Universita degli Studi di Napoli Federico 11
ScuoLA POLITECNICA E DELLE SCIENZE DI BASE

DIPARTIMENTO DI INGEGNERIA INDUSTRIALE
Corso di Laurea in Ingegneria Aerospaziale

Tesi di Laurea in Ingegneria Aerospaziale

Longitudinal stability of a commercial
aircraft with a Mathcad-Based Software

Relatore: Candidato:
Prof. A. De Marco Giuseppe Alferi
Matricola N35/611

Anno Accademico 2013/2014






CONTENTS

1 A Mathcad-based calculation framework for fast aircraft aerodynamic anal-

3

ysis

1.1 Introduction . . . . . . . . . .. .

1.2 Generalities on Semi-empirical models in aircraft aerodynamics . . . . .
1.2.1  Aircraft preliminary design and design automation . . . . . . . .
1.2.2 Fastaircraftdesign . . . . . . ... ... ... .. ...

1.3 Aerodynamic model of the complete aircraft . . . . . ... ... .....
1.3.1 Mathcad Prime 3.0 . . .. ... ... ... ... ... ...,

1.4 The aerodynamic database . . . . .. .. ... ... ... ........
1.4.1 The HDF database format . . ... ... ... ..........
1.42 The HDFViewtool . . . . . . ... .. ... .. .. .......
1.4.3 Storage specifications . . . . . . . . ... ...
1.4.4 Mathcad user-defined HDF access functions . . . . . . ... ...

Review of basic concepts of aerodynamic modeling

2.1 Wing Related Parameters . . . . . .. ... ... ... ..........
2.1.1 Geometrical Data . . . . ... ... ... ...
2.1.2  Aerodynamic Parameters . . . . . ... ... ... ... ... ..
2.1.3 Downwash . . ... ... ... ... ...

2.2 Horizontal Tail Related Parameters . . . . . . .. ... ... .......

2.3 Longitudinal Stability . . . . . .. .. ... ... L
2.3.1 General Parameters . . . . . . . ... ... oL
2.3.2 Fuselage Contribution evaluated using Multhopp’s Method . . . .
2.3.3 AerodynamicCentre . . . . . . .. ... ... ...
234 LiftCoefficients . . . . ... ... ... ... ... ...
2.3.5 Coefficients at Stick-Fixed Conditions . . . . . .. ... ... ..
2.3.6  Stick-Free Conditions . . . . . .. ... .. ... ........
2.3.7 Total Lift and Drag Coefficients . . . . ... ... ... .....

Numerical test sample on Boeing 787 Dreamliner

3.1 Boeing 787 Dreamliner . . . . . . ... ... ... L.
3.2 Parametersresearch . . . . . . . ... ... L L Lo
3.3  Main geometric parameters . . . . . . . ... e e e e e e e e

25
25
25
27
28
29
30
30
30
32
33
36
37
38



Contents

3.3.1 Wingrelated parameters . . . .. .. ... ... ... ...... 45

3.3.2 Horizontal Tail related parameters . . . . . . ... ... ... .. 45

3.3.3  Vertical tail related parameters . . . . . . ... ... .. ... .. 46

3.3.4 Geometric fuselage parameters . . . . . ... ... ... .... 46

3.3.5 Operating points . . . . . . . . ..o e 46

3.4 Longitudinal stability . . . . . ... ... ... ... ... .. ... 47
3.4.1 Liftcoefficient dependentono . . . . . . . .. .. ... ... .. 47

3.4.2 Determination of acrodynamic center for wing+fuselage . . . . . 48

3.4.3 Pitching coefficient dependentono . . . . . ... ... 48

3.4.4 Lift coefficient dependentonip . . ... ... ... ....... 48

3.4.5 Pitching coefficient dependentonig . . . . . . . . .. ... ... 49

34.6 Elevator’smoment . . .. .. ... .. ... ... 0. 49

3477 Stability analysis . . . ... ... L o 49
Bibliografia 51

Giuseppe Alferi — Longitudinal stability of a commercial aircraft with a Mathcad-Based Software



Chapter

A MATHCAD-BASED CALCULATION FRAMEWORK
FOR FAST AIRCRAFT AERODYNAMIC ANALYSIS

1.1 Introduction

The goal of this thesis project has been improving a software tool for the preliminary
analysis of aircraft stability and control at subsonic speeds. It has been set up to compute
aerodynamic coeffecients for longitudinal equilibrium. The calculation formulas are
mostly based on the book by Napolitano [1] and USAF DATCOM [2]. The software is
MArySA, which stands for Mathcad Aircraft Preliminary Stability Analysis. This software
is developed in Mathcad Prime 3.0, a high-level programming environment with a powerful
interface for equations handling. This makes the software extremely user-friendly and helps
analysing aircraft performances in several flight conditions and in different geometrical
configurations. The change from the previous project is the use of a database created
in a hierarchical data format (HDF), a file format designed to store and organized large
amounts of numerical data, that contains all aerodynamic data both for longitudinal and
lateral-directional equilibrium. In this chapter we introduce the structure of database and
give some details about the MArySA’s algorithms developed.

1.2 Generalities on Semi-empirical models in aircraft

aerodynamics

Aircraft stability and control is a subject of central importance in flight mechanics education.
Specifically, in flight dynamics, controls, and aircraft design. Static and dynamic stability
characteristics are evaluated by introducing an airplane aerodynamic model, that is, a
formulation that permits the calculation of the resultant aerodynamic force and moment
acting on the vehicle in given flight conditions. One of the most challenging aspects of
introductory level flight mechanics learning is the effective and satisfactory explanation
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of how the airplane’s aerodynamic behaviour depends on the external shape and on flight
conditions. Well-known semi-empirical formulations exist , mostly taken from the United
States Air Force DATCOM (Data Compendium) [2] or the English ESDU (Engineering
Sciences Data Unit, www.esdu. com), that allow designers to estimate the complete aircraft
aerodynamic coeflicients and stability derivatives. Most of these formulas involve the
evaluation of quantities that are available as tabular (plotted) functions or as the output
of nomograms. Engineers in the initial stages of aircraft design process do not know all
the details of the external shape or the specifics of internal structures and are allowed to
explore the effectiveness of their design by varying some of the geometric or physical
parameters involved. This Thesis introduces an up-to-date learning approach designed to
lower entry-level difficulties in aircraft stability and control studies. A fast aerodynamic
analysis framework based on intuitive mathematical worksheets has been created in order to
facilitate the learning process. The automated calculation tool give learners the opportunity
to experiment with aircraft shape variations and and to verify that the underlying models
correctly represent the known physics phenomena. In the following sections the prominent
aspects of aircraft stability and control education and the related challenges are discussed.
Because of the important role that this subject matter plays in the broader subject of
aircraft design, a background on this topic is also given. Successively a selection of typical
semi-empirical formulas is reported in order to illustrate the difficulties found by younger
learners in the analysis of airplane aerodynamics. Finally a set of mathematical worksheets
specifically designed for fast semi-empirical evaluation of aerodynamic coefficients of a
complete aircraft is introduced and discussed.

1.2.1 Aircraft preliminary design and design automation

Before going further, some specific topics related to the discipline of aircraft design have
to be brought up and presented briefly. New aircraft are designed for a variety of reasons,
but most are designed to fulfill a specific role or a mission as dictated by prospective
customers. No matter the type of aircraft or the reason for its design, specific tasks must
be completed before it can be built and flown. The order of these tasks is called the design
process. The order of the tasks that constitute the design process may vary depending on
the company involved. Generally, the actual process will depend on the size and maturity
of the company in which it takes place and the order of tasks often varies. However, there
are certain steps that must be completed in all of them; for instance, the estimation of
weight; sizing of lifting surfaces and the fuselage; estimation of performance; and other
essential tasks. Performance requirements must be clearly defined and are usually a part
of the airplane’s mission definition. It is imperative to quantify characteristics such as
the takeoff distance, time to cruise altitude, cruise range, and even environmental noise
for some types of aircraft. But it is also important to understand how deviations from the
design conditions affect the performance (performance sensitivity). Moreover, aircraft
handling issues related to stability and control aspects must be anticipated and their severity
resolved. In general, the aircraft design process involves several distinct phases. These
are referred to as: (i) Requirements phase, (ii) Conceptual design phase, (iii) Preliminary
design phase, (iv) Detail design phase, and (v) Proof-of-concept aircraft construction and
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testing phase.

The aircraft preliminary design phase is of special importance and ultimately answers
whether the initial idea of the aircraft established in prior phases is viable. It not only
exposes potential problems, as well as possible solutions to those problems, but yields a
polished loft that will allow a flying prototype to be built. Some of the specific tasks that
are accomplished during this phase are:

e Detailed aircraft geometry development,

e Layout of major load paths,

e Weight estimation,

e Details of mission,

e Performance,

e Stability and control,

e Evaluation of special aerodynamic features,

e Evaluation of certifiability,

e Evaluation of mission capability,

e Refinement of producibility,

e Assessment of maintainability issues,

e Preliminary production cost estimation.

In the early years of aircraft design, designers generally used analytical theory to perform
the various engineering calculations relative to the preliminary design phase along with
experimental testing. These calculations involved much work and were time consuming.
The first attempts to automate the calculation process and to develop simplified relations and
semi-empirical formulas date back to the 1940s. Even after simplifications, the calculations
were still extensive and time consuming. With the introduction of computers, a majority of
these calculations were automated; however, the lack of design visualization and the huge
amount of required experimental testing kept the aircraft design a labour-intensive process.
With the increasing development of programming languages, engineers were able to write
programs and to develop codes that were tailored to design an aircraft. Originally, this was
done using mainframe computers and with programming tools that lacked many of the
features of modern integrated development environments (IDE) available today. With the
introduction of personal computers, design programs started to feature a more user-friendly
approach. With software and computer hardware currently available in aerospace industry
the design process has become very effective and employs a very sophisticated, highly
optimized chain of calculation tools.

1.2.2 Fast aircraft design

The study of flight mechanics of fixed-wing aircraft, is typically articulated in two clearly
distinguishable parts. The first focuses on aircraft performance evaluation while the
second deals with aircraft stability and control. The basic theory of airplane performance
characteristics considers the vehicle as a point mass to which all the forces (lift, thrust,
weight and drag) are applied. Though this requires a number of simplifying assumptions,
this approach still provides learners with core knowledge of aircraft aerodynamics and
performance. This will serve as a basis for further detailed studies. A prerequisite to
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this subject is a basic knowledge of aerodynamics (e. g. polar curves and airfoil theory).
Elements of propulsion systems are also necessary in a more or less concise way, at least
to introduce propeller or jet-engine effects on the airplane behaviour. The above approach
serves to introduce the equilibrium equations of an airplane in atmospheric flight. Standard
reference frames are introduced in order to address the subjects of equilibrium or trimmed
flight (translational and rotational). The second part deals with aircraft stability and control.
In aircraft stability and control studies most of the aerodynamic effects on the whole aircraft
are taken into consideration. For instance, the finite wing is modelled according to the
classical lifting-line theory; the same is done for the downwash on the tail; the aerodynamic
effects of the fuselage are studied with a certain detail. Moreover, a basic introduction
to the unsteady aerodynamics phenomena and the effects of airplane angular speeds are
necessary. The overall aircraft model is then further improved by considering engineering
correction coefficients accounting for interaction effects between various elements of the
aerodynamic configuration. At a basic level the main aerodynamic effects are linearized;
thus the subject is simplified by the validity of the superposition principle. Nevertheless,
despite this conceptual simplicity, when discussing how aerodynamic coefficients depend
on aircraft geometric parameters (wing aspect ratio, wing sweep, fuselage fineness ratio,
tail volumetric parameters, etc.) and on flight conditions (altitude, flight Mach number, etc.)
many semi-empirical formulas come into play. These formulas are taken mostly from the
USAF DATCOM or the English ESDU (Engineering Sciences Data Unit, www.esdu. com)
and many of them involve the evaluation of coefficients that are available as tabular/plotted
functions. The collection of all these elements provides a fairly articulated picture of the
topics treated in flight mechanics.

The correct estimation of some physically complex contributions to aircraft aerodynamic
coeflicients requires the evaluation of ‘semi-empirical’ (or ‘semi-analytical’) formulas,
which often refer to technical graphs. These are nothing but functions of one, two or more
variables (lookup tables put in graphical forms) that were obtained from experimental
investigations or more complex theoretical models. Practical application of the various
formulas, sometimes resulting from a cascade of complex concepts, is typically recognized
as the best method to fully understand the aircraft aerodynamic modeling.

1.3 Aerodynamic model of the complete aircraft

The details of the aerodynamic model considered in this work are found in the textbook by
Napolitano [1], to which the reader is referred to. The model is based on a set of formulas
expressing the aerodynamic coefficients Cp, Cr, Cy, Cy, C¢ and Cy at given flight
conditions, for the specified airplane’s geometry. These well-known formulas, mostly
based on the USAF DATCOM [2], take into account the contributions of wing, fuselage
and tail planes and are of semi-empirical nature. Each contribution, in most of the cases, is
estimated by entering one or more graphs.
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Figure 1.1 Chord and geometric twist angle spanwise distribution .

1.3.1 Mathcad Prime 3.0

Mathcad www.ptc.com/product/mathcad is a powerful mathematical spreadsheet appli-
cation for the Microsoft Windows operating system. Mathcad allows the user to easily
handle complicated mathematical operators such as finite integrals and derivates, loop
calculations, limits and numerical series. Moreover, the format of a generic mathematical
function has a clear layout, like one written on a paper work and this helps to sort out any
kind of equation however complex. This work is based on the specific product named
Mathcad Prime 3.0, also available in the Express edition. Mathcad Prime 3.0 Express
www.ptc.com/product/mathcad/free-trial is a free, limited-functionality version which
is able to read and execute projects created with the fully functional version of the software.
Beside the mathematical tools, Mathcad has a high-level programming language which is
easy to be learned and applied since it shows a command window where all basic functions
can be found (i.e. if, for, while and so forth). Mathcad magages work sheet from top
to down and from left to write and it lets to include a work sheet in another, in a sort
of ‘Matryoshka structure’, so calculating the most external one, Mathcad calculates all
those included in external one. Mathcad reads also custom functions wrote by users to
perform certain tasks that base program doesn’t perform Last but not least, Mathcad reads,
saves and processes data sets taken from files in Comma- Separated Values format (CSV,
extension .csv) or native Microsoft Excel format (extension .xslx).

The aircraft model has been implemented as a set of Mathcad worksheets and the
access to the tabular functions is based on custom-made Mathcad functions (packaged
into a specific DLL). Fragments of worksheets showing the typical live mathematical
implementation provided by Mathcad are shown in the following figures: 1.1,1.2, 1.3, 1.4,
1.5,1.6,1.7, 1.8, 1.9.
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Figure 1.3 Lift slope coefficient calculation.

Giuseppe Alferi — Longitudinal stability of a commercial aircraft with a Mathcad-Based Software



1.3 Aerodynamic model of the complete aircraft

11

WYer (m)
Yrmaea (m)
WYmaes (m)

i e (78] —oXeri (M)

Yac e (72) —oXmac1 ()
Y T Y —
—oXmac2 (M)
—oXmacer (M)

—oXoc e (M)
» [ ] L}
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1.4 The aerodynamic database

The semi-empirical aerodynamic formulation upon which the proposed calculation tool
is based accesses directly to a unique file that stores all the information needed by the
several implemented formulas. The database file is binary file formatted according to the
Hierarchical Data Format (HDF, www.hdfgroup.org).

1.4.1 The HDF database format

Hierarchical Data Format (HDF, HDF4, or HDF5) is the name of a set of file formats
and libraries designed to store, manage, preserve and extract maximum use of scientific
data in the face of enormous growth in size and complexity, enhancing the reliability of
archived data and promoting the use of standardized data formats. This is a kind of data
whose value to society will continue over decades and in some cases over centuries. An
example of such data is the Earth Observing System (EOS), which already contains three
petabytes (3 million billion bytes) of data, and will by project-end contain 15 petabytes.
EOS is just one of a growing number of projects that face the same dilemmas and have
similar potential. There are other remote-sensing projects, such as the National Polar
Orbiting Environmental Satellite System, which will dwarf EOS. HDF technologies are
relevant when the data challenges being faced push the limits of what can be addressed by
traditional database systems, XML (eXtensible Markup Language) documents, or in-house
data formats. Leveraging the powerful HDF products and the expertise of The HDF
Group, organizations realize substantial cost savings while solving challenges that seemed
intractable using other data management technologies. Many HDF adopters have very
large datasets, very fast access requirements, or very complex datasets. Others turn to HDF
because it allows them to easily share data across a wide variety of computational platforms
using applications written in different programming languages. Some use HDF to take
advantage of the many open-source and commercial tools that understand HDF. Similar to
XML documents, HDF files are self-describing and allow users to specify complex data
relationships and dependencies. In contrast to XML documents, HDF files can contain
binary data (in many representations) and allow direct access to parts of the file without first
parsing the entire contents. HDF, not surprisingly, allows hierarchical data objects to be
expressed in a very natural manner, in contrast to the tables of relational database. Whereas
relational databases support tables, HDF supports n-dimensional datasets and each element
in the dataset may itself be a complex object. Relational databases offer excellent support
for queries based on field matching, but are not well-suited for sequentially processing
all records in the database or for subsetting the data based on coordinate-style lookup.
In-house data formats are often developed by individuals or teams to meet the specific
needs of their project. While the initial time to develop and deploy such a solution may be
quite low, the results are often not portable, not extensible, and not high-performance. In
many cases, the time devoted to extending and maintaining the data management portion
of the code takes an increasingly large percentage of the total development effort - in effect
reducing the time available for the primary objectives of the project. HDF offers a flexible
format and powerful API backed by over 20 years of development history. Projects can
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Figure 1.10 Some of the data challenges facing HDF adopters.

leverage HDF’s capabilities and still define their own data objects and project-specific API
to those objects.

HDF5 supports an unlimited variety of datatypes, and is designed for flexible and
efficient I/O and for high volume and complex data. The HDF5 technology suite includes:

e A versatile data model that can represent very complex data objects and a wide variety
of metadata.

e A completely portable file format with no limit on the number or size of data objects in
the collection.

e A software library that runs on a range of computational platforms, from laptops to
massively parallel systems, and implements a high-level API with C, C++, Fortran 90,
and Java interfaces.

e A rich set of integrated performance features that allow for access time and storage
space optimizations.

In one experiment a 53000 x 53000 image from a DNA sequencing analysis was stored
in HDFS and viewed. In another, using HDF5’s external storage capability, a composite
of 900 files from a seismic simulation was organized in HDFS5 to create a terabyte-sized
dataset, permitting fast subsetting. An aerospace company will archive all instrument data
from a test flight, creating an HDFS file of nearly a terabyte per test flight.

The HDF5 format and software include features specifically designed to store and
access large datasets. There is no theoretical limit to the size of datasets that can be stored
in an HDFS file. HDFS includes storage options, such as chunking, compression, and
external object storage that mitigate many problems associated with large datasets. The
flexible structure of HDFS5 files makes it possible for applications to create composite
structures, such as tables and indexes, that can provide fast random access to very large
datasets. The HDFS5 library includes sophisticated subsetting operations that offer very
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fast access to portions of very large datasets. HDFS5 supports certain kinds of parallel 1/O,
making it possible to read and write data at very high speeds.

The Earth Observing System’s HDF-EOS format, based on HDF4 and HDFS5, can
store swaths, grids, in-situ data, instrument metadata, and browse images in a single file,
making it possible to capture the entire collection of information about a day’s mission.
The grouping structure in HDFS5 enables applications to organize data objects in HDF5
to reflect complex relationships among objects. The rich collection of HDFS5 datatypes,
including datatypes that can point to data in other objects, and including the ability for
users to define their own types, lets applications build sophisticated structures that match
well with complex data. The HDFS5 library has a correspondingly rich set of operations
that enables applications to access just those components that are important.

A government test center has more than 800,000 HDFS5 files, each corresponding to a
single test, where all of the information for the test is stored, including the measurements
from every on-board instrument, GIS information about the location of the vehicle, browse
image plots of the instrument data, and all metadata about the test run. Because one
can mix and match any kind of data within an HDFS5 file, applications are able to create
coherent repositories of highly heterogeneous collections. One can mix tables, images,
small metadata, streams of data from instruments, and structured grids all in the same file.
New objects can be easily added to existing HDF5, even though the file was not originally
created to handle the new objects.

HDFS5 itself places no special meaning to data stored in datasets or attributes. An
application can thus store any kind of data simply as a stream of bytes in a dataset or
attribute. Using other features in HDF5, an application can provide metadata, indexes, and
other information structures to provide full meaning to the data. Doing this in HDF5 then
enables the applications to apply other features of HDFS5, such as performance-enhancing
features (fast I/O, compression), and access features (partial 1/O).

The HDFS format and library are designed to support parallel I/O.

When data is read from or written to a dataset in HDF5, an application can specify the
subset of elements within the dataset’s array that are to be read or written. The subset can
be an n-dimensional rectangular section, it can be a set of points, or it can be a combination
many rectangles and sets of points. A stride can be specified to take samples (e.g. every
10th row and column), and sequences of blocks can be accessed. The HDF5 ‘reference’
datatype lets applications store information about regions of interest in a dataset, then
apply this information in doing the partial I/O operations. Chunking helps optimize access
to very large arrays, when partial access is desired. Only those chunks are accessed that
contain the elements of interest. Even when datasets are compressed, only those chunks
that contain the elements of interest need to be read or written and uncompressed. The
grouping structure in HDFS5 enables applications to organize data in ways that make it easy
to find and access those components that are of interest, ignoring the others.

1.4.2 The HDFView tool

HDFView is a visual Java-based tool for browsing and editing HDF4 and HDFS files (see
Figure 1.15). HDFView allows users to browse through any HDF4 and HDFS file, starting
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with a tree view of all top-level objects in an HDF file’s hierarchy. HDFView allows a
user to descend through the hierarchy and navigate among the file’s data objects. The
content of a data object is loaded only when the object is selected, providing interactive and
efficient access to HDF4 and HDFS files. HDFView editing features allow a user to create,
delete, and modify the value of HDF objects and attributes. The HDFView graphical user
interface (GUI) is simple and easy-to-use. First, HDFView was implemented by using
the Java 2 Platform, which is machine-independent. The GUI components have the same
look-and-feel for all machines. Second, HDFView uses conventional folders and icons to
display groups and datasets in a tree structure. Users can easily expand or collapse folders
to navigate the hierarchical structure of an HDF file. Third, HDFView shows data content
as text (table or plain text) or as image.

1.4.3 Storage specifications

HDFView was used to create an aerodynamic database. This database is made by a single
file called
Aerodynamic_Database_Ultimate.h5

There are several groups within it, each one is associated to an aerodynamic coefficient.
The group’s name describes unequivocally the data that contains; it is composed by:
e a first string in brackets which explains to which aerodynamic term the group is referred
to,
e a second string, which explains the axes labels,
e a third string, in brackets, which describes the parameter that defines each curve,
e a fourth string, in brackets, which describes the parameter that defines each group of
curves,
e a final string, if necessary, which describes the further parameter that defines each group
of curves.
The following is an example string used to name a group of data:

(C_1_delta_a)_RME_vs_ ...
...eta_(Lambda_beta)_(beta_times_AR_over_k)_(lambda)

Examples of plotted functions used for aerodynamic modelling are shown in Fig-
ure 1.11.

An exception may occur when you deal with nomograms. In this case, starting from
the third string, each string in brackets refers, in order, to the parameter which describes
each group of curves, as the following examples shows:

(C_n_beta_b)_K_N_times_le-3_vs_x_cg_over_...
...l_b_(squared_1_b_over_S_b_s)_(square_root_(hl_over_h2))_...
... (h_b_over_w_b)

See, for example, Figure 1.12.

In each group there are:

e adataset per each independent variable referred to the group dealing with. According to
the origin of a matrix indexes used in HDF (first element is indexed as (0,0) and not as
(1,1), i.e. zero-based indexing is assumend), let i be a natural number between 0 and
n, with n counting the number of the independent variables (n = 0,1, ..., 3). Then,
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Figure 1.11 Examples of plotted functions used for aerodynamic modelling.
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var_1i is a vector containing the values of the i-th variable starting from the last one in

the group’s name till the innermost one; var_n will always contain values on x-axis.

So, if:

o n = 0: we have only one curve and var_0 will be referred to x-axis values;

o n = 1: we have more than one curve; var_0 will be referred to the parameter which
distinguishes each curve, var_1 will be referred to x-axis values;

o n = 2: we have more than one group of curvers; var_0 will be referred to the
parameter which distinguishes each group of curves, var_1 will be referred to the
parameter which distinguishes each curve, var_2 will be referred to x-axis values;

o n = 3: we have two parameters which distinguish each group of curves; var_0 will
be referred to the first parameter which distinguishes each group of curves, var_1
will be referred to the second parameter which distinguishes each group of curves,
var_2 will be referred to the parameter which distinguishes each curve, var_3 will
be referred to x-axis values;

e a dataset called data. Itis a (n 4+ 1)-dimensional array containing the output values.

So, if:

o n = 0: we have a (@ x 1) two-dimensional array, that is a vector, where a is equal to
length(var_n) containing y-axis values;

o n = 1: we have a (axb) two-dimensional array, where b is equal to length(var_n-1).
Let j be a natural number between 0 and b; then the j-th column will contain the
output values referred to the j-th value of var_0;

on = 2: we have a (@ x b x c) three-dimensional array, where ¢ is equal to
length(var_n-2). Let k be a natural number between 0 and c; then the (j, k)-
th column will contain the output values referred to the j-th value of var_1 and the
k-th value of var_0;

on = 3: we have a (@ X b x ¢ x d) four-dimensional array, where d is equal to
length(var_n-3). Let z be a natural number between 0 and d; then the (J, k, z)-th
column will contain the output values referred to the j-th value of var_2, the k-th
value of var_1 and the z-th value of var_0. In this case, there is also a data_z per
each value of var_0, so that fixed z, we are in the same situation as the former point.

e an image per each group of curves. So, if:

o n =0, 1: we have only one image called plots;

o n = 2: we have a number of images equal to the value of length(var_0), called
plots_0, plot_1, etc.;

o n = 3: we have a number of images equal to the value of length(var_0) times
length(var_1), called plots_0_0, plots_0_1, plots_0_2, etc.

Exceptions occur when you deal with monograms. Leti and j be natural numbers,
belonging to [0, +o0] and [0, 1], respectively. In this case we will have:

e var_i_j, which is a vector containing the values of the j-th independent variable
referred to the i-th diagram.

e data_i, which is a bidimensional array containing the output values concerning the
i -th diagram. Its structure is the same as (a x b) arrays described above.

e an image called plots where all the group of curves are shown.

Each dataset is associated to a schedule, which can be seen in Show Properties menu
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Figure 1.12 An example of nomogram.

of HDFView, containing three its mean Attributes:

e description: is a 1024-characters max length string, which describes the dataset;

e n_vars: is a 256-characters max length string, that shows the independent variables
from which the dataset values are depending of. It is assumed equal to 1, for independent
variables themselves.

e units: is a 256-characters max length string, that shows the unit of the dataset variable.
It is always written in capital letters.

Each group also contains a note field, that is a more accurate description about the
group itself, the aerodynamic coefficients dealing with and the variables involved. Some
groups also contain an image called image that shows some particular geometrical quantity
used in the group itself.

1.4.4 Mathcad user-defined HDF access functions

Mathcad does not have own built-in functions to read HDF files. As a consequence, a set of

user-defined functions have been created and packaged into a unique DLL (Dynamic-link

library). Three main functions have been written:

e f_HDF5Read_FGD, used to read a dataset within a specified group, within the HDF file;
the allowed dataset must have no more than two dimensions;

o f_HDF5Read_FGD1i, used to read a subset of a three-dimensional dataset within a spec-
ified group, within the HDF file; the two-dimensional matrix read into Mathcad’s
workspace memory is identified by an index;
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o f_HDF5Read_FGDA, used to read a subset’s specific attribute 1.13.

= 5

JileName:=“Aerodynamic_Database_Ultimate.h5
<GroupName := “(control_surface)_tau_e_vs_c_control_surface_over_c_horizontal_tail”

mData:=f HDF5Read FGD (FileName, GroupName, “data”)

JileName :=“Aerodynamic_Database_Ultimate.h5”
GroupName:=“(alpha0_L)_dalpha0_lift_over_epsT_vs_L_c4_(AR)_(lambda)”

aPatay:=f HDF5Read_FGDi (gFiEeN ame , GroupName, “data”, O)

Attributes

Jnat_unit:=f HDF5Read FGDA {31:' WeName , GroupName, “data”, ""unit":) =“NONE"
Data_unit:=f_getunit {snwt_um'f} =1

Npars:==1_HDF5Read FGDA (,F' ileName , GroupName , “data”, “n_wvars ’) =“1"

f_HDF5Read_FGDA (aFiIe.'\"ame ,sGroupName , “data”, “description™) = “Control surface effectiveness factor”

Figure 1.13 Screenshots of the HDFView software.

Furthermore, in order to deal with non dimensional numbers in following interpolation

calculations, it has been necessary to create another function called f_getunit(strUnit).

This function has as argument a character string. This string has been read precedently
by f_HDF5Read_FGDA. Dependetly from the string value, it returns a numerical value as
shown in figure 1.14.
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f_getunit (strUnit):= || if strUnit = “NONE”

jout —1

if strlUinit =“MT™
" Out+—1 m

if strlUnit=“FT"
|| Out —1 ft

if strlUnit =“DEG™
" Out—1 deg

if strlinit=“RAD”
" Out «+— 1 rad

if strl/nit=“(DEG)~—1"

1
Out — ——

deg
it strlnit=*(RAD)"—1"
Out — L
rad
it strlinit =*(DEG)~-2"
1
(deg)®
if strl/nit=“(RAD) -2
1
(rad)’
if strlnit="(RAD*DEG)~—-1"
o
(rad-deg)

Out —

Dut —

‘Dut{—

return Out

Figure 1.14 Screenshots of the HDFView software.

Giuseppe Alferi — Longitudinal stability of a commercial aircraft with a Mathcad-Based Software



1.4 The aerodynamic database

23

Ty g e —_——t - . -

File Window Tools Help

Recent Files |G \DeskiopiT . Database_Ultimateh5 ‘v CIeavText‘
o Q) (C_I_beta_w_b)_k_M_L_vs_Mach_times_cos(L_{*| -
& ol e A e R Tableview - var_3 - |l B8 TableView - data_0 - (C_|_delta_¢ da il EI
- eta_w vS_A_over over_co:
(C_I_beta_w_b) k 1 vs_A_over_b_(AR_over_t Table h, ¢| 0 [ TableView - data_1 - /(C_|_delta_a) RME_vs_eta_(L.. @ EI
¢ @ (C_|_delta_a)_RME_vs_eta_(Lambda_beta)_(ve = I_I_, —
R ot . 1 = [0.0862 T Tableview - data_2 - /(C_|_Gelta_a) RME_vs_sta_(La.. . ' D4
B - z s e ] R[G5 [N
& data_1 i 0 X 0 1 8,1 = |0.0731 |
| 05 021 1
data_2 0 0
) ot = 047 7 i o o 1 2 5
note | 5 098 8 018 020 0
@& plots_0_0 165 .0165 027 s | 0E-4 028 028 028
: .25 258 258 4 037 01 0028 066 066 066
lots_0_1
& plots_0_ 2 372 0372 045 1 007 127 127 127
& plots_0_2 mE 5 1475 0508 56 52 0148 120 20 201
61 662 - 773 0252 030 0304 030
@ piots 1.0 ] .45 756 822 1 a6 0377 041 041 041
@ plots_1_1 | 322 11 3 07 0525 056 56 561
55 1 o £ 073 73 73
lots_1_2 225
ot 1. 6 2 8 01 375 57 92 924 1
& plots_2_0 | 65 13 7 31 s 7 155 155 7
& plots_2_1 f 7 14 L 5 1792 7 397
75 15 2. 2058 9 2009 509
@ plots 2 2 : 3 16 98 .2257 3 2331 826
@ var o i .85 17 13 2449 < 2458 14 ..
Evar 1 : 9 i) 2253 2501 495 2662 5 220 22 25
& : 95 19 235 2669 562 2856 40 2 53
Bvar 2 ] 20 ] 20 2435 .272 782 3017 71 44 71
B var_3 ' 2852 3108 290 4 55
& | 026 15
o () (C_I_p_w)_RDP_vs_Lambda_beta_(beta_times 50 5 e "y
Ll 1 I [v]
ar_3 (80006178, 2)
32-bitfloating-point, 21 |
humher of affrihites = 2
Loginfo | Metadata | .

RO 28]

File Window Tools Help

Recent Files |C:\Users\admin\Desktop\TesiWorkHDFwork\Aerodynamic_Database_Ultimate.h5 ‘ v | Clear Text ‘
L e oy
o € (C_m0_b)_k2_minus_k1_vs_FFR B B TableView - var_0_0 - /(C_n_beta_b}_K_N_fimes_1e-3_vs_x_cg_over_I_b_(squared_|_b_over_S_b_s)_(square_root_(h1_.. ' m
il

o | Ipha_b) h_(NTWLE]
Q€ m_zipna_n) upwash Lvs Table VP Properties - /(C_n_beta_b)_K_N_times le-3 vs x cq_over.|_b_{squared_|_b_over_S_b_s)_(square_root (hi_overh2)) (h b_.. | % ]|

o @) (C_m_alpha_b)_upwash_vs_x_i_over_| _"—
General | Aftrioutes
1

o 0 (C_m_q_w)_k_g_vs_AR

: 0
C_n_beta_b)_K_N_times_1e-3_vs_x

T8 Cn b DUCH e e e flame LAl VF Properties - /(C_n_beta_b)_K_N times_le-3 vs x cq_over|b (squared_|b_over_S.b_s) (square_root (.. |38 |
[ data_0 Path: KC_n_beta_b)_K_N_times_1d
B ceta_1 Type HDF5 Scalar Dataset Cenora (IS

ObjectRef.  121573854,2

B oata 2 Number of attributes = 3

@& image
il B Dataspecs ndDsttpe Name Value Type Array Size
note 0.0 Mo. of Dimension(s)k: 1 |Squared body lenght ove... [String, length = 1024 1
& plots 14.0 Dimension Size(s): 10 n_vars 1 String, length = 256 1
B var_0_0 200 Max Dimension Size(s): 10 unit NONE String, length = 256 1
Bvar o1 Data Type 32-bit floating-point
B ’;D Squared body lenght over body side area
var_1_
BRvar_1_1 T
Bfvar_2_0
Chunking:  NONE
BRvar_2_1
- L Compression: NONE,  Sterage allocatior]
o @) (C_n_beta b} K Re_b_vs Re_|_b_tin| Fill value: NONE

o € (C_n_delta_a)_k_n_a vs_eta_(AR) (I3
o € (C_n_defta_r)_K_R_vs_sta_(lambda_\

o€ (G_n_p_w)_dC_n_p_over_eps_w_vs_{_|

] 1 [ Ol

ar_0_0 (121573854, 2)
32-bit floating-point, 10 Eﬂ
Numhnar nf attrihiit; =

Loginfo | Metadata

¥ HDPview29 —— i -

File Window Tools Help

‘ Recent Files

C:Wserstadmin\DesktopiTesiWorkiTest\Aerodynamic_Database_Ultimate h5 ‘- Clear Text
B Aerodymamic_Database_Utimatens =) @ ImageView <UpperLeft> - plots - (AR_v_eM)_c1_vs_b_v_over_2_times_. & [
¢ @ (AR_v_eff)_c1_vs_b_v_over_2_time — | | | Fod | Ql @
B data = — L
& image 1.6
note
& plois L _
Bvar o 12 @ Imageview <UpperLeft= - image - J(AR_v_eff)_c1_vs_b_v_over_2_times_rl_(a. & [
Bt mese [T [[@[Q]
o € (AR_v_eff)_c2_vs_Z_n_over_b_v_( Ery— g
o G (AR_v_eff)_k_h_v_vs_S_h_over_S_ . B
~ 08
o @ (CI_beta_w_b)_C_|_beta_over C| | . 0.6 <Ay <1 Ry =
@) (C_I_beta_w_b)_C_|_beta_over C | Sv
o @) (C_I_beta_w_b) C_|_beta_over_Gz oo v
v ===
o Q) (C_I_beta_w_b)_dC_|_beta_over_g 0.4 oy B
o € (C_I_beta_w_b)_k_M_Gamma_vs_|
o= € (C_I_beta_w_b)_k_M_L_vs_Mach_t
o € (C_I_beta_w_b)_k_f_vs_A_over_b_|
o € (C_I_delta_a)_RME_vs_eta_(Lamb 0 0 1 2 3 4 3 o 1
@) (C_I_p_w) RDP_vs_Lambda_beta, :
o € (C_L_w)_C_I_r_over_C_Liftt_vs_ by/2r .
o G (C_I_r_w)_dC_I_r_over_eps_w_vs_| |
o €1 (C_m0_b)_kz_minus_k1_vs_FFR |5 ! ]
« Ii | [
image (1920, 2) B
8-bitunsigned character, 755x1013x3
Kumber of affrinus
Loginto | wetasata |

Figure 1.15 Screenshots of the HDFView software.
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Chapter

REVIEW OF BASIC CONCEPTS OF AERODYNAMIC
MODELING

The final aim of this chapter is showing the formulas and methods used to evaluate effec-
tively the aerodynamic coefficients with regard to the aircraft as a whole. The calculation
formulas are mostly based on the well known USAF DATCOM [2]. In particular, both for
the specific formulations and for the symbols, we have used a single reference, namely the
textbook by Napolitano [1].

In the following we will recall some of the most important formulas of Aircraft Stability
and Control. These assume the validity of the superposition principle and express all
quantities referred to the aircraft as a sum of a number of contributions. Each aerodynamic
coefficient is computed first evaluating the contribution due to each part taken singularly;
then the extra contribution due to aerodynamic interferences are estimated; finally, all
contributions are summed up.

From now on, all angles are assumed to be in radian. Hence all the angular gradents
will be evaluated in rad ~ 1

2.1 Wing Related Parameters

In the following section we will show all formula and methods implemented in the wing-
related Mathcad projects located in the file wing of Mathcad.

2.1.1 Geometrical Data

Wing related data are taken from technical drawings or reports. These documents assume
the profile near the wing-fuselage bond as the “root” profile. Hence, in the following
linear approximations, all parameter related to “root” refers to the profile next to the
wing-fuselage joint.

Remark: from now on all wing-related parameters refer to the ones of the equivalent
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wing. o e
c(x) = co + — 2 0. x (2.1)
2
Cgat — Cear dg
Ce, (x) = Cy,, + E ’ (X - 7) (2.2)
2 2
Cmac, - Cmacr dB
Cinye (X) = Ciy, + W ' (X - 7) (2.3)
2 2
aoe(x) = aog, + ot — %06, X — @ (2.4)
" b dp 2
2 2
- - )_Cact - )_Cacr dB
)= g () =
2 2
. & — & dp
e(x) =¢& + é - d_B (x — 7) (2.6)
2 2
Mcrz,]t - MCI‘z,]r dB
Mer(x) = My + b dg : ()C - 7) (2.7)
2 2

Whereas in all other formulas we consider “root” profile the one lengthened to the fuselage
centre line. This can be evaluated with ease using the linear functions computed in x = 0.
From now on ¢, = ¢(0), namely the root chord will be referred to the profile at the fuselage
centre line. And MAC will stand for Mean Aerodynamic Chord.

In the figure 2.1 on the facing page are shows some characteristic parameters of
nonstraight wing planform.

A=— (2.8)
cr
b
S = Ec,(l + 1) (2.9)
b2
= 2.10
3 (2.10)
2 1+ 2
MAC = —c,+—H (2.11)
3 14+ A
bl+42A
= - 2.12
IMAC = ey (2.12)
Xmac = Ymac tan ApLg (2.13)
o =i, (1 _
SControl Surface — N 1+ A |:2 (1 A) (771 + 770)] (214)
A(x) = arctan | tan Ap g — M (2.15)
R(1+ 1)

Arm needed for computing the Pitching Moment Coefficient about the Aerodynamic
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Figure 2.1 Generic Nonstraight Wing Planform
Centre:
X1(x) = tan(ALg)x + Xge(X)c(x) — [XMAC + Xac(yMAC)MAC:| (2.16)
2.1.2 Aerodynamic Parameters

b

2 2
QoL = —[ c(x) [agg(x) — s(x)] dx (2.17)

S Jo
S Control Surface
aOLConlrol Surface = aOL + TA(XOE (2‘18)
Mcr,, (xpmac)

M, = —22"""=7 2.19
3D cos ALg (2.19)

In order to compute accurately the Lift Coeflicient Gradient we selected two different
methods depending on both flight conditions and aircraft geometry. In details when:

1 Mo < My,

2 A LE <32 deg

304<A<1

43<R<8

Remark: M,,,, is evaluated at the MAC.

27 R
C, = il (2.20)

- [/RZ(l — M?) (1 . tan2 A(O.S)) N 4}

k2 1— M2
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Figure 2.2 Downwash Effect
where k is a function of /R computed as shown:
AR(1.87 —0.000233A
1+ & 00 Le) | if R <4
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Whereas, if the above conditions 1) to 4) are not fulfilled:

Ce,(ymac)cos ALg

C, =
o 2 cos Apg\2 cos ALE
\/1 — (Moo COS ALE) + (Cea(yMAC)j'[—zR) + Cea(yMAC)jT—A?
(2.22)

where Cy, is a function evaluated at xpr4c-

b b
2

f C G () (0)2dx + 7 /

0 0

2

Cy =—0
Mae = S MAC

[tz + £(6) = €0e() [e @) X () dx
(2.23)

2.1.3 Downwash

An important longitudinal aerodynamic effect is the so-called downwash effect. In general,
this effect can be considered to be an aerodynamic interference generated by the wing on
the horizonatal tail due to the system of vortices created by the wing itself, see figure 2.2.

Suppose we can approximate the downwash function using Taylor’s series ended at
first grade accuracy. Hence:

e(M) = g + %(M) (2.24)
Juo
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de
where o is a given function of the Mach number:
o
dat

(88) = f(Mach,m,r, ALE, A, AR)

de

da

_88

T
M

V1— M2 (2.25)

M=0

in which the downwash gradient at M = 0 is given by the following semi - empirical
formula:

de

o

- 4.44(KAQKAKm,\/cos Am)l'19 (2.26)

M=0

The coefficients in the above equation can be computed as follow:

1 mwH

1 1 10 — 32 BT
Kp=—-——"\ = . K= — 2
TR 1+ (R A 7 " )

Let us consider two important geometrical parameters to estimate the coefficients
needed to compute K, ,:
Xxwn - the horizontal distance between wing and horizontal tail LE.
zwu - the vertical distance between wing and horizontal tail root chord.

hence, we can define:

Xoew = Xwn + (Wmach + XaeuMACyH) — (Ymacw + XaewMACy) (2.27)

Zacw n = ZwH + YMacH tan I'y — ymac,w tan I'y (2.28)
and eventually:
ZZI.C
Mwy = 2 ];W’H (2.29)
Xac
rwn = 2 ];W’H (2.30)

2.2 Horizontal Tail Related Parameters

To compute all parameters needed with regard to the Horizontal Tail (HT), see Section 3.3
on page 41 and 3.4 on page 42. Please notice, that in this case the root profile related
parameters are always referred to the fuselage centre line. This means a general linear
approximation can be:

c(x) =c, + %(ct — cr)x (2.31)

Moreover, the HT is assumed to be a non-crancked wing, therefore it will not be processed
using the procedure Equivalent Surface Function.
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2.3 Longitudinal Stability

In this section we will show all formula and methods implemented in the MArySa software
used to compute the longitudinal coefficients, namely Longitudinal Flight Coefficients and
Multhopp. The algorithms are located in the folder Longitudinal Calculation.

2.3.1 General Parameters

awB = OB + Iw — doLw (2.32)
de
oy = O[WB(I — @ v ) (233)
S
Vit = Mo (2.34)
Sw
A (2.35)
CH,
1.1C
o — Law (2.36)
RCp, , + (1—Ryn Rw
R = 0.00041] — 0.00812 + 0.05011, + 0.8642 (2.37)
Ry A
A, = —WIW (2.38)
cos Ak
Ip
FFR = — (2.39)
dp

Distance between wing TE and HT aerodynamic centre
IWTE Hae = XwH — Cwyr + (XMAC,H + MACuéuc,u ) (2.40)
Distance between wing and HT aerodynamic centre

Mvaeae = Xt + (viac_n + MAChEae, 1 ) (2.41)

2.3.2 Fuselage Contribution evaluated using Multhopp’s Method

(K> — K1) "\ . .
Cios = 25y MACy : [Wlik(—lw + oL,w + lcz,k)]Ax (2.42)

where K, — K is given by Figure 2.3 on the next page. The above formula is taken from
the textbook by Pamadi [6].

n1—2
T de
C = —— W2 — (M 11A
My B 2SWMACW kg;) B.k |:<aa( OO))u + ] X1

no—2

+ 3 W, [(g—i(Moo))d n 1] Axob (243
k=0
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xi/crw

Figure 2.4 Upwash for Front Fuselage Sections.

where (88/ dot | Moo)u is evaluared from Figure 2.4 for front fuselage sections and by
Figure 2.5 on the next page for the ones next to wing LE.

Whereas (88 /0| Moo) 4 1s evaluated as follow:

0 ~ 0
(—EMOO) fl=_— (1 _ —SMOO) (2.44)
dox d IwrE,Hac dor
where x; is the distance between the fuselage section centroid and the wing TE. The

Tesi di laurea in Ingegneria Aerospaziale



32 Chapter 2 Review of basic concepts of aerodynamic modeling

|
0 0.2 0.4 0.6 0.8 1

Xi/crw

Figure 2.5 Upwash for Fuselage Sections next to Wing LE - NTWLE.

following is the Multhopp formula for the gradient of the pitching moment coefficient
ni—2
de
2
Z WBk |: (aMm)u + 1i|AX1
k=0
2 de
Wg | | — Moo 1A

where the upwash gradient is computed as above while the downwash gradient is evaluated

T
C = 2SwMACy
MOéB,Multhopp 2SWMA CW

(2.45)

considering

2.3.3 Aerodynamic Centre

Eaew = Ky (-xac,w - Kz) (2.46)
r,w
lWac;hac
Swac,hac = W (247)
Cu,
Mww=—gi- (2.48)
Lo,w

The empirical coefficients Ky, X4¢w/cr,w and K, needed to compute &,. w are taken
from charts of Figure 2.6 on the facing page, 2.7 on page 34, and 2.8 on page 35 respec-
tively.
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09 | | | |
0 0.2 0.4 0.6 0.8

Aw

Figure 2.6 K Coefficient for the Calculation of &,c w.

g

Agac,WB,MulthOPP = m

n1—2
> Wi [ (o)) + 1}Ax1

k=0

nw 2 de
+ ) ng[(a—(Moo)) +1:|AxW
k=0 o d

ny—2
ae
+ ) Wi [ (a(Moo))d + 1:|Ax2
k=0

(2.49)

where the upwash gradient is computed as above while the downwash gradient is evaluated

considering de/dc |y, at my. g = 0
Sac,WB — Eac,W + ASac,WB

5 ac, WB,Multhopp = S ac,W + Ag ac,WB,Multhopp

2.3.4 Lift Coefficients

CLa,WB = KWBCLa,W
dg ds \*
Ky =1+0025] — ] —-025{ —
bw bw

CL()‘WB - CLa,WB (lW - aOL,W)
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Xac,W
Cr,W
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crw

Aw=0
1F T T T - Aw=0.2
— ARtan(Arg) =0 12T ; ; ; -
- —— ARtan(Arg) =1 B
T —— ARtan(ALg) =2 —
081 — g ARtan(Arg) =3 1F - B
T — Rtan(Ag) = 4 |
L —— Rtan(ALg) =5 JJ |
06 /// —— Rtan(Ap) = 6 08 ////
°F
RIS 0.6 |- S
0.4 - =
T | 04—
02} I .S e E——— I e S R
\‘ 02f ——
0 | | | | | | | | 1 0 m\
0 02 04 06 08 1 1.2 14 16 1.8 2 0 02 04 06 08 1 12 14 16 18 2
_ tan(Arg) _tan(ALg)
Vi— M2 Vi-Mm2
(a) (b)
Aw =0.25 Aw=0.33
T T T T
12 ] Ll |
= . p—
1h e i o s N .
08— - = 0.8/
r/// 2l =
0.6 - a << 0.6 i
04— T 04
020 N A 020 [
0 Il Il Il Il Il Il Il Il 0 Il Il Il Il Il Il Il Il
0 02 04 06 08 1 1.2 14 16 18 2 0 02 04 06 08 1 1.2 14 16 18 2
_ tan(ALg) B= tan(ALg)
V1 - M? 1- M2
(c) (d)
Aw=0.5 Aw =
T T T T T T
1.4} B _
71 - = 15 1 | 1| i | | | il
1P B |
I Y O s e =y
0.8 - zlz 1} |
2l
0.6 |- o - it 1 1 1
04 T o oS .
02} . \
O Il Il Il Il Il Il Il Il 0 Il Il Il Il Il Il Il Il Il
0 02 04 06 08 1 1.2 14 16 1.8 2 0 02 04 06 08 1 1.2 14 16 18 2
5= tan(ALg) 5= tan(ALg)
V1 - M2 1-M?
(e) (f)

Xac

Figure 2.7 ~2eW for different airspeed.

Cr,W
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Figure 2.8 K, Coefficient for the Calculation of &,c w.
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0.6 | |
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

ccs/c

. . ¢
Figure 2.9 Control Surface Effectiveness against <5
c

CLow = ClLy(iw — oL, w) (1 — g—;Moo) (2.55)
Cry = CLows — CrLy . Vitgo + Cro 4 (2.56)
CL, = (1 — 3—;1\400) Cro Vi + Cry ws (2.57)
Cr,, = CrL,uVu (2.58)

Cr;, = CLo, Vurte (2.59)

where 7, is a function of ¢, taken from Figure 2.9.

2.3.5 Coefficients at Stick-Fixed Conditions
CMO,WB = CMac,w + CMO,B (2.60)

Cumo = CuMowp + Crows(Ecc — Eac,wB) + CrLy  VigoSwace,Hac — §cG) (2.61)

0
CMD{ = CLO,,WB (ECG - %‘ac,WB) - CLD[,H VH(EWac,Hac - ECG) (1 - £Moo) (262)

CMiH = _CLO[,H VH(EWuc,Hac - ECG) (2.63)
Cus, = Cty, Te (2.64)
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Figure 2.10 Hinge Moment Coeflicient Derivate with regard to «.

Cumy, + Cy,awp + CMiH g

S, = (2.65)
e CMS(J

i _CMO + Cp,awp + Chgy, Se (2.66)
H= Cory. .

The procedure is programmed so if iy is given as input, it yields J, and viceversa. In
the input files if the angle has to be calculated its value must be 999. Once evaluated all
parameters, we can compute the neutral point:

ac C o H a
|: é: W5 + Le, VH (1 - _8Mm)] SWac,Hac
oo

EWac,Hac CLD"WB

£y = o Cr — agM (2.67)
CLa,WB H aOt o
2.3.6 Stick-Free Conditions
Shape Factor:
F=1 Ctey (2.68)
= — ‘[e .
CH3ea

where Cp,, and Cg,, are given by experimental data on Figure 2.10 and 2.11 on the next
page respectively.

All the coefficients are evaluated as in the Stick-Fixed Conditions 2.3.5 with the
only exception for the terms due to the horizontal tail which are multiplied by F (see
formula 2.68). Therefore, omitting formulas that remain unchanged:

Crmy = Crowp + CLows (§CG - Sac,WB) + CLouVuEo (éwM,Hac - ég'CG)F (2.69)

0
e = Crapnan (co — Eaews) = Chon Vit(Ewae o — ca) (1 - £MOO)F (2.70)
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Figure 2.11 Hinge Moment Coefficient Derivate with regard to §.

Cwmy, = —Cry Vit (Ewac pac — bcc) F 2.71)
Cy, + Cpp, i
Qprep = —— T T 2.72)
Cu,
de _
OH,free = Cfree 1— %Moo —& +1n (2.73)
siree = _CMO + Cym,owB + Cu,, in 274
Cus,

Once evaluated all parameters, we can compute the neutral point:

C 0
|: éac,WB + Lou Vi (1 — —8Moo) F] EWac,Hac

acHac C 0
SN — EW c,Hac é{x,WB 5“8 (2'75)
L
1 B Vyll——My | F
+ CLa.WB . ( aa oo)

2.3.7 'Total Lift and Drag Coefficients

Once chosen the flight conditions (whether fixed or free) and evaluated all parameters
needed, the following relations can be always used:

Cp, = CLO + CLaaWB + CLSeSE + CLiHiH (2.76)
C2
Cp=C L 2.77
D Do T T Rae (2.77)
2CLCy,
Cp, = —= 2.78
De JT/RWe ( )
SSM = éx — éce (2.79)

Giuseppe Alferi — Longitudinal stability of a commercial aircraft with a Mathcad-Based Software



Chapter

NUMERICAL TEST SAMPLE ON BOEING 787
DREAMLINER

This chapter describes an applicative example of study about longitudinal stability of
Boeing 787 Dreamliner, given by software MArySA previously mentioned.

Calculated formula are came from Aircraft Dynamics: from Modeling to Simulation
By Napolitano [1].

Figure 3.1 Boeing 787 Dreamliner.
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Figure 3.2 Wing of Boeing 787.

3.1 Boeing 787 Dreamliner

The Boeing 787 Dreamliner is a twin-engined aircraft with wide-body fuselage, used as
airliner and wored out by the American Company Boeing, and assembled with several
elements produced on commission in different countries of the world.

This aircraft, the first in the world airliners built with a lot of carbon fibers, we can find
different models for istance one supplied by bio-fuels.

The Boeing 787 Dreamliner is the first airliner produced with high percentage of
carbon fibers, over 50%. The fuselage of this aircraft is carbon fibers made, with some
titanium parts to strenghten the structure, this represents an important change. The use of
this material on a massive scale let save more 20% of the weight than a traditional aircraft
with the same size, alluminium made.

Moreover the decrease in weight, with new motors and excellent aerodynamics allow
the Boeing 787 Dreamliner to save al lot of fuel than the traditional airliners. This is the
reason because many companies has chosen the 787 to change their fleet.

Besides the level of worsening of fuselage, caused by corrision for an alluminium
aircraft generally, is very low, this allows the aircraft to save money for both ordinary and
emergency maintenance.

Another characteristic about this aircraft is wing, see figure 3.2, which is not only all
out of carbon fiber but with high lengthening to cut down on lift-induced drug. This allows
both take off and landing, and Boeing 787 will be able to land on very short landing strip.

An further special characteristic is aircraft productive process. Infact the fuselage
structure is all out of only five pieces than joined together.

Instead the traditional productive process about alluminium aircraft deals some middle
(ordinate ) structures which are generally little alluminium board covered. Producing
fuselages with a little number of elements gives them more rigidity and resistance.
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Figure 3.3 Side View of Boeing 787.
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Figure 3.4 Top View of Boeing 787.
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Figure 3.5 Front View of Boeing 787.
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Figure 3.6 Modeling of 787-Dreamliner with CatiaV5

3.2 Parameters research

The next schedule represent a set data based on use of software MArySA whether straightly
or not.

Geometric parameters are taken from use of a cad model Boeing 787 Dreamliner
downloaded on web http://grabcad.com/library/boeing-787-dreamliner.

Those models are very exact, because they has been given from cad, with maker’s
license, in