab -wW? (68)

The angle 6. for any fuselage cross-section is given using basic trigonometry, thus

0, =tan s (69)

The value of 6. in Eq. (69) becomes an approximation since the distance hs using Eq.
(68) will aways be an estimate, however, with the introduction of some consistent key
parametric assumptions to follow, the final algorithm for cabin volume is expected to yield
a sufficiently accurate result. To continue, an estimate of the cabin upper cross-sectional
area bounded by vertical and lateral axes with quadrant measurements of (h.a, — hs) and
Weab / 2 respectively, can be produced by associating the closed shape to that of a half-
ellipse.

(M — o) (70)

The sector swept-out by angle 6. can be thought of as equivalent to a circular arc with
radius approximately equal to wey, / 2. The area estimate within this sector, doubled to
acknowledge both left and right hand side contributions, is given by

OcW e

A
2 4

I

(71)

A fina account of the total cabin cross-sectional area is made by computing the
isoscel es triangle with measurements of wy and hs for base and height respectively

— hs WfIr

A
3 2

(72)

The total volume of the cabin is found by taking the product of cabin length, |, and
summation of the cross-section area constituents, namely, A; + A, + As. Combined with
some algebraic manipulation, the final result reads as

Ve = lcjfb [Wcab (Tfhcab + echab)+ h, (ZWfIr - TEWcab)] (73)

To establish the applicability of Eq. (73) in estimating the cabin volume of transport
aircraft, Figure 18 plots the estimation error (¢ = predicted — actual) against manufacturer
quoted values. As it can be seen, the method mostly produces results within a +5% splay,
with occasional excursions outside this bound, but generally not exceeding +10%.

Aircraft cabin volume data used in this validation exercise consisted of cabins drafted



GEOMETRIC DEFINITIONS 49

in the CATIA CAD environment. The list included: Airbus A319 Corporate Jetliner;
Boeing B717-200, B737-600, and, BBJ1 and BBJ2 business jets; Bombardier Aerospace
Learjet 31A, Learjet 45, Learjet 60, Continental, CL-604 Challenger, Global 5000, Global
Express, CRJ200, CRJ700, CRJ900; Cessna Citation CJ2, Citation Bravo, Citation Encore,
Citation Excel, Citation Sovereign and Citation X; Dassault Aviation Falcon 50EX, Falcon
2000EX, Falcon 900EX and Falcon 7X; Embraer Legacy, ERJ 135, ERJ 140, ERJ 145,
Embraer 170, Embraer 175, Embraer 190 and Embraer 195; Fairchild Dornier 328JET, 728
and 928; Gulfstream Aerospace G100, G200, GIV-SP and GV-SP; Raytheon Premier I,
Beech400A, Hawker 450, Hawker 800X P and Hawker Horizon.
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Figure 18. Prediction accuracy of method to estimate cabin volume of any transport
aircraft.

56.2 Estimating the Fuel Capacity of Integral Fuel Tanksin Wings

For contemporary transport aircraft, it is common practise to store fuel using integral
tanks. These tanks are created by sealing the airframe wing structure and are partitioned via
segments comprising the fore and aft bulkheads, wingbox and any discontinuities imposed
within wing structure (i.e. cut-out due to engine and tanks limited by wing span). Figure 19
presents an example layout of integral wing tanks for equipment with power plant layout
configured as underwing podded or on-wing assemblies. In this instance, the forward and
aft spars have been assumed to be continuous, and a volume cut-out has been incorporated
in recognition of engine nacelle placement. The greatest advantage integral tanks have
compared to other philosophies is that fuel volume can be maximised within the wing
geometry. From this perspective, it is reasonable to assume that the wing structure
geometry may be used for calculating available volume for fuel with adjustments made for
structure.
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The estimation of wing tank volume is partitioned into two classifications: calculation
of the maximum volume for awing free of nacelle placement, and, a decrement in volume
due to a structural cut-out accounting for presence of power plant. The maximum volume
estimate relies on the premise that each tank is continuous and is trapezoidal in plan view
and they collectively extend out to a nominated maximum span chosen by the designer.
The tank maximum span is typically around 70% of wing semi-span, however, additional
fuel increments may be considered for extended/Iong-range performance by increasing the
maximum span past this conventional value. Figure 19 demonstrates that each tank is
bounded by dimensions of local tank chords at inboard and outboard tank spans, and,
terminates at the maximum tank span. All the tank chords are quantified using the property
of geometric similarity as given by EqQ. (26) either for the complete wing, or, if thewing is
cranked, separately for each designated trapezoidal panel. A pragmatic tank width is to
assume the dimensions are bounded structurally by fore and aft wing spars, and typically,
the two spars are spaced at a non-dimensional distance of | sp.
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Figure 19. Example geometric layout of integral fuel tanks within the wing structure that
caters to tank span discontinuity.

Volume encased by the each tank is more precisely described by an elliptical cylinder
with pieces cut by perpendicular planes on both ends representing a discontinuity imposed
by both the forward and rear wing spars. In an effort to economise complexity, this volume
may be adequately described by a truncated pyramid geometry with rectangular cross-
section®. Based on the example given in Figure 19, the simplest and most direct expression
to compute the total wing fuel volumeis
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Vingt = ka"‘ b, [ (/C)un spm Com + (1/C)r |t Cot +\/ t/C)nl 1 Com (/€ )t It Ci ]
_2kadé|tc [(t/c)ob | p.05 cly + (t/C)yl spib Cib "'\/ t/C)y, | sp.ob cZ(t/c),! pib Ch ]
(74)
where the collective tank span, by, isequal to
b, =1, +1.+1g (75)

The parameter c is the local wing chord, and the subscripts wf, ib, ob and tm denote
the wing-fuselage juncture, inboard tank outer locale, outboard tank inner locale and
maximum tank span wing stations respectively. Since each of the parallel end faces were
taken to be rectangular in shape (as opposed to something like two catenaries or ellipse), an
adjustment must be incorporated to reconcile the over-estimated volume. The correction
has been approximated to equal 4%. Additionally, an account should be made to represent
loss of available volume due to presence of structure. Torenbeek” indicates that this lossis
around 4%. Combining both these corrections in the form of alinear factor resultsin kag =
0.92. Therelative spar spacing |, can be obtained from a conceptual wing structure layout,
or, in the absence of such dimensioning, an empirically derived value of |54 ~ 0.48 can be
employed. The wing thickness at any wing station can be found according to the premise
outlined by Eq. (61).

Even though the above example tank layout assumed continuous forward and rear
spars and the gross volume operation was conducted in one step, a more accurate
assessment can be produced if the designer partitions the tank computations into multiple
panels. Eq. (74) would then be applied to each tank and the total tank volume estimate
would then be produced upon summation of each of these constituents.

5.6.3 Estimating the Fuel Capacity of Centre Tanks

In many instances, variants from a basic equipment type specification will be
performed with particular scope given to cater for enhanced performance capabilities as the
design matures in the market. One common option is to allow for extended range (ER) or
long-range performance by the introduction of a centre tank that enables supplementary
fuel quantities, or, on some occasions outboard wing tanks may be employed. A good
transport aircraft conceptual design should always give scope for increased gross weight
variants of the basic vehicle in order to fulfil new niche service required by operatorsin the
future. The basic design should not only meet the original specifications from the outset,
but further trade studies should be conducted to surmise the impact of Increased Gross
Weight (IGW) variants.

A centre fuel tank volumetric calculation involves appreciation of the wing-fuselage
junction locale, or, more specifically where wing fillets interface with fuselage geometry.
The fillets are incorporated to avoid premature flow separation, buffet and drag, and, also
serve as delineation between centre and the inboard wing tanks. As a basic rule, it is
proposed that the fillet structure meets fuselage curvature at a vertical position of
approximately 3tg / 2 (where tr is equal to the maximum wing thickness at mid-span) from
which the centre wing chord line is offset by distance &, d, radially from the fuselage
lower segment. From this fundamental assumption, the total length of the tank can be
derived using simple trigonometry as exemplified by Figure 20.
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After some algebraic manipulation, the fuselage geometric chord ds, which represents
the centre tank length, is derived by the equation

dyr =48, (1-8,)d? +6(1-2¢, )d, cq(t/c), —9C2 (t/c)? (76)

where &, a factor between 0 and 1, dy is the fuselage horizontal diameter, cr is the wing
root chord and (t/c)r is the wing thickness ratio at wing semi-span b / 2. Now that the
location of the wing-fuselage juncture has been identified, the centre tank width must be
calculated. A pragmatic tank width is to assume the dimensions are bounded structurally
by fore and aft wing spars, and typically, the two spars are spaced at a non-dimensional
distance of |s,. Since the tank length has been calculated, this information together with the
property of geometric similarity can be utilised to dimension local chord length at the
wing-fuselage juncture c,s using Eqg. (26).

Figure 20. Dimensioning of the centre fuel tank for volume prediction (forward view).

As for the wing fuel tank(s), the volume encased by the centre tank would be
adequately described using a truncated pyramid geometry with rectangular cross-section
and corrections made for structure and actual geometry

Vo = (1/0) Ly G + (10l €3 0N e o Nl |
(77)

5.6.4 Estimating the Fuel Capacity of Forward and Aft Wing-Fuselage Fairing,
Conformal and Aft Fuselage Auxiliary Tanks

The total volume for any under floor and wing-fuselage fairing conformal tank
configuration involves the addition of volume housed by a cylinder with base area equal to
the lower fuselage cross-section circular segment, and, volume stored in fairings that
adhere to an elliptic paraboloid geometric description. As elucidated earlier, éliptic
paraboloids more accurately describe volume encased by the forward and aft fuselage
fairing and saddle tanks. The aft fuselage auxiliary tank is simply predicted assuming a
cylinder with segment cutout bounded by the circular cross-section and chord.
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Using Eq. (29) and Eqg. (73) as a basis, the circular segment cylinder or under floor
tank volume (V) is given as

dy
8

d
Vi = Kagl e [Axs - (“dv[ng +1]+ 2®cdh)+ 5 (delr - ndh)j| (78)

4

for tank length |y, geometric chord dy, established at the cabin floor water-level or
double-bubble upper and lower lobe juncture point, and the angle ©. for any fuselage
Cross-section is given using basic trigonometry

The volume of an elliptic paraboloid™ is given as half the body’s base, which is an
ellipse, multiplied by the height. If the volume analysis is put into context of an aircraft
design problem, the maximum volume enshrouded by the fairing, either forward or aft, is
equal to ahalf-body elliptic paraboloid

nk._ .
Vfairf ot — ?ad] (t/ C)R Cr dwf lfair (80)

Presumably, it will be more common to utilise a conformal faring tank that is some
proportion as opposed to the entire length of the body. In such cases, a body of volume
needs to be removed from the total permissible given by Eq. (80), and this should be
defined as space between the body apex to the residual length produced when deducting
the chosen body length for usable fuel from the entire body length. Working off Eq. (80) as
a basis, amore flexible expression to compute total fuel stored in either the forward or aft
fairing assuming some proportion of the body used as storage is presented here as

kK
Vfairf = ?adj Ifair [(t/C)R Cr dwf - 2ares br% (1_ kres)] (81)

The constant kies represents the fraction of fairing to be designated as a conformal fuel
tank. The parameters a.s and bres, Which are the values of height and width (of the elliptic
paraboloid half-body) respectively at fairing body station (1 - kres) l1ar, @re computed using
the geometric description algorithm detailed previously, and more specifically defined by
Eqg. (38) through Eq. (40).

Another common approach in storing fuel is to utilise an aft fuselage auxiliary tank.
Examples of such installations can be found in the Bombardier Aerospace Canadair SE*
(less centre aisle thoroughfare) and Global Express®, Embraer Legacy® and Gulfstream
Aerospace G200™ business jets. These tanks are generaly located aft of the aft cabin
bulkhead and can be taken to be congruous with the constant cross-section that defines the
cabin living volume. Using the formula that predicts cabin volume as a guide, the total
volume possible for storage in the aft fuselage with tank length |, IS approximated to be

k..
Vax = adj4wa [Wcab (Tthcab + echab)+ h, (2Wflr - anab)] (82)
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6 Predicting the Weight of Major Constituents

Conceptual aircraft empty weight functional sensitivity of design parameters are
commonly expressed as having an exponential relationship based on statistics and
empiricism. As is the case with most weight prediction methods in literature™**>*°, more
refined estimates based on statistical equations through sophisticated regression analysis
become transcendental algorithms characterised by relatively small and partially self
cancelling errors with an accuracy of the order of 5-10%. Investigations have shown this to
be somewhat true for specific methods but were found to be wanting in many instances
when adequate objective function sensitivity for rather advanced trade studies are desired.
For the purposes of optimisation, it is of utmost importance that an adequate parametric
representation of the relationship between applied loads, geometric shape and
configuration choice are achieved.

6.1 Overview of Deriving Weight Estimating Relationships

The final weight estimation algorithm adopted involves a hybrid transcendental
approach using Linnell’s®® parametric description suitably modified for major components
in conjunction with additional methods that supply fidelity from more specific parameters
related to performance and geometry. Moreover, by adopting Scott and Nguyen’s® notion
of two functional weight groups, a basis can be lad for derivation of the aircraft
Operational Weight Empty'™ (OWE). Since the sum of fuel and payload, or combined to
constitute the so-called useful load, can be regarded as both a variable to optimise and the
objective function, a third functional weight group is now introduced - leading to a
combination of all three for Maximum Takeoff Weight (MTOW).

The second functional group designated as fixed equipment weight are estimated using
avariation of the method given by Scott and Nguyen. The fixed weight is referred by Scott
and Nguyen to be a “constant weight” because it is assumed to be related to passenger
capacity, and hence, constant during the conceptual sizing process. The variation of a
linear constant weight coefficient models the impact of fuselage size to fixed equipment
and it can be quickly surmised that this parameter is specific to each respective
manufacturer, therefore requires some measure of augmentation. The third and fina
function group consists of weights characterised by ancillary geometric and philosophical
considerations. These encompass estimation of available fuel weight with or without a
centre and auxiliary tanks, and, contingency design maximum payload-OWE allowances.
A philosophical decision of artificially increasing the desired maximum payload by some
factor to create a contingency buffer for unexpected OWE penalties incurred during
preliminary design is often considered in practise and is therefore also facilitated. To round
off these functional groups, an advanced technology multiplier to account for weight
reduction possibilities of aircraft empty weight is also available.

6.2 TheFirst Functional Weight Group

The first functional weight group comprises wing including winglet, fuselage, landing
gear and empennage constituents. All of the weight estimating relationships (WER)
describing these components are expressed as functions of the MTOW, and therefore
represent a transcendental disposition of the complete vehicular WER algorithm.

™ The equivalent of OWE for business jets is the BOW. This weight comprises the summation of the green
aircraft weight (MEW equivalent), completion allowance and paint, and operating items, which includes the
flight crew.



56 CONCEPTUAL AIRCRAFT DESIGN METHODS

6.2.1 The Advanced Technology Multiplier

This parameter, first proposed by Scott and Nguyen®, postulates the potential for
weight reduction in the future based on observed trend data covering the last forty years.
The dataset of dtatistical information from which the Scott and Nguyen Advanced
Technology Multiplier (ATM) is derived relates primarily to the so-called constant weight
group. The constant weight category is proportional to passenger capacity and includes
items such as APU, instruments, electrical, avionics, furnishings and equipment, ECS and
any fixed useful load. Scott and Nguyen highlight the constant weight group has declined
by about 0.15% per year. Using the premise that an average entry-into-service year is 1975
as a reference, and introducing a refinement over Scott and Nguyen's originally derived
improvement in weight reduction over time, a new redefined ATM (ITatm) IS suggested as

2.965-0.001525YEIS
=€ (83)

where the year of entry into service of the aircraft design being analysed is represented by
the variable YEIS. It should be noted that Eq. (83) isintended only for the constant weight
group. Scott and Nguyen also propose an ATM applicable for the variable or first
functional weight group, namely, wing, empennage, fuselage and landing gear. Scott and
Nguyen indicate ATMs of about 0.85 have been estimated for very advanced transports.
This value is considered to be quite optimistic within the more pragmatic ream of
contemporary transport aircraft design and manufacturing, so, by utilising the more
conservative operator given by Eq. (83), the designer is able to account for a certain
element of optimism in setting the minimum goal for weight without incurring
unnecessarily high amount of risk.

6.2.2 Wing Weight Estimating Relationship
A pragmatic wing WER (Wuying), formula proposed by Linnel
form

1% has the exponential

du
WG nuItSWARﬁW (XW + 7\'/2) TSSW
I, /ccosgw A o

Wwing =7y o g, (84)

W is the vehicle design weight or MTOW (kg) for the candidate being analysed, S,
the vehicle's reference wing area (m?), AR is the reference wing aspect ratio, A the
reference wing taper ratio, and, Aqcng iS the reference wing quarter chord sweep (deg.). The
exponents found in Eqg. (84) are equal to ¢, = 0.656 and By = dw=¢ew = 1.5 with
associative constants given as o = 0.0328 and y = 1.1. The coefficient oy represents a
departure from Linnell’s original trend coefficient value in keeping with a more
contemporary aircraft weights database.

Based on experience, aeroplanes are certified to withstand limit load factors so that
structure does not begin yielding until a certain threshold is surpassed. JARs and FARs
require factors of safety of 1.5 to be administered during the sizing process. Since the
certification requirements do not permit manoeuvring load factor for any speed up to Vp
(design dive speed) to be less than 2.50, a fixed quantity of ultimate load = factor of safety
x limit load, or, ny; = 1.5 x 2.50 = 3.75 is typically assumed. This value is appropriate for
large transport aircraft, however, for vehicles of smaller size the most critical case may be
attributable to gust loads, thus, altering the nature of the wing's root bending moment
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sensitivity®?. The gust limit load factor on an aeroplane predominates when operating at
lower AUWSs. Assuming the design cruising speed V. = Vuo is critical for the gust load
case, the load factor®” is

ngua =1+ Kg CLaA p Ude Vc % (85)

The gust aleviation factor, K, is given as an empirical function of the so-called mass
parameter p

K - 0.88u
¢ 53+

(86)

where

2 w

=— (87)
gCym P CrLoa Sw

u

and the geometric mean chord is found by the relation, cgm = Sw/b. Torenbeek™ indicates
that the critical situation occurs for W = Maximum Zero Fuel Weight (MZFW) and
suggests examining a standard scenario of flight at an altitude of FL 200 and a high-speed
gust velocity of Uge = 15.2 m/s (50 fps) taken from the FAR airworthiness standards®®,

For straight tapered wings, the vehicular lift-curve slope, C .4, Can be approximated
using the Helmbold equation® adjusted for sweep and incorporating the Prandtl-Glauert
compressibility correction, namely, f = (1-M?)"?,

C.,AR
Croa = - (88)

2 2
o AR + (Claj —ARZM?2
T COSA g T

where Apcng IS the reference wing half chord sweep (deg.). Assuming athin airfoil, section
lift-curve slope of Ci, = 0.11 per deg. (2= per rad) is given theoretically, however, it was
found an average of 0.088 per deg. (5.04 per rad) taken from Abbott and VVon Doenhoff®
yields more realistic predictions.

Now that the gust limit load factor is quantified, the next step is to choose the most
limiting scenario between manoeuvre and the gust cases. This is achieved via an impulse
function that identifies the maximum between tested values (see Eg. (10) for details).

Ny =15®, . (n,4.2.5) (89)

gust !

Iy is a design factor that exhibits dependence on aeroplane configuration, i.e. low-
wing versus high-wing layout, spoilers, undercarriage placement, and is given by the
derived constituent expression

Mg, = KKy Ky (90)
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The k¢, parameter flags wing installation philosophy and is equal to 1.17 for low-wing
vehicles, whereas, ko, = 1.25 would ssimulate a high-wing option. Assuming a linear
variation, the contribution expressed as a function wing placement per fuselage cross-
section non-dimensional height is

k., =1.17+0.08¢, (91)

The configuration choice is further sub-divided into consideration given for the
presence of spoilers, i.e. kg = 1.02 when &g, = d(s,1) = 1 (otherwise unity whens< 1)

Ky =1+0.020 (92)
and, whether the undercarriage is to be integrated as an on-wing installation or not

k,, =1.03-0.015®,, (93)

When s = 1, the impulse function, ®,4= ®(s,1), introduces an additional correction due
to an on-wing nacelle-undercarriage integration otherwiseis zero for s< 1.

By incorporating all the constituents given by Eq. (91) through Eg. (93) into Eq. (90),
and neglecting the small terms, the correction due to aircraft configuration reads as

IT, =1.2051+0.08240¢,, +0.024109, — 0.01755®,, (94)

Ts IS @ measure of structural stiffness, which is hypothesised to vary with dynamic
pressure and limit loads. This contribution is described by

2 2
v, =1+1.31| 9P Vuo —i (95)
1000g ) n

ult

where Vo is the maximum operating speed at sea level standard conditions expressed in
units of m/sand pg¢/g isequal to 0.125 kg s/m”.
ITyc isawing thickness factor expressed as a trigonometric association given by

I, =1658n 2n (3 (96)
6.2.3 Winglet Weight Estimating Relationship

The winglet device WER is segmented into two contributions: the first is simply the
constituent weight contribution due to the assemblies, and the second pertains to a
structural consequence to the wing itself. The first contribution relies on the notion of
structural design congruity with the wing structural system, and quantifying this involves
the assumption of similarity in structural efficiency exemplified by weight per unit surface
area. It is commonly appreciated that the reduction in vortex-induced drag due to presence
of winglet devices varies in proportion to the amount of additional loading seen outboard
of the wing towards the tips. This refashioned span load distribution comes with a penalty
epitomised by increasing wing root bending moments™"*. Predicting the weight increase
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due to correspondingly increasing local bending moments is not one easily open to
simplification. Nonetheless, a basic algorithm can be constructed using experimental
results as the guideline. Based on the winglet height and cant angle parameter sensitivity
studies conducted by Ishimitsu™, experimentation indicates the rate increase in wing root
bending moment is proportional to the rate reduction in vortex-induced drag. When
examining a given winglet dimensional configuration, the variation of the rate reduction in
vortex-induced drag was found to vary amost linearly with instantaneous lift coefficient.
In view of these observations, it is conceivable that a plausible inference could be that an
increase in wing weight assuming the presence of a winglet device would be linearly
proportional to the potential for reduction in the vortex-induced drag.

The final algorithm for predicting the total winglet weight is found by incorporating
the two contributions, namely component or assembly weight, and collective wing
structural augmentation. Neglecting a weight contribution due to flutter ballast (to meet
certification requirements of demonstrating flutter free flight up to 1.15Vp and 1.15 Mp
dive speeds), the incremental weight for a given winglet device dimensional configuration
is proposed here as

W,ig [ S
AW, = —no | Zwewie 070 dcg 97)
2 wet,wing dCL

The wetted area constituents Syetwing 8Nd Swetwier Which represent the wing and winglet
respectively, can be computed using Eq. (64). The parameter Od°Cp/C.? represents a
fractional change operator for the vortex-induced drag factor, and is quantified by
comparing the original wing planform and an equivalent wing planform with winglets
canted as some angle off the vertical. Details of how this operation is computed is
presented in Section 7.7.1.

6.24 Fuselage Weight Estimating Relationship

The fuselage weight formula primarily exhibits functional sensitivity to dimensional
and body slenderness parameters together with influences attributable to maximum cabin
differential pressure, design load factor, dynamic pressure and heavy masses mounted
directly to the structure. The fuselage WER is of the form

. B nu & vV Tt
quse = 1_IATM !af kAP HCfg If)l;sat-:‘xf dé;ui[\}/f (S_HJ ngs(%j + Hcfe] (98)
f f

The parameter Wes represents the candidate’'s MTOW less wing weight and other
heavy masses mounted directly to the wing structure. The exponent values are
Br=0.50, xt=0.75, & = ¢t = 0.40 and y; = 0.30; the factors are equa to os = 0.585, &; =
3.75 and @ = 298. The variable lss is the fuselage length (m), and deqiv IS a fictitious
equivalent fuselage external diameter and is found by taking into account the fuselage
vertical and horizontal diameters

_2d, +d,

uiv.
& 3

d (99)
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The influence of differential cabin pressure requires special treatment here. Linnell®
had originally presented a table correlating correction factors for cabin pressurisation
against a given design’s maximum pressure differential. The onus was then on the designer
to introduce this correction in a discrete manner. To accommodate a continuous function
concept, an adequate account for the fuselage weight versus pressure relationship was
obtained by fitting to an exponential expression. The pressure relationship (kap) reads as

kAP — 1.066 e0.002959AP (100)

where the pressure differential AP is expressed in units of kPa.

I is a design factor that takes into account the presence of cut-outs, such as doors
and windows, considered as a fixed value of 1.10. The design factor aso signifies the
impact of landing gear integration. If the landing gear is to be mounted in the fuselage, a
dependence agorithm expressed as a function of landing gear installation philosophy, @),
in conjunction with wing vertical placement, @y, needs to be addressed. The fuselage
mounted landing gear correction factor is given as 1.03 and this value is invoked only if an
on-wing integrated nacelle installation is not considered and the wing vertical placement is
greater than 0.25d,, or @z, = ®(&w,0.25). Combining both these aspects into a single
operation becomes

My, =1.1+0.0330,, (1- @) (101)

Eq. (98) represents a default vehicular configuration where the engines are installed as
under-wing nacelles with pylons, and is hence considered to be a reference configuration
layout. An additional fuselage weight penalty is imposed through introduction of ancillary
support structure to house aft-fuselage mounted power plants. Torenbeek® indicates
increased fuselage bending moments may be generated on touchdown for such engine
installations - implying an incremental weight contribution to sustain structural integrity
for such circumstances. A calculation method is presented by Torenbeek that correlates a
weight penalty proportional to the longitudinal distance between engine mounts and the
extended rear spar line at the reference wing mid-span wing chord locale referred to
fuselage diameter in plan view and the maximum takeoff gross weight of the vehicle.

|2
Wafe = kafe denigWG (102)
wf

Wy is the fuselage structural weight increment due to presence of aft mounted
engines, Kae is a constant, leng is the longitudinal distance between aft engine mounts and
the extended rear spar line at the reference wing mid-span wing chord locale.

Upon examination of a variety of aft-fuselage mounted configurations, Torenbeek’s
mathematical premise was employed but using a variant more accommodating to a
conceptual first approximation of physical scale. It had been empirically observed that a
relationship between the constituent fusel age structure and geometric modules, i.e. forward
and cabin sections, the total fuselage length, and, where the wing semi-span chord apex is
located can be established empirically to produce an initial guess for leng. It was found that
the reference wing apex point is situated at a mean location of 0.4lss, and in conjunction
with anominal rear spar of 0.65cr, a WER which accounts for the influence of aft-mounted
engines can be derived to be
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Il +1, —0.4
d

—0.65¢, |*

fuse

Wafe = kafe

W, (103)

wf

with lese = € dy and the constant of proportionality Kqe = 5/3.

An alternative to both under-wing podded and aft-fuselage mounted approaches for
power plant installations may involve an idea to integrate engines as an on-wing
configuration where the entire nacelle synergistically enshrouds engine, local wing
structure and facilitates the main landing gear through introduction of fairings extending
from the basic nacelle to fulfil requirements of permitting adequate space and sound
aerodynamic practise. This premise has an implication of potential weight reduction since
the fuselage does not require ancillary support structure and wheel bays to house the
retractable main landing gear. The main landing gear bay weight is assumed to be a linear
function of the vehicle MTOW and by considering this correlation as a fuselage weight
decrement whenever an on-wing combined with landing gear power plant installation is
employed, it can be quantified as

W (104)

where Woue IS the potential fuselage weight reduction upon removal of both main gear
bays and kowe is a constant equal to 3.31x10°,

Combining both Eqg. (103) and Eq. (104) to create a mathematical expression for
contribution of power plant installation philosophy with respect to fuselage weight
becomes

2
_ @dekde['ms”cab‘0'4'fuse_0'65°R] ok lw

1_ICfe d g " owe G
wf

(105)

When s = 1, the impulse function, ®4e = ®(s,1), introduces a correction due to aft-
fuselage mounted power plant installation, otherwise is zero for s< 1.

6.2.5 Undercarriage Weight Estimating Relationship

Landing gear weight formula is based on Linnell’s® original premise of coupling
vehicular gross weight, landing gear strut length, landing touch down speed and tyre
inflation pressure. This description was subsequently generalised into a landing gear WER
indicating solely a monotonic relationship to the maximum gross weight.

Xlg
W,
Wig = Mamm alg[B_G] (106)

The coefficient values are Big=1.40 X 10%, % = 1.05, and the factor, oug IS given by
the expression

o, =587 -153(d,, + @, ~ D, D) (107)

Ew Ew g

The algorithm given by Eq. (107) works off the reference configuration of an under-
wing podded engine installation, and introduces corrections due to wing placement and



62 CONCEPTUAL AIRCRAFT DESIGN METHODS

landing gear type. An additional impulse function for power plant installation type, i.e. not
an under-wing podded, is given as ®pw = ®(S,1); S < 1 denotes the reference under-wing
podded condition, otherwise, for s> 1 represents aft fuselage mounted, S-duct and straight
duct integration.

6.2.6 Horizontal Tail Weight Estimating Relationship

Linnell®® focuses on the horizontal tail as the reference for an ensuing vertical fin
estimate. The WER of the tailplane is presented as similar form to that of wing weight
prediction methodol ogy

By

WG nult Sﬁt ARht
Bhtsw(t/c)ht,m COSXm Aht,Qchd

Wi =Ty 0y (108)

Eqg. (108) includes contribution due to elevators and any mass balancing. The factors
values are equal to ay = 4.40 and B, = 10%, with the exponents defined to be &, = 0.56 and
ynt = 1.8. The variable S isthe vehicle' s reference horizontal tail planform area (mz), ARyt
is the reference horizontal tail aspect ratio, (t/C)n.m IS the representative relative thickness
for the horizontal tail expressed as a decimal, and, Anochd IS the reference horizontal tail
quarter chord sweep (deg.).

6.2.7 Vertical Tail Weight Estimating Relationship

The vertical tail WER®, including the rudder and mass balance, relies on the notion of
structural design congruity with the horizontal stabiliser. This is achieved by assuming
mathematical similarity of structural efficiency combined with an appreciation of
geometric form

t/c COsA
th — HATM Hc\/t Wht Svt (/ )ht,m ht,Qchd
Sht (t/ C)vt,m COSAvt,Qchd

(109)

Sy is the reference vertical tail planform area (m?), (t/C)vim iS the representative
relative thickness for the horizontal tail expressed as a decimal, and, Awigcd IS the
reference vertical tail quarter chord sweep (deg.).

A design factor representing the choice whether or not synergy is to exist between the
horizontal and vertical tails is denoted by the parameter Ilc.. Here, the impact of
integration ranging from the conventional fuselage mounted horizontal tail to cruciform or
the extreme of T-tall installation is modelled using a linear variation precept. Assuming a
conventional tailplane installation is approximately in-line with the FRP, the horizontal tail
vertical placement non-dimensionalised with respect to the fuselage maximum vertical
diameter is defined as being &y = 0. In keeping with this convention, a T-tail arrangement
would be &y, = (vertical tail tip water-line minus FRP water-line) / dy; it is evident that the
Ene parameter can have values greater than unity. To proceed, the design factor to account
for empennage synergy is presented here as

I, =0.893+0.651¢,, (110)



THE WEIGHT OF MAJOR CONSTITUENTS 63

One conclusion readily drawn from examination of Eq. (109) is the notion that the
algorithm does not work for aeroplane design candidates free of a tailplane surface. If a
horizontal tail is not selected, an equivalent method is required to predict the vertical tail
weight based on the above methodology. The idea is to employ the horizontal tail weight
eguation given by Eg. (108) on the vertical tail and then use the normalised weight-
planform arearelationship for the final vertical tail result.

6.2.8 Dorsal and Ventral Fin Weight Estimating Relationship

Here, the premise of structural design congruity with the vertical tail is assumed.
Scaling the dorsal and ventral fin weight to that of the vertical tail weight per unit surface
area produces

W, =—"§ (111)

fins wet,fins
SWet,vt

where Sy fins IS the total dorsal and/or ventral fins wetted area and Sye: vt 1S the vertical tail
wetted area; all the surface area measurements are predicted using Eq. (64).

6.3 The Second Functional Weight Group

The weight of the second function group is assumed as being influenced by required
engine and fuselage size, where the latter is related to passenger capacity and/or cabin
volume. Scott and Nguyen®® refer to this component as the constant weight group because
it is taken to be constant during the sizing process. Fundamentally, the second functional
weight group is predicted using a linear relationship with passenger accommodation. This
premise albeit useful, requires the incorporation of some additional operations in order to
attain required fidelity depending on the type of aeroplane being considered, i.e.
commercial transport or business jet.

6.3.1 The Constant Weight Passenger Coefficient

Extensive investigations were conducted in an attempt to reconcile both categories of
transport aircraft, commercial and business vehicles, into a single weight prediction
procedure. It was found that this goal could be accomplished with the proviso specific
constant weight passenger coefficients are derived for the two distinct classifications: one
dedicated to commercial transports, and the other, pertaining to business aircraft only. If
one examines commercial transport aircraft, Scott and Nguyen's® procedure of simply
using a coefficient of proportionality (hereon identified as kpa) was found to be valid up to
acertain point.

For commercial transports, the only problem that needs to be addressed is the question
of how a continuous function concept can be generated between transports utilising a
varying number of seats abreast and whether a single or multiple aisle concept is
employed. Scott and Nguyen do not distinguish according to number of seats abreast and
suggest a discontinuous change in value for the constant weight passenger coefficient
between short-range narrow-body 2-class interior, and, long-range wide-body 3-class
interior layouts. The final augmented Scott and Nguyen method incorporates an adjustment
of the ko parameter according to increasing accommodation size. It is conceivable that an
increase in the constant weight group efficacy, i.e. a reduction in the magnitude of Kpay,
would exist in proportion to an increasing number of passengers. A multiple aisle premise
is introduced into the prediction process by invoking additional adjustment to the Kpax
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parameter for passenger accommodations greater than 180 passengers. For commercial
transports carrying PAX number of passengers, one useful definition of this coefficient
was derived to be

Kepa = 55.168+10.344N ,  +13.9520 , + 2.6160D , N, —3.9865PAX ***
(112)

The major advantage of constructing the prediction algorithm of Eq. (112) in the form
shown is an ability for the designer to gauge the sensitivity of primary drivers such as
number of seats abreast (Naws) and influence of a multiple aisle premise (adhering to ®pa =
®(PAX,181) impulse function). It is evident a coupled and cumulative influence to Kpax
occurs for commercial transports with multiple aisles for given number of seats abreast, as
exemplified by the ®pa Nas component in Eq. (112).

Business aircraft require a completely different approach when it concerns the constant
weight group estimate. Unlike commercial transports, supporting systems and interior
completions are a function of not only the standard interior accommodation, but perhaps
more importantly, proportional to the mission role defined for the aircraft. Even though the
chief aim of designing a cabin living volume is to accommodate the standard number of
passengers comfortably, the physical dimensioning of the cross-section and cabin length
are also afunction of mission duration. For example, long-range aircraft would stipulate a
stand-up cabin philosophy with corresponding impression of greater freedom of movement
within the living volume as opposed to short-range small business aircraft. Also, long-
range business aircraft would need to house a crew rest area including additional lavatory
compared to smaller aircraft. As a result, the kpa coefficient represents a smaller
contribution related directly to the standard passenger accommodation and more to the
physical scaling of the living volume itself.

Driver parameters that demonstrate functional relationship to interior completion and
systems weight were found to be the cabin volume and slenderness. Since it has been
established that cabin living volume dimensioning can be considered as a consistent
indication of mission duration and hence maximum range capability, no requirement arises
to introduce a special functional representation for allowances such as crew rest area. Once
the basic form of the algorithm had been established, the constant weight passenger
coefficient operator for business aircraft was derived statistically to be

Y d

K, =15.651+38.270—2> + 4297.1 % [1

(113)

e PAX PAX .

~ 4.7923)
Similar to Eq. (99), the parameter deca iS afictitious equivalent cabin internal diameter
and is found by taking into account the cabin maximum height and width

= 2N " We o (114)

To complete the final prediction algorithm, both the commercial and business aircraft
constant weight passenger coefficient operations are combined into one all encompassing
expression
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Ko = Koo + Do (K

pax = Kopax -k (115)

bpax cpax)
6.3.2 Systems and Fixed Equipment Weight Estimating Relationship
The complete systems group comprises fuel (W), flight controls (Wsenr), APU
(Wapu), instrumentation (Wing), avionics (Wan), hydraulics (Whyq), electrical (Waec), ECS
(Wees), green furnishings (Wim) and miscellaneous (Whis) weights. Written out in
agebraic form, the total systems weight (Wgs) group is
Wsys = stuel + W

fent

+ W, + W,

inst

+Wam+Whyd+We,eC+Wecs+W

furn

+ Wmisc
(116)

The constituent weights for each system component can be estimated using methods
detailed by Torenbeek® and Raymer*. Owing to the inherent difficulty in appreciating what
constitutes each of these system components, the chances of producing adequate
constituent estimates and subsequent combined systems prediction becomes mostly an
elusive task. Instead, the Scott and Nguyen®® constant weight passenger coefficient is
thought to be more of a sound basis for conceptual weight prediction of the total systems
group. Statistical correlation demonstrates that irrespective of aircraft classification as
commercia or business transport, the total systems weight is approximately 60% of the
entire constant weight group. Since the basis of the constant weight group is to assume
linear variation with passenger accommodation, and introducing the derived notion that
systems constitute around 60% of the total, a smpler estimate for total systems weight is
proposed here to be

W, = 0.6TT 47y K o PAX (117)

where PAX denotes the standard or design number of passengers accommodated by the
aeroplane candidate.

6.3.3 Power Plant Installation Weight Estimating Relationship

The weight summation of any conceptual propulsion and associated structural group™
consists of the basic gas turbine engine (Weng), Nacelle (Wha), pylon weight (W), and
where applicable, the addition of propellers (Wprop).

Wi = Weg + W,

prop + Wnac + Wpyl (118)
The power plant and installation weight including contributions made by nacelles and
pylons is based on an exponential statistical regression. The sample size covered 60
different gas turbine engines produced by 7 manufacturers and each varying in maximum
sea level static thrust capability between 8.5 kN (1900 Ib.f) to 100 kN (22470 Ib.f). Figure
21 demonstrates the correlation of engine dry weight to maximum sea level thrust (T,)
capability for existing turbofans using the data given in Aviation Week™ and Janes™®
publications, and, data compiled by Svoboda™. As indicated in the statistical correlation
shown in Figure 21, auseful prediction algorithm to quantify the engine dry weight in

* Even though the propulsion group is commonly referred to as propulsion installation or engine installation,
the most appropriate categorisation is propulsion system. This means any subsequent weight estimation
should be tallied as part of the systems group total.
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kilograms would look like

Tl.0572 (119)

prop ) 0

W, = 0.0177(1+ 0.2

where the impulse function @ = ®(S,1) invokes a 20% increase in weight due to addition
of a reduction gearbox and propeller pitch control unit necessary for turboprop power
plants.
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Figure 21. Conceptual turbofan dry engine WER based on data gathered from Aviation
Week™, Janes™® and Svoboda™.

It was established earlier that the engine diameter, deng, could be derived assuming a
logarithmic correlation to T, as exemplified by Eq. (44). It was subsequently stated that an
adequate estimate for propeller diameter would simply involve multiplying the engine
diameter by afactor, algebraically given as dyop = 3 deng. When one inspects the method in
which Weng is derived, i.e. through an exponential association with T, it may be reasonable
to conclude that in keeping with the propeller diameter premise, the weight of the propeller
will exhibit the same fundamental statistical correlation to T, as did Weng. Studies have
show that a simple linear relationship between Wy, and T, occurs, and a good prediction
can be obtained from

W, =613D. T (120)

prop prop ‘o

The nacelle structural weight is commonly assumed as being related to geometric
parameters such as nacelle width and length, and nacelle wetted area. Additionaly, further
refinements may be obtained by accounting for the engine dry weight in conjunction with
the inlet capture cross-sectional area. These parametric relationships are valid whenever
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detailed weight analyses are required. Unfortunately, some degree of structural design must
be attempted first for a salient prediction to happen. It is desirable however, during the pre-
design or conceptual design stage that rudimentary dimensioning be effected from a rather
simple fundamental assumption, i.e. sourced from absolute or relative T/W inferences
made by the designer producing some value of T,. Pylon weight is considered to be
proportional to the gas turbine engine and nacelle weight sub-units and this constituent is
subsequently described with an exponential correlation.

Previously, motivation was given to a concept where the predicted nacelle diameter or
length of any gas turbine engine installation can be is expressed as a function of T,. In
view of this information, it is reasonable to assume that a conceptual nacelle and pylon
WER can be created which solely depends on variation with T,. Furthermore, since it was
earlier highlighted that engine dry weight can be expressed as a monotonic function of T,,
it is reasonable to assume that a simplified nacelle WER expressed as afactor to engine dry
weight would display good associative properties. Supplementary corrections need to be
introduced to account for the influence of the particular type of inlet ducting (traditional
pitot versus S-duct or long duct), the type of propulsion being considered (turbofan versus
turboprop), and the utilisation of thrust-reversing capability. The impulse function can be
employed to signify the influence any of these attributes may have on the final nacelle
weight. Using the basic form of from GASP®, the nacelle weight (W) agorithm looks
like

W, = 0.34511 .7, (1+ @y )1~ 0530, )(1+0.180, )W, (121)

Values corresponding to s = 1 invoke corrections due to ducting, @y, = ®(s,1), and,
incremental weight due to presence of thrust-reverser outfitting, @y = ®(s,1). Otherwise for
s < 1, the default estimate is for a turbofan, pitot installation without facility for thrust-
reverse. The weight correction due to thrust-reverse outfitting was taken from Torenbeek™.
The adjustment for revising nacelle weight for turboprops was produced based on known
data for the Saab 340A’ and Sasb 2000” vehicles. The S-duct and straight duct
corrections were based on crafting atypical geometric layout.

By adhering to a congruous theme, the pylon weight is of an exponentia form
dependent upon engine and nacelle weight

W (122)

W, =0574(1- D, )1- D)
6.34 Completion Allowance and Paint Weight Estimating Relationship

Similar to the system weight prediction method, an estimate of interior completion
allowance is derived by taking a fraction of the constant weight group quantity. To
complement the fraction established for the total systems weight, statistical correlation has
found that this constituent is approximately 40% of the constant weight group. Again, this
fraction is assumed to be applicable for both commercial and business aircraft. It is general
practise to assume that weight of paint isincluded to produce the delivered MWE, hence, is
taken as being combined with the completion allowance. The weight due to paint is
predicted by multiplying the vehicular wetted area with a known factor expressed as
weight per unit area — a typica value was found to be 0.120 kg/m? Applying these
principles, the total for completion and paint becomes

Wi = 0.4K ., PAX +0.12S,,, (123)
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6.3.5

Crew Weight Estimation
Standard crew weights for conceptual design purposes are gleaned from FAA™ and
JAA™ statistical data. Table 1 presents the standard crew weights as sanctioned by the

CONCEPTUAL AIRCRAFT DESIGN METHODS

FAA and JAA.
FAA JAA
Flight Flight Flight Flight
Gender Crew |Attendant] Crew |Attendant
(kg) (kg) (kg) (kg)
Male 90.7 Q) ) 1)
— 530 725 85.0 75.0
W weighted average value
Tablel. FAA and JAA sanctioned standard crew weights; data also includes hand

baggage allowance.

The JAA stipulates the highest, and therefore, the most conservative value for flight
crew and flight attendant standard weights. In view of this, it is suggested that a design
assumption for flight crew and flight attendants be declared as W;qew = 85 kg (188 Ib) and
Wrar = 75 kg (165 |b) respectively.

6.3.6 Unusable Fuel Weight Estimating Relationship

Unusable fuel aludesto any trapped fuel that cannot for all intensive purposes be used
for any operational performance. It is considered to be a fixed quantity for al aircraft, and
hence, taken to be a permanent feature of the vehicle OWE. The best method in
quantifying this value is to employ statistical techniques and the most economical yet
suitable procedure is to assume it to be some proportion of the Maximum Fuel Weight
(MFW). For the purposes of initial conceptual design work, one suggested algorithm is

W, =0.02W, (124)

6.3.7 Operating Items Weight Estimating Relationship
Operating items essentially permit derivation of the OWE when tallied with the
delivered MWE. This group includes contributions of flight and cabin crew including
accompanying baggage, galley inserts, galley supplies, consumables, potable water, toilet
chemicals and lavatory supplies, unusable fuel, engine ail, flight manuals, over-water
provisions, tow bar, ladder and any miscellaneous equipment (Wmis) required for
operation.
W, . =W

oper fcrew

+ W, + W,

cons

+W

fusu + Wmisc (125)

In the absence of any actual data, the weight of flight crew and cabin attendants are

gauged from Table 1, unusable fuel from Eq. (124), and, the consumables and other
provisions (Wcons) N units of kg can be estimated using

W, =18.0+54PAX

cons

(126)
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6.4 The Third Functional Weight Group

This categorisation of weight reflects contributions of the useful load fraction due to
fuel and any weight contingency allowances deemed necessary by the designer. The third
functional group does not reflect any direct association with an instantaneously computed
MTOW, however, as it will be seen can becomes an additional component that promotes
transcendental behaviour in the complete vehicular WER algorithm.

6.4.1 Estimation of Fuel Capacity

The weight of fuel is simply computed using the volumetric estimation methods
detailed in Section 5.6.2 through 5.6.4. The most crucial assumption in this particular
analysisinvolves what constitutes a pertinent value for fuel density. Aircraft manufacturers
generally assume either of two densities: 0.802 kg/m? (6.70 Ib/USG) or 0.809 kg/m® (6.75
Ib/USG); the lower density value is utilised because it produces a more conservative
maximum fuel weight result. In keeping with a comprehensive statistical survey conducted
by the U.S Department of Energy (DOE) and data provided to Boeing by a major
international airline for worldwide fuel surveys®, a fuel density of 0.809 kg/m® (6.75
Ib/USG) is recommended as the appropriate choice during conceptual design exercises.

6.4.2 Maximum Payload-OWE Contingency Allowance

To ensure that a reasonable margin exists in delivering the minimum performance
goals laid out for a new design candidate, one practise is to introduce a definition of
maximum payload in excess of the originally intended or final value. Experience has
shown that the OWE of an aircraft typically increases by up to 5% during the course of
preliminary design, detailed design and flight-testing. By assuming an inflated maximum
payload capability from the outset, any weight penalties incurred during the development
phases can be offset by a reduced payload capability, hence assisting to avoid the violation
of minimum performance goals. This margin is usually introduced as a relative quantity,
i.e. as a percentage of the OWE, and accordingly becomes another contributor to the
transcendental nature of the complete vehicular WER agorithm. Although the notion of an
OWE contingency allowance is considered prudent, an element of caution should be
exercised when utilising this concept. By virtue of incorporating a higher weight than
actually required produces a situation where the MTOW and AUW become inflated, and if
the contingency is set too conservatively, the designer is running the risk of unnecessarily
penalising the aircraft concept by unwittingly sponsoring operational inefficiencies.

6.5 Defining the Complete Array of Design Weights

The purpose of this section is to familiarise the reader with fundamental terminology
associated with the discipline of weights, and to present algebraically how the array of
essential design weights are defined for any pre-design or conceptua aircraft design
exercise.

6.5.1 Green Manufacturer’s Empty Weight

This MEW summation comprises the airframe structure, systems including propulsion
group, green furnishings, miscellaneous contributions and any additional manufacturer’s
tolerances.

MEW =W, .+ W, + AW,

wing fus wlet

+W,g+Wht+th+W

fins

+ WS/S + WpOW
(227)
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6.5.2 Basic Empty Weight or Delivered Manufacturer’s Empty Weight
The Basic Empty Weight (BEW) consists of the MEW and interior completion
allowance including paint.

BEW = MEW + W, (128)

6.5.3 Basic Operating Weight or Operational Weight Empty

The weight of the aeroplane less payload and fuel is designated as the OWE.
Alternatively, one can think of the OWE as the summation of the BEW and the total
operational items, which includes the crew, consumables, unusable fuel, engine oil and
other provisions.

OWE = BEW + W, (129)

6.5.4 Maximum Payload Weight

The standard average passenger weights are derived from extensive surveys of many
airliners throughout the world. The FAA and JAA subsequently issue the statistical data
compiled from such efforts with the intention of providing methods and procedures for
developing and running an operational weight and balance control system. In the absence
of an intentional maximum payload target set by the designer, this statistical information
can be employed and some semblance of relevance can thus be ensured. The FAA™ and
JAA™ do not publish a congruous array of standard passenger and baggage weights. This
arises because a different ratio of male to female mix® is considered and the JAA specifies
an accuracy of 0.1% whereas the FAA does not. Both dataset sources include contributions
due to lower values for aircraft operated by regional carriers. It is highlighted that different
weight values are assumed depending on the time of year as well.

For aircraft larger than regionals, i.e. narrow-bodies and larger generally equivalent to
100+ PAX, standard passenger and baggage weights are quoted as

FAA JAA
Timeof Year| Adult | Baggage| Adult |Baggage
(kg) (kg) (kg) (kg)
Summer 816 | 11.3%P | 840 | 120@
Winter 839 | 136@ | 840 | 150@

@ domestic flights @ international flights

Table2. FAA and JAA sanctioned standard passenger and baggage weights; applicable

for narrow-bodies and larger aircraft only.

To find out an adequate assumption for these classifications of aircraft, the most
conservative weights should be taken. Using this criterion, a combined total of 95 kg (=209
Ib) per PAX for domestic operation and 99 kg (=218 Ib) per PAX become suitable
assumptions.

The JAA values presented in Table 2 are only valid for aircraft with a capacity of 30+
seats. Regional aircraft and JAA aircraft with less than 20 seats adhere to a unique set of
weights. Table 3 itemises these values below.

88 Thisratio is 60:40 assuming FAA guidelines and 80:20 for JAA aircraft.
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FAA JAA
Timeof Year| Adult |Baggage| Adult | Baggage
(kg) (k) (kg)(l) (k)
Summer 77.1 92.0
Winter 79.4 13 | 7400 | 10

71

@ male passengers @ female passengers

Table3. FAA and JAA sanctioned standard passenger and baggage weights; applicable

for al regional and JAA aircraft less than 20 seats.

The JAA sanctioned values are the most conservative, hence, is recommended as an
adequate basis for design analysis work. Using the JAA male to female ratio of 80:20, the
combined standard weight assumption becomes 99.5 kg (220 |b) per PAX. This quantity is
avalue commonly adopted by contemporary regional aircraft manufacturers.

Even though the National Business Aircraft Association (NBAA) prefers to use 90.7
kg (200 Ib) per PAX as a weight allowance for one passenger and baggage when
comparative type exercises are conducted between business jets, it is suggested a more
conservative value equal to 99.5 kg (220 Ib) be used from the outset. This will act as a
contingency or margin ensuring minimum performance goals of the given business jet
candidate are still met in case the mature design suffers from excessive weight penalties
later on.

6.5.5 Maximum Zer o-Fuel Weight

The MZFW is the OWE plus the maximum payload. This design weight must be
chosen with care such that it is sufficiently high to avoid any payload restrictions when
actual operations dictate higher than specification OWE.

MZFW = OWE + W, (130)

where W4y is the maximum payload weight.

6.5.6 Defining the Maximum Takeoff Weight — Utilising the
Maximum Fuel Decrement Design Variable

The MTOW is the maximum weight authorised at brakes release. As discussed earlier,
quantifying the MTOW involves the summation of all three functional weight groups. The
primary problem is identifying a weight summation agorithm that produces the most
beneficial definition of MTOW. One method in addressing this matter is to recognize the
fact that one of the integral components will become a designated quantity of fuel intended
to complement each dynamically computed MZFW. When this predetermined amount of
fuel is added to the MZFW, a minimum goal for the MTOW can then be produced. In
keeping with this edict, the algorithm for predicting MTOW becomes

MTOW = MZFW + W, — AW,

decr

(131)

The interesting consequence of Eq. (131) is the possibility of the fuel decrement
parameter AWyer being considered as a design variable, which also means a sensitivity
analysis can be performed using this parameter as well. By ensuring AWge IS part of the
global MVO or MDO process, a better probability of identifying the true optimum would
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occur because the resulting design MTOW would indeed reflect the lowest gross weight
that completes a given mission specification.

6.5.7 Defining the Maximum Ramp Weight or Maximum Taxi Weight

The ramp increment is an allotted quantity of fuel specifically expended during taxi
and other ground operations prior to takeoff. Even though this quantity of fuel is not used
directly for any purpose relating to field or en route performance, it is good practise to
deduct the ramp increment from the maximum usable fuel before proceeding with any
maximum range prediction for all aircraft design candidates. An adequate estimate of what
constitutes an appropriate amount reserved for ramp increment can be obtained using
regression technigues. One such model is proposed here as

AW anp = Prug (71[InV,,y |- 476 -380 ) (132)

Pdes 1S the fuel density and Vi is the total volume of fuel to be housed in the aircraft
being considered. The prediction given by Eq. (132) has the dual purpose of catering for
commercial transports and business jets. This is achieved via an impulse function, ®ges =
d(s,1), that is dependent upon the design type being considered; the expression defaults to
a commercial transport assumption. To finalise the estimation process, it is common
practise to round the ramp fuel weight increment to the nearest 50 or 100.

The Maximum Ramp Weight (MRW) is simply given as the summation of MTOW
and the ramp increment computed above

MRW = MTOW + AW (133)

ramp

6.5.8 Defining Maximum Landing Weight of a Vehicle

Maximum Landing Weight (MLW) appears to be an elusive design parameter when
conducting conceptual predictions in the sense that no direct or even quasi-analytical
methods are discussed in literature. One published method presents the use of statistical
equations that take into account MTOW, MZFW and design range parameters in order to
derive a conceptua result for MLW*. This approach suffers from the ability of
distinguishing MLW definition according to how the vehicle is to be utilised. For instance,
smaller vehicles may have scope to fulfil al designated mission requirements withaMLW
dightly lower than or even equal to MTOW. For short haul aircraft, where multi-hop
capability is considered essential, a relatively high MLW is desirable. Alternatively, for
larger transport vehicles and business aircraft, approach and landing climb requirements
may be excessively compromised thereby necessitating a MLW definition that is much
lower in proportion to MTOW. Additional considerations concern the operationa
flexibility of a chosen MLW for emergency situations. A MLW definition, which is too
low, may in some instances necessitate the crew to land over-weight for situations of
mission duress. If this procedure is completed successfully, in accordance with regulatory
requirements, a costly inspection procedure must ensue which is financially detrimental to
any operator.

In view of the issues discussed, therefore, a new formal methodology requirement
exists which can aid the conceptual designer to reconcile often conflicting specifications
with regards to landing weight and associative performance. The proposed method is to
assume a hypothetical mission where the vehicle completes a pre-designated sector
distance and completes this sector using minimum fuel flight techniques from MTOW at
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brakes release. The sector distance can be established as the shortest distance the aircraft
will in al probability be utilised. Once the mission has been completed, the gross weight at
which landing is conducted, may be for the interim, taken to be a viable MLW candidate.
A series of fixed sector distances can then be considered for the primary aim of allowing a
designer to visualise the functiona sensitivity of MLW to issues of multi-hop capability,
landing speeds and distance maxima adherence, etc.

6.6 Sample Prediction of Weights against Actual Aircraft Data

When combining all the detailed major constituent contributions, a weight prediction
algorithm can be established for the entire vehicle. As an affirmation of the presented
methods, Figure 22 plots the estimation error (¢ = predicted — actual) for major constituents
as well as the collective vehicular result against manufacturer quoted values. It should be
noted that the results presented for vehicle empty weights prediction relate to the
specification OWE and not atypically outfitted aircraft.
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Figure 22. Prediction accuracy of presented method to estimate the weight of major
constituents and accumulated vehicular result for select transport aircraft.

Available aircraft datainvolved a collection of regional, narrow-body and business jets
aswell as turboprops. The vehicles examined include: Boeing BBJ1"®, BBJ2"®, B737-600""
and B737-800""; Bombardier Aerospace Learjet 45, Challenger CL-604**, Global
Express®, CRJ200°, CRJ700% and CRJ900®; Cessna Citation Excel® and Citation
Sovereign®™; Embraer ERJ 145%*, Embraer 170*, Embraer 175% and Embraer 195%;
Fairchild Dornier 728%" and 928%; Gulfstream Aerospace GIV-SP* and GV-SP*; and,
Saab Aerospace Saab 340B*! and Saab 2000%. This list of aircraft used for validation
purposes was strategically selected in order to capture widely divergent philosophies with
regards to airframe design, mission roles and vehicular performance capabilities. Note that
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al aircraft assuming specification OWE data points are displayed in Figure 22; data
pertaining to major constituents is shown where the original manufacturer information was
available.

For the major constituents such as wing, empennage, fuselage, landing gear, systems
including propulsion package and interior completions, the general tendency is to remain
within a relative error of between +5-10%. However, a sufficiently high frequency exists
where the splay opens out to a maximum error of greater than £10%. Concurrently, in an
absolute sense, the maximum does not appear to exceed approximately £500 kg. Although
the error tolerance has been compromised for these major constituents, the precept of self-
cancelling errors generally produces an OWE result within an acceptable +5% bandwidth;
excursions outside this threshold can be considered as infrequent, and even then appears to
not exceed approximately +10%. In light of the widely held belief that a difficulty existsin
generating more precise predictions when airframe designs of several manufacturers are
considered concurrently, the presented weight estimation algorithm demonstrates adequate
predictive qualities. As demonstrated by this retention of accuracy for aircraft varying in
size and capability, it is reasonable to conclude satisfactory objective function sensitivity
would be produced as well.
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7 Predicting L ow-Speed and High-Speed Aerodynamic
Attributes

The importance of predicting low-speed and high-speed aerodynamic qualities of
aircraft cannot be understated. The implication to vehicular definition relates to an initial
appreciation of how the flight envelope will look as well as being one of the integra
components in formulating the aeroplane’s operational performance attributes. The main
aim is to develop methodologies where the designer has an ability to approach the design
solution in a more sophisticated manner; not only in terms of departing from the usual
more simplified approach premise, but an account of the impact a technological decision
makes to the end result. These two primary goals must also be tempered by an appreciation
for reduction in the analysis complexity. Thisis surmised as being achievable by first of all
soliciting the designer’s philosophical requirements and translating this notion into single
all-encompassing algorithms that provide visibility to the designer. Secondly, the
methodologies must be impervious to stoppage when key information required on the part
of the designer is found to be lacking.

7.1 L ow-Speed Aerodynamics: Lift

To consistently support design studies of not only quite complex conventional
planforms (with multiple cranks, dihedral, etc.), but also of more exotic layouts such as
multi-surface and non planar wings, it was recognised the algorithm to compute maximum
lift attributes adhere to a quasi-analytical philosophy. This task can be achieved by
concurrent utilisation of dedicated software to quantify the fundamental parameter of clean
wing lift-curve slope with well-established empirical methodologies.

711 Clean Wing Lift Attributesand Maximum Lift

The clean wing maximum lift can be computed for any original multi-surface or non-
planar planform geometric definition using a three-dimensional Vortex-Lattice Method™
(VLM), which calculates aerodynamic properties of multi-wing designs that are swept
(symmetric or otherwise skewed), tapered, cambered, twisted and cranked with dihedral.
Unlike what is offered by classical VLM approaches, one particular approach models the
wake coming off the trailing edge of every lifting surface as flexible and changing shape
according to the flight state considered. With a distorting wake, non-linear effects such as
the interaction of multiple surfaces can be simulated more consistently. The source of the
basic theory for the VLM with flexible wake is cited as Moran™, and an exemplar of
software embodying these principles is one authored by Melin®™. Succinctly, the classical
“horse-shoe” arrangement of other VLM programs has been replaced with a “vortex-dling”
arrangement. It basically works in the same way as the “horse-shoe” procedure with the
exception that the legs of the shoe are flexible and consist of seven (instead of three)
vortices of equal strength. Since the primary assumption of any VLM is linearity, two seed
computations are conducted for the lifting surface system at angles of attack (AOA or o)
where collinearity is likely as depicted in Figure 23 and labelled as Step 1; two such
candidates are suggested as a. = 0° and +4°.

Following the protocol mapped out in Figure 23, the next step is to identify the zero-
lift AoA (aoL); thisisfound by extrapolating the lift-curve slope (dC,/da) back to the point
at which C_ = 0. The slope dC,/da itself is quantified by comparing the computed VLM
lift at the two seed AOA VLM calculations. Wing lift carry-over into the fuselage body can
be accounted for by factoring the original (wing only) dC, /da. with a calibrated variation of



76 CONCEPTUAL AIRCRAFT DESIGN METHODS

A
o 4
O
5 [4oxac,
2 do
©
8 Al
5 43 - 2AR

da
\ / ® \/ortex-Lattice Calculations
O Empirical Algorithm
oL 2
N\
<

Angle of Attack, o (deg.
/e ez o A o (ceg)

\4

Figure 23. Predicting the lift characteristics of a clean finite wing using quasi-analytical
techniques (1-g stall concept shown).

amethod given by Pitts et al*®
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is related to the fuselage external maximum width (dy), the net or exposed wing planform
area (She) and the gross wing planform area (Syoss). The parameter ¢ is a calibration
constant and was derived to equal 3.2. As afinal point, Pitts et al stipulates that the use of
Eqgn. (135) is only applicable for wing-body configurations not violating the constraint of
dn/b<0.2.

From known data®®"*”, Step 3 involves an AoA increment of Ao, = 10° to yield an
estimate of the cessation of the linear portion of the curve (usualy around o = 8°) or the
beginning of non-linear lift leading eventually to stall. The fina step involves adding 4°
times the vehicular dC,/da to the now corrected C,. computed for Point 3 in Figure 23 to
predict the clean wing Cmax adhering to a 1-g stall concept, or, simply given as

=14 (1+ 0.064q>,egs)zﬁ (136)
o

C

L max
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When s = 1, the impulse function, ®es= ®(s,1), introduces a multiplier derived from
information presented by Obert®, otherwise is zero for s < 1. An appropriate parameter
value isinvoked in accordance with the analysis being conducted, i.e. under the premise of
a power-off 1-g stall concept (s = 0), or, the minimum speed in a stall manoeuvre in
accordance with FARs (s = 1) respectively.

If the value is of interest, the corresponding AoA for stall (agar) Can be estimated as
well. A suggested empirically derived method based on the same data®®"*%* quoted earlier.
Working off the equivalent reference wing aspect ratio as the only independent variable for
analysis, aga is found by incrementing the AoA at Point 3 shown in Figure 23 by (43 -
2AR) / 3, or aternatively put, by combining all the steps detailed above can be simplified
to read

Olgq) = Oy + —73_: AR (137)

Eqgn. (137) is taken to be applicable for the 1-g stall concept only. Since the AoA for
stall will differ between the 1-g stall break and minimum speed in a stall manoeuvre, it is
suggested that Eqn. (137) be incremented by an additional Ao ~ 1.0° to model the
minimum speed (FARS) in stall manoeuvre AoA.

7.1.2 Maximum Lift Generated by Trailing and L eading Edge
High-Lift Devices

High-lift produced by flap and slat deflection is estimated based on methods presented
by Young'®. This reference uses empirical correlation from assorted accumulated data and
predicts with adequate accuracy the aerodynamic characteristics of high lift devices. The
methods are not explained in great detail here; however, the salient features will be
appropriately noted. A similar and more detailed working account may be found in a
design review done by Pazmany® and Isikveren et al*®*.

Making alowances for effective chord, flap incidence and part span, the increment
due to the presence of any trailing edge flap is given by

F(AR)
F(6)

ACLflaps = |:ACL (C'/C) + C:L max W (C’/C_ 1)} f (A) (138)

where (c’/c) is the effective chord ratio; F(AR) is the function relating the vehicular
dC./da. and the aspect ratio, and this is standardised to an AR = 6.0; C_maxw IS the
maximum clean wing lift attainable, f (A) is a correction to the lift increment for a swept
wing, and

AC = [xl(cfl/c) Ay(Ba) +24(Cr /O Ay (Bzz)]

[Xa(bfzz/b) - Xs(bml/b) - }\’S(bflz/b) + kS(bfll/b)]
(139)

Ai(ci/c) is afunction of effective chords, A,(B) is a function of the flap angle and is
determined from experimental data (varies from one flap to another). The subscript 22
denotes the influence of an auxiliary flap or vane if applicable. The operation [A3(brx./b) -
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A3(bixa/b)] is apart span correction factor, and, x = 2 and 1 define the outboard and inboard
(dueto acentral cut-out) ends respectively.

The first task is to take Eqn. (138), it's coupled constituent Egn. (139), and introduce
not only the fixed functional values related to design intent supplied by Young, but a
parameter to account for the stall concept adopted per chosen airworthiness regulations.
Additionally, by incorporating supplementary simplifications for sake of brevity, i.e. linear
sengitivity to AR, an all-purpose fixed quantity for effective chord, introduction of a
continuous functional form for the f (A) correction parameter, the final agorithm
describing change in lift due to trailing edge device deflection is proposed here as

AC

Lflaps

[ 20+ Dy, + 5D
TE

20 fout j kgeo Bflap AR (3 bﬂap _1) C053 AQchd

(140)

The two design related impulse functions, ®@ggot = @(S,1) and dson = D(S,1), represent
the relative increase in lift compared to the default single-slotted flap prediction assuming
double dlotted of Douglas type and Fowler flapping arrangements respectively. The
constant kyeo is equal to 2.183 x 10 and is universally applicable for al (chord extending)
flaps considered. The flap deflection angle in degrees is denoted by By With byra defining
the part-span flap including fuselage carry-through, expressed as fraction of total reference
wingspan.

A series of fixed flap settings corresponding with deflection optima based on
experimental results given in literature™*>*for given high-lift device types have been pre-
selected for field calculations. Single dlotted flaps tentatively have pre-designated
deflection optima of 7°, 15° and 35° for intermediate takeoff, maximum takeoff and landing
configurations respectively. For double slotted flaps of Douglas type, initial guesses for
optimal flap deflections have been assumed to be approximately 10°, 20° for intermediate
and maximum takeoff, and 45° for landing. Congruous with the double slotted premise, the
Fowler assumes 10°, 20° and 45° for intermediate takeoff, maximum takeoff and landing
configurations respectively. Although optimal flap deflection is dependent upon a given
vehicular configuration and ambient conditions in which the aircraft operates, these
selected values were found to be very close to actual deflections used on contemporary
aircraft and hence adopted for simplicity. Regardless of this directive, the algorithm used to
determine C_max given above permits an opportunity to truly optimise flap setting for the
operational performance scenario considered; providing an extension is made to allow
cubic interpolation of Ci_ya for the given intermediary flap setting.

These trailing edge high-lift devices may aso be complemented by the introduction of
leading edge dats. Occasions where a dat lift increment is desired, a tentative maximum
deflection of 20° is assumed based on experimentation and actual examples®*91%®. The
increment in lift due to slat is only introduced for maximum lift prediction, i.e. maximum
optimal flap deflection usually pertaining to landing configuration. Furthermore, an upper
permissible boundary of C_max = 3.50 which is universally applicable to all devices has
been artificially set in keeping with conclusions drawn from surveys presented by Obert®.
Y oung'® suggests a rather simplified expression relating lift increment due to slat to the
dat wing chord fraction. In the end, a more consistent approach exhibiting functional
similarity with Eqgn. (140) was chosen to be a more accurate model

AC = Koo AR by, COS® A g (141)

Lflaps|LE flap



LOW-SPEED & HIGH-SPEED AERODYNAMICS 79

where all other parameters retain the previously given definitions, except for Kgeo, NOW
taken to be 0.0470, and by, iS the slat part-span fraction.

To complete the entire prediction exercise, a trimmed lift coefficient needs to be
produced. As outlined by McCormick® a complete treatment involves augmenting
untrimmed vehicular lift coefficient according to the relative distance between vehicular
centre of gravity (Xe) and aerodynamic centre (X)) locations, and then incrementing
contributions due to generated moment coefficient about the aerodynamic centre and the
moments created because of increase in drag due to trim. Such an approach requires a
detailed array of information; to ssimplify matters, sufficient accuracy can be achieved by
dropping the terms dependent upon moment coefficient and increase in drag.

MAC
CLtrim = CL max {14— | (Xcg - Xac):| (142)

t

Many aircraft manufacturers adopt the simplified functional form given by Eqn. (142)
in their respective aerodynamic data handbooks. Default values for the non-dimensional
relative MAC distance (Xcg — Xa) Can be assumed as -0.05 for aft-fuselage mounted
vehicles, otherwise equal to approximately -0.15 for all other configurations.

7.1.3 Establishing the Accuracy of Clean Wing and High-Lift Prediction

Once each of the analytical and empirical constituents is combined to form the final
algorithm, a wide-ranging analysis has shown predictions are relatively consistent with
actual aircraft lift data. Using a generic supercritical profile as abasisfor thisinvestigation,
namely the MS(1)-0313, Figure 24 elucidates this by demonstrating a typical bandwidth of
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Figure 24. Prediction accuracy of algorithm to compute Cpnax USing quasi-analytical
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error (¢ = predicted — actual) with respect to manufacturer quoted values falls within a+5%
splay. More sdliently, the study indicates there exists a good likelihood maximum lift
predictions will not exceed an error of around & = +0.15 irrespective of flap deflection.

The benchmarking data comprised either known aerodynamic performance or was
derived from vehicular stalling speeds. The aircraft used for this validation exercise were:
Boeing BBJ1'®; Bombardier Aerospace Learjet 45, Learjet 60'®, Challenger CL-604"",
Global Express®*, CRJ200”°, CRJ700% and CRJ900®":; Cessna Citation Excel®*; Dassault
Aviation Falcon 2000 and Falcon 900°%; Embraer ERJ 135'%, ERJ 140'%°, ERJ 145%;
Fokker Aircraft Fokker 70™° and Fokker 100™*; Gulfstream Aerospace GIV-SP*° and GV-
SP: PD340-2 19 PAX regional jet conceptual design study™'?; and, Saab Aerospace Saab
340™ and Saab 2000™“. Note that all aircraft assuming maximum flap deflection data
points are displayed in Figure 24; data pertaining to neutral flap deflection is shown where
the original manufacturer information was available.

7.2 Zero-Lift Drag Estimation - The Equivalent Length Method

A common method for determining the zero-lift drag (Cp,) of aircraft components is
an assumption that the constituent’s friction drag is equivaent to a flat plate having the
same wetted area and characteristic length. In this way, a very preliminary assessment of
the complete vehicular zero-lift drag estimation may be accomplished by summation of
these individual components. By creating a hybrid approach where the component build-up
method is benchmarked against a standardised closed form expression, economy of effort
can be achieved without incurring excessive degradation in predictive powers. A tool for
estimating zero-lift drag is the friction coefficient equation based on experimentation done
by Eckert'™, which accounts for fully turbulent flow and compressibility effects. By
assuming an appropriate reference condition of Mach number and flight level, the
component build-up method may be employed and a characteristic equivalent length for
the entire vehicle can be derived from its equivalent skin friction coefficient - a quantity
commonly used for aircraft comparison exercises. This equivalent characteristic length
may in turn be reintroduced into Eckert’s equation and solved for any other Mach number
and flight level combinations the aeroplane encounters.

721 Derivation of The Equivalent Characteristic Length M ethod

Assuming the boundary layer is fully turbulent and accommodating effects due to
compressibility on skin friction, the friction coefficient (¢ w) according to Eckert based
on wetted areais given by

A
logN )°(1+cM?)°

Cf turb — ( (143)

where M is the instantaneous Mach number, constants A = 0.455, b =2.58, c=0.144 and d
= 0.58 are coefficients of proportionality derived by Eckert, and, the Reynolds number
(NR) in atmospheric flight at given speed and flight level can be expressed as

Ny =Pss % vy, (144)
l"’ds H/Mds

The identity pgd/pss is approximately equal to approximately 6.9x10* sm?, and Iy is
any specified representative length of the body.
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The results obtained by an approximate turbulent theory such as the one given by Eq.
(143) assumes a smooth adiabatic flat plate. In actual flight conditions, typical values of
skin friction exceed the predicted value significantly. This circumstance does not
necessarily invalidate the use of Eckert’s equation, but rather, raises the requirement of
additional adjustments to reflect actual physical observations. The first correction calls for
account of an equivalent sand roughness. The traditional method utilises the concept of a
cut-off Reynolds number?, which is determined using the characteristic length and skin
roughness derived from a table of values presented for different surfaces. Other sizable
contributions to the final value of skin friction includes dissimilar boundary layer
development and velocity profiles between streamlined shapes and the flat plate analogy,
and, pressure effects due to frontal area. Instead of relying on a sequence of discretised
computations, the aim here is to formulate a single-step prediction procedure for skin
friction coefficient that can incorporate these adjustments.

Examination of Eq. (143) reveals the theoretical turbulent skin friction coefficient is
primarily a function of Reynolds number with a supplementary account of compressibility
effects. In view of this situation, any adjustment that takes into account actual-flight
corrections should be expressed as being proportional with Reynolds number, or,
algebraically incorporated into the (log Ng)® term. With this idea in mind, Eq. (143) would
be modified to read as

A
C. = . =
f [Iog(nactNR)]b_:I'+ CMZ.

(145)

where the parameter na: = 1 produces a skin friction result synonymous with Eckert’s
original theory, otherwise, for values na # 1 constitutes an additional correction to
represent equivalent sand roughness, pressure and interference effects. Based on an
elaborate amount of experimentation done in wind tunnel and flight-testing, Poisson-
Quinton™® was able to quantify the difference between actua values of skin friction and
theoretical turbulent friction assuming a smooth adiabatic flat plate. The results showed a
simple linear proportionality between c¢; and ¢; wrh, NAMely,

Cf = Tact Cf turb (146)

By initialy equating Eq. (145) with a factorised Eqg. (146) using the binomial
construct, solving for the constant of proportionality, t4, and then re-arranging the interim
result such that na: becomes the subject, the Reynolds number adjustment parameter
becomes

Nt = 10(1;]{'7—1)'09’\1»:{ (147)

Assuming an actual flight Reynolds number of around 20 x 10° where 1, was found
to equal approximately 1.45 as cited in Poisson-Quinton’s results'®, produces a correction
of Nat = 0.105, which would then be introduced into the modified Eckert’s equation given
by Eg. (145). The Reynolds correction coefficient of na = 0.105 can be thought of as a
“mean curve’ adjustment, representative of conventional technology/manufacturing
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levels™, and therefore has been presented as the basis for establishing predictions at the
very initial design stage. Consideration must also be given to the fact a practical lower
[imit of T4 = 1.30 (or potential Cp, reduction of up to 10% from the mean curve) has been
derived when analysing some narrow bodies and larger aircraft types from data supplied by
Obert®, and this factor isin turn synonymous with a Reynolds correction coefficient of 1
=0.197.

Eq. (143) represents a condition where fully turbulent flow exists. It would be prudent
to give scope in accommodating mixed laminar and turbulent flow, hence permit the
designer to set a minimum goal of what proportion laminar flow shall occur over the
characteristic length of the body constituent in question. Since an agorithm to quantify a
realistic turbulent skin friction coefficient has been established with Eq. (143), this can be
used as a basis to formulate an extension such that a realistic skin friction assuming mixed
flow is produced. Working off a basic assumption that momentum thickness at given
transition point is synonymous for both laminar and turbulent flows (see Figure 25), the
final skin friction can be produced by summing the friction coefficients for partly laminar
and turbulent flow?,

Figure 25. The premise of mixed laminar and turbulent flow used to derive an
augmented realistic skin friction coefficient®.

Matching the momentum thickness of the laminar and fully turbulent boundary layer
at transition point T gives

Cy tam X1 = Crup AX (148)

where ¢t jam 1S the skin friction coefficient for laminar flow, X7 is the point along the body
characteristic length where flow transition occurs and Ax is a distance ahead of the
transition point where fictitiously the onset of fully turbulent flow takes place. It can be
shown* the total flat plate friction coefficient for a mixed laminar and turbulent flow is
calculated from

X
Ci =Croup — l_T (Cf wrb — G Iam) (149)
b

In this equation, ¢ wm, IS computed assuming a Reynolds number based on a body
characteristic length starting from the fictitious onset of turbulent flow to the end of the

* The aircraft surface can have many irregularities. These include gaps and steps, protruding flush rivet
heads, and, surface waviness due to airframe construction, dynamic distortion and cabin pressurisation.
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body, and, ¢t jam IS calculated based on the entire length of assumed laminar flow, or
distance x. Substitution of Eq. (148) into Eq. (149) can produce an aternate form

X: + AX
C = (1_ . | ch turb (150)

b

Since ¢ wp S0 depends on AX, an iterative procedure is required to solve for Ax in
Eqg. (150). A valid form of simplification is in order here. Introducing a presumption the
fictitious distance Ax consistently exhibits linear proportionality with xr for low to mid-
range values of Ax / I, scope can be given to dispense with the transcendental nature of
Eqg. (150), hence permit a reduction in complexity. Investigations found that for xt / |y
values less than approximately 0.40, the total skin friction coefficient for mixed laminar
and turbulent flow can alternatively be expressed as

X
C = [1_ Xmt _TJ Ct turb (151)

Iy

The constant of proportionality, ym, assists in ascertaining what proportion of the
completely turbulent flow premise imparts an influence on the mixed flow result.
Experimentation has found a useful value for this parameter is approximately yms = 0.74
for all x7 /1, < 0.40. The upper boundary of assumed laminar flow fraction is a reasonable
one for design prediction purposes since an example of the most successful flight testing of
combined passive and active laminar flow control technology achieved laminar flow up to
30% of wing chord™’. In addition, experimentation conducted in a more operationally
pragmatic sense commonly produces transition at 15% wing chord™*’.

The component build-up method for zero-lift drag at given Mach number and flight
level isgiven as

| . .
DIEEM
i=1

Cooly s :'T

(152)

where the product ¢S, isthe drag area of each component i. By choosing an appropriate

reference condition of Mach number and altitude™, an equivalent skin friction coefficient
representative of the entire vehicle can be produced with the congruent relation

Y S =Y CS. (159

The parameter c; is the equivalent skin friction for the sum of all constituent wetted
areas produced using the equivalent flat plate analogy representing the entire aeroplane. It

88 The reference condition for Mach and flight level is open to the designer’ s willingness to trade larger errors
in low speed for more accurate high-speed zero-lift drag or visa versa. Experimentation has found that a
speed near the final vehicle MRC or LRC at an altitude 4000 ft lower than the intended certified ceiling are
good reference conditions for a balanced error distribution.



84 CONCEPTUAL AIRCRAFT DESIGN METHODS

is now proposed that this notion of equivalence can be extended to quantify a characteristic
length as well. Since the entire vehicle has been replaced by the flat plate premise with a

corresponding value for c; , by rearranging Eckert’s equation, Eq. (143) can be solved for
an equivalent characteristic length (1) given by the identity

1/b
A“j [eom2][°

10[‘%
- Pss O vV
Has 1/ Hgs

€

(154)

Reintroducing this relation to Eckert’s equation, and assuming the error in N due to a
now fixed equivalent characteristic length (i.e. independent of Mach number or flight level
effects) is small, a general zero-lift drag equation, designated hereon as the Equivalent
Characteristic Length Method (ECLM), which accounts for al variations of Mach number
and flight level can be given approximately as

| {Iog{%GVISH b+ cm2?] S

Msls u/“ds

ool

For a detailed analytical treatment of en route performance, drag is an integral
parameter and has the primary requirement of being differentiable with respect to the
airspeed V for al cases. Eq. (155) appears to be in aform that is quite complex, and more
poignantly, not configured for a more in-depth cal culus treatment. It was identified that this
problem may be avoided via the use of logarithmic differentiation. By utilising the relation
x = ", Eq. (155) can be alternatively expressed as

¢ = Aflnt0]Pexp! - b|n{|n{%Lv |H —dln(1+c Ve j (156)
us!s H/“s!s adse

which isin aform ready for differentiation albeit the complexity has not been reduced.

722 Gauging the Robustness of the Equivalent Characteristic Length Method

An interesting question is to what extent the equivalent characteristic length
assumption is compatible to the exact component build-up method, and, more importantly
what is the upper threshold of relative errors the designer may expect. In an effort to
theoretically gauge the magnitude of inherent errors produced by this approach, the ECLM
expression was reconfigured as an error function with respect to the exact component
build-up method. The most expedient way to observe this would be the comparison of
resultant equivalent skin friction errors analytically and do so for a range of contemporary
regional transport and business jet Reynolds number regimes based on complete vehicular
characteristic lengths. If Eckert’s general equation is partitioned into Reynolds number and
compressibility dependent constituents, in conjunction with some algebraic manipulation,
Eq. (143) then becomes
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where the compressibility term is described by
@, =7 (158)
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and the Reynolds number dependent constituent is defined as
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Figure 26. Resilience of ECLM accuracy for agiven error in vehicular characteristic
length and en route Reynolds number based on vehicular characteristic length.

Now, by introducing the notion of error factor defined as the ratio of the fixed
vehicular characteristic length quantity derived from a reference Mach and flight level to
the exact value of vehicular characteristic length, or g = l./lexa, the relative error of an
equivalent characteristic length assumption can be gauged by considering deviations from
the exact value of ¢, _ through afractional comparison
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. -b
C; :{1+ loge, } (160)
Cr. log N

Figure 26 (previous page) shows the variation of resultant prediction error compared
to the exact vehicular equivalent skin friction of zero-lift drag with Reynolds number based
on vehicular characteristic length whilst assuming various errors in the g ratio. To put
Reynolds number based on vehicular characteristic length into context, small business jets
typically operate at around Ng = 10°, regional aircraft and larger business jets between Ng
= 1.5 x 10° and 2.0 x 10° and larger regional and narrow-body aircraft from Ng = 3 x 10°
and higher. For a typical en route Reynolds number of 1.5 x 10° based on vehicular
characteristic length for regiona transports, an error of -24% in |, compared tO lexac
corresponds to a +5% overestimation of equivalent skin friction or total zero-lift drag.
Conversely, for the same Reynolds number, a -5% underestimation of zero-lift drag is
tolerated by a +33% error in equivalent characteristic length from the exact value. This
result demonstrates the resilience of ECLM.

7.3 Vortex-Induced Drag at Subsonic Speeds

Many methods exist in quantifying this phenomenon and the most simplest of them is
the Oswald Span Efficiency Method which assumes the vortex-induced drag coefficient of
three dimensional wings with an elliptical lift distribution equals the square of the lift
coefficient divided by the product of the aspect ratio and =. Additional drag produced by
non-elliptical lift distributions is made by using the Oswald Span Efficiency Factor (e),
which effectively reduces the aspect ratio. The vortex-induced drag factor™ is given as

dCIg _ 1 (161)
dC; ) nARe

Numerous estimation methods for e have been developed but they mostly tend to
produce optimistically high values compared values of real aircraft. Obert® offers an
empirically derived equation for the vortex-induced drag factor applicable for Mach
numbers greater than about 0.40, based on actual aircraft regardiess of power plant
installation, assuming typical centre of gravity locales, inclusion of wing twist effects, and
compressibility effects neglected.

dC,?? _ 10 +0.007 (162)
dCl J),.. TAR

Eqg. (162) does not appear to account for the distinction of power plant installation
philosophy, i.e. clean wing, underwing podded or on-wing nacelle configurations, and the
direct impact this has on span loading distribution. As an exercise, Eq. (162) was compared
to Eq. (161) and Oswald span efficiency factor solved for a variety known e values of
equipment with different power plant installation philosophies not covered by the
statistical survey. Interestingly, the continuous functional form offered by Obert seemed to
match the values for these known examples with an adequate degree of accuracy. This
leads the author to believe a correlation between aspect ratio and power plant installation
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philosophy must exist, hence Obert’s regression analysis inherently accounted for this
association.

For field performance where Mach numbers typically range between 0.15-0.25, it is
apparent that a change in vortex-induced drag factor will take place due to a change in the
span-wise lift distribution due to flaps extending and deflecting™®. Literature demonstrates
this variation is proportional to wing geometry, non-ellipticity of the span-wise lift
distribution of the basic wing, the effect of flap cut-out and lift carry over by the fuselage.
Concurrent to this circumstance, there is a'so an additional physical effect that needs to be
addressed. There is a reduction in the vortex-induced drag factor with increasing flap
deflection, or aternatively, as flap deflection is increased, a reduction in the vortex-
induced drag for given C_ occurs. This s attributable to an increasing benefit generated by
the dlot-effect at greater deflections and amounts to a measure of boundary layer control
thus preventing separation. In order to acknowledge these known phenomena, the
implication is an incremental change in the vortex induced-drag factor needs to be
introduced to Eqg. (163). Such amodel is proposed here to be

(dcgj:(dcgj +A(dc2j
dc? dc? ) AdC{ ) e
1.05+ 0.271®
(Zgg j B '® _ 0,000487p,,, +0.007
L

AR

(163)

The impulse function, @4 = @ (Briap,1), iNVokes a correction to the vortex-induced
drag factor to signify an irregularity in the lift distribution due to deployment of high-lift
devices. Studies comparing the vortex-induced drag estimate generated using Eq. (163) to
low-speed drag polars of the Saab 340" and Saab 2000*** aircraft found the correlation to
be quite adequate. This means the maintenance of sufficient accuracy can be expected
using the one algorithm in predicting the vortex-induced drag regardless of flaps neutral or
extended.

74 Three Dimensional Effectsand Ancillary Drag Contributors
Five form factors that account for three-dimensional effects, ancillary interference, and

excrescences are reviewed here. These values are computed based on thickness-chord

ratios of the wing, horizontal and vertical tails, and, the fineness ratios of the fuselage and

nacelle. All of the form factors itemised below were derived from original expressions

developed for GASP* and subsequently modified to suit known data more appropriately.
The modified wing form factor reads as

4
Puing = 0.421{2+ 4(£j + 240(% } (164)
C m C m
with the horizontal tail surface re-defined to be
t t)’
Qp =1+0.1(1-0.893¢, )| 2+ 4 o] 240 - (165)
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The &, parameter represents horizontal tail placement non-dimensionalised by d, with
respect to the vertical tail tip and FRP water-line. Similarly with the wing, the vertical tail
form factor was amended to read as

Popat = o.5{2+ 4(8 + 240(8 } (166)

m

The fuselage form factor is predicated by body slenderness ratio. Assuming a
streamlined fuselage without a blunt nose

3
O =1+ o.oozs(';jﬁJ + 60( d, J (167)

\Y Ifuse

and finally, the nacelle form factor is based on the premise of slenderness as well

¢ =117 {1+ 0.35((:&H (168)

nac

The prediction of a low-speed drag polar for field performance requires account of
contributions due to extended undercarriage and high-lift devices. In the absence of
detailed undercarriage sizing, the drag due to extension of undercarriage can be quantified
with adequate accuracy using dtatistical correlation from known data. Based on
information gleaned from McCormick®, a useful linear regression equation was derived to
be

AC, s = %(2.85x105 W, +0.294) (169)

The total aircraft drag of a configuration geared for field operation is also affected by a
profile drag contribution from extended flaps and dlats. Assuming a given trailing edge
(and/or accompanying leading edge) high-lift device has been deployed, an approximation
for theincremental drag is suggested as

MAC
bb

ACoo iy = % (5.268x10°* B2, —0.0053398,,, + 0.0416)[C—fj( J coS? By,

(170)

flap

and typical values for the relative flap chord fraction of ¢; / ¢ = 0.26 and ¢; / ¢ = 0.15 for
trailing edge and leading edge devices respectively are suggested as initial estimates.

7.5 Total Incremental Drag dueto One Engine I noper ative
Condition
The One Engine Inoperative (OEI) condition appears to be mostly disregarded in
conceptual design literature. It is usualy classified as a preliminary design problem™*
because yawing and rolling considerations become rather complex in nature since these
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must be trimmed out by primarily the rudder and then aileron. Drag due to engine wind-
milling, airframe sideslip, incremental changes in normal force vortex-induced and profile
drag from control surface deflection, asymmetric dipstream effects and lift distribution
reconfiguration producing independent vortex-induced contributions all combine to
complicate matters. By examining the exact approach, a number of valid ssimplifications
may be incorporated in order to reduce the scope of detailed information required whilst
retaining strong predictive powers and objective function sensitivity with respect to the
design variables. Studies have shown that many of these constituent contributors can be
neglected with the exception of vortex-induced and profile drag generated by rudder
deflection.

75.1 The General One Engine I noper ative Drag Constituent

If one considers the OEI asymmetric condition, studies have shown that many of these
constituent contributors can be neglected with the exception of vortex-induced and profile
drag generated by rudder deflection. Figure 27 demonstrates the pertinent forces and
moments once this simplification is introduced. By assuming the vertical tail utilises a
symmetric profile and all rudder deflections during asymmetric flight will be below stall,
equilibrium is achieved via,

Figure 27. Simplifications of forces and geometric considerations during the asymmetric
thrust condition.

Ll = Yeng(Dun + Top) (172)

where yeng IS the moment arm from fuselage centre line to the critical and windmilling
engines, Dwm is the drag produced by the wind-milling engine, Top is the instantaneous
available thrust produced by the critical engine at instantaneous velocity V and ly; is the
vertical tail moment arm. The instantaneous lift (Lr) generated by the flapped vertical tail

i 534
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Lz =0S, CLm,vtT N og (172)

with g denoting the dynamic pressure, S,; the vertical tail reference area, t a flap
effectiveness factor, and n, a correction which accounts for the effects of viscosity.

The functions t and n are generally derived empirically since they behave in a non-
linear fashion with chord fraction (¢; / ¢) and rudder deflection angle (dg). If a
simplification is sought, McCormick® demonstrates that thin airfoil theory can be utilised
to produce adequate results but the functions are still represented by dependent variables.
Assuming atypical ¢; / ¢ value for the flapped vertical tail of around 0.3, an estimate of t =
0.66 may be derived using Weissinger's approximation®** . Furthermore, McCormick
shows at an upper deflection of 6g = 30°, a value of n = 0.74 would be appropriate. By
assuming some level of conservatism for smaller deflections, an overall flap effectiveness
of tn = 0.49 applicable to the complete range of angles would result. This figure can be
substantiated against Torenbeek’s' presentation of overall effectiveness factors derived
from experimental data for plain flaps.

The lift-curve slope characteristics (Ciqvi) Can be estimated by the Helmbold
equation® based on an approximate lifting surface theory with the effects of sweep
(Awt,qcnd) accounted for by afirst order cosine relation given by Torenbeek™.

AR

- e
CLa,Vt - Cla,vt{Z—‘r m} COSAVt,QChd (173)

Assuming a thin airfoil, section lift-curve slope of Ci.t = 0.110 per deg. (2r per rad)
is given theoretically, however, it was found an average of 0.088 per deg. (5.04 per rad)
taken from Abbott and \Von Doenhoff® yields more redlistic predictions. Thus, from linear
thin airfoil and lifting surface theory, the rudder deflection required for equilibrium of the
OEI asymmetric condition is given by

_ yeng(Dwm + Top)
i qS\nCLa,vtTnlvt

(174)

From this basis, the possibility of accounting for the influence of minimum control
speed limitations on field length and initial climb performance can be introduced at the
conceptual level, and, methods to predict these quantities with respect to operational
performance will be addressed in the takeoff field performance discussion of this report.

Since the geometric characteristics for equilibrium of asymmetric thrust has been
quantified, the next step should be an appreciation of to what extent performance shall be
degraded. By summing the forces and moments in Figure 27, and equating these to
represent contributions of vortex-induced and profile drag due to rudder deflection, the
total incremental drag contribution produced by an OEI asymmetric condition (ACpog) iS
approximated by

Dm+bm+nJ¥“wwR

ACpog = as = (175)

™ Two point vortices represent the airfoil and this function is dependent upon ¢; / c ratio.
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This relation is not only applicable for low speed field performance, it can also be
utilised for climb out analysis as well; specifically in relation to OEI maximum attainable
flight level and drift-down net level off height proficiency trade studies at ISA and more
importantly off-1SA conditions.

7.5.2 Drag Generated by Windmilling Engine

For multi-engine aircraft with engines not buried in the fuselage, the OEI performance
will be influenced by additional drag due to a windmilling engine during the equilibrium
condition of asymmetric flight. Torenbeek® proposes a conceptual method to estimate the
magnitude of the drag increment by considering this quantity to be a function of engine
frontal area, bypass ratio and interna configuration. Unfortunately, the method is rather
esoteric because the procedure employs the momentum theorem, which requires an
estimation of mean flow velocity in the nozzle exit together with the windmilling mass
flow. Typical valuesfor the ratio of these speeds are offered but they are specific to engine
type thus not allowing for a continuous function concept. As an aternative, a more
simplified approach is proposed which assumes the windmill drag component can be
accounted for by representing it as an equivalent flat plate problem with an associated skin
friction value which is imaginary and independent of Reynolds number variation or
associative compressibility effects.

The notion of a “cut-off Reynolds number” can be useful in helping to quantify the
drag produced by a windmilling engine in this respect. Raymer* discusses the merits of
employing a cut-off Reynolds number parameter to account for expected higher skin
friction coefficients in conventional zero-lift drag estimation when the surface of a body is
relatively rough. By comparing the ratio of characteristic length and a skin-roughness value
(I/K), the cut-off Reynolds number (Ng cut-of) 1S then determined by

b
Nroor = a[g) (176)

where a and b are constants of proportionality and Ng cut-off Varies monotonically with I/k
for subsonic speeds.

Assuming a windmilling engine is essentially the nacelle but influenced by some
degree of imaginary roughness on the body in this condition, i.e. analogous to an interna
drag contribution, then a pre-designated cut-off Reynolds number would be independent of
Mach number variation for subsonic flight'™" and atmospheric conditions because as
indicated by Raymer, there is a strong correlation to relative roughness alone. It is evident
that the internal drag generated is related to maximum static engine thrust potential, which
also may be postulated to be a function of engine size. This would mean the imaginary
value for k would increase proportionately with nacelle physical dimensions, therefore, the
imaginary relative roughness can be taken as approximately constant. In view of this, the
imaginary cut-off Reynolds number can be considered independent of nacelle size or
characteristic length as well. When the imaginary cut-off Reynolds number is quantified
empirically and substituted into Eckert’s equation for skin friction given by Eq. (143),
neglecting compressibility effects and hence adopting the Prandtl-Schlichting form, the
equivalent flat plate skin friction that simulates an imaginary roughness condition for a
windmilling engine would be given as

T OEI flight regime is considered predominately as a subsonic problem. This premise may not hold true for
extended range and in some instances driftdown operations.
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where A is equal to 0.455 and b = 2.58. Once the windmilling engine representative skin
friction is quantified, an incremental contribution to drag in the OEl asymmetric condition
istherefore given by

¢S
f wet,nac ( 178)
S,

ACy" =
In order to derive the value for imaginary skin friction, known windmill drag
properties for the BAe 146-200"° were used and the results were tested against other
installed aircraft engines. The suggested values for conceptual anaysis were found to be
wm o = 9.3x10%, or corresponding imaginary skin friction of ¢™ = 0.007274. Using this
information in conjunction with the nacelle wetted area estimation methodology described
previously, predictions of ACJ™ were computed and subsequently compared to known
windmill drag data for both the Williams International FJ44-2A small turbofan rated at
10.2 kN (2400 Ib.f) and the CFM56-7B26™" engine rated at 118 kN (26400 |b.f) used on
the B737-800 narrow-body commercia transport. Figure 28 demonstrates the level of
accuracy generated using the imaginary skin friction method; the results were found to be
quite encouraging, more so due to the fact the nacelle wetted area was not calibrated to any
known data before computing the final result.

——Williams FJ44-2 Actual Data
O Williams FJ44-2 Prediction
— CFM56-7B28 Actual Data o

O CFM56-7B28 Prediction

Windmill Drag (N)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Mach number (-)

Figure 28. Benchmarking predicted windmilling drag using the imaginary skin friction
method against actual engine windmilling data; ISA, sealevel conditions.
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Additionally, it is recommended that the drag contribution for turboprop engines using
this method should be obtained by factoring the equivalent turbofan result by 3. This
accounts for a ssimulated by-pass ratio increase due to the presence of propeller or larger
fan diameter contribution for given maximum static thrust rating or nacelle size. One
should recall the method is based upon the generic pitot nacelle, therefore, the actual
nacelle wetted area for a turboprop (or even S-duct and straights ducts) power plant
installation must be disregarded and the generic pitot introduced into the prediction
process. I nspection of the Saab 2000’ s one engine inoperative drag assuming a propeller in
the auto-feathered condition*** produced an estimation error of —2.8%.

7.6 Compressibility or Wave Drag

Compressibility is adrag increment caused by an increase in free stream Mach number
above a critical point where locally accelerated speeds increase sufficiently to reach Mach
numbers of unity and above. The free stream Mach number at which this first occurs is
called the critical Mach number, denoted here as Mcg, and can be thought of as the lower
limit of the transonic flow regime. Steadily increasing values of free stream Mach number
above Mcg are characterised by regions of supersonic flow terminated by normal shock
waves shifting aft and increasing in strength. The formation of shocksin the transonic flow
condition affects the drag up to the drag divergent Mach number (Mpp), thereafter the drag
rise rate increases substantially as shown in Figure 29.

A

Cp

increasing C,
Constant C,
~—
~— : AC,=0.0020
Constant C, \
Mcr Moo Mach number

Figure 29. Definitions for the transonic mixed flow regime and indication of speed
thresholds for certain drag escalation attributes.

The definition of what particular Mach number constitutes Mpp is open to severa
options. The most common is the Boeing definition where Mpp is the speed at which an
incremental increase in viscous drag influenced by drag riseis equal to 20 counts (or ACpp
= 0.0020). Additionally, Mpp is a function of lift coefficient since shock formation and
strength directly relates to increases in airflow velocity. Typically, for an initial analysis
the drag rise is graphically estimated using a few rules of thumb rather than a more
comprehensive appreciation of the dependence of Mpp on parameters like instantaneous
operating lift coefficient, quarter chord sweep, mean wing thickness ratio and type of
airfoil geometry employed as exemplified by Raymer®. Notwithstanding, this assumption
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does not necessarily invalidate this first order estimate's predictive powers - but a wide
range of information exists which aid in predicting compressibility drag characteristics for
given set of design parameters adequately. Therefore, it would be deemed prudent in
attempting to derive a closed form expression that describes the mixed flow regime
simultaneously neglecting highly non-linear terms but having a stronger basis to set more
realistic goals.

7.6.1 Derivation of the Incremental Drag dueto Compressibility

Much of what is known about this flow regime are largely experimental hence are
described by many different empirical models. Torenbeek? offers a variation of Korn's
equation'®® to quantify the limits of wing section performance for given vehicle wing
thickness, sweep and typical operating lift coefficient envelope

3/2
M REF = M DD COSAQchd + i EL n (t/c)m (179)
101 €os”A geng COS A geng

where Mger IS a wing section technology factor. Torenbeek suggests values of Mger =
0.935 for supercritical aft loaded, and, Mrer = 0.87 for conventional peaky sections. Here,
a modification of this premise with an empirical fit more akin to the actual performance
produced by contemporary regional and business jet vehicles is proposed: a customary
technology factor of Mrer = 0.850 for supercritical aft loaded sections is suggested as a
more pragmatic value with an occasional upper limit not exceeding Mregr= M0.90.

By rearranging Torenbeek’s version of the modified Korn's equation so that Mpp is

the subject
3/2
1 1 C t/c
Mpp = M ger — 7~ 2 \ N (/ )m (180)
COS A geng 10 cos” A gepg COSA g

Torenbeek® offers an arbitrary mathematical representation of the condition where
drag rise isterminated (at speed Mpp) and an increased drag rise rate begins

ACpmy = ACpp| 1+ [ M= Moo (181)
Dcomp DD AM

where the symbols n = 2.5 and AM = 0.05 are given by Torenbeek; they have no physical
significance but are derived from experimental data. As a consequence, Eq. (181)
implicitly relates Mcr to Mpp as

Mpop = Mg + AM (182)

This information can be used in conjunction with Eg. (180), thereby, allowing the
definition of Mcr to be given as
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Mgy = — [M 1[L] M] — AM (183)

REF ~ 1A 2
COSA oeng 10 cos” A geng COS A g

Now, by introducing the concept of an impulse function or approximate unit step that
is critical Mach number dependent, i.e. ®y = ®(M,Mcgr), and incorporating Eg. (182) and
Eqg. (183) into Eq. (181) yields

M-M "

ACpeomp = Py ACpp {1+ D, (TCR - ﬂ (184)
which then leads to a closed form expression for the total compressibility drag contribution
including the concept of initial and supplementary drag rise and the final equation
conforms to the presupposed condition of differentiability with respect to airspeed V.

7.6.2 Quantifying Wave Drag dueto Volume and Lift

As expounded by Torenbeek'®*, the wave drag of wings and slender bodies is
frequently related to the theoretical minimum wave drag of pointed optimum bodies. Even
though the implicit assumption involves smooth bodies in inviscid flow, by utilising
linearised theory as Mach number tends to unity from below'®, the relative merits of
differing configurations can be compared as a guide to drag-rise behaviour. These optimum
bodies can be represented by the von Karman ogive, Sears-Haack or Adams optimum
either in isolation, as composite area distributions in pairs, or even all three in consort.
Correcting for deviations from the optimum by a factor, Ko, as stipulated by Kuchemann'?®
and introducing an empirical wave drag efficiency factor?, Nopt, FEPresenting the ratio
between actual wave drag and that of the optimum body, the wave drag due to volume for
given body volume Vy, reads as

2
ACom, —nak, Y

Dcomp — Tlopt "“Mo 4
SREF TES\N Ib

(185)

The product nex Ko can be estimated from values quoted by Raymer* and
Torenbeek™”. This is accomplished by initially choosing a reference Mach number that is
dlightly faster than sonic speed; and one suggested reference is Mer = 1.05. Raymer and
Torenbeek indicate a combined factor of approximately 2.5 for nox Ko iS adequate.
Although this value reflects supersonic designs displaying a relatively poor volume
distribution, analysis of actual subsonic aircraft (even those catering to Myo speeds up to
M0.90) found noxt Ko = 4.0 is more appropriate. Once the wave drag due to volume has
been quantified for the reference condition, the next step is to build the wave drag model
according to the operating parameters dictated by given flight conditions. Taking the
logarithm on both sides of EqQ. (181) and solving for the exponent n produces
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Eq. (186) is then substituted back into Eg. (181), hence, an estimate of the wave drag
due to volume can be computed dynamically for an instantaneous operating lift coefficient,
or alternatively, for agiven critical Mach number premise.

The drag due to lift of surfaces at supersonic speeds (ACpi wave) With streamwise and
spanwise elliptical pressure load distributions is quantified by Jones *” classical though
not universally accepted relation describing the lower bound

(187)

where the working dimensions are shown in Figure 30. Ky is a deviation from the
theoretical minimum and recommended as being equal to 1.25%* B = (M? - 1)¥2 r = Sy /
(b lw) is a shape parameter, and, the so-called corrected box ratio is defined as Agox = p b/
(2 lw). The fundamental assumption hereis that the fuselage nose and tail do not contribute
to lift.

Figure 30. Definliglon of working parameters to compute drag due to lift in supersonic
flight™".

1.7 Quantifying the Aer odynamic Impact of Winglets

With greater emphasis being placed on improving aircraft cruise efficiency winglet
devices appear to offer the most attractive combination of drag reduction and aesthetic
appeal. It is therefore not surprising many existing aircraft types have been outfitted with
winglets as part of an overall enhancement package and many kits are offered to retrofit in-
service aircraft. The conventional winglet (ARw. = 1.5) approach is now being replaced by
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so-called blended winglets*??; typified by a high aspect ratio (ARw. = 3.5) and integrated
by way of pronounced filleted transition geometry between the wing and winglet
structures.

Regardless of the design philosophy, the known benefits of winglets can be itemised
asfollows:

e Decreased fuel burn and increased payload range attributes — achieved through an
aerodynamic performance improvement, i.e. net vehicular drag reduction;

e Higher cruise atitude and OEI driftdown celling — due to a net vehicular drag
reduction enabling a greater amount of specific excess power at given altitude and
speed;

e Improved takeoff performance — higher effective OEIl lift-to-drag and therefore
higher second segment climb gradient for given reference speed; allows for higher
TOGWsS,

e Reduced engine maintenance — the option of retaining the original takeoff
performance levels prior to installation of winglets promotes a reduced thrust
concept;

e Lower arport noise levels — exploiting the reduced thrust concept.

All of these enhancements may not necessarily come to fruition concurrently; the
designer should expect a combination of a few at best. Nonetheless, it is evident if
appropriately designed and integrated with the main wing, the devices will translate into a
some sort of a direct economic benefit for the operator.

Many examples of winglet performance prediction and design optimisation is
availablein literature® ™2 131 |n general, winglet configurations are analysed using the
VLM to establish optimal planform attributes, cant, camber and twist in achieving
maximum reduction of vortex-induced during cruise. A non-planar, three-dimensional
potential flow panel method is subsequently employed to evaluate the configuration under
takeoff and landing operating conditions, thereby gauging the possibility of adverse low
speed characteristics. The revised span load is examined referenced to the ultimate wake in
a Trefftz plane analysis in order to determine the induced drag and bending moment
distribution. The final step in the design cycle is to weigh the economic feasibility of
adding winglets to the aircraft; ideally, a revised (and re-optimised) performance estimate
would entail consideration of the change in aerodynamic qualities and the change in
aircraft empty weight. To aleviate the need for excessive effort, only a relative drag is
guoted at given operating lift coefficient and change in OWE due to a wing bending
moment increase. For conceptual design studies, one suggestion is to adopt these
percentages and empiricaly adjust the design prediction accordingly with no due regard
given to winglet design variable sensitivity. Unfortunately, as one would intuitively expect
this approach is susceptible to inconsistencies. Therefore, a requirement now arises for a
quasi-analytical method to quantify the change in vehicular drag due to winglets.

7.7.1 Quantifying the Drag Reduction of Winglet Devices

As depicted in Figure 31, by summing the forces in the direction of freestream and
adhering to the sense convention indicated, the total force of the local system can be
guantified to be

D F =Dy €0S0pq — Ly SN0 (188)
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where ainc IS the winglet representative incidence and aiing IS the spanwise induced angle of
attack instantaneously generated by the wing.

Cling

Forward

Inboard
Wing

Figure 31. Resolving local lift and drag forces generated by the winglet into the direction
of freestream.

A key requirement is to now formulate a semi-empirical expression for oing.
Fundamentally, the trailing vortex shed at each wing-tip induces not only a downward
velocity in the region of the wing itself, but the circulatory motion also generates induced
velocities in a spanwise direction. When the freestream velocity is vectorially added to the
spanwise induced velocity component in plan-view, the resulting vector produces an angle
of attack aing. Prandtl’ s lifting-line theory stipulates the downward induced angle of attack
generated by finite wings is proportional to the operating C. and inversely proportional to
the wing AR™2. Working off this premise and introducing a coefficient of proportionality
(ming) to represent a scaling factor between the downward and spanwise induced velocities
towards the tips, then

C
Qing = Ming —TCALR (189)

A suggested scaling factor ning = 7.2 was empirically derived from flow visualization
experiments undertaken by Head"®.

Since the true goal is to quantify a relative vehicular drag, Eq. (188) should be
examined in the non-dimensionalised form, i.e. divided by qSw. To this end, the
instantaneous lift coefficient produced by the winglet (C_ w.) isgiven by

Cow =CrLowt ((X'eff - O(‘OL) (190)
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where the effective angle of attack o is found by taking the difference between aing and
the winglet representative incidence angle ainc. An account of the zero lift angle of attack
oL 1S assumed here to be approximately o = —3° for 3% cambered aerofoil sections
commonly used for winglet devices. The lift-curve slope characteristics (C., w.) can be
estimated using the Helmbold equation* modified for compressibility correction as given
by Eqg. (88).

The total winglet drag is determined by summing the winglet zero-lift (Cpo wr) and
vortex-induced (Cp; wi) drag. The Cpo wi contribution is derived using the component
build-up method with an adjustment for interference as outlined earlier. It is highlighted
that the incremental zero-lift drag due to presence of winglets must be considered in
isolation from the vehicular characteristic length and the ECLM drag prediction algorithm.
In this context, the winglet device is taken to be an add-on to an existing vehicle wing
planform, and therefore, is not deemed to be a constituent in deriving the vehicular
characteristic length.

Upon substitution of EQ. (189) and Egn.(190) into Egn.(188) now expressed in an
equivalent non-dimensionalised form, the total incremental drag due to presence of
winglets is determined by summing the resolved local winglet lift and drag force
components, the change in drag due to compressibility if the winglet pre-empts the wing in
generating super-velocities, and a reduction in the wing vortex-induced drag. Recognising
an adjustment required to conform to the reference wing convention

2 .
ACy = E(_ Ly SN0y + Doy COSQg + Dy COSO‘ind)+ ACpgomp +AC,
23w (c C —C_yy SN )+ P, AC AC
= powt COSQing + Lpiwy COSAing = Ly SINQig J+ Py Alpeomp + ALp,

(191)

with the ACp comp cOmponent considered to be greater than zero if the winglet Mcr has
been exceeded by the freestream Mach number. By virtue of attaching winglets to the tips
of awing, one would expect an alteration to the spanwise lift distribution and the trailing
vortex system downstream since circulation along the wingspan changes accordingly. In an
attempt to quantify the relative reduction in vortex-induced drag due to presence of
winglets (ACp;) in the flow field, a useful basis is to refer to the fractional change in the
vortex-induced drag factor used to augment the origina ACp; denoted by the subscript
“orig”

dC,

ACDi =0 dCi CDi|ori9

(192)

The fractional change operator for the vortex-induced drag factor, namely OdCp/dC,?,
is quantified by comparing the original wing planform and an equivalent wing planfom
with winglets canted as some angle I'y_ off the vertical. By incorporating the vortex-
induced drag factor derived by Obert® and given by Eq. (162) the operator becomes

dC, _ A(dCD/dCi) _ ARyig — AR,
dC? ~ [dCy /07 )y am (1+"AR j
" 150 "

(193)
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where for winglet span (or height) and root chord of hw, and cw. respectively the revised
aspect ratio (ARe) is defined purely on the basis of geometry

(b+2h,, tanT, f

AR, =
Sw Ny Cru (1+ 7“WL)tanFWl_

(194)

7.7.2 Proficiency of Drag Reduction dueto Winglet Prediction

Figure 32 shows a comparison of the calculated and actual improvement in block fuel
for a Boeing B737-800 narrow-body transport. Actual data derived from flight-testing was
taken from results published by Dees and Stowell™. With regards to the exercise of
predicting a change in block fuel due to presence of winglets, a calibrated drag model
assuming no wing tip device was created from information generated by Boeing'?* and
subsequently contrasted against an assumption of winglets installed. Some precision is lost
for short-range missions, i.e. 500 nm and less, which are characterised by lower operating
lift coefficients (C. < 0.5); nonetheless, the agreement for the B737-800 appears to be
mostly a good one.
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Figure 32. Comparison between flight-test derived™ and predicted improvement in block
fuel for B737-800 commercial transport.

One undesirable feature of this method is the fact ACp; approaches zero with
decreasing 'y ; this analytical sensitivity does not parallel the winglet parametric study
results presented by Ishimitsu™. The problem can be allayed by stipulating an accepted
design protocol of winglet integration not violating a minimum cant angle or lower
threshold of I'w, . Cant angles less than approximately 15° are not permissible because it is
indicative of a less pronounced rate change improvement in Cp; with respect to wing root
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bending moment, and of equa importance, it gives less scope to provide aerodynamic
interference relief between wing and winglet and is detrimental in delaying the formation
of shock waves on the winglet upper surface.

7.8 Validation of the Total Aerodynamic Drag Model

The aerodynamic performance characteristics of known contemporary aircraft were
available to validate the predictive powers of the methods discussed — henceforth referred
to as the Combined Drag Model (CDM). Figure 33, Figure 34, Figure 35 and Figure 36
show the agreement between predictions using CDM and flight test drag polars for the
Saab AB Saab 2000, Bombardier Aerospace Learjet 60", Bombardier Aerospace
Global Express™ and Boeing B737-800"% respectively. Each chart indicates two zones of
prediction effectiveness. “Infrequent Excursions’ alludes to operating points within the
certified aircraft flight envelope that are seldom impinged during typical operation, i.e.
very low and very high operating lift coefficients, whereas, the inner boundary labelled
“Core Predictions’ are points that will always need to be considered during the course of
examining the viability of a design candidate from an operational performance perspective.
By virtue of conducting a validation exercise that encompasses aircraft of varying size,
mission role and even power plant installation philosophy, the results indicate there exists a
good likelihood that CDM will produce predictions well within +10%, and it is discernable
that core predictions will stay within an acceptable +5% error bandwidth.
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Figure 33. CDM prediction effectiveness inspected for the Saab 2000 high-speed
turboprop regional transport.
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Figure 34. CDM prediction effectiveness inspected for the Learjet 60 midsize turbofan
business aircraft.
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Figure 35. CDM prediction effectiveness inspected for the Global Express ultralong
range turbofan business aircraft.
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8 Modelling the Perfor mance of Gas Turbine Engines

The attributes of a gas turbine power plant are primarily dependent upon the effect of
pressure ratio, atitude and free-stream velocity. The instantaneous production of thrust
relies generally upon an engine's thermal efficiency in conjunction with variations in disc
loading. The compression ratio is achieved partly by the inlet (ram pressure) generated by
elevated mass flow at increased velocities but mostly through the compressor itself thus
making pressure ratio engine specific. It is common practise to compare the corrected net
thrust to the maximum static takeoff thrust for ISA, sea level and use this correlation to
predict performance for any deviations from standard conditions.

The expressions to follow do not permit direct sensitivities to pressure ratio or turbine
entry temperature because such a facility was deemed too detailed for this level of analysis.
Investigations have shown that adequate representation of these parameters are produced
through correlation of lapse coefficients to the maximum static thrust rating of a given
engine because these are usually traded off against each other. However, owing to the
availability of simple yet sufficiently accurate expressions, a By-Pass Ratio (BPR) to
Thrust Specific Fuel Consumption (TSFC) functional sensitivity construct has been
adopted. In this manner, generic turboprop and turbojet models can be created through
regression thereby giving good representation of expected overall power plant efficiency
without altering the inherent structure of the model itself. A generic model derived with
statistical regression would possess the inherent capability of being utilised as a rubber
engine for comprehensive sensitivity studies. Also, these functional forms are
differentiable via logarithmic differentiation with respect to independent parameters that
have a direct physical consequence i.e. flight level and velocity, thus allowing for a rather
comprehensive scope of performance optimisation possibilities.

8.1 Performance Degradation for Non-standard Ambient
Conditions
A linear performance deterioration model (kg) to account for the effects of temperature
deviations from ISA (T4) when calculating instantaneous available thrust, or even TSFC
may be incorporated via

k, =1F k,®(T,,T.) (195)

where T is the critical ISA deviation for flat rating or standard reference temperature for
the basic model, and k; = kyeor (Tg-Te) is the variation of reduction in thrust or thrust
specific fuel consumption once this threshold or reference has been surpassed. The linear
performance model is expected to be less than unity for thrust performance modelling,
whilst, greater than unity when accounting for TSFC degradation. No thrust and TSFC
credit is given for deviations below the reference temperature upon which the basic model
has been constructed.

8.2 De-rated Engine Performance and Other Variationsin Rating
Many aeroplanes employ thrust setting schedules which are less than full maximum
static rating afforded by the engine. The lower thrust setting schedules are referred to as
“de-rates’ and the primary objective of administering such a constraint is for the sake of
improving engine reliability, improving aeroplane dispatch reliability and reducing engine
operating costs. De-rates take the form of some fixed percentage reduction (kpri) below
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maximum thrust, and require an alteration of the engine’s thermal properties thus changing
performance characteristics for given speed and flight level compared to the baseline. A
linear model to account for thisis proposed as

kDR = 1¢ kDRl (196)

This expression can also be fortuitously utilised for “up-rating” the standard turbofan
performance model in order to simplify definitions for other pertinent ratings. For example,
athrust regression model for Normal Takeoff [Power] Thrust (NTOT) may be created and
appointed as a reference for simulating Maximum Takeoff [Power] Thrust (MTOT)
commonly used as a boost of extra thrust to ensure a margin of reserve during one engine
inoperative field performance. This rating is usually referred to as some fixed percentage
increase over the NTOT available thrust and it can be reasonably surmised that the
reference thrust model may be factored accordingly as well.

8.3 Thrust Reverse

The main function of thrust reverse is to reduce the ground roll distance providing an
extra element of safety independent from wheel brakes or spoilers. Obert® offers data
demonstrating the influence of BPR on thrust reverse effectiveness. It establishes a good
correlation between the thrust produced by reversers and the engine’'s maximum static
thrust potential for a variety of bypass ratios ranging from 3.0 to 12.0. Even though this
data advocates a distinct increasing trend in fraction of maximum static thrust available for
thrust reverse with BPR, a universally applicable estimate of Treverse / Tmax = 0.30
independent of BPR was finaly chosen for sake of simplicity. Since the magnitude of
thrust reverse has been reasoned to be a linear factor of the maximum static rating, this
feature can considered to be equivalent to de-rating an engine since the thrust magnitude
characteristics are diminished for given forward speed. Hence, Eq. (196) would be used
with the kpr; value equal to 0.7.

8.4 Thrust Performancefor Low to Intermediate Speeds
By assuming this lapse rate decays exponentially, an approximation of instantaneous
thrust is proposed as

T= To[1+ exp{— (kl + kzh)To }] ke Kor k3exp{— (k4h + k5V eXp[_ keh] )}
(197)

where T is the instantaneous net thrust and, k, are constants of proportionality. Eq. (197) is
applicable for normal takeoff, maximum takeoff with Automatic Power Reserve (APR),
maximum climb and maximum continuous thrust ratings. For the purposes of modelling
any gas turbine (or rubber) engine with environmental control system engine bleed
activated and anti-ice off, coefficients of k; = 0.259 per N, k, = 2.20 x 10 per FL.N, k3 =
0.9936, ks = 2.87 x 10° per FL, ks = 1.44 x 10° s/m and ke = 1.80 x 10 per FL should be
used in the absence of detailed data for regression. The above equation using these
coefficients produces values of thrust in units of Newtons.

8.5 Thrust Performance for High Speed
A distinct maximum cruise thrust prediction method was also developed and is of the
form
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T= To[1+ eXp{_ (kl + kzh)To}] ke kDR ks

exp{— [k4h ny {ks +keexpi—k;h }CO{% ’ WD}

(198)

It can be observed that incorporation of an engine rating parameter for universal
modelling which accommodates both takeoff/climb/maximum continuous and maximum
cruise has been dispensed with. Takeoff/climb/maximum continuous ratings are usually
associated with lower vehicular subsonic speeds whereas maximum cruise with
considerably higher ones, and because present day gas turbine overal power plant
efficiencies exhibit strong variation with Mach number particularly with transonic
performance™®, i.e. free-stream Mach numbers greater than approximately 0.65, this
condition denies adequate regression qualities, and therefore compels distinction from one
another. Furthermore, Eq. (198) need not be in an easily differentiable form for steady
cruise analysis, whereas as it will be demonstrated later for climb, Eq. (197) must. For the
purposes of modelling any gas turbine (or rubber) engine with environmental control
system engine bleed activated and anti-ice off, coefficients of k; = 0.259 per N, k, = 2.20 X
10 per FL.N, ks = 1.781, k4 = 4.00 x 10° per FL, ks = 2.00 x 10° s/m, k¢ = 1.60 x 10
s/m, k; = 2.00 x 10 per FL and kg = -0.0101 per FL should be used in the absence of
detailed datafor regression. The above equation using these coefficients produces val ues of
maximum cruise thrust in units of Newtons.

8.6 Thrust Specific Fuel Consumption

TSFC (or c) is also a function of overall power plant efficiency’®® and Mach number.
Scope was given for the creation of a unified analytical treatment of instantaneous TSFC
prediction so a single expression that accounts for not only Mach number but aso
variations in engine ratings was pursued.

8.6.1 The General Model and Baseline Calibration
Assuming a baseline gas-turbine engine of a given BPR, the TSFC can be estimated
using the construct

(k3h+k4)
=k, {klh"{TLJ M+ (koh+ k6)[_|_lj+ ,h+ kS} (199)

(o] (o]

For the purposes of modelling any gas turbine (or rubber) engine with environmental
control system engine bleed activated and anti-ice off, coefficients of k; = 1.586 |b/Ib.hr, k;
= -0.303, ks = 8.40 x 10" per FL, k4 = -0.760, ks = 5.45 x 10™ Ib/lb.hr.FL, ke = -0.307
Ib/lb.hr, k7 = -9.54 x 10 Ib/Ib.hr.FL and kg = 0.694 Ib/lb.hr should be used in the absence
of detailed datafor regression. The above equation using these coefficientsis calibrated for
an engine for commercia use with takeoff BPR of approximately 5.2 and produces values
of TSFC in units of Ib/lb.hr. As a supplementary note for turboprop installations, a good
initial rule in quantifying operating TSFC is to factor the turbofan equivalent result by
0.65. This simulates an equivalent by-pass ratio increase due to the presence of propeller or
larger fan diameter for given equivalent maximum static thrust rating.
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8.6.2 Examining the Sensitivities of Thrust Specific Fuel Consumption with
By-Pass Ratio

BPR imparts a significant influence on variation of TSFC. When intake and exhaust
losses are taken into consideration, increasing BPR usually accompanies with it decreasing
TSFC until @ minimum TSFC threshold is reached. The suggested parameter values for
the gas turbine TSFC model presented above is quoted for a reference engine, in this
instance the BPR being equal 5.2. One method in producing an adequate representation of
the functional sensitivity of TSFC for given BPR isto utilise regression analysis conducted
by Svoboda®. Among the key parametric associations examined by Svoboda includes an
analytical description of BPR and cruise TSFC that varies monotonically with T,. Thisisa
fortuitous circumstance because it signifies a simple extension to the reference prediction
algorithm given by Eq. (199). The correlation between BPR and takeoff thrust is given as™’

BPR =3.2+0.15T"* (200)

with the TSFC at cruise trend derived to be*’
c=0.80-0.0144TY? (201)

In order to permit the introduction of BPR sensitivity into the global prediction
process, the fractional change operator is invoked for TSFC, namely Oc. Using Svoboda' s
statistical equations as the source, the fractional change of TSFC reads as

Ac BPR,,,—-BPR,,
C 11.53-BPR

orig orig

and recognising the adjusted value of TSFC for a given assumed value of BPR is simply
produced by the product of the fractional operator and the originally computed TSFC

_1153-BPR,,
9 11.53-BPR,,,

orig

c,, = (1+0c)c (203)

where Cqig denotes the originally computed TSFC based on the reference engine, or Eq.
(199).
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9 Formulation and Prediction of Optimal Field and
En route Perfor mance Control

Takeoff and landing field length prediction is a unique problem to solve since
relatively accurate results can be achieved using either a very simple parametric
expression®, or quite complex if one approaches the problem viaintegral methods"*. Many
aternatives for the estimation of field performance exist in current literature. Rather than
opt for completely new algorithms, existing methods found in literature were utilised but
with some enhancements introduced.

9.1 Takeoff Performance

A summary and explanation of takeoff for a transport category certified aeroplane is
presented in Figure 37. Commencing from brakes release point, the vehicle is accelerated
at normal takeoff [power] thrust whereupon the speed will exceed the stalling speed Vs.
The aeroplane continues to accelerate during ground roll until minimum control speed Vuc
is attained. If a critical engine fails at V1, the average pilot could safely elect to continue
with takeoff (accelerate-go) or conversely decided to come to a complete stop (accel erate-
stop). At the takeoff rotation speed Vg, the attitude of the vehicle is pitched up but the pilot
continues to accelerate to V vy, the minimum unstick speed. At this speed, the aeroplane is
able to lift-off even with OEI, however, to provide an additional margin of safety, the
aeroplane is permitted to accelerate to the lift-off speed V or a which point the vehicle
becomes airborne. After lift-off, acceleration is continued up to V, (commonly referred to
as the second segment). This takeoff climb speed is one attained at an imposed screen
height above the ground.
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Figure 37. Takeoff reference speeds and general requirements for civil transport
aircraft®’.



110 CONCEPTUAL AIRCRAFT DESIGN METHODS

An array of margins has been set for the relationship of these reference speeds to one
another. For both FAR™® and JAR™ certification, V1 must be 5% higher than Ve, Vior
at least 10% greater than all-engines operational (AEO) Vmu or 5% higher than OEI V.
After lift-off, the vehicle must clear a 10.7 m (35 ft) obstacle and V, must be greater than
1.13Vs or 1.2Vs depending on the type of stall definition accepted by the regulations, i.e.
1g versus minimum aerodynamic stall respectively. A final common stipulation is that the
takeoff climb speed must be the greater of the stall speed factored (V2 / Vs)min Speed and
1.1Vuc. The AEO screen speed is the takeoff climb speed reached at the imposed obstacle
height and must be greater than V,. Typically thisisdefined asV3; =V,+ 10 KCAS (or up
to +25 KCAS depending on the vehicle size).

9.1.1 Balanced Field Length Prediction

The Balanced Field Length (BFL) is defined as one where the distance to continue the
takeoff following recognition of engine failure is equal to the distance required to stop if
the takeoff should be aborted. An additional requirement states that final field length must
be the greatest of OEI accelerate-go, OEI accelerate-stop, or 115% of the AEO distance to
the screen height. Many alternatives for the estimation of field performance exist in current
practise. They range in scope from the use of rather involved iterative numerical integral
methods® to application of a simple parametric expression based on statistical methods®
that do not exhibit any functional sensitivity to limiting conditions. Rather than opt for new
algorithms, existing methods were utilised but with some enhancements introduced by the
author. Torenbeek® offers a useful equation in functional form that correlates the field
length performance of similar aircraft and this serves as an adequate first order
approximation.

L0888 N Wio/Sy I 1 o79]i280 (o0
1+2.30Ay, J{ pgC, T/Wpo —p Jo

v2 = T/W - Cp/C,_ is the instantaneous OEI climb gradient of the vehicle at the 10.7 m (35
ft) screen height threshold (hro), Ay2 i1Sy2 less the minimum second segment climb gradient
permitted by airworthiness authorities, Wro / Sy is the wing loading at Takeoff Gross
Weight (TOGW), T / Wro isroot mean sguare thrust-weight for the takeoff run, C_, isthe
instantaneous lift coefficient at the stall speed factored speed (V2), 1" is the coefficient of
friction during acceleration and Asro = 200 m (655 ft) is the inertia distance. The
asymmetric lift-drag ratio (C. / Cp) is calculated based on the most limiting condition
when V, and the minimum control (Vuc) Speeds are taken into consideration with the
appropriate margins considered as dictated by airworthiness regulations.

Since the second segment climb gradient needs to be quantified in order to proceed
with the prediction, it can be concluded that consideration of (V2 / Vg)min Should be
introduced. Recalling that the takeoff climb speed must be the greater of the stall speed
factored (V2 / Vs)min Speed and 1.1V ¢, scope should be given to account for this scenario.
A situation could arise whenever thrust loading is quite large or prevailing ambient
conditions for given aeroplane configuration may invoke Vyc speed limitations as opposed
to the common conceptual critical assumption of the (V2 / Vs)min Speed. The most limiting
speed between V, and Ve can be identified using the maximising function operator
Drax(V 2minkmcVmc) where Vonin = ksVs, ks = (V2 / Vg)min and Kyic is the minimum control
speed margin. ldentification of a conceptua Vuc for given vehicle configuration and
ambient conditions is treated more in-depth following this section. The instantaneous climb
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gradient, y,, must be estimated at the screen height threshold where the vehicle has reached
the greater of Vomin OF kucVme. It is highlighted that C, is taken to be equal to C., and is
caculated by the relationship C.» = (1 / ks)®> CLmax @ given flap setting. Using this
supposition in consort with vortex-induced drag estimation methods, combined with
estimates for zero-lift drag, incremental zero-lift constituent due to flap and/or dat
deflection and drag due to undercarriage, the total low speed drag Cp can be derived.

The coefficient of friction during acceleration p” is given by Torenbeek® as

- Co
uw=p+ ku[CLj (205)

derived from the momentary acceleration constituents -[p + (Cp - nCp)qSw/Wro], which
assists in degrading T/Wro potential during takeoff ground roll. In the absence of more
detailed information, p = 0.02 is suggested for concrete; and the factor k, = 0.072 was
chosen to be an appropriate choice.

As analytically demonstrated by Torenbeek, the third product term in parentheses
accounts for the accelerate-stop characteristics of the vehicle. Departing from the origina
form shown in Eq. (204), amore suitable functional form for BFL is proposed here as

BEL — 0.863 Woo /Sy +hoo ;' +Ay, |+ ASro (206)
1+2.30A7, )| poC.. T/Wao — i Vo

with the Ay term representing a cumulative deceleration of the vehicle at root mean square
of engine failure recognition speed (V/v2). It expands out to read

1
Ay, =
Y DOEI /WTO + q)tr(Ttr/WTo)+ CI)sp(an/WTO)+ Hpr (1_ LOD/WTO)

v/
(207)

Fundamental parameters that quantify this contribution relates to the vehicular OEI
drag (Dori) and the influence of maximum braking via the braking coefficient of friction
(uor) the magnitude of which is adjusted for residual operating lift (Lop) Yielding a
combined mean value of around 0.32 for hard, dry surfaces and assuming maximum anti-
skid effectiveness. For improved performance, the influence of spoiler actuation (denoted
by the impulse function ®g,) or thrust reversing (denoted by the impulse function @) is
enabled with two additional parametric terms. Spoiler actuation may be introduced through
a parasitic drag contribution (Dg,) derived using simple geometric analysis techniques in
conjunction with an empirical drag coefficient based on frontal area similar in scope to
how extended flap and slats are computed using Eq. (170). As a consequence, total lift
dumping (i.e. complete suppression of lift) should be assumed in the calculations. It is
stressed that any validity of accounting for thrust reverser usage for takeoff performance
prediction must be established through interpretation of airworthiness regulations. FARs
currently do not permit OEI thrust reverser effects to be assumed, whereas, JARs alow
such a premise for turboprop aircraft.
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9.1.2 I dentification of Minimum Control Speed

The minimum control speed is a common limitation that degrades operational field
performance flexibility for scenarios widely different to that of reference ISA, sea level
standard conditions commonly scrutinised during conceptual design studies. An ability to
adequately predict the influence of this constraint to vehicular performance for less
idealised ambient conditions, or occasionally, design candidates which employ
unnecessarily high thrust ratings is paramount to achieving a well balanced design with
regards to field performance. At this speed, if a critical engine fails, the manufacturer must
demonstrate that the aeroplane is able to maintain straight flight with zero yaw or with a
bank angle of less than 5°. The following definition for V¢ revolves around the notion of
maintaining a straight path with zero yaw regardiess of being on the ground roll or in
flight.

Identification of a conceptual Vyc can be achieved by rearranging Eq. (174) and
solving for the instantaneous velocity generated when maximum permissible rudder
deflection occurs (8r = Srmax)-

D, +T
VMC — V yeng( wm op) (208)
anVICLU.,VtT n Ivt 8

R max

where the modified form solves for minimum control speed on the ground which is also
treated as an approximation of minimum control speed in the air. In this way, an objective
function sensitivity with engine thrust line location as well as thrust generation potential to
BFL performance can be established, and hence, locate any stationary point thresholds.
Obert® indicates a maximum rudder deflection of Sgmax = 30° would be an upper limit to
maintaining linearity of hinge moments. This is not only important for addressing issues of
promoting acceptable control forces, but also defines an upper boundary of validity for the
simplified prediction methods presented in this study. The resulting transcendental
equation appears to be in a form which facilitates convergence viasimple iteration i.e. X =
F(x); thisis actually a misleading hypothesis. The basic equation has tendencies of strongly
diverging from the solution up to a certain iteration threshold upon which subsequent
estimates neither converge nor diverge, and loop endlessly. To deal with this problem, an
iterative scheme ™~ that modifies the original transcendental expression into a stable form
guaranteeing convergence and solved via simple iteration needs to be formulated.

9.2 L anding Field Performance

The landing segment can be separated into three portions of operation: approach, flare
and the ground roll (Figure 38). The method presented by McCormick® offers an
opportunity of not only producing reliable predictions but is comprehensive enough for
adequate objective function sensitivity.

The flare is assumed to be a circular arc and approach speed is constant throughout the
flare. Assuming 0p = 3° is the glide-slope angle, the total airborne distance, sa, is given by

1524 Rtan6,
Sy = +
tan0,, 2

(209)

** A more comprehensive explanation of this philosophy and implementation is offered in Section 9.7
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Figure 38. Model of the landing approach and flare path for prediction purposes™.

The value 15.24 m represents a 50 ft screen height that must be cleared, and R is the
flare radius. The flare radius for steady approach is

V 2
R= REF 210
g[(CL max/CLREF)_l] ( )

with the REF subscript denoting a stall speed factored reference speed according to
airworthiness regulations.

After touchdown, delay time allowances are made for reconfiguring the vehicle from
landing to braking. A 4 second delay is alowed for transition from landing to braking
configuration. During this period, the vehicle changes speed from Vger to Vp, hence

(VREF + VTD)

, (211)

Strans = 4

and the touch down speed is defined as approximately 0.94Vger and was derived
empirically.

Ground roll is ssimply defined as a continuous decel eration whereupon the magnitude
of al relevant variables are evaluated at the root mean sguare of touch down speed
(V1o/N2). A single step Euler numerical integration is employed at Vip/V2, the
instantaneous deceleration (V) is calculated using Eq. (212)

. T D, T, D L,
VGR = g{ a4 i _(Dtr( : j_q)sp( = j_“br(l_ > j}
WLD WLD WLD WLD WLD

VTD/\/E
(212)
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Tiq is the instantaneous thrust at idle throttle setting, i.e. T/T, = 0.03, Dy, is the total
drag and W\ p isthe landing weight.

By considering the M Cormick’s rationale that the inverse of deceleration is a linear
function of the sguare of the velocity, an approximate measure of the ground roll (sgr) is
then given by

2
Ser = h (213)
2V

The total landing distance (LD), which is for al intensive purposes an estimate of the
yet to be determined flight-tested landing distance, is then computed by the additional of
Sa, Strans and Sgr. The LD is usually only quoted for business aircraft, however,
commercial transports must adhere to operational rules governed by FAR Part 121. In such
acase, FAR part 121 stipulates that the LD should be factored by 1.667 in order to produce
the landing field length (LFL).

It is highlighted that approach and landing climb minimum control speed thresholds
have been disregarded in this instance since these scenarios are usually not limiting at 1SA,
sea level conditions although exceptions may occur where positive engine thrust levels are
significant in some vehicles.

9.3 Comparison between Estimated and Actual Aircraft Data for
Field Length Performance
Figure 39 plots the estimation error (¢ = predicted — actual) for both BFL and LFL (or
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Figure 39. Prediction accuracy of algorithms to compute the BFL and LFL (or LD) for a
select array of regional, narrow-body and business aircraft.
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LD) results against manufacturer quoted values. Available aircraft data involved a
collection of regional, narrow-body and business jets as well as turboprops. The vehicles
examined include: Boeing B737-600"; Bombardier Aerospace Learjet 60'%, Challenger
CL-604, Global Express™, CRJ200”°, CRJ700*° and CRJ900%'; Cessna Citation Excel®;
Dassault Aviation Falcon 900EX>%; Embraer ERJ 145LR*; Gulfstream Aerospace GIV-
SP* and GV-SP™; and, Saab Aerospace Saab 340B* and Saab 2000%.

Figure 39 demonstrates that the presented methodologies for BFL and LFL (or LD)
will generaly fall within a+50 m (+165 ft) bandwidth. Some excursions by as much as 50-
100 m (165-330 ft) can be expected, but as a general rule, will not exceed 100 m. These
absolute values are equivalent to predictions remaining within an acceptable relative error
of £5%.

94 All Engines and One Engine Operational Optimal Climb

Control
Neglecting flight path-angle dynamics and effects of wind, the point mass equation of
motion for accelerated flight in the vertical plane for given dtitudeis

1+—— (W
o)

where dh/dt is the instantaneous climb rate, T, D, and W are instantaneous available thrust,
total drag and AUW at forward velocity V, and the final component V / g dV / dh accounts
for accelerated climbs. This equation can be utilised to address two distinct premises for
climbing flight, namely the acceleration-free and accelerated assumptions, and from the
latter, an approximation to the actual accelerated trajectory may be generated for optimal
climb speed schedule identification.

94.1 Energy-Height Approximation for Accelerated Climbing Flight

The acceleration-free scenario is indicative of a steady state solution where the
component V / g dV / dh in Eq. (214) is taken to be zero. There is little error associated
with this supposition when examining slower speed climbs, however, with higher
performance gas turbine aircraft, the excess available thrust over the total drag may be
considerable, hence giving rise to an acceleration component which may contribute to the
climb profile. By defining a so-called energy-height as the complete exchange of kinetic
energy into potential energy in addition to the vehicle's potential by virtue of its current
altitude it then follows that the relationship between flight level and energy balance would
be given by

2
h=h -V (215)
e 29

where hg is the energy-height. The time required to go from one energy level to another
will be given by

t, 1
A, =| =

t, s

(216)

e
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The quantity Ps is the specific excess power that can now be used for climbing,
accelerating or turning. The path to minimise At at any flight level and airspeed will be the
one that gives maximum rate change of he for a given Ps value. This condition is achieved
by minimising the integral on the right and side of Eq. (216). When the partial derivative
with respect to V of the integrand, 1 / Ps, evaluated at given flight level is zero, the
conditions of flight which produces a climb trajectory for minimum time can be defined as

oR)
( ~ Jhe =0 (217)

It is common practise to solve this equation by means of a graphical procedure where
contours of constant he and constant Ps values are plotted as a function of flight level and
forward speed, the path for minimum time being the locus of points for which the contours
are paralel as demonstrated by Figure 40. As an alternative, the aim is to produce a
method that solves Eq. (217) analytically for al ambient conditions.

hi increasing

optimal climb
trajectory

<Y

Figure 40. Specific excess power and specific energy contours for identifying minimum
time to climb flight paths.

Before any unified analytical method can be undertaken, it must be identified that the
optimal climb forward speed identification will not be quite accurate by virtue of
employing a complete energy-height transformation premise. Use of Eg. (215) is not
sufficient enough for final optimal trgjectory definition because it assumes that potential
and kinetic energy can be interchanged instantaneously and without loss thereby yielding
speed schedules with optimistically higher velocities. In order to correct for this physical
phenomenon, a modified energy-height balance relationship can be proposed as

2
h=h,-n, (\;—g] (218)
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where 1, is designated as the “manoeuvring efficiency” which represents a measure of the
total amount of kinetic energy which readily transformsinto a potential equivalent. A value
of n. = 1 denotes the aircraft is infinitely manoeuvrable and that potentia energy and
kinetic energy can be interchanged instantaneously without loss. Factors less than unity
can be used in order to simulate a more a reduced propensity for manoeuvring at given
speed thereby resulting in a partial energy exchange with associative losses. Investigations
have shown that n, = 0.5 gives an adequate representation and it is stressed this assumption
isvalid exclusively for subsonic civilian transport category aircraft.

Eqg. (214) gives measure of the instantaneous excess power, i.e. Ps = (T - D) V,
delivered at velocity for some AUW. By choosing an arbitrary constant energy-height,
substituting Eg. (215) into Eq. (214), and assuming the angle of climb is small enough for
the straight and level flight drag characteristics to be still valid, it follows that rate of climb
(RoC) will be a maximum when Ps is a maximum

oP, 8 ~
~ "3V {(T-D)V}=0 (219)

The partial derivative condition arises because Ps maxima are sought discretely for
given flight level. Eqg. (219) can be expanded and expressed as a collection of partia
derivative constituents of available and required power components, thus, the condition

P, 0 o o o 0
s = 2 (TV)-—-D,V)=—~D,V) = —(Dy, V)~ —(D,V)=0
v av( )av(o)av(.)av(m)av(c)

(220)

The total drag, D = D, + D; + Dw + D, is a summation of zero-lift, vortex-induced,
winglet (where applicable) and compressibility (where applicable) contributions. The
partial derivative of available power is given by the source expression that quantifies
maximum climb, namely, Eq. (197)

a 1 V k ef(kl'*'kzh)To V2
—(TV)=| =+n| — || Z=——+k, |-k 1+ k. — [e*" | TV
v ( ) [V m[ g j L__'_ o (kT 4 5 61 g

At this juncture of the derivation, an important issue must be addressed. The
fundamental assumption of employing an energy-height premise invokes through the
physical appreciation of ambient atmospheric properties, constituent differentials with
respect to forward speed V. These contributions can be categorised as ancillary effects due
to temperature, density, coefficient of viscosity, and, compressibility — which uniquely
imparts a dual influence to skin friction as well as drag rise and divergence characteristics.

Substitution of the energy-height balance equation, or Eq. (215), into the temperature
ratio expression given by Eq. (19), the derivative with respect to V becomes

g0 =m[%] (i—cbtmpkfj (222)
K

(221)
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where 0 represents the temperature effect and is congruous with the full temperature ratio
differential. It may at first glance, seem not so glaringly obvious to how an atmospheric
property like temperature ratio can possibly vary with forward speed. The key isto develop
an appreciation of the fact pressure atitude is now considered to be a function of forward
speed for afixed energy-height premise. Since temperature ratio and forward speed optima
vary for each successive flight level, it is therefore plausible to construct a differential
relationship between 6 and V. This result is considered to be quite important because it is
this basic relationship that shall be used to derive effects imparted by the remaining
atmospheric parameters.

The density differential is obtained using Eq. (21) and is applicable for any arbitrary
temperature deviation from ISA. The form of the density equation appears well suited to
logarithmic differentiation in keeping with method compatibility to the full drag power
derivativesto follow.

0
FVRiaevidit-y exp(Inf,g, + NG g, —1NO)
(223)

(1 8, 1 o 100
0 OV O OV 00V

The above can be expanded to include all terms; hence the coefficient of density effect
in subsequent factorised form can be derived to be

3.2561 - D k°
g-ldooh [i + 4256175 —1] 0-n, [Xj — (224)
c dh oV - G\sa g) ho

One pre-supposes that ¢ will influence predominately the dynamic pressure as well as
to alesser extent Reynolds number dependent constituent derivatives.

As exemplified by Sutherland’s formula given by Eq. (22), the coefficient of viscosity
is dependent upon temperature ratio. By utilising again logarithmic differentiation

0 (Lj = % exp(In1.383+3/2In6 - In[6 + 0.383])

v Hys
_(i@_ 1 a_ej "
200V 0+0.383V )| g,

and expanding upon this by introducing the temperature ratio differentia yields the
coefficient of viscosity effect i, which is projected to have an impact on the instantaneous

Reynolds number.

(225)

Tof 1 |d/ba) 00 (i _ ;j 8 (226)
Whe) dh v (26 0+0.383

The temperature ratio requires further inspection since it is integral to definition of
instantaneous Mach number. The expression M =V / aindicates temperature effect must
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be considered since local sonic velocity is proportional to 62 When the drag constituent
equations are reviewed, it is evident that the speed parameter of Mach number plays arole
when calculating compressibility for skin friction, as depicted in Eq. (143), and
identification of instantaneous critical Mach number used for wave drag, given by Eq.
(184). Initially, as a measure of the impact temperature effect has on Mach number in Eq.
(143), a parameter proposed here as the skin friction compressibility effect is now
introduced

g _ i 1 _ i e(Inl—Ine) _ _E (227)
ov \ o oV 0

Notethat 9 is negative and the magnitude demonstrates proportionality with M?. This
condition arises because the local sonic velocity acts as a divisor for the calculation of
Mach number squared within the compressibility sub-unit of Eq. (143).

The drag rise and divergence effect essentialy describes to what extent temperature
ratio influences the compressibility drag differential of Eq. (220). This parameter requires
the simultaneous inspection of instantaneous Mach number and critical Mach number.
From Eq. (184), the relation [M - Mcr] may be singled out and differentiated with respect
to V. Upon substitution of the modified Korn’s equation, or Eq. (183) for Mcr

ot V(L) L)L) 2 e
o aﬁsel/z 10 03/2 VS psIsSW COS4AQchd

1 t/c).,
_{cosA {MREF_CC(JSA) HJFAM
Qchd Qchd

(228)

Now, by introducing equivalent exponential expressions where appropriate and upon
differentiation

n 32 ~
g:i[M—MCR]:E(l ej— O'f’CL (9+3j (229)
oV all 20) cos"Agyy\2 V

where ¢ is defined as the drag rise and divergence effect.

In this fashion, the atmospheric property effectsof 6, o, 9 and ¢ can be viewed as
supplementary contributors to the identification of optimal climb tragectories.

Since an energy balance is now introduced to flight plan formulation, the zero-lift
contribution can be alternatively expressed as

aiV(DOV): aiv{pzs SueA [In10]°exp(InG +3nV —bIn[inN, |- dInfi+ cMZ])}

(230)

Closer examination of Eg. (230) reveals the Reynolds effect and compressibility
components can be distinguished from one another.
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Upon differentiation and grouping, these all combine to define the complete required
power zero-lift partial differential component as

- 2
O p,V)=|5+3|s-fet|- D g 2| M gy
oV Y; V]inN, V |1+ oM

(231)

Now, converting the vortex-induced drag power contribution using the energy-height
assumption yields

ﬂ(DiV)=aiV{2W2 [dCDjeXp(_mc—mv)}:—[aﬂDiv (232)

8\/ pslsS\N dCE

The incremental drag power differential due to presence of winglets is treated, with
validity, approximately equivalent to an instantaneous parasitic drag contribution for sake
of smplicity

0 0 -~ 3

W(DWLV) ~ (pﬂs Sy Cow eplinc + 3|nv]j = {o + V} Dy V (233)
and the constituent partial differential accounting for drag rise and divergence effects
where pertinent is

0 0 |pg M-Mce j
—(D_V = AC exp Inc+3nV +nin1+d — =R 1
8V( c ) 8V{ Sy @ DD P{ G |: MCR( AM

_®, n _ *
_|l5+34 +C—= 1110, M-Me _, D.V
v AM =AM

94.2 Further Refinementsfor Optimal Climb Speed Formulation

As ageneral note to round off climb control formulation, it should be highlighted that
the energy equations give an opportunity to construct climb trgjectories that minimise fuel.
By defining fuel specific energy as change in energy-height per unit weight change in fuel,
i.e. fs = dhe / dWj;, and after substituting this with Ps = dhe / dt together with the identity W;
=c T, acondition for minimum fuel consumption reads as

(234)

. CT
AW, | = j 5 A (235)

Scope was given by the closed form equations previously presented to minimise the
integral on the right and side of Eq. (235), however, investigations have shown for
transport aircraft generally fuel optimal climb trgjectories are not particularly distinct from
the accel erated minimum time to climb profile. It was therefore decided that the increasein
complexity in order to offer solutions for fuel optimal procedures were not justified.
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94.3 Energy-Height Approximation for Accelerated Climbing Flight with One
Engine I noperative

Of interest for OEI flight isthe level of required power generated by this condition and
how it influences the total required power partial derivative for climb rate and climb
gradients. It was shown previously the condition for accelerated climb optimal forward
speed identification is given by maximising specific excess power. Recalling that RoC will
be a maximum when Ps is a maximum, the condition given by Eq. (219) still must be
satisfied, but in this instance, the available power must be adjusted due to the loss of an
engine and the total drag requires revision to account for influences imparted by an OEl
windmilling/auto-feathered (or locked rotor) engine in combination with yawing drag. The
collective drag now becomes D = D, + D; + Dy + D¢ + Dog, and is a summation of zero-
lift, vortex-induced, winglet (where applicable), compressibility (where applicable) and
OEI incremental contributions respectively. Eq. (220) can be expanded and expressed as a
collection of partial derivative constituents of available and required power components,
thus, the condition for OEI climb speed optima identification becomes

OP.

S

N oV

0 0 0 0 0 0
(Tv)- a_V(D°V)_ a_V(Di V)- 8_V(DWL V)- a_V(DCV)_ a—V(Doa V)=0
(236)

where the individual constituents are identical to those given earlier with the exception of

Dog = Dy + [ Do + Top]% tans,, (237)

vt

which is a bi-product of Eq. (175) converted from its origina non-dimensiona form into
one with a tangible physical significance and To, signifies thrust produced by the
remaining operational engine(s).

Now, by delineating the asymmetric OEI drag force component in Eq. (237) into
separate windmilling and yaw effects, converting each constituent into a required power,
and, finally differentiating with respect to V produces

0 0 Yag O
—(DyV)=—(D,. V)+-=22 (D, + T, )V tand
6V( OEl ) av( wm ) lvt 8V {( wm op) R}
0 y 0 06
-—(Db,.V)+—=2! —(D,.V+T V)|[tand, + —2 (D, + T.. )Vsec?s
av( wm ) lvt {|:av( wm op )j| R av( wm op) R}
(238)
The constituent partial differential due to windmilling engineis given by
0 ~ 3 wm
W(Dwmv) = |:G + v:| q \ Swet,na:Cf (239)

and the estimated contribution of incremental drag power due to the asymmetric thrust
(Dyaw V) condition is
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0 ~ 3 wm
W(Dwmv +T, V)= [o + V} VA

1 Vv k e—(k1+k2h)T0 Vz )
“F(V‘FT]T(EJ |:1_ie(kTh)T0+k4 —k5 1+ k6ﬂ1? e keh TopV
(240)

Ancillary consideration must be given to the effect of rudder deflection with respect to
forward speed. This is a dynamic consequence that ensures the vehicle minimises sideslip
(goal of maintaining a straight path with zero yaw) during the asymmetric thrust condition,
thus rudder deflection which counterbalances the yawing effect is represented by

2 - V kzef(klﬂ(zh)-rD V2 —k.h
— 4G — — || 2+ K, |+ ke[ 1+ Kk — e T
88R B yeng [V ﬂr[ gj{l_i_ e—(k1+k2h)To 4 5 6"« g op

oV

AR

quCa, e TT]' COSAV,C
t I W[2+m vt t,Qchd

(241)

It is evident the rudder deflection differential for OEI flight is negative in sense and
will decrease in magnitude with increasing forward speed. This can be qualitatively
justified by interpretation of the relationship between forward speed, the available power
from the engine(s) and lift generated by the rudder. With increasing speed at fixed flight
level, instantaneous available power will tend to decrease, whilst increasing dynamic
pressure will promote a larger magnitude of lift force for given rudder deflection, thus
collectively, the condition for equilibrium will require less rudder deflection.

9.5 Discussion and Synopsis of Climb Optima Differential
Derivatives

Based on the presented derivation of available and required power differentias, it can
be discerned influences on excess power from thrust lapse due to airspeed, and, the zero-
lift constituent with respect to Reynolds number are two principal contributors.
Furthermore, the height-energy assumption for specific excess power shows additional
influences due to ambient conditions and thrust lapse due to flight level have a significant
effect on the ability of the vehicle to conduct climbing flight in an optimal sense. These
results reinforce the philosophy that more refined thrust and drag modelling techniques are
required for an adequate en route performance prediction regardless of the fact an overall
initial assumption of conceptual first order minimalism has been introduced. Table 4
presents a synopsis of the derived theoretical results covered by Eq. (220) through Eq.
(241). Each constituent partial differential is exhibited in coefficient form (kx) since the
available and required power derivatives are universaly of theform o/ oV (FV) = kx FV.

9.6 Optimal Cruise Control Identification

Optimal cruise performance has received considerable attention from theoretical and
numerical analysts. The intention is to derive a rather comprehensive conceptual optimal
cruise (maximum range) condition for constant atitude flight. The added requirement is to
produce atheoretical expression consistent with conclusions drawn by authors like
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Accelerated Climb
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Table 4.

Synopsis of performance partial derivative coefficients for climbing flight.
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Torenbeek™*® and Page™®, in particular, with regards to occasions where the optimum
cruise Mach number may reside in the drag rise.
The Breguet equation for cruise range (R) in integral form™® is

W, V
R=| v D dw (242)

where Wi istheinitial cruise weight, Ws isthe final cruise weight. By applying logarithmic
differentiation of the Breguet equation with respect to speed at given flight level, h, as
proposed by Miller**!, the condition for optimal cruise reads

i_}(ﬁj _l(@j ~0 (243)
vV clev), Dlav),

Miller originally assumed that specific fuel consumption ¢ to be a minimum and a
function of Mach number and flight level. However, this critical assumption indicates
specific fuel consumption is independent of throttle setting. Since the thrust specific fuel
consumption model structure presented in Eq. (199) facilitates such a dependency on
throttle setting, Miller’s original derivation can be expanded to account for the derivative
of c with respect to V aswell as accounting for contributions due to throttle (T/T,)

S G R, e
v ), \am ) \aov ), (o[T/T,]) L ov )
The derivative of throttle setting can be determined a priori and incorporated in the
following manner
[O[T/To]j E(@[D/To]j Ei(@j (245)
ov ), ov ), T,\oV),

Hence through algebraic manipulation, the generalised condition for maximum
specific air range speed (Vwvrc) at flight level h was found to be

1
Vire = (246)
1(5Cj (a'\ﬂj I D T I (GDJ
clom ) \av ), |cT, (o[1/T,]), D\av),
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(kzh+k,-1)
ac 11.53- BPR 2 T
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orig o
(249)

and the constants of proportionality k, are related to regression coefficients for the TSFC
model given earlier in Eq. (199). The total drag and derivative with respect to speed V is

D=D,+D, +D,, +D, (250)
and

oD _aD, D,  aD,, dD, (251)
N N N N oV

respectively with constituents defined by zero-lift, vortex-induced, winglet and wave or
compressibility drag with corresponding derivatives given by

A [In10]°
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L
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T _p 2w (257)
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respectively, and, the local sonic velocity as well as dynamic pressure given by a = ags 62

andq=1/2p V%

The presented solution is applicable only for instances where the maximum range
cruise speed isidentified and analysed for payload-range calculations. It is suggested Vurc
be used as a conceptual substitute of LRC which should be determined later as the design
progresses into maturity. This is a reasonable supposition since there are occasions where
operators would prefer to fly at a vehicle’'s maximum range cruise where useful load
limitations make faster speed schedules prohibitive, and additionaly, the designer may
gain some insight into the maximum range capabilities of a final vehicle candidate.
Nonetheless, if this arbitrary speed schedule is desired, traditionally, LRC has been
understood to be 99% (sometimes even 98%) of MRC SAR towards the faster end of the
curve®>®138141 Thig practise is employed to trade increased speed capability for what is
considered to be arelatively small penalty in fuel consumption rate.

9.7 An Iterative Schemeto Solve for Operational Performance

In formulating the predicted optimal field and en route performance control, it is quite
evident that in order to achieve a suitable level of accuracy with an emphasis placed on
decreasing complexity, operational performance cannot be evaluated solely using the
closed form solution process. The transcendental algorithms presented for minimum
control speed, optimal climb control, optimal cruise control, and, identification of holding
speed schedule and maximum cruise speed typify this conclusion. The task hereisto create
an iterative formula or scheme that can be universally applied to any operationa
performance problem. Also, the process should characteristically be robust enough to avoid
divergence and can circumvent entering an endless loop whereby the process neither
convergences or diverges.

A large class of iterative methods for the solution of f(x) = 0 is based upon rewriting
into an equivalent form x = F(x). Providing an initial estimate x, solution has been found, a
sequence of values (x,) in principle could be computed from this relationship, thereby
converging to a final solution. This basic scheme is known as simple iteration. For
example, when EQ. (220) is applied to All-Engines Operational (AEO) climb and
rearranged so that an initial estimate V,, of the climbing airspeed solution has been found,
then a sequence of values (V) in turn could be computed which theoretically would allow
convergence to V., such that

0 0 0 5
—(1v)| -—-(OV)| --—-bV) -V
v _v av( )Vn av( ! )Vn av( ’ )Vn av( ° )Vn
c— 'n i(D V)
ov: 7,

(260)

Eg. (260) appears to be a basic scheme requiring only simple iteration for
convergence. In reality, Eq. (260) initially diverges from the solution at an accelerated rate,
comes to a certain point, and then continues endlessly neither converging nor diverging in
the process. In practise, if one were to adopt this approach for all of the presented
transcendental equations that solve for speeds or define optimal speeds with respect to field
minimum control, climb-out and cruise, reliable behaviour that is indicative of simple
iteration convergence simply does not occur. This is a common characteristic of the
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transcendental equations presented in this study because they are algorithms dominated by
fundamental instabilities due to the interaction of instantaneous available power (or thrust)
and required power (or drag) differentials with respect to forward speed. For instance, at
given flight level, a faster forward speed guess would reduce the available power
differential and simultaneously increase the required power differential thus leading to a
resulting slower speed estimate assuming the sum of both differentialsis greater than zero.
Conversely, slower speed guesses result in higher forward speed estimates due to a
considerable difference in available and required power differentials. Figure 41 gives a
typical illustration of the progression between estimate and end result: an input guess (Vo)
results in an estimate (marked by lines A and B) which diverges considerably from the
actual solution regardless of theinitial speed estimate being slow or fast.

F(V)

Increasing
Flight Level

A

g

F(V)=V

>

Vopt @ hI Vopt @ hII Vo V

Figure41. Available power (or thrust) and required power (or drag) interaction showing
potential for infinite looping together with a suggested procedure for speed
optima convergence.

The apparent failure of simple iteration premise does not signify a solution using this
philosophy is aways inappropriate. It was identified that convergence may be guaranteed
if successive iterations are conducted with the method of interval halving between both
initial and designated intermediary estimates. If an initial guess V, and first simple
iteration estimate produces F(V,) = Vi, a new estimate for optimal climb speed, namely
Vi+1, can be produced from interval halving between these bounded values.

Via= % (Vo +V;) (261)

Proceeding to another estimate requires interval halving to be performed between a
now fixed V, and recently derived V.1
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Vi+2 :%(Vo +Vi+l):%(v +£+£j
(262)
= % (3\/0 +Vi )

thus continuing until a sufficiently low number of iterations will allow convergence to the
required tolerance. Since it is evident that this iterative technique requires the input of an
initial guess, now generically assumed to be V,, and first iterated estimate V.1, a genera
scheme can be constructed for V., as follows

F(V) = Vn+2 = Zim[(zm - 1)Vn + Vn+1 (263)

where m > 1 denotes the number of interval halving steps (with the V, boundary aways
fixed) to be conducted for the (n+2)th result. Fortunately, this information can be ssimply
expressed in terms of an initial estimate in conjunction with the equation to be solved.
Since Vi1 = F(Vy), and V.1 is normally given by atranscendental expression of the form
presented in Eg. (220), the interval halving method discussed above can be utilised to
create an iterative scheme which actualy converges and advantageously displays
accelerated characteristics for a specific set of convergence augmenters. If the numerator
excluding the estimate of this equation is assumed to be represented by Q and the
denominator is A, a more manageable succinct form of Eq. (263), i.e. Vi1 = Vi (U A)
can be produced. Upon substitution of this association combined with some algebraic
manipulation

22 & 2MA

2m m\a m m N
F(V):Vn{(z —2")A+2 Q}Evn{Q+!2 —1}A} (264
By letting a residual function be defined as IT = Q - A, and, introduction of

convergence augmenters designated j* = 2™, j =2™and A , an iterative scheme to solve for
optimal speed would look something like

FV)=V. {H ergA } (265)

If the condition for optimality is given by an order one and degree one partial
differential or any transcendental equation, i.e. F(x) = f(x) + g(x) + h(x) + i(x), the
convergence augmenter A is assigned to be a constituent function, say g(x), which yields a
relatively large result in magnitude compared to other contributors in the residual function.
The operator IT = F(x) in this instance being the optimising function for each successive
iteration. Experimentation is required to find values for j* and j which exhibit the best
trade-off between speed and propensity for convergence: as agenera rule, whenj* =j =8
(or m = 3) solutions should be obtained at the quickest rate.

In order to elucidate how the given iterative scheme works, consider formulation of an
AEO optimal climb speed algorithm from the basic criterion presented in Eq. (220). Since
the equation is a partial differential equation of order and degree one, the residual function
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is equivalent to the optimising function, or, IT = 0Ps / 6V. The convergence augmenter A
= 0(DoV) / 0V is identified since the zero-lift drag power differential generates values
greatest in magnitude compared to other drag constituents. If three interval halving steps
are assumed, i.e. m = 3, for the final iterative scheme, therefore, values of the ancillary
convergence augmentersresult in j* = 8 and j = 8. Upon substitution of these relations into
Eq. (265), amodified form of the original transcendental expression would look like

0 0 0 0 0
—TV 7T—(D V — —(D.;V —D.,, V —(D.V
o SIS CAYIY [W(. ), Fayuv)| o >VJ
8 (D,V)
oV v,

(266)

requiring simple iteration for each successive value.

As another example, for identification of maximum range cruise Eq. (243) must be
satisfied. Upon examination of the condition for optimality, one can conclude that thisis a
partial differential equation of order and degree one, and assuming that three interval
halving steps ensure accelerated convergence, initialy the convergence augmenters j* = 8
and j = 8 are defined. Further inspection of Eq. (243) shows the drag differential is greatest
in magnitude compared to the TSFC derivative. In view of this, the convergence augmenter
and associative residual functions are designated as

Al (@j (267)
DoV ),

Vn

and

n:i—i(@] (268)
VvV, cloV ),

n

_i[@j
Dlav ),

respectively. Upon substitution of all these variables into the generic iterative scheme
given by Eq. (265), the final algorithm that solves for maximum range cruise speed

becomes
1 1(acj (1}(8Dj
== +7 I =
V, cloV |, D/)\oV ),

Vo =V "
MRC n 1 8D
gl = || =

D/)lav ),

for given AUW and flight level.
The identification of minimum drag speed used typically for holding fuel reserve
calculations at given flight level and time duration can be accomplished by assuming IT =

Vﬂ Vn

Yo (269)

Vh
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dD / dV, where, D = Do+ D; + Dy + D¢ from Eq. (250), and the convergence augmenter is
chosen as A =dD, / dV. Similar in scope to an optimal climb speed solution, but without
consideration of an instantaneous available power derivative, the iterative scheme can be
expressed as

_dD, _{dDi d,, | . dD, }
av av av dv
Vuo =V, - 5 - - (270)
[9)
av |,

Maximum cruise speed at given flight level and AUW is simply a transcendental
equation assuming equilibrium of forcesin horizontal flight, i.e. T = Do+ Di + Dy + D

T
VMCRZ = Vn

For transcendental functions in quotient form or F(x) = f(x) / g(x), a variation of the
basic iterative scheme constituents definition is required. Eqg. (265) assures convergence,
however, the rate of convergence deteriorates with increasing number of intermediary
estimates produced by interval halving used for the next guess. Studies have shown that
one interval halving step or m = 1 gives the best convergence rate. Hence, upon inspection
of Eqg. (264), in contrast to the linear optimising function approach, the convergence
augmenters become simply equivalent to j* = 1 and j = 2 with the denominator g(x)
designated as a convergence augmenter, A , and residua function defined asI1 = f(x).

To create an algorithm for the solution of minimum control speed for field
performance calculations, the basic transcendental equation for minimum control speed is
given by Eqg. (208). Since the function is of the form F(x) = f(x) / g(x), hence,

\ +7D0|vn -D |vn —Dw |vn -D.
8D,

V,

AL } (271)

Vi

A= 9(X) = 0n Sit CLat N lvt Srmax (272)

and

1= Y g [Dom + Top) (273)

Vi

Furthermore, the ancillary convergence augmenters are identified asj* =1 andj = 2
because Eq. (208) is in quotient form. Upon substitution of all these variables into the
generic iterative scheme given by Eq. (264), the final algorithm that solves for minimum
control speed becomes

yeng[Dwm +Top] V. +anvtCLaTn IvtSRmax
Ve =V, : (274)
20,S,C, TN 18 rma
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The number of iterations required for identifying field minimum control speed,
optimal climb speed, optimal cruise speed control, minimum drag speed and maximum
cruise speed solutions was found to be typically around 5-10 steps assuming an error
tolerance of less than 1 knot (0.5 m/s). The outstanding advantage of the above iterative
scheme is that it is guaranteed to work in all cases, but it does not necessarily mean that
convergence is resilient to inappropriate first guesses. Investigations have shown the initial
estimate must fall within a forward speed interval that does not yield solutions where the
difference between instantaneous available power (or thrust) and the modified required
power (or drag) differential isless than zero. A suggested first guess of 120 m/s regardless
of vehicle size, flight level and ambient conditions will ensure convergence in amost all
instances.
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intentionally blank
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10 En route Operational Performance Control and Flight
Profile Optimisation

Now that the theoretical foundations for definition of optimal en route performance
control have been presented, the next step involves analysis of athree-phase flight in which
interactions between climb, steady cruise and descent are considered to alow for
inspection of objective function sensitivities against the collective influence imposed by a
general set of design variables.

10.1 Operational Climb Control

In order to generate operationally permissible climb control speed techniques, a
fundamental requirement is to generate the optimal climb tragjectory speeds locus. Although
the main goal is to create a climb control speed technique analogous to the optimal
trajectory climb, there are instances where additiona climb modes will need to be
generated in order to cater for objectives other than minimum time and minimum fuel
expended to climb to given atitude. This section presents a computationally inexpensive
method and corresponding model to assist in identifying the optimal climb trajectory speed
locus and describe it using a closed form expression. This basic knowledge is then
extended by suggestion of some important and philosophically distinct objectives for climb
control, and discusses procedures in how operational permissible climb control speed
techniques can be defined.

10.1.1 Approximating the Optimal Climb Trajectory Speeds L ocus

If speed profile is plotted as an optimal climb trajectory is generated, the resultant
locus shows strong hyperbolic tendencies with flight level. This circumstance requires an
integral approach or its common approximate numerical alternative for arange of discrete
flight level intervals. Conversely, if flight level can be regarded as a free variable against
optimal forward speed, it is evident that this transformation promotes an approximate
exponential progression to mimic the profile. This notion is illustrated in Figure 42.
Consequently, if two reference flight levels can be selected which minimise the error
incurred when weight loss due to fuel burn is neglected, i.e. rate change of speed with
respect to flight level does not vary greatly between each reference flight level, an adequate
approximation for the locus of forward speed for an optimal climb trajectory covering the
entire flight level envelope can be constructed.

[

VI VII hl Iﬂlll

Figure 42. Demonstration of how the traditional optimal climb tragjectory plot may be
transformed (flight below the tropopause).
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This curve geometry in the transformed trgectory is suited to an expression of the
form
V =k, e (275)
Assuming two points, i.e. speed at given energy—heights for example equal to 2500 m
(8200 ft) and 7500 m (24600 ft) for AEO climb, are calculated using Eg. (220) and Eq.
(266), it isthen possible to construct a simple system of equations

V, =k, " Vv, =k, e (276a & b)

Now by rearranging EQ. (276a) to make k; the subject, and substituting this into Eq.
(276b), the coefficient of proportionality ks, is given by

{3

h|| _h|

k, = 277)

Introducing this expression into Eq. (276a) leads to

k =V (%](hhj (278)

The identity & = € '™ can then be utilised in order to derive the instantaneous
approximate optimal airspeed for climb with respect to flight level

(279)

v\
v

It is highlighted that optimal climb speed locus construction using Eq. (279) is only
permissible for flight levels up to the tropopause. Owing to the temperature ratio being
constant above this altitude threshold, a requirement arises where climb speed optima
identification for higher flight levels using Eq. (220) and the corresponding iterative
scheme given by Eq. (266) must be employed. Otherwise, a good approximation can be
produced if one of the reference climb speed optima are estimated at or near the tropopause
(Vi) and ensuing flight levels above this height are assumed to have constant climb speed
optima thereafter.

Vi = (1_ q)trop)vl (%J[M]JF Dop Vi (280)

trop
|

If one elects to account for a decrease in instantaneous AUW due to fuel expended
during the climb profile, a suggested procedure is to make an initial run-through set of
calculations, then construct a fuel burn continuous function proportional to flight level.
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This can be achieved by using the impulse function utility where the formulation of closed
form expressions can be accomplished to describe integrated solutions as detailed by Eq.
(14) and EQ. (15). The generated model can then be introduced into the final optima
identification process as an approximation of fuel expended effects on optimal climb speed
identification.

10.1.2 Formulating Coherent Climb Control Techniques

Operationa conventions dictate a definition of initial cruise atitude or service ceiling
that gives reasonable measure of maximum operating height potential for an aircraft whilst
simultaneously fulfilling legitimate considerations of attaining this height in reasonable
time. A well tempered conceptual climb control formulation for any prospective aircraft
should therefore weigh the attributes of maximum rate of climb and minimum time to
climb optimal trgectories and create a final approximate trajectory which would be used
for the definition of a maximum service ceiling or flight envel ope upper threshold.

It is common practise to assign at least two distinct climb modes, or more specificaly,
two different speed schedules for climb control each comprising of afixed CAS and Mach
speeds. The advantages with faster speed schedules are that they create possibilities in
conducting further time, cost or profit function optimisation. More importantly
opportunities in constraining previously unconstrained optima compared to single speed
schedules because faster climb speed schedules (designated here as CLB Mode H)
encourage “cruise soaking” or the exchange of cruise distance for climb which leads to
significant block time reductions - this especially being the case for regional type sector
missions. Furthermore, a slower climb speed schedule (CLB Mode L) enables closer
adherence to fuel optimal procedures during climb thereby enhancing range capability. In
this way, CLB Mode L and CLB Mode H speed schedule definitions are formulated with
respect to optimal climb trajectory profile state and time function adherence and designated
divergence criteria respectively.

Experimentation has produced a simple yet relatively robust procedure in defining a
fixed CAS/Mach speed schedule that approximates the optimal climb trajectory for
minimum time to altitude. Once the optimal trajectory speed schedule has been
constructed, initially, the fixed CAS can be established by finding the equivalent calibrated
airspeed at FL 200 and rounding down the result to the nearest 5 KCAS. The fixed Mach is
subsequently identified by computing an equivalent Mach speed from the optimal climb
tragjectory trace at the target initial cruise altitude and rounded down to the nearest M0.01.
Some care should be observed for fixed CAS schedules that could possibly produce a
minimum RoC violation at an altitude well below the target initial cruise altitude. Such
circumstances arise when the specific excess power degrades rapidly with increasing true
airspeed and generally coincide with an atitude where the fixed CAS and Mach crossover
OCCurs.

10.1.3 Merits of Faster Climb Control Techniques- Cruise Soaking

As demonstrated by the author*****, sector distance is a parameter in the transformed
minimum DOC or maximum P-ROI function where optimal flight techniques depend on
identification of a predetermined Mach/CAS schedule for climb and descent with
corresponding optimal cruise determined from either maximum SAR or MCRZ speed at
given flight level. For cruise fractions''" less than around 0.80 (or equivalently < 1000 nm),
the author has shown cost and profit optimal flight techniques generally tend towards the

Tt Cruise fraction is defined as the distance traversed during cruise divided by the total sector distance.



136 CONCEPTUAL AIRCRAFT DESIGN METHODS

threshold of minimum time (maximum block speed) schedules because the sensitivity of
time related costs is proportionately higher than the fuel expended. In view of this, any
enhancements to the technique that further reduce the block time for transport aircraft
completing such sector missions would be advantageous and it appears there is scope
afforded by manipulating climb mode definitions for prospective aircraft design
candidates.

Figure 43 shows a typical collection of flight paths parameterised by a fixed stage
length. Trajectory A illustrates a minimum fuel flight plan assuming CLB Mode L or pre-
determined fixed climb speed schedule emulating an optimal climb trgjectory proceeded by
amaximum SAR cruise at LRC. Implementation of a slightly faster climb schedule say an
intermediate climb or CLB Mode | and complemented by the goal of achieving a minimum
time technique (Traectory B) forces the flight level down since the cruise fraction has
been exchanged or “soaked” by increased climb distance at given flight level. Smilarly, a
further increase in CAS/Mach (Trajectory C) or CLB Mode H will magnify cruise soak
rate and may in many instances be complemented by a simultaneous reduction in climb
time (hence block time) due to further reductions in flight level. In this way, an exchange
between the cruise and climb fractions, or alternatively, the rationalisation of the cruise
segment, may permit a block time reduction via the implementation of faster CAS/Mach
speed schedule for climb.

Trajectory A: Minimum Fuel
Optimum Altitude CLB Mode L, LRC and DES
""""""""" //—___________\\
\
Toc / Trajectory B: Intermediate \ BOD
\s’ CLB Mode I, MCRZ and DES \ /
6 , T srEEEEEEEEEEEEEEEEEEEES
> I . - . \
3 ’ Trajectory C: Minimum Time
= , CLB Mode H, MCRZ and DES \
o y )
o ; \
Cruise Soaking
Origin Destination

Figure 43. Elucidating the concept of cruise soaking due to faster CAS/Mach climb speed
schedules; TOC = top of climb, and, BOD = beginning of descent.

This approach to speed schedule formulation would frequently promote a significant
lowering of the minimum time threshold, thereby allowing scope for rationalisation of time
related cost, or, possibility of further maximising the P-ROI through a simultaneous cost
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magnitude reduction and equipment productivity increase. It must be noted that reduction
in block time through continual reduction in flight level will reach a minimum and begin to
increase henceforth if either the CAS/Mach speed crossover flight level junction is attained
or a minimum cruise fraction threshold is surpassed. An added advantage which
complements the faster schedule edict is that improvements in passenger comfort are
available since the climb angle reduces with speed.

It must be noted certain operational criteria must be adhered to in order to justify a
valid definition of CLB Mode H. Primarily, there should be a sufficient level of maximum
available climb power to not only clear flight level with appropriate margins but do so
along the entire trgjectory path for prevailing ambient conditions. Also, the speed schedule
could be inappropriate if cruise fraction minimainequality constraints defined primarily for
passenger comfort are violated, and a reasonable degree of operational flexibility (in view
of ATC or route structure restrictions) should be ensured with the identified optimal flight
level. Most importantly, a significant block time reduction is associated with it an
increased block fuel penaty - the designer should inspect for scenarios where fuel
divergence due to a faster schedule begins to overshadow the simultaneous cost of time
and subsequently try to justify adopting it as the faster climb control technique.

A minor contribution in cruise distance soaking may in some instances be afforded by
the descent schedule. Some scope of block time improvement is evident but studies have
shown the magnitude is not necessarily significant enough to warrant further manipulation.

10.2 Descent Control

Normally, one would formulate speed schedules for descent much in the same way as
was previously done for climb control. Three options are usually available to the designer:
Rate of Descent (RoD) as a control variable, a Mach/CAS schedul e as the control variable,
and, Mach/CAS speed schedule as the control variable with RoD used as the ancillary
constraint. Work done by Erzberger and Lee’ show RoD-controlled profiles yield results
closer to the mathematical optimum than Mach/CAS speed schedules aone. The
Mach/CAS schedule creates a condition in which idling predominates and therefore the
aircraft descends at near maximum lift-to-drag condition in order to minimise energy loss
thus resulting in a flight path that is roughly constant. In contrast, RoD-controlled profiles
have the undesirable characteristics of steeper flight path angles as the aircraft descends -
which is unsuitable for passenger comfort, and, this criterion for a control variable in
descent proves to be dangerous due to no restrictions being placed on speed. A
compromise commonly adopted by manufacturers is the combination of Mach/CAS with
an additional limitation of a pre-selected maximum RoD. The maximum RoD threshold
has additional constraints of not only conforming to a vehicle’'s maximum permissible but
cabin RoD dictated by the environmental control system’s envelope. Typica values for
maximum cabin RoD generally vary between 300-500 fpm; the upper value being a more
extreme system requirement.

For new conceptual aircraft design proposals, it is suggested that descent speed
schedule definitions should be approached in mostly the same way as climb is with
Mach/CAS, but with an ancillary consideration of maximum permissible vehicular as well
as cabin RaD as the control variables. Generally, when the descent mode is not assumed as
being congruous with the climb mode speed schedule, a sightly faster Mach (+M0.02 to
+MO0.05) and fixed speed (+30 KCAS to +50 KCAS) would be adopted. In this instance,
multiple descent modes are disregarded in favour of one descent mode (designated as DES
Mode) owing to small differences in the state and time variables. This approach also has
the advantage of expediting ensuing mission analyses.
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10.3 Defining En Route Operational Limitations - Flight Envelope

Appropriate formulation of the flight envelope is essential for maximising the en route
performance capabilities of any respective aircraft and many regulatory guidelines exist for
its definition'. The problem here is to create a set of simplistic rules that allow accurate
envelope construction without unduly restricting the vehicle's unconstrained predicted
performance. The flight envelope usualy consists of four distinct boundaries, three of
which are defined by speed thresholds related to stall (Vs), buffeting and emergency dive
(Mmo), and, a combined consideration of manoeuvre-gust loads and maximum dynamic
pressure (Vmo). The remaining boundary is an upper threshold of flight level derived from
simultaneous appreciation of climb thrust limitations, maximum cabin pressure
differential, and on some occasions, buffeting. The derivation of these boundaries is
commonly performed using extrapolated wind tunnel data to full-scale and subsequently
verified with flight-testing.

Initial prediction methods can become mathematically quite extensive which do not
easily lend themselves to simplification or otherwise lose significant precision in the
process. For example buffeting is characterised by breaks in C.-a, cn-a., Or, cx-a curves
and emergence of pressure divergence on any of the lifting surfaces or fuselage. This poses
a daunting challenge from the analytical point of view. By tackling the problem through a
basic conceptual design philosophy of implicit minimum goal success, a useful empirical
method was developed that adequately defines the flight envelope without the need for
more esoteric aerodynamic modelling. This approach uses the information already
available from an investigated vehicle's unconstrained predicted performance and
correlates this to a database of previous observations collected from known designs.
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Figure 44. ldentification of Vo / Muo flight envelope boundary using the “20-80” rule.

Vmo and Mo speeds are set using known MCRZ thrust limited performance for a pre-
designated Minimum Flight Weight (MFLW) vehicle configuration with adjustments
incorporated from statistical bias. The MFLW can be defined by assuming around 65% of
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the vehicles MTOW, and this figure was obtained from comparisons made with
Performance Engineer Handbooks (PEH) of other known designs or equivalently estimated
by assuming an AUW equal to the sum of OWE and 25% of the Maximum Fuel Weight
(MFW). Thereafter, the MCRZ speed threshold can be obtained assuming equilibrium of
forces in horizontal flight for given MFLW at a specified interval of flight levels assumed
to be between FL 150 and FL 350 in order to maximise en route performance flexibility.
This speed variation with flight level is in fact hyperbolic, however, a transformation of
speed as an exponential function of flight level can be introduced and appropriate limit
speeds can then be predicted based on statistical regression from a database derived from
other aircraft.

When MCRZ speed for varying flight levels assuming MFLW are investigated, it is
evident that Mach number tends to increase with increasing flight level whereas CAS
increases with reduction in flight level. By considering these curves as potential My and
Vmo candidates respectively and introducing the “20-80" rule, the vehicle’'s Vo / Muo
boundary can be predicted. The 20-80 rule is an interval which disregards 20% of the
dower CAS and faster Mach portions of MCRZ thrust limited speeds in the investigated
flight level interval and was derived empirically (see Figure 44 above for illustration). The
method does not facilitate a multiple Vo / Mmo boundary definition, however, the
approach is simple, promotes synergistic utilisation of primary conceptual calculation
algorithms and validation has shown it to be relatively accurate.

10.4 Flight Technique and Profile Optimisation

The computation of range is an iterative, complicated and computationally intensive
exercise, yet it is the one of the fundamental objective functions and therefore must be
estimated with adequate accuracy. In the problem formulation, not only should the
integrated three-phase flight be analysed, but aso the requirements imposed by reserve and
contingency fuels need to be accounted for. During occasions where a reserve is stipulated
as being proportional to the trip fuel or time, afurther layer of iterative looping compounds
the amount of work that needs to be expended. Yet another layer for this numerical
integration exercise is the issue of unconstrained (or otherwise) optimisation to produce
objectives of maximum SAR and maximum block speed for both maximum payload-range
as well as fixed sector distance missions. A further-reaching analysis would even include
flight technique coupling and subsequent optimisation for minimum DOC and maximum
P-ROI. It can be appreciated that these requirements for flight technique and profile
optimisation with respect to range and the transformed economic objective functions can
become daunting and indeed are the focus of large and cumbersome dedicated operational
performance codes. The challenge here is to create a significantly compact, robust, fast-
executing and modular method/system of flight technique and profile optimisation analysis
that emulates in many respects the more sophisticated functionalities discussed above.

10.4.1 Quasi-analytical Construction of Conceptual Performance Datasets
Dedicated en route operational performance algorithms commonly employ the use of
pre-defined aerodynamic coefficients and engine performance decks tabulated digitally
which are both aircraft and configuration specific. Data in these arrays may be dependent
upon more than one parameter and interpolation techniques can range from the basic
linear, to quadratic or even cubic polynomial agorithms. Although these interpolation
routines are relatively simple and demonstrate some degree of flexibility, a number of
disadvantages exist which proves prohibitive for applications aimed solely at expediting
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conceptual design performance prediction whilst retaining good accuracy. Problems to be
overcome include:

e Algorithm calculation speeds hindered by the use of sequential tabular search
methods. More sophisticated search engines not delivering an acceptable trade of
calculation speed versus complexity; and

e A focus on minimal memory size alocation compromises the prediction accuracy
through an emphasis on information compactness for solutions within tabular
boundaries.

The idea is to create a series of tables where each describes accurately disseminated
constituent performance sub-units that are then adequately described algebraically thence
introduced for ensuing integrated performance optimisation calculations. For example,
candidates for performance sub-units include climbing for both AEO and OEI conditions,
and descent. The cruise performance control aspect is not considered for this categorisation
since an algorithm to identify optimal and maximum cruise speeds is available as an
iterative scheme and hence can be designated as an appended algorithm to the master
performance optimisation routine.

An initial step requires the construction of performance tables for climbing and
descending flight. Normally for given ambient ISA deviation and operational mode, two
independent variables namely AUW and flight level are required for the estimation of state
and time variables for a given flight phase. For the purposes of conceptual design
performance calculations of time elapsed, fuel expended and distance traversed, numerical
integration techniques such as the popular trapezoidal rule with a course step size for flight
level exhibit rather accurate predictive powers. The trapezoidal rule integration formulafor
function f(x) assuming a step size, h, and respective truncation error is given as*

Xff (x)dx = g (Fo +f1)—;‘—;f“‘>(a) (281)

Xo

The construction of an integrated table cal culation procedure begins with identification
of the pertinent speed technique, i.e. fixed CAS/Mach schedule defined specifically for
CLB Mode L, CLB Mode H, or DES Mode, employed for the appropriate flight phase.
Assuming a numerical integration step size of FL 50 (5000 ft) is sufficient for an adequate
calculation tolerance, for given ISA deviation and AUW, a one-dimensional array may be
constructed to produce state and time variable estimates based on closed form thrust and
drag prediction techniques detailed earlier. It is highlighted that in this methodology, the
reference AUW for al calculations are actually the gross weight of the vehicle at the
beginning of a given (climbing or descent) flight phase and not instantaneous values at
given flight level. Recalling the impulse function operator utility mentioned previously, a
closed form expression capable of delivering integrated results can then be utilised to
calculate performance instantaneously. Since each of these integrated performance arrays
must be constructed for given ISA deviation, AUW at initiation of flight phase and
operational mode, it would be prudent to investigate additional avenues where the
requirements for reference tables are minimised. This is of primary concern because the
goal is to reduce the amount of information (memory) and increase calculation speed of
any new performance optimisation package. Further simplification can be achieved via a
transformation function - or a fundamental expression that is identified as being congruous
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with some basic algebraic relationship exhibited by the ordinate and abscissa. One
important example was found to be the transformation of dependent state and time
variables for given independent variables of 1SA deviation, AUW at initiation of flight
phase, operational mode and flight level into dependent variables of AUW, fuel expended
and time elapsed being a function of I1SA deviation, operational mode and flight level, or,
indirectly distance traversed.

Initially, AUW may be converted from an independent to dependent variable by means
of alogarithmic transformation with respect to distance traversed. Figure 45 geometrically
elucidates the validity of using this premise. It can be concluded that the information
requirements for integrated performance whether climbing or descending stipulate the
construction of only two arrays for independent variables. These are designated as MFLW
and MTOW of the conceptual design proposal for given ISA deviation, operational mode
and atitude interval from sea level to service celling. The fundamental algebraic
expression is of the form

TOGW, =k®[Ind, ]+ k™ (282)

A logarithmic correlation ensures that for given flight level (h) and distance traversed
(dn) there exists only one TOGW (TOGW,,). A pertinent observation is that the correlation
coefficients k) and k(" vary with flight level. This seemingly discrete progression can be
fortuitously converted into a continuous function using the impulse function operator
utility in conjunction with exponential interpolation presented in Section 3.3 so that
appropriate coefficient of proportionality combinations are employed for given flight level.

Flight Level
Flight Level

hy |

Init. Climb Gross Weight

Climb Distance

Figure 45. Geometric interpretation of transforming the independent AUW parameter into
a dependent variable using logarithmic correlation.
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Using a similar methodology to the TOGW transformation presented above, the fuel
expended and time elapsed to climb or descend can be expressed as flight level and
distance traversed dependent parameters. As depicted in Figure 46, the sole difference is
that the transformation function was found to be linear in nature. The fundamental
algebraic expression now becomes

®, = klild, + k! (283)

where for given d, and h there exists a unique estimate of fuel expended or time elapsed
(®), and, the associated correlation coefficients k[l and k[ are flight level specific.
Again, discrete correlation coefficients can be linked via an impulse function operator in
conjunction with exponential interpolation so that appropriate coefficient of proportionality
combinations are employed for given flight level. Since dy is assumed to be the
independent variable here, both of the state and time objectives can be expressed as
monotonic functions of TOGW,; this circumstance comes about when Eg. (282) is
rearranged

TOGW — k(™
d, = exp{k—g)“} (284)
and substituted into Eq. (283).
hs W,y W, W, W, hs W, W, W, W,
[ | [ [ L |
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Climb Fuel or Time

Climb Fuel or Time

Climb Distance

Figure 46. Geometric interpretation of transforming the fuel expended and time elapsed
parameters into dependent variables being afunction of distance traversed.
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10.4.2 Basic Structure of the Optimum Trajectory-Profile Algorithm

A true trgectory optimisation algorithm analyses three-phase flight in which
interactions between climb, steady cruise and descent are considered with each segment
subject to transversality conditions which are additional and depend upon the end point
constraints of state variables’ as shown in Figure 47. Thus, the entire flight must be
analysed as a global problem wherein the links between all the phases are considered
concurrently. Unique and constant values of CAS, or Mach number, for corresponding
throttle setting are indicative of each phase with strategic switches in CAS/throttle effected
during the flight in accordance with procedures detailed in a flight plan.

A sector mission is the operation of an aircraft from the end of initial climb to the end
of descent, with both nodes corresponding to a height of 1500 ft pressure altitude. Flight
time and flight fuel include allowances required for takeoff, initial climb, approach and
landing. The block time and block fuel includes additional allowances for start-up, taxi-out
and taxi-in. The notion of flight and block definitions does not include any distance credit.
Each sector mission analysis will have with it an associated reserve fuel that is carried to
destination. Reserve fuel is a contingency allocation usually consisting of: an alternate or
diversion flight over a designated distance; operation in a holding pattern for a specified
duration and given altitude; possibly a contingency fuel proportional to the flight fuel
expended to compl ete the sector mission; and where required, contingency fuel to cater for
an extended flight of given duration and flight technique.

Step Cruise
A
Initial Cruise /
Descent
En route Climb
1500ft y  J
Sector Distance
Sta(rg’:-up J Initial Climb Landing | Taxi-in
Taxi-out Flight Time & Fuel

Block Time & Fuel

Figure 47. Flight profile as defined by Association of European Airlines (AEA)*.
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The OTPA dutilises an interval halving numerical scheme to evaluate the primary
objective functions of distance (where required), block fuel expended and block time
elapsed for payload-range and fixed sector distance missions. A comprehensive overview
of the entire algorithm’s construct has been condensed into a ssimplified flow chart and can
be found in Figure 48. TOGW, thus climb distance, is taken to be the free variable for
given flight level - an upper and lower climb distance interval at flight level can be derived
when MTOW and MFLW are assumed respectively. Based on this premise, other pertinent
parameters such as the fuel expended to clear flight level and time elapsed to climb are
quantified using the derived expression of Eqg. (283).

The entire sector mission is partitioned into [a suggested] minimum of six nodes (five
segments), with the initial segment devoted to climb, the intermediary ones
accommodating cruise (including possibility to step cruise if elected to do so by the user),
and the final segment comprises both residual cruise and descent. For a given cruise
segment, steady cruise is conducted at constant flight level and the distance traversed is
numerically integrated as aircraft mass is reduced. The estimation of distance traversed for
each cruise segment is computed using the closed form Breguet equation®™. Choice of
throttle setting is limited to two specific procedures. maximum cruise power afforded by
the thrust model previously presented in Eq. (198), and partial power setting as per the
rationale given in Eq. (245) required for optima cruise performance. These facilitate
optimal fuel usage (constrained maximum SAR and minimum fuel), maximum block
speed, optimal time expended (constrained or minimum time) and intermediate flight
techniques for payload-range and block time-fuel curve characteristics. Vehicles may
exhibit an optimal cruise altitude that in some instances are lower than the maximum
service celling attainable. Initiation of cruise performance at service ceiling and subsequent
sequence of steps down in flight level are compared for relative improvements in SAR
until the optimal cruise altitude is identified. Finally, the introduction of an additional
criterion whereby block speed is maximised promotes iteration to lower flight levels, thus
allowing for the identification of maximum block speed and minimum time flight
techniques for payload-range and fixed sector mission respectively. OTPA defines
maximum block speed and minimum time flight techniques as procedures comprising of
CLB Mode H, MCRZ and DES Mode at optimal flight level, whereas, the maximum SAR
and minimum fuel flight techniques always assume CLB Mode L, MRC (or other specific
cruise) and DES Mode conducted at service ceiling (or optimal SAR altitude) and do not
undergo any iterations flight levels unless inequality constraints such as a minimum cruise
fraction violation require it to do so.

Where deemed necessary, the designer might wish to inspect for aresidual Ps at given
cruise speed, flight level and AUW; and this is quantified by assuming MCRZ throttle
setting at the given conditions. Standard practise in industry is to assume 0.51 m/s (100
fpm), and for a conceptual design study this constraint may in fact be a fortuitous one.
Regularly, in the actual operation of commercial aircraft, the residua Ps at cruise proves to
be a more limiting scenario than Ps at climb (minimum RoC) or even the 1.3g to buffet
limitations'*. By virtue of adopting a residual Ps premise, the designer can have some
semblance of confidence that buffet limited situations can be mostly avoided, hence
promoting a strong likelihood the estimated performance will still remain as pertinent
minimum goals whilst the aeroplane candidate is continually refined.

The diversion reserve is optimised as a maximum SAR technique and fixed sector
distances are usually considered. Further reserve contingencies are accommodated through
selection of an extended cruise time duration option as well as the possibility of assuming
some fixed percentage of the total flight fuel. The algorithm facilitates inequality
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Figure 48. Flow chart depicting the algorithm construct of OTPA catering to both

payload-range and fixed sector mission premise.
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constraints defined as. a minimum cruise fraction to ensure cruise segments do not become
too smal and compromise passenger comfort; operational limitations imposed by
structure, design weight thresholds and power plant; and, any other aircraft model, ATC or
route structure limitations that require consideration. One such example of operational
limitations includes adherence to the “odd/even” rule*** as stipulated in FAR 91.109 and
FAR 91.121".

10.5 Comparison Between Estimated and Actual Aircraft Data for

Integrated En route Perfor mance

To establish an idea of what level of accuracy the OTPA agorithm generates, a
number of regional, narrow-body and business aircraft payload-range characteristics were
predicted and compared to known manufacturer data. The aircraft used for benchmarking
purposes were: Boeing BBJ1”® and B737-600""; Bombardier Aerospace Challenger CL-
604>, Global Express®*, CRJ200” and CRJ700%°; Dassault Aviation Falcon 2000EX>? and
Falcon 900EX*%, Embraer ERJ 145LR*, Embraer 170™ and Embraer 190'; and,
Gulfstream Aerospace GIV-SP*. Note that where data was available, predicted
performance was compared to the harmonic (maximum payload) range, maximum useful
(maximum fuel load at MTOW) and maximum (ferry) range.

Each range was computed assuming a constrained maximum SAR objective at |SA,
till air conditions, using derived drag polars based on methods outlined in Section 7,
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Figure 49. Comparison between known data and predicted I SA still air range performance
of in-service aircraft using the conceptual operational control methods and
OTPA agorithm.

#* This altitude convention is also commonly referred to as east bound and west bound flights.
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intentionally predicted CLB Mode L based on the method described in Section 10.1.2,
corresponding DES Mode as discussed in Section 10.2, and, cruise speed as indicated by
each respective aircraft manufacturer. Also, in the absence of any flight profile
information, the range prediction defaulted to an eastbound flight premise (the odd rule)
with each step cruise altitude incremented by 4000 ft.

Results of OTPA’s proficiency in estimating the range of widely varying aircraft types
is presented in Figure 49 (above). Generaly, if one approaches the estimation of range
without any idea of operational control schedules and techniques, operationa control
theory and OTPA tend to produce predictions within a reasonable +5% error splay. Even
though an absolute error exceeding the £100 nm threshold has occurred, in view of the
intentional inferences used in the analysis, this fact illustrates that an encouraging array of
results was generated.
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intentionally blank
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11 Stability and Control

Although al the other core disciplines are addressed with some element of detall
during the conceptual design phase, one area of investigation that has traditionally lacked
any form of sophisticated depth is stability and control. This circumstance is quite puzzling
considering the unavoidable fact as Cook™ states whilst citing the Wright brothers,
“...stability and control comprised the single most critical requirement for flight...”.
Without question, most aircraft projects have experienced problems associated with
vehicular flying qualities and pilot-in-the-loop response attributes, particularly those
aircraft configured as powered (boosted), or otherwise, manua primary Flight Control
Systems (FCS). The difficulties in achieving satisfactory qualities become even more
pronounced when the powered FCS needs to be complemented by some form of manual
reversion aswell.

When discussing the stability and control attributes of an aircraft, two fundamental
handling characteristics are cited as controllability and manoeuvrability. Controllability
pertains to a quality that enables the pilot to initiate and subsequently maintain a
manoeuvre. The primary concern of controllability is establishing a vehicular reaction one
would normally expect to a given stick command, and then extending that attribute to an
assessment of the ease or difficulty of maintaining such an initiated manoeuvre.
Manoeuvrability aludes to the capability of a pilot-aircraft system to effect changes in the
flight path, angular rates and speed of the aircraft. Other concerns such as time lag,
overshoots and necessary compensation by the pilot during entry into a manoeuvre and
maintenance of a steady-state acceleration, and return to normal flight come into
consideration as well.

11.1 Methods and Criteria for Empennage Sizing

As stated, at the very early stages of conceptual design, little attention is given to the
stability and control aspect. Historical trend sizing of the empennage and the control
surfaces through atail volume approach is usually deemed sufficient*>*>. Briefly, the term
“volume” actually refers to a product of quantities collectively described by the dimension
L3 and are specifically reference values associated with the aircraft being investigated. The
horizontal tail volume coefficient is defined as

v, - —Swsn&/:zc (285)

where Iy is the horizontal tail tail-arm, or the distance between the MAC quarter chords of
the reference wing and horizontal stabiliser. Similarly, the vertical tail volume coefficient
isgiven as

V, = Sulu (286)

©syb

and, |, is vertical tail tail-arm, or the distance between MAC quarter chords of the
reference wing and vertical stabiliser. The MAC is defined to be*
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2
MAC = ZCR Mta+l (287)
3 A+l

As a genera rule in industry, volume coefficients of V, = 0.8 and V,= 0.08 are
assumed for all vehicles employing aft fuselage mounted engine arrangement, whereas,
V,= 10 and V,= 0.10 are necessary requirements for underwing podded engine

installations.

More ambitious methods of sizing beyond the scope of the tail volume approach
requires identification of critical operational scenarios that traditionally have been used as
a basis of sizing the empennage in the context of small to medium size commercial and
business transport aircraft. The horizontal stabiliser design condition usually corresponds
to the vehicle at a high AUW (corresponding to MLW), the c.g. a the most forward
position and the designated Vger Of the aircraft and maximum flaps deflected. A
supplemental sizing condition for the horizontal stabiliser probably also includes
examination of the aircraft longitudinal Short Period (corresponding to CAP*#49 > 0.28)
characteristics at alight AUW and the c.g. a the most aft position. In contrast, the vertical
tail is predominately dictated by field performance during OEI conditions and when the
centre of gravity is most aft. The goal here would be to create a vertical tail planform
definition and control surface authority such that V¢ limitations do not impart any undue
influence for TOGWSs heavier than the aeroplane’ s mid-weight. Another consideration for
the vertical tail generally includes adequate authority for field performance during 30 KTS
crosswinds. Finally, the ailerons cater to a case where the vehicle is able to turn away from
a dead engine in 11 seconds (JAR) — it is quite evident that this consideration is usually
beyond the scope of conceptual analysis capabilities. A more tangible requirement
appropriate for initial to preliminary sizing is roll control surfaces should not draw upon
more than two-thirds authority during OEl and at maximum crosswind conditions. It
should be noted that the ailerons are usualy sized assuming supplementary assistance by
spoiler(ons). To expand upon this, a more detailed run-through of stability and control can
be found in an array of knowledge accumulated by Mitchel™, Perkins and Hage®,
Roskam'"**°, USAF Datcom'®, Etkin*>* and ESDU™.

11.2 The Mitchell Computer Program

The Mitchell Code™ was written in ICL FORTRAN and the primary function is to
predict stability and control attributes of aircraft from geometry, aerodynamic qualities,
propulsion effects and weight for given flight condition. The software does not permit an
option to improve the stability and control characteristics of an aircraft candidate by
indicating necessary changes to a given array of independent variables. The latest version
of the Mitchell Code, called “MITCHELL?2”, was a product of the original source code
authored by Mitchell in September 1973, with three subsequent modifications completed
by Cranfield Institute of Technology until 1992.

The program consists of a driver routine directed by a single input file that calls
necessary core functions and serves to generate a relatively detailed output file. Currently,
atotal of sixteen subroutines and six function segments conduct the following operations:

e Calculation of required geometric and parametric attributes;

#* Known as Bihrle's Control Anticipation Factor (or Parameter) defined as the ratio of steady-state normal
acceleration factor change to the AoA.



STABILITY & CONTROL 151

e Estimation of aerodynamic derivatives;

e Estimation of moments of inertia;

e Calculation of eigenvalues of the equations for longitudinal and lateral motions
with controls fixed;

e Cadculation of forced responses to certain disturbances at the specified flight
condition; and,

e Cadculation of limiting speeds for low-speed flight at sealevel.

The input file contains information not only pertaining to the geometric attributes of
the aircraft being analysed, but indication of what specific computational result is desired
by the user. External geometry definitions of the aircraft being analysed must conform to a
myriad of variables deemed necessary for MITCHELL 2, and these are presented in Figure
50.

11.2.1 Aerodynamic Derivatives

The primary source of this data is from ESDU with some elements drawn from the
USAF Datcom™ handbook. The aerodynamic data are stored as polynomial coefficients
that allow derivatives to be evaluated within a chosen range of aspect ratio (AR = 3.0 to
10.0), sweep angle (Agena = 0° to 40°), taper ratio (. = 0.20 to 1.00), etc. Investigations
have shown the controls computed fixed longitudinal and lateral quantities and derivatives
fall within +5% of the data sheet value.

11.2.2 Momentsof Inertia

Depending on the extent of available weight constituent information, two possibilities
are available to the user in computing the three principal moments of inertia. If the weights
of major components are known then a simplified version of the method outlined in the
USAF Datcom®, i.e. combination of the major components’ inertia about their respective
centres, is utilised. Alternatively, those instances where only a limited array of information
is at hand, a simple method based on the radii of gyration in pitch, roll and yaw correlated
t0 lruse, b, and (1%use + b%)Y? respectively is suitable for al transport type aircraft. In both
methods, the inclination of the principal axis of inertia can be read as data and the product
of inertia calculated. Finally, if any or al three the principal moments of inertia are known,
they can be read in directly together with the roll-yaw product of inertia.

11.2.3 Assumptions when Solving the Equations of M otion

The stability of the aircraft with fixed controls is determined by finding the
eigenvalues of the determinants of the equations of motion after separating the lateral and
longitudinal motions in the conventional manner.

The forced response of an aircraft to abrupt disturbances is calculated in a simplified
manner to provide additional information on the handling characteristics. The quasi-static
acceleration due to a change of incidence, n, / a, is calculated for longitudinal motion. To
derive the peak rolling acceleration, final steady roll rate and time to roll from +30° bank
to —30° bank is evaluated based on a single degree-of-freedom response in roll to full
aileron deflection (and full spoiler(on) extension if applicable).

The lateral response of an aircraft in three degrees-of-freedom to an abrupt disturbance
is calculated from the equations of motion that constitutes the controls-fixed scenario. The
only difference is the right hand side contains a definition of the disturbances. Four
disturbances are considered: (1) step application of full aileron and spoiler(on); (2) a step
application of full rudder; (3) a step reduction of the thrust of the outboard engine; and,
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Figure 50. Basic geometric definition of aircraft required by Mitchell Code®™; reproduced
from a sketch congruous with the originally drafted version'>®
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(4) astep side gust.

The program contains a subroutine to determine low-speed handling which includes
the stalling speed and incidence, tail load and elevator angle at the stall, the nose-wheel lift
speed with the tailplane set either to trim for climb or to as near the trim position as it can
be moved, the V¢ limitation during engine failure, and the steady sidedlip angle that can
be held with either full rudder or 80% of full aileron and the corresponding crosswind
component.

11.24 Conversion tothe MATLAB Platform

To ensure maximum compatibility within a conceptual design software framework (to
be presented in Section 14), the latest form of the original code dubbed “SCMITCH” was
converted into the MATLAB Version 5.3 language. Although an alternative philosophy
has been introduced in terms of how input data is supplied to the driver routine, the
original functionality of directing analysis using a formatted input file has been retained,
and is fully compatible with all versions of input files originally intended for the original
FORTRAN application. By virtue of adopting the MATLAB platform, the new version of
Mitchell Code permits the user of by-passing what is now considered to be redundant
functionality, such as those relating to aircraft drag, vehicular low-speed aerodynamic
characteristics including maximum lift, lift curve slope and aerodynamic coefficient and
derivative information.

The SCMITCH system of routines comprises 26 M-files, of which one is specifically
devoted to acting as an intermediary data exchange conduit. This application distinguishes
the user’s intention of executing al analysis from a single input file (thus requiring the
complete gamut of computations), or from within an integrated MATLAB analysis
environment. If the latter is selected the data exchange conduit is then tasked to ensure any
geometric and/or aerodynamic information generated outside of the SCMITCH system is
allocated to appropriate variables recognisable by SCMITCH. In perpetuating the basic
construct and modular philosophy of the original Mitchell Code, a single driver routine
directs all computations conducted by either all or most of the remaining 25 M-files. A
flow chart that elucidates the sequencing of analysis with respect to primary functional
routines is presented in Figure 51, and alist in alphabetical order identifying each of the 26
routines with a brief explanation is given below:

SCAERCE  Calculatesthe vehicular a.c.

SCAEROC  Caculatesthe neutral point (n.p.) and static margin (SM)

SCDOWNW  Calculates the downwash gradient

SCDRAWB  Drafts the parametric plots used to assess handling characteristics

SCELPWR  Calculatesthe lift curve slope for horizontal tail due to elevator

SCFLSPD Calculates low-speed handling characteristics

SCFNA10 Calculates the lift curve slope of atwo dimensional wing

SCFNA20 Calculates the atwo dimensional lift curve slope with control deflection

SCFNPAC Calculates the position of the a.c. on the wing

SCFNSAC Calculates the shift of the a.c. by the fuselage and nacelles

SCFUNA1 Supplement to derive three dimensional lift curve slope of wing

SCGEOMT  Calculates the geometric properties of the aircraft

SCHANDL  Calculates the fixed controls stability, simplified forced response and
three degrees-of-freedom lateral response

SCINDAT Identifies how source datais to be acquired and allocates appropriate
valuesto internal variable structure
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Figure 51. Flow chart depicting the algorithm construct of SCMITCH code for analysing
stability and control attributes of an aircraft design candidate.
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SCLZCAL Calculates the rolling moment due to aileron deflection

SCLZSCL Calculates the rolling moment due to application of spoilers

SCINERT Calculates the principal moments of inertia of the aircraft

SCMITCH Primary routine that directs all intermediary and core computations, and
handles output

SCNRCAL  Cdlculates the yawing moment due to yaw

SCNVCAL Calculates the yawing moment due to sidedlip

SCRDPWR  Computes the rudder derivatives

11.3 Assessing the Suitability of Aircraft Design Candidates

One of the more difficult tasks associated with assessing the stability and control
merits of agiven aircraft design candidate is the esoteric nature of the results. For example,
inspecting parametric values like undamped natural frequency, period, damping angle,
damping ratio, time and number of cycles to half amplitude and logarithmic decrement
does not necessarily imbue designers who are novices when it comes to the discipline of
stability and control with a coherent appreciation of the mode that is being investigated.

In determining the flying qualities of an aircraft the pilot will assess the degree of
acceptability and suitability of agiven category of aircraft in an entirely subjective manner.
Descriptive terms associated with alevel of flying qualities such as a pilot might use have
been formulated into a numerical rating process. The most widely known rating guide is
the Cooper-Harper™™ scale as shown in Figure 52 and covers al phases of flight.
Importance is placed upon the major decision terms, i.e. “controllable’, “acceptable” and
“satisfactory”, and the pilot at each stage assesses whether the term has been met relative
to the intended use of the aircraft. The best category is defined as “excellent, highly
desirable” and is associated with a satisfactory level of pilot workload since the pilot has
no need in compensating for any deficiencies in the manoeuvre performance of the aircraft.

The following sections detail a suggested procedure in ascertaining the feasibility (or
otherwise) of a new aircraft design. In an attempt to familiarise the designer as to how the
analysed vehicle fairs in accordance with the Cooper-Harper rating system, and primarily,
in order to alay any confusion to what is satisfactory, the method employs predominantly
a graphical approach. It is highlighted that not only will the charts to follow display
examples of how one might establish the qualities of an aircraft for a given dynamic mode
premise, but also, as denoted by a circle in the plots, serves to act as a validation (original
sample input file accompanying MITCHELL 2 code) for the SCMITCH system.

11.31 Longitudinal Short Period Mode

Short Period oscillation is a motion where the incidence, attitude and flight path angle
of the aircraft change while airspeed remains constant. The motion can consequently be
resolved into vertical translation and pitching components. One of the most difficult issues
facing contemporary FCS design is the prevention of Pilot Involved Oscillation (PlO),
sometimes known as Aircraft-Pilot Coupling (APC). This phenomenon is directly related
to concurrent interaction between the human pilot, FCS and airframe dynamics. The goal
of anew aircraft concept is to avoid susceptibility to PIO and there currently exist several
studies wherein the PIO problem is being investgated™. Nonetheless, that does not detract
from the fact al attempts should be made in avoiding such an eventuality as the design
matures. In thisinstance, even arudimentary attempt is deemed to be sound practise.

Substantial disagreement between results based on pilot ratings corresponding to Short
Period damping and natural frequency has resulted in formulation of a multitude of
parameters. Today, response to elevator input on the basis of the Short Period mode
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Figure 52. Qualitative pilot assessment rating of flying characteristics (Cooper-Harper™).
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approximation yields the following quantifiable handling qualities:

time to peak pitch rate;

response time to steady pitch rate and steady normal accelerations;
ratio of peak to steady pitch rate;

initial pitch acceleration related to CAP;

pitch attitude dropback (overshoot); and,

flight path angle time delay.

SIEE NN

Results of studies indicating the variation of frequency and damping have been charted
into zones of qualitative pilot opinion™®. Figure 53 shows a typical example of pilot
opinion contours where zones of satisfactory, acceptable, poor and unacceptable are
indicated. Also displayed are additional comments relating to anticipated response
characteristics away from the zone that isideal.

ESDU Short Period Opinion Contours, ESDU 92006

6 ‘ —
Too rapid an initial response -
55 over sensitive tendency to PIO i
5 9 il
~45F 5
w
3 Acceptable
o
= 4t 4
& Excessive
s g
Sagl overshoot Response too i
e difficult to sluggish
I manoeuvre
T 3 ]
=}
2
525 5
[
£
& 2r &
=}
j =y
=)
151 Y
Unacceptable
1k |
o5k Excessive compensation i
’ required - difficult to trim
L L L L 1 L L L 1
10" 10°

Damping Ratio (-)

Figure 53. Longitudinal Short Period oscillation pilot opinion contours taken from
ESDU™®.

Short Period frequency boundaries for acceptability’>"**® is shown in Figure 54 and
boundaries are functions of the change of the steady-state normal acceleration factor per
unit AoA (n,). Figure 54 applies only to Phase C operations, namely, take-off, approach,
overshoot and landing, which normally call for gradual manoeuvres and precise flight path
control.

As a supplement to the presented charts, a final salient correlation (Figure 55) can be
found between the dynamic mode period and time to damp to half amplitude based on
criteria formulated by ICAO™. Lines of constant Cooper-Harper pilot ratings are also
indicated in conjunction with a minimum threshold that also offers a qualitative description
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MIL Spec. Short Period C.A.P. Evaluation, Phase C
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Figure 54. Short Period frequency characteristics, CAP evaluation; Category C Flight
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Figure 55. ICAO recommended Short Period mode characteristics™.
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of acceptability or otherwise.

11.3.2 Phugoid Mode

The Phugoid is a lightly damped low frequency oscillation in which an exchange of
height and airspeed occurs at constant aircraft incidence. The pilot generally experiences
little difficulty in controlling this motion when attitude is continually scrutinised. The
significance of inspecting Phugoid characteristics relates primarily with the period of the
oscillation: if the period is short, the degree to which monitoring the speed may become
excessive, and thus, distract the pilot from attending to other more pressing tasks. A useful
chart indicating acceptable Phugoid mode attributes can be found in Figure 56, the source
of which originates from ICAQ™®.

ICAO Recommended Phugoid Characteristics
120 T T T T

100 =

80 1

SATISFACTORY for
normal operation

Phugoid Period (s)
(7]
[en}
T

ACCEPTABLE
for emergency

A0 conditions

UNACCEPTABLE

20

1 | | L
-0.04 -0.02 0 0.02 0.04 0.06 0.08
2 x zeta x omega (rad/s)

Figure 56. ICAO recommended Phugoid mode characteristics'™; key: zeta= damping
ratio, omega = undamped natural frequency.

11.3.3 Dutch-Roll Mode

The Dutch Roll mode is a short period oscillation having components in yaw, roll and
sidedlip. The period, the damping and an ancillary parameter, such as the amplitude ratio of
bank to sideslip, which defines the degree to which the principal freedoms are coupled in
this motion, can universally describe the Dutch Roll mode. For low-altitude flight, the
problem is one of yawing and how expediently this can be damped out. In contrast, rolling
usually predominates for high-speed aircraft operating at high altitudes.

Figure 57 and Figure 58 offer two perspectives in assessing the Dutch Roall
characteristics of anew aircraft design proposal. Figure 57 originates from M1 L-Spec’®"%®
and correlates the damping ratio to the undamped natural frequency; also, aLevel 1 flying
quality (achievement of task without excessive pilot workload) is assumed. Two curves for
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Minimum Dutch Roll MIL-F-8785C Level1 -Cat. Band C

0.2 T T T T
¥
T/O, Ap\pr and Land
zeta x omega = 0.10
0151 Z A i
c R
[ M Clb, Crz and Des
b \\ zeta x omega = 0.15
i Mg
01r c T T
= P Min. Damping
< \““L
o 0.05- S|
@
o
g
[=%
£ of g
o
-0.05+ &
01+ 2
1 1 1 1
0 05 1 1.5 2 25 3

Undamped Natural Frequency (rad/s)

Figure 57. Minimum values of natural frequency and damping ratio for Dutch Roll
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Figure 58. Dutch Roll damping criteria as stipulated by SAE™: key: k = «, phi = ¢ and
beta = (.
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Category B (all aircraft classes) and C (Class I, medium weight, low to medium
manoeuvrability) Flight Phases are plotted, thus denoting minimum criteria of acceptability
for field and en route operationa performance respectively.

Using standards stipulated by SAE*®, the inverse of time to damp to half amplitude (1
/ T12) is compared to an augmented amplitude ratio of bank to sidedlip, or given as 57.3
¢ / B Veas, Wwhere ¢ isthe bank angle and 3 is the sideslip angle, Veas represents equivalent
airspeed expressed in ft/sec, and

k=1+(04-1.60x103%h) Dpax (288)

with the impulse function @ = @ (h,FL 250) invoking a reduction in the constant k for
altitudes less than FL 250.

11.34 Roll Mode

The predominant lateral controlling manoeuvre isrolling because it is used to keep the
wings level in disturbances and for changing heading. An idea roll would be one that
involves pure roll response and achieves a steady-state rate of roll quickly. Pilot opinion
boundaries for roll response is shown in Figure 59, where the maximum roll acceleration
(pss) 1S shown versus the roll mode time constant (tg). As an aid to enhancing cognisance of
the implication each of the three boundaries lead to, Cooper-Harper ratings have been
derived and indicated on the chart accordingly.

Pilot Opinion Boundaries for Roll Rate Evaluation
10' = — ——— : :

>y 90\\
o o'%?/\\ Cooper-Harper
;\\ s~ " Pilot Assessment Rating
N 00{%3\\ =
- I 35 5.0 6.5

Roll Acceleration (radlsz)
3
|

L L L L L L L | L L L L L L I L
10" 10 10
Roll Mode Time Constant (sec)

Figure 59. Roll response pilot opinion boundaries™®; lines of constant Cooper-Harper
pilot ratings also indicated.
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12 Direct Operating Cost, Profit-Return On Investment
and Associated Optimal Flight Techniques

It is becoming increasingly important for designers of transport aircraft to be well
versed in how commercial airline operators establish the feasibility of introducing new
equipment types for fleet planning. Airline economics now dictate the need for more
flexible commercia transports, thus invalidating the traditional approach of focusing on
the design point specifications and giving little regard to off-design sensitivities. Even
though the basic requirement of operational performance is scrutinised, airlines will
consider in parald the corresponding DOC, and more significantly, the P-ROI generated.
In the context of this study, the profit generated is attributable to flying services, before
income taxes, non-operating items such as retirement of property and equipment, affiliated
companies and subsidies. There are in addition other considerations beyond the control of
aircraft designers. These are issues related to product support, fleet commonality and mix
that offers the best flexibility in seating and loading, long-standing and exclusive
associations with particular airframe manufacturers, and the dynamic of internal politics.
Notwithstanding these other factors, the cost and profit functions mentioned are often used
as arational basis for any future acquisition exercises. In view of this, it can be concluded
that operational en route performance should be optimised with respect to the primary
objectives of cost and profit and more importantly, it seems logical that both these aspects
should be coupled in some manner, whereby it is possible to weigh the combined relative
merits of different aircraft. Figure 60 offers a graphical perspective to assist in elucidating
the interrelationship between vehicular attributes, operational performance, DOC and P-
ROI, and, to serve as an outline for determining constituent working parameters,
assumptions upon which the calculations are based, as well as the flow to produce the
requisite objective and merit functions.

The effect of block speed (or time) variation results in markedly different block speeds
when minimum fuel, minimum time, minimum DOC and maximum P-ROI are compared
for fixed sector distances with given mission criteria'®. These concepts, in part or
collectively depending on the role of the vehicle, are integral for gauging the merits of new
conceptual designs since they quantify operational flexibility. All operational aspects are
considered in terms of potential objective functions that might exhibit dependence to flight
technique. The merit of any given flight technique can be weighed from a proposal’ s block
time-fuel curve summary. These curves represent for a given sector distance and mission
criteria thresholds for minimum time as well as fuel, and, intermediate flight techniques
yielding height-energy block fuel minima for fixed block times between these two
extremes. Figure 61 shows a schematic interpretation of the typical block time-fuel
summary.

12.1 Formulation of Models Adhering to a Continuous Function

Concept

Since the block time-fuel summary is made up of a collection of different flight
techniques, i.e. combinations of distinct climb, cruise and descent modes at specific flight
level(s), the curve geometry is constructed through a combination of quasi-discrete and
discrete points. The quasi-discrete portion of the curve is usually generated by a sole flight
technique, commonly of highest speed schedule for climb, cruise and descent, in which
flight level varies from the optimum altitude (unconstrained SAR maximum - SAR
optimum) or service ceiling (constrained SAR maximum) to lower altitudes until the
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Figure 60. DOC and P-ROI computation and identification of corresponding optimal
flight techniques procedure flowchart.

minimum time threshold is reached. The discrete points usually consist of intermediate to

low climb and descent modes combined with intermediate to LRC and MRC speeds at
optimal atitude or service ceiling. In addition, it should be noted, assuming the margin to
buffet is not violated, instances might arise where the en route specific excess power is
sufficient enough to employ step cruise procedures. This aspect of performanceisvery



DOC, P-ROI & OPTIMAL FLIGHT TECHNIQUES 165

Distinct flight techniques;
each denotes a given
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Figure61. Typica block time-fuel summary for a given sector distance and mission.

difficult to predict with simplified expressions coupled to a general set of aircraft
parameters, so as a consequence, is reliant upon batch calculations and comparison until a
collection of points describing a distinct lower boundary is established.

It is evident the block time-fuel summary is rather complex and cannot be easily
represented by an analytical expression which produces a continuous function with respect
to block time. The failure of this option implies that another philosophy may be required to
achieve the task. A hyperbolic function appears well suited to the curve definition exercise
and a suggested mode! in the closed block time interval [tminime,tminfua] 1S presented here as

qud = Wf .mintime (1_ kl)tanh [kz (tmintime - t)]_ Wf .minfuel (1_ k3)tanh [k4 (tminfud - t)]+ k5
(289)

where W;sg is the block fuel for given block time, t, in the closed interval [tmintimetminfue],
Wi miniime the block fuel for a minimum time flight technique, k; and ks, constants which
allow for the impact of different higher speed technique attributes to assorted combinations
of intermediate schedules, Ws nminfue the block fuel for a minimum fuel flight technique, ks
and k4 constants which allow for the impact of different lower speed technique attributes to
assorted combinations of intermediate schedules, and ks is an arbitrary constant. The
suitability of Eq. (289) hinges on the ability of the function being differentiable, and thus
giving scope for the identification of optimal flight techniques.

In order to facilitate the continuous function concept, two additional sets of models
have been introduced. The first relates to maintenance cost, which itself must be
partitioned into two tiers of dependency. Maintenance cost for systems that encompass air
conditioning, auto flight, communications, electrical power, flight controls, fuel, hydraulic
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power, instruments, lights, navigation, oxygen, nacelles and pylons, and windows were
found dominated by proportionality with time. In contrast, equally split time-cyclic
dependency and predominately cyclic maintenance cost constituents were associated with
systems covering equipment and furnishings, ice and rain protection, landing gear,
pneumatics, water and waste, APU, doors, fuselage, stabilisers and wings. One generally
accepted approach involves the correlation of maintenance cost to average segment flight
time for given sector distance; the flight hour cost should then be some function of flight
time for a given mission, whereas, the associated cyclic cost should be considered as some
proportion of the flight hour cost'®*'®*. This deduction is based on the premise that
influences of skill level, shop efficiency and learning curve would impart a significant
contribution to both the time dependent and cyclic costs'®. In view of these concepts, a
maintenance-materiel cost model for the sample closed interval [to,t,] was derived to be

Cuan = Chgn t+CIL (290)
where
Chan =(cm—n o ](1+kmn) (201)
tli—t, )0
and

C:Lain = ~Crain (l+ kmain) tman (292)

Cwmain isthe total maintenance cost, Cnain iS the flight time dependent maintenance cost
denoting theoretically most efficient work practise or learning curve asymptote, oman and
Bmain are constants of proportionality, tman 1S the manoeuvre allowance (includes start-up,
taxi-out and taxi-in) and kmain IS @ constant depicting the fraction of cyclic to time
dependent costs. The second model relates to yield, which indicates a measure of ticket
prices. For an assumed passenger load factor, A, and sector distance, s, upon formulation of
afeasible yield rate model, the total revenue per flight (Y sec) is proposed as

Yeee = Y1 A PAX S(1+ y, tanh [Y3 (Sref - S)]) (293)

where PAX is the maximum passenger capacity of the aircraft, s is the reference stage
length and y, are constants of proportionality. Combined with the other standard cost
methodologies available in literature™®, identification of cost minima and profit maxima
coupled to variation of flight technigue or block time can be ensured.

12.2 Solving for Optimal Flight Techniques

It is evident that any identified optimal flight technique will fall into one of two
distinct categories: applicability for hourly-based reference time frame or fixed departures
based utilisation. For a given reference time frame utilisation, optimum flight techniques
were found to be governed by the conditions
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dC DOCS

e 0 Min. DOC, hourly and fixed

departures based utilisation
(294)

dpP _( dp J (stj = ACoocs _ 0 Max. P-ROI assuming fixed departures

dt dNg )\ dt dt
(295)
or
oP | _|9P [0t ) g Max. P-ROI, hourly based utilisation
N ACACIY]
(296)

where Cpocs is the DOC per sector mission, Ns is the number of sectors completed per
given reference time frame and P is the P-ROI per sector mission or time frame. Both DOC
and P-ROI optimal flight techniques can be categorised as constrained or unconstrained.

These conditions of optimality can be expressed algebraically as a more recognisable
and tangible quantity, such as block time, in order to permit identification of the required
climb, cruise and descent flight technique for optimality. Interestingly, the algorithm
structures that solve for minimum DOC and maximum P-ROI block times (tmin-max) Were
found to be quite similar

t =1

min—max mintime (297)

+iCOSh_l\/pf Wf,mintime (1_ kl) k2

2 ©

The only difference in Eq. (297) for minimum DOC and maximum P-ROI amounts to
adoption of an aternate definition to what constitutes the residual function @ in the
denominator. The optimal block time algorithm is given by a transcendental equation and
can be solved numerically via simple iteration. Provided the inverse hyperbolic cosine
function in Eg. (297) does not carry out operations on results less than unity (otherwise
implies an unconstrained optimum) the hyperbolic function always aids in achieving quick
convergence and the iterative scheme isinherently stable.

12.3 Operational Flexibility Index

One important requirement is to develop a useful tool in qualitatively assessing any
penchant an aircraft has to flying faster in achieving economically optimal results. A
parameter such as Cost Index'**** (Cl) commonly used in operational circles does not
imbue the analyst or designer with a true perspective of a given vehicle’'s operationa
flexibility, and also, a computed value of CI is not universally comparable between aircraft
of varying scale and propulsion philosophy. One suggestion is to inspect the non-
dimensional ratio of optimal block time against the minimum fuel and minimum time
flight technique block time bandwidth. Since Eqg. (297) is algorithm solving for optimal
block time referenced to minimum time, a possibility now arises in the formulation of an
OFI
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Cosh—l\/pf Wf ,mintime (1_ kl)kz
@ (298)

2 (tminfuel - 1:mintime)

OFl =

It is evident that alimitation arises due to the inverse hyperbolic cosine function; such
an occurrence signifies that the optimal flight technique corresponds to minimum time
flight, and can thus be considered equivalent to OFl = 0. In order to appreciate the extent
of operational flexibility contemporary vehicles offer, typical values of OFI for various
aircraft, economic objective function and utilisation assumptions are itemised below:

e DOC and P-ROI optimal hourly-based utilisation — OFI < 0.15 for regional aircraft,
and, OFl = 0.75 for narrow and wide-bodies.

e DOC and P-ROI optimal fixed departures utilisation — OFI = 0.20 for regional
aircraft, and, OFl = 0.90 for narrow and wide-bodies.

A design condition OFI value approaching zero denotes little or no scope for
flexibility since it is congruous with minimum time flight techniques. Not only does this
condition usually deny the possibility of achieving unconstrained optima, but also,
implicitly dictates that all shorter-range operations will follow suit. Additionally, this
circumstance is seen to be detrimental since the criterion of a higher engine rating flight
technique may reduce the service life of the power plant. It does however, allow for longer-
range mission capability without trading payload for fuel, but at an ever-increasing penalty
of off-optimality as distance becomes longer. A maximum vaue of OFI = 1.00 at the
design condition, akin to a minimum fuel technique, affords limited range of operational
flexibility on the other end of the spectrum. Even though scope is given for the generation
of unconstrained optima flight techniques for shorter sector distances, useful load
limitations may not permit the opportunity of longer-range missions for a given payload.
This would necessitate an exchange of payload for increased range thereby limiting the
potential for revenue. A salient objective would be a design OFI = 0.50 for any
prospective aircraft evaluation exercise. This will ensure avoidance of premature useful
load limitations for longer sector distances, and importantly increase the likelihood of
unconstrained optima for shorter distances. Finaly, the penalties associated with off-
optimal flight techniques commonly experienced in actual operation can be minimised.

12.4 An Alternativeto the Traditional Long Range Cruise Speed

Schedule Definition

Traditionally, LRC has been understood to be 99% (sometimes even 98%) of MRC
SAR towards the faster end of the curve®*¥1%%2 This practise is employed to trade
increased speed capability for what is considered to be a relatively small penalty in fuel
consumption rate. Indeed, after the inception of this rule-of-thumb procedure for en route
performance analysis, it has now become a mainstay technique in industry circles. Of great
interest here was to observe how this popular assumption measures up against speed
technique formulation using economic criteria alone.

Initially, an objective function for what constitutes economical cruise must be
formulated. One candidate is to use a fixed departures utilisation assumption. Not only is
this a consistent basis of emulating actual operator scheduling, but also as outlined before,
this premise theoretically generates optimal flight techniques slower than an hourly-based
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utilisation. Even though CI represents a necessary magnitude of dWs,g / dt that ensures
cost optimality for any sector mission criteria, an approximate expression explicitly related
to cruise speed and SAR can also be derived. Assuming a cruise fraction that is sufficiently
large, thus neglecting the influence of climb and descent, it can be demonstrated™ that

2
Wi | [, em[ M j dSAR (299)

dt

Cl= —
‘ SAR) dM

Figure 62 shows the degradation of SAR compared to the MRC datum for regional,
narrow-body and wide-body twins using computed Cls of 10, 25 and 40 (such speed
techniques are henceforth dubbed as Economical Long Range Cruise or ELRC)
respectively. These values were based on a projected fuel price and known operator time
dependent maintenance cost data. Note that a standard representation of Cl assumes a
value normalised by 100 1b/hr'®*%* Upon comparison to a 1% reference line denoting the
contemporary LRC assumption, it is observable that a large disparity between LRC and
ELRC takes place. It is immediately evident that the SAR curve is quite flat for lower
flight levels promoting even larger deviations from the conventional 1% degradation.
However, for narrow and wide-bodies at typical cruise altitudes in excess of 29,000 ft
where optimal cruise begins and subsequently does reside in the drag rise region, ELRC
dictates speed schedules around 99.5% maximum SAR. Regional aircraft appear to reach a
constant value of 97% maximum SAR at higher altitudes, and this is attributable to the fact
drag rise effects are generally not prevalent.
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Figure 62. Degradation in SAR assuming traditional LRC (1% reference line) and ELRC
compared to datum of MRC (fixed AUW, ISA, still air).
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Upon perusal of Figure 62, for both twin narrow-body and wide-body equipment
types, adopting the slower ELRC schedule as opposed to LRC amounts to almost a 1%
integrated mission flight fuel reduction because the technique is closer to an optimal SAR
condition. Correspondingly, the difference between LRC and ELRC equates to a speed
reduction of approximately 5 KTAS at typical flight plan altitudes. Today, there exists a
capacity for operators to soak the dlight increase in flight time due to a slower speed —
especially now that scheduled block times have been widened in order to improve on-time
dependability and fuel prices are on the rise. For occasions where block times must be
reduced due to sake of dependability, the ELRC method is congruous with a Flight
Planning System (FPS) increased block speed iteration scheme since the starting point is
slightly slower than traditional LRC in any case. In spite of the speed margin to MRC
being rationalised upon application of an ELRC schedule for narrow and wide-bodies, the
buffer is still greater than 5 KCAS. Thisis a margin commonly assumed for contemporary
Flight Management Computer (FMC) en route operational software, and from an
operational perspective the margin is not deemed prohibitive in terms of speed stability
(excursions due to wind shift, turbulence, etc.) in maintaining the target level.

12.5 Merit Functionsto Measur e Relative Profit and Return On

I nvestment

An interesting feature of the derivation for optimal P-ROI block times assuming
hourly-based reference time frame utilisation is that these solutions are partial optima due
to a co-dependence on block time and quantity of available seat-miles completed by the
vehicle. Even though the hourly-based reference time frame utilisation can be considered
idealistic compared to the more pragmatic assumption of a fixed number of sectors, it can
provide valuable insight. One important conclusion is that the comparison of different
equipment types for only one fixed sector is not a sound enough basis to rationalise the
superiority of an aircraft over another. A practica application would be use of this
approach as a work tool that aids in maximising utilisation of a given vehicle for existing
markets. Another is the possibility of showing the relative merits associated with the
introduction of new projected markets involving either variations in sector distance, or
mission criteria, or both. A further review potential includes the possibility of conducting
detailed competitor studies where economic flexibility can be weighed between the
vehicles taken into consideration.

Since it has been shown that sector distance can be regarded as an independent
variable, it would be of interest to evaluate the various merits of an output P-ROI response
with respect to distance. An adequate model for representing the P-ROI coverage in the
closed sector distance interval [s,,S] is presented here as

P=(0,s-,)e™ 90 (300)

€

The equation coefficients represent quantities that enable a possibility of evaluating
the properties of a vehicle's flexibility in earning potential through a geometric
interpretation. If the model given by Eqg. (300) is actually taken into consideration as an
open interval, say, [Swe, ), Or from break-even sector distance and upwards, one can
identify uncanny similarities to atypical step response of stable linear control systems (see
Figure 63) - in this particular instance, the reference input being sector distance and P-ROI
the output. It contains a transient response due to sector distance which also includes
tendency to approach an asymptote as sector distance becomes large and exceeds distances
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constrained by useful load limitations (akin to steady state), and, a lower threshold where
break-even occurs, or zero P-ROI at some sector distance value. Typical performance
criteria can be formulated which characterises the transient response. These are proposed
here as. break-even sector distance and corresponding pre-optimum P-ROI rise rate, the
global P-ROI optimum and corresponding sector distance, measure of the post-optimum P-
ROI decay rate and the magnitude of the model asymptote value. This can be achieved
mostly through inspection of the first and second derivatives of Eq. (300).

The break-even sector distance is defined as the sector distance that creates a condition
where the P-ROI is zero. EQ. (300) isin aform where an exact formulafor solving P(s) =0
isnot available. By employing a suitable initial estimate, i.e. 5§ = S, utilising Eg. (300) and
corresponding first derivative in consort with Newton-Raphson produces

O, s —D, +d, )

=5 (301)
CDOL _(DES ((I)a Si _CDB)

and the main criterion here is the break-even sector distance, S, should be minimised.

Investigated Interval

Ps

L >

Sbe Sopt Sdec Sector Distance

Figure 63. Typical sector distance response of P-ROI model assuming an hourly-based
reference time frame utilisation.

P-ROI increases with greater sector distance for sector distances larger than break-
even. Thereciprocal of the rate P-ROI increase with respect to sector distance would give a
measure of what increment in sector distance achieves a target increase in P-ROI before
the global maximum threshold is crossed. An adequate representation of the pre-optimum
P-ROI rise rate may be given by the instantaneous slope at the break-even sector distance
viathe definition found in Eq. (301)
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dP
P. = | —
s {ds

Ps is a parameter expressed as distance covered per unit P-ROI and should be
minimised.

Yet another fundamental observation that can be extracted from Eq. (300) is the
identification of sector distances that yield global P-ROlI maxima (Poy). The distance
where a P- ROI global optimum occursis given by the first derivative of Eq. (300), hence
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Having syt as low as possible whilst simultaneously maximising Poye Would be the
primary goal of any prospective vehicle or design proposal.

It is evident to see that P-ROI decreases with increasing sector distance once the P-
ROI global optimum sector distance has been surpassed. The rate reduction in P-ROI with
respect to sector distance conducted at the inflection point between the post-optimum
transient and steady state responses is proposed here as a useful merit parameter. By
utilising the second derivative of Eq. (300) and solving for sector distance at this inflection
point

(304)

and hence, the post-optimum decay rate is given by slope of the sector distance response

_dp

P
S ds

D, D
=D exp(— D, - % - 2j (305)

Sdec

Pssisaquantity that is always negative, therefore, it should be maximised in order
to reduce the potential P-ROI loss rate per unit distance flown.
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13 A Survey of Constrained Multi-objective Optimisation
Methods

The purpose of any automated design software is to apply sizing algorithms to
optimise the vehicular design towards one that satisfies the user-specified objectives. The
traditional approach, particularly in industry, to conceptual design problems is to conduct
simplified MVO exercises and then compare the collective outcome each set of design
parameters has produced, such as MTOW or where sufficient sophistication is available
DOCs. Thereis however, an inherent limitation to this process and as such are encountered
easily, let alone addressing the question of conducting hyper-dimensional aircraft design
problems, or X = {x(1),...,x(n)} where n > 20. The scope for this particular investigation
was to take an inventory of optimisation methods and analytical tools and assemble those
components showing the best attributes into a package. The primary considerations
included a strong resilience to frequently settling in local minima and maximising the
execution speed.

The increasing requirement for complexity of the aircraft system definition at the
conceptual design phase has created extensive interest in MDO'"*®, MDO is described as
a methodology for the design of systems where the interaction between several disciplines
must be considered, and where the designer can exercise a freedom to significantly affect
the system performance in more than one discipline'®. In the context of the aircraft
conceptual design problem one example could be the active ateration of wing planform, in
terms of not only a parametric sense but of tangible design variables like t/c, thus
concurrently working with aerodynamic qualities and fuel volume in an effort to deliver a
target level of performance. The MDO procedure is intended to work at the conceptual
level by employing simple analysis tools and because of the simplicity of these tools, it is
possible to integrate the various disciplinary analyses into a modular computer program
and avoid tapping into an inordinate amount of computational resources accordingly.

13.1 Fundamentals of Multi-disciplinary Design Optimisation
Basically, the generalised MDO task can be condensed mathematically in the
following manner:

Find a set of design variables, X, which will minimise

F(X) (306)
which is subject to
g(X)<0 (307)
and
Xi(K) < X(K) < Xy(K) (308)

for j =1, ..., neen ad k = 1, ..., ng. The parameter, g, specifies the nen inequality
constraints. X;(k) and X(k) refer to lower and upper bounds (side constraints) applied to
each of the design variables respectively, and they are used to limit the region of search for
the optimum.
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In defining aformal optimisation problem, an objective function must be specified that
is to be minimised for a design. When a point is reached such that no further decrease in
the objective function can be obtained, the processis terminated.

Extending this simple basis to that of constrained multi-objective optimisation, the
problem now isto minimise

F(X) (309)
fori=1, ..., nsp nUMber of objectives subject to a series of constraints given by
g(X)<0

as defined by Eq. (307). The entire design problem is linked to a set of design variables,
such that each independent parameter is uniquely restricted to a set of side constraints,
namely,

Xi(k) < X(K) < Xu(k)

for ng, number of design variables. Since most of the methodologies available for
optimisation analysis do not permit definition of constraints and side constraints formally
in the mathematical construct, the fundamental goal here is to somehow condense all of
these requirements and then transform it into a problem whereby a scalar-value function is

minimised in order to arrive at the minimised form of the original objective vector'®’,

13.1.1 Design Variables

Linear design variables denote a combination of local design variables and elemental
properties that yield a factorable, linear relationship among the design variables and the
elemental matrices. For a conceptual aircraft design problem, the design variables are
generally considered to be non-linear, i.e. a combination of design variables and elemental
properties does not yield a factorable relationship among the design variables and
elemental matrices. This assumption can prove to be an added complexity for gradient
based optimisation methods because mo analytical gradient matrices would be readily
available and compel the use of finite difference methods to approximate the first
derivative. This means that global sensitivity matrices need to be recomputed at each new
design point as well. The ultimate goal should be to select a set of design variables that
result in the least amount of parameters (to speed up convergence) and minimises the
amount of complications with respect to the objective function topographies™.

13.1.2 Constraints

Inequality constraints are applicable to either individual design variables, intermediary
functional values called synthetic functions and objective functions dependent upon a
given set of design variables. Typicaly, only a small number of constraints will affect the
final design and it is necessary to exploit this fact to reduce the mathematical operation
task and the effort required to compute constraint sensitivities. The basic concept is to
retain only those constraints for the design task that are presupposed to play an active role
in the design process. As a result, the selection of these critical constraints requires an
element of subjective decision-making to build a consistent strategy in identifying the
optimum.
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13.1.3 Synthetic Functions

Synthetic functions can assume the role of either an objective function or constraint
function during the course of optimisation. They are formed as mathematical combinations
of analytical response, model characteristics or parametric representations. Examples of
such functions can be lift-to-drag ratio, block SAR for a given sector mission scenario,
initial cruise altitude, etc.

13.2 Selecting Optimisers Appropriate for the Conceptual Aircraft

Design Problem

There are a number of key requirements candidate optimisers must meet in order to be
incorporated into a dedicated MDO framework for conceptual design. The foremost
requirement is the optimiser must be robust in the sense global minima of each objective
function are consistently identified. The next important attribute is a question of
computational time — an excessive amount of time is not desirable, especially within the
context of a pre-design or highly smplified conceptual study. The final stipulation is
ability for the optimiser to handle hyper-dimensional parameter spaces. Although the third
requirement had been formally defined, it was considered more of a soft specification as
opposed to the hard specifications imposed by the first and second requirements.
Notwithstanding, the third specification minimum goal can also be interpreted as at least
having the ability of handling optimisation problems spanning up to the hyper-dimensional
design space. With regards to these criteria, a number of optimisers were reviewed. The
final selection process involved examination of a comprehensive survey conducted by Van
der Velden™.

In Van der Velden's study, three groups of optimisation methods were investigated:
evolution, downhill Simplex and gradient methods. Choosing the best candidates involved
comparison of predefined array of merit functions specially formulated for the study. One
metric supposed to represent speed was defined as the number of function calls required to
find a global minimum plus time spent and lost by the designer restarting the algorithm
when it becomes trapped in a loca minimum. The other merit function describes
robustness as the mean harmonic error of the most optimum objective normalised by the
local optimum for a set of 24 randomly chosen start vectors.

A salient conclusion was the very fact it was deemed unwise to select any one of the

methods as the “optimum optimiser” even though the kick-Simplex demonstrated
reliability for so-called “rough” objective function topographies. In the end, only the
evolution and the kick-Simplex methods proved to be reliable enough for application to
MDO conceptual aircraft design problems. Van der Velden then proceeded to recommend
the notion of “cocktails’ or combinations of optimisers would be the most robust means of
tackling the MDO problem.
One rapidly converging and robust strategy was cited as commencing the exercise with an
evolution method, and then strategically switching over to a kick-Simplex algorithm
towards the end of the process. It was further recommended that to estimate an optimal
sequencing of optimisers and number steps per optimiser, each optimiser could be run in
isolation, and thus alow one to determine an optimal sequence by identifying most rapid
convergence for a given optimisation phase. It is fortunate that both the evolution-based
and Simplex optimisers are available through OPTIM, an Optimisation Toolbox in the
MATLAB computing environment, and two such working examples will be briefly
reviewed here.
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13.2.1 Evolutionary Computing —“GAOTV5” in MATLAB

Evolutionary computing comprises several methods for exploring solution spaces
probabilistically based on the principles of natural evolution. Computer codes that embody
this approach to searching for the optimum are called GA. The use of GA requires the
determination of six fundamental issues:

chromosomes

selection function;

genetic operators making up the reproduction;
the creation of an initial population;
termination criteria; and,

the evaluation function.

oA~ wWNE

GA begin with a random selection of chromosome strings and each chromosome
string consists of numbers, or, in the context of an aircraft design problem, the array of
independent variables. First, each chromosome in the population is tested for fitness. The
fitness is simply how well the alleles in the chromosome solve the problem. A portion of
the population is selected on a purely random basis. The only distinction is that the more a
chromosome is fit, the more likely it is to be chosen. The selected chromosomes are then
reproduced and each chromosome that is reproduced stands a small but finite chance of
being mutated. After reproduction, a second probabilistic selection takes place. This set of
chromosomes undergoes the process of crossover or exchange of genes. Finaly, the
population is culled back to a target population size. Here again the selection process is
probabilistic with the fittest chromosomes standing a better chance of survival. The end
result is a more fit population and a single chromosome providing a better solution than at
the start. A more complete discussion of GA, including extensions and related topics can
be found in texts authored by Davis'"*, Goldberg'’?, Holland""® and Michalewicz*"*. GA
display many distinct advantages. They are beneficial for instances where the coefficients
need to be generated for a large number of variables and are applicable to a wide range of
problems. A major disadvantage hinges on the fact that GA find near optimal solutions,
which calls for additional tweaking of the model if the true global optimum is to be
identified.

The evaluation function is called from the GA to determine the fitness of each solution
string generated during the search. An evaluation function is unique to the optimisation of
the problem at hand therefore, every time the GA is used for a different problem, an
evaluation function must be developed to determine the fitness of the individuals. For any
GA, a chromosome representation is needed to describe each individual in the population
of interest. The representation scheme determines how the problem is structured in the GA
and also determines the genetic operators that are used. Each individual or chromosome is
made up of a sequence of genes from a certain alphabet. An alphabet could consist of
binary digits (O and 1), floating point numbers, integers, symbols (i.e,, A, B, C, D),
matrices, etc. One useful representation of an individual or chromosome for function
optimisation involves genes or variables from an alphabet of floating point numbers with
values within the variables upper and lower bounds. Michalewicz'™ has done extensive
experimentation comparing real-valued and binary GAs and shows that the real-valued GA
isan order of magnitude more efficient in terms of CPU time.

The selection of individuals to produce successive generations plays an extremely
important role in a GA. A probabilistic selection is performed based upon the individual's
fitness such that the better individuals have an increased chance of being selected. An
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individual in the population can be selected more than once with all individuals in the
population having a chance of being selected to reproduce into the next generation. There
are several schemes for the selection process: roulette wheel selection and its extensions,
scaling techniques, tournament, elitist models, and ranking methods*>*",

Genetic operators provide the basic search mechanism of the GA. The operators are
used to create new solutions based on existing solutions in the population. There are two
basic types of operators. crossover and mutation. Crossover takes two individuals and
produces two new individuals while mutation alters one individual to produce a single new
solution. The application of these two basic types of operators and their derivatives
depends on the chromosome representation used.

A GA capable of either using afloating point representation or a binary representation
has been implemented as a MATLAB toolbox'™. This toolbox provides a modular,
extensible, portable algorithm in an environment rich in mathematical capabilities. The
toolbox has been tested on a series of non-linear, non-convex, multi-modal functions. The
algorithm has been implemented as a group of related MATLAB functions, named
“GAOT”, or Genetic Algorithms for Optimization Toolbox. This provides for easy
extensibility, as well as modularity. The basic function is the GA function, which runs the
simulated evolution. The program has been run successfully on a DecStation 3100, a
DecStation 5000/25, Motorolla 604 and an HP 715.

The basic call to the GA function is given by the following MATLAB command

[ x, endPop, bPop, tracel nfo] = ga(bounds, eval FN, eval Par ans, parans, . ..
start Pop, ternFN, t er nPar ans, sel ect FN, . ..
sel ect Par anms, xOver FNs, xOver Par ans, . . .
mut FNs, nut Par ans)

X is the best solution string, i.e. final solution, endPop (optional) is the fina population,
bPop (optional) is a matrix of the best individuals and the corresponding generation they
were found, tracel nfo (optional) is a matrix of maximum and mean functional value of the
population for each generation. For the input parameters, bounds is a matrix of upper and
lower bounds on the variables, evalFN is the evaluation function, evalParams (optional) is
a row matrix of any parameters to the evaluation function defaults to [NULL], params
(optional) is avector of options, e.g. whether abinary or float version of the algorithm isto
be employed, startPop (optional) is a matrix of solutions and their respective functional
values. The starting population defaults to a randomly created population created with
initialize, termFN (optional) is the name of the termination function which defaults to
['maxGenTerm'], termParams (optional) is a row matrix of parameters which defaults to
[100], selectFN (optional) is the name of the selection function which defaults to
['normGeomSelect’], selectParams (optional) is a row matrix of parameters for the
selection function which defaults to [0.08], xOver FNs (optional) is a blank separated
string of the names of the cross-over functions which defaults to [‘arithXover
heuristicXover simpleXover'] for the float version and ['ssmpleXover] for the binary
version. XOver Params (optional) is a matrix of the crossover parameters which default to
[2 0;2 3;2 O] for the float version and [0.6] for the binary, mutFNs (optional) is a blank
separated string of mutation operators which default to ['boundaryMutation
multiNonUnifMutation nonUnifMutation unifMutation’] for the float version and
['binaryMutation’] for the binary version. mutParams (optional) is a matrix of mutation
parameters which defaults to [4 0;6 100 3;4 100 3;4 O] for the float version and [0.05] for
the binary.
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GA performs the simulated evolution using the evalFN to determine the fitness of the
solution strings. The GA uses the operators xOverFNs and mutFNs to alter the solution
strings during the search.

The system maintains a high degree of modularity and flexibility as a result of the
decision to pass the selection, evaluation and termination functions to the GA as well as a
list of genetic operators. Thus, the base GA is able to perform evolution using any
combination of selection, crossover, mutation, evaluation and termination functions that
conform to the functional specifications as outlined below or can easily be used with the
default parameters.

Operator Functions — Operators provide the search mechanism of the GA. The
operators are used to create new solutions based on existing solutions in the population.
There are two basic types of operators, crossover and mutation. Crossover takes two
individuals and produces two new individuals while mutation alters one individua to
produce a single new solution. The GA function calls each of the operators to produce new
solutions. The function call for crossoversis as follows

[cl,c2] = crossover(pl, p2, bounds, par ans)

where pl is the first parent, p2 is the second parent, bounds is the bounds matrix for the
solution space and params is the vector of [current generation, operatorParams|, where
oper ator Params is the appropriate row of parameters for this crossover/mutation operator.
The first value of the operatorParams is frequency of application of this operator.

The mutation function call is similar, but only takes one parent and returns one child

[cl] = nutation(pl, bounds, parans)

The crossover operator must take all four arguments, the two parents, the bounds of
the search space, the information on how much of the evolution has taken place and any
other special options required. The following GA for function optimisation operators are
defined: uniform mutation, non-uniform mutation, multi-non-uniform mutation, boundary
mutation, simple crossover, arithmetic crossover, and heuristic crossover. Uniform
mutation randomly selects one variable and sets it equal to a uniform random number.
Boundary mutation randomly selects one variable and sets it equal to either its lower or
upper bound. Non-uniform mutation randomly selects one variable and sets it equal to a
non-uniform random number. The multi-non-uniform mutation operator applies the non-
uniform operator to all of the variables in the parent. Arithmetic crossover produces two
complimentary linear combinations of the parents, Heuristic crossover produces a linear
extrapolation of the two individuals and this is the only operator that utilizes fitness
information.

Selection Function — The selection function determines which of the individuals will
survive and continue on to the next generation. The GA function calls the selection
function for each generation after all the new children have been evaluated to create the
new population from the old one. The basic function call used in GA for selectionis

[ newPop] = sel ect Functi on( ol dPop, opti ons)

where newPop is the new population selected, oldPop is the current population, and
options is a vector for any other optional parameters such as Roulette Wheel, Normalized
Geometric Select or Tournament.
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Initialisation and Termination Functions — Initialisation of a population provides the
GA a starting point and this is usually accomplished by generating random strings within
the search space (thisis the default behavior of the GA function). However, it is possible to
“seed” the initial population with individuals, or generate solutions in some other form.
The GA alows for this with the optional startPop parameter, which provides the GA with
an explicit starting population. The termination function determines when to stop the
simulated evolution and return the resulting population. The GA function calls the
termination function once every generation after the application of al the operator
functions and the evaluation function for the resulting children. The function call is the
format:

done = term nat eFunction(options, best Pop, pop)

where options is a vector of termination options the first of which is aways the current
generation. bestPop is amatrix of the best individuals and the respective generation it was
found. pop is the current population.

13.2.2 Nelder-Mead Simplex Method —*“fminsearch” in MATLAB

If nisthe length of X, a simplex in n-dimensional space is characterized by the n+1
distinct vectors that are its vertices. In two-space, a simplex is atriangle; in three-space, it
is a pyramid. At each step of the search, a new point in or near the current simplex is
generated. The function value at the new point is compared with the function’s values at
the vertices of the simplex and, usually, one of the vertices is replaced by the new point,
giving a new simplex. This step is repeated until the diameter of the simplex is less than
the specified tolerance'”®. The MATLAB function “fminsearch” is a direct search method
that does not use numerical or analytic gradients. It can often handle discontinuity,
particularly if it does not occur near the solution, however, fminsearch may only give local
solutions.

The MATLAB command fminsearch invokes the Simplex search method and for
unconstrained non-linear optimisation problems endeavours to find the minimum of a
scalar function of several variables, starting at an initial estimate. A call to this function
looks something like

[x,fval] = fm nsearch(fun, x0, options)

X is the best solution and fval is the value of the objective function “fun” at the solution.
Input parameters include fun, which represents the function (M-file in the context of this
optimisation problem) that shall be minimised near the starting vector x0. The parameter
fun must return a scalar function value f evaluated at x when called with feval

f = feval (fun, x)

The options parameter is defined using the optimset function. Display sets the level of
output information, i.e. off for no ouput, iter to show each iteration, or final to present the
final output only. MaxFunEvals sets the maximum allowable number of function
evauations. Maxlter bounds the maximum number of iterations. TolFun defines the
termination tolerance on the function value, and Tol X relates to the termination tolerance.
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13.2.3 Running a Sample Problem using a Cocktail Combination of GAOTV5
and fminsear ch

After setting up a core driver routine that permits the so-called cocktail optimisation as
aMATLAB M-file, it was considered prudent to examine the core functionality by bench-
testing the code against a well-known objective function that displays quite complex
topological features before incorporating it into any on-going aircraft design software
development project. One suitable candidate was found to be the objective function used in
Van der Velden's valuation of various optimisation methods'®. The proposed non-linear
transcendental objective function is given by

where
A, :Z(ai'jsinocj +by, COSOLJ-)
j=1
B, = (ai’jsinBj+bi,jcos[3j)
j=1
and
a=[1.0 2.0]
05 10 -20 -15
a= b:
15 20 -1.0 -05

where 3 represents the free variable. It was known from the outset that a minimum value of
f isreached when 3 = a.

Figure 64. Objective function topography used to bench-test the MATLAB GAOTV5 and
fminsearch cocktail optimiser algorithm.
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Testing has found that the MATLAB agorithm produces a converged result. For the
initial optimiser utilising a GA, assuming a termination operator of 100 generations, the
best values for the free variables were (1) = 0.73896 and B(2) = 2.0147 with
corresponding objective function value of f = 1.0002. A change over to the Simplex search
further refined these estimates to original target of (1) = 1.0000 and B(2) = 2.0000 and
corresponding objective function value of f = 1.0000. The Simplex agorithm had
performed 38 iterations and 77 function calls before terminating the procedure based on a
convergence tolerance of 10 set for both the free variables and objective function. Figure
64 above plots the sample non-linear transcendental objective function defined as produced
by the MATLAB software.

13.3 Fashioning Non-linear M ulti-objective Optimisation Problems

into M anageable Forms

In the design of complex engineering systems, it is often a difficult task to select a
single objective function, which will satisfy all of the desired requirements. Basically, the
purpose here is to convert a constrained optimisation problem into an unconstrained one
and then extend it to cover all multi-objective optimisation problems including inequality
and side constraints. When employing optimisation techniques such as GA, no opportunity
isavailable for the definition of inequality constraints, and for instances where the Simplex
method is utilised, a further barrier is the absence of any means to even define the upper
and lower bounds of side constraints. By transforming all of the objective functions into a
condensed form of reduced (scaled) objective functions and subsequently appending this
result to a set of constraints to generate one composite function, the result can then be
utilised to search for an unconstrained minimum. A primary benefit of this method is the
avoidance of separate optimisations for each objective, which is required by some
optimisation methods.

To form a single composite function, one approach is to conduct a summation of each
objective function weighted by a subjectively derived factor. An example of this is the
utility function method**””. The second is to solve the optimisation problem once for
each single objective function and to use the resulting optimum objective function or
design variable vector as a target, solving an additional optimisation to attain a suitable
compromise. Examples of this method are the global criterion formulation, game theory
approach, goal programming method and goal attainment method*™. Any number of
objective functions and constraints are combined using a special function to form a single
composite function. This composite function is then used to solve the optimisation
problem. Based on a significant survey and analysis conduct by Dovi and Wrenn'”’, three
of the most suitable methods for aircraft conceptual design analysis, namely, the
Kreisselmeler-Steinhauser function, Global Criteria formulation and the Utility Function
formulation, in redefining the multi-objective optimisation problem are briefly described
below. Note that all of these methods produce feasible solutions in the design space,
however, issues relating to ease of use including an ability of integrating complex
computational algorithms with minimal inconvenience, data requirements, programming
and computational efficiency compels the review of each of these approaches in an order
of applicability.

13.3.1 Kreisselmeier-Steinhauser Function
The conversion from constrained to unconstrained problem is achieved using the
Kreisselmeier-Steinhauser function'®'”®, which is commonly referred to as the KS
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method. The KS method combines one or more objective functions with all of the
inequality constraints to form a single composite KS function. The original KS function'”®
was first defined as an exponentia function prone to numerical difficulties when composite
function values were large. An aternate and more pragmatic definition is cited by
Wrenn'” as

|
KSX)=f_ + % Ny &) (310)
i=1

where fma 1S the maximum value of the set of functions evaluated at X and taken to be
constant, and f;(X) is a set of objective functions and constraints. The computed objective
function now identified as DEMAND(X), and the constraint now identified as CAPACITY
istypically fashioned to read as

DEMAND(X
g;(X) _ DEMAND(X) )—1 (311)
CAPACITY
for upper bounded constraints, and,
DEMAND(X
gj(X) =1——() (312)
CAPACITY

for lower limits imposed on the objective function in question. The scalar multiplier, p, is
typically set between 5 and 200 and Figure 65 demonstrates the sensitivity of the scalar
multiplier with respect to the KS function attributes. Larger values of p create a tendency
for the KS function to be pulled in closer to the actual curve intersections with
correspondingly less filleting thus describing the region of curve intersection more
adequately.
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Figure 65. Example of KS function characteristics for various scalar multiplier, or p
values™™.
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To minimise oscillatory behaviour during the convergence process p will need to be
augmented to cater for this circumstance. One approach is to set any oscillation threshold
equal to the convergence threshold and atest it against the difference between i-2™ and the
i™ iterations. If the result is greater than the oscillation threshold then p is factored by 2. An
additional check needs to be conducted to ensure that the new value of p does not exceed
that of prmax-

Converting a constrained optimisation problem to an unconstrained one requires the
combination of objective functions and constraints in some manner such that the resulting
composite function can be minimised using any unconstrained optimisation technique.
Once the constraints have been scaled, a modified objective function is then computed
using

foo="0) g, (1)

0
m

where F° is the value of the m™ objective function at the beginning of an iteration, Qmax iS
the maximum value of the set of inequality constraints evaluated at X and taken to be
constant throughout the entire iteration, andF, (X) is the modified objective function and

at the beginning of an iteration is equal to the negative of gmx. Each scaled and offset
objective function is appended to the set of inequality constraints g;(X) to form a set of Q
functions referred to f4(X) where Q comprises the total number of | objective functions and
the number of J constraints

fiX)= K (X),f2X)= F(X),....fiX)= F(X)

f1r1(X) = gu(X), f 1+2(X) = g2(X), ..., f1+a(X) = gu(X).
(314)

The functions are then combined to form a single continuous function using Eg. (310),
thus representing an envelope of all objective functions and constraints in the optimisation
problem. In keeping with Dovi and Wrenn’'s conclusions, the KS method is seen to be the
most desirable for aircraft conceptual design problems due to it consistently demonstrating
robust performance qualities.

13.3.2 Utility Function Formulation

In this formulation, a utility function U;(F;) is defined for each objective function F(X)
depending on the importance of F(X) compared to the other objective functions. Then a
total or overall utility function F (X) is defined as*™

F 9= U(F) @15

The solution vector for X is then found by minimising the total utility function F*(Xz
subject to constraints g;(X). Introducing a scaling weight factor, wi, associated with the i’
objective function, aformulation to minimise Eq. (315) looks something like
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F(X)= —iwiE(X) (316)

A penalty function can be incorporated to signify what amount of violation with
respect to the constraints has occurred and re-direct the search accordingly. One such
method is to include the composite objective function of Eq. (316) in a quadratic extended
interior penalty function'’”. Stated in generalised form is given as

F(X,r,) = F*(x)—rpiej(x) (317)

with

X)

e—g;(X)

2
€

G,(X)= (318)

where ¢ is a transition parameter chosen by the designer. The term alongside F (X) on the
right hand side of Eq. (317) penalises the extended function with the influence of a penalty
multiplier, rp, initially estimated according to the type of problem being solved and
successively made smaller until a constrained minimum is achieved.

13.3.3 Global Criteria Formulation
. The optimum solution for X is found by minimising a pre-selected global criterion
F (X), therefore, the optimum solution for X is found by minimising "

F(X)= Z{%}p (319)

subject to the constraint gj(X). The variable p is generally taken as 2, thus converting the
problem into a sum of squares of the relative deviations of the individual objective

functions from the target values F'(X) or the feasible ideal solutions. The performance
function F (X) can then be minimised using the KS method.
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14 Aircraft Design Software Synthesis

A software system that is the culmination of all previously discussed modelling and
analysis techniques and specifically designed to predict, visualise and assist in optimising
conceptual aircraft designs with emphasis placed on user interactivity was developed for
this research work. QCARD-MMI, or, Quick Conceptual Aircraft Research and
Development, Version 2001, is an interactive MATLAB based conceptual design package,
which allows the design of any gas-turbine commercia and business aircraft. Critical
development objectives included acceleration of design response time with a significant
increase in design freedom, accuracy and consistency of the results. The package affords a
systematic and transparent process to not only conduct analyses with respect to geometry,
weights, aerodynamics and performance profiles, but also facilitates coupling of the en
route performance subspace to that of economic criteria as defined by DOC and P-ROI.
The package through total user control can create, calculate and anayse 15
configurationally and/or parametrically distinct designs concurrently.

A variety of known regional aircraft were input and QCARD-MMI predictive powers
were inspected against each respective vehicle's manufacturer PEH or its equivalent. As
supported by evidence presented thus far, indications have shown very good agreement
against published results with typica errors frequently falling within a bandwidth of £5%
for weight; engine performance - TSFC and thrust lapse; aerodynamics - total drag for
AEO and OEI at low and high speed, maximum lift for clean wing and for given flap
setting; and, operational performance - takeoff including minimum control speed
limitations and initial climb, en route climbing, cruise, complete mission and landing.
Additionally, QCARD-MMI methodology was benchmarked against GASP developed by
NASA-Ames Research Centre®112181.182

This section serves as an introductory note to illustrate how the software is configured
and subsequently presented to the designer. Opportunity is aso given to succinctly explain
the scope of functionality and how each of these subspaces being analysed integrate to
produce the globa multi-disciplinary conceptual aircraft model.

14.1 Introduction and Advantages of MATLAB

MATLAB from MathWorks Inc. of Massachusetts has established a growing
reputation as one of the best contemporary numerical programming environments.
MathWorks desc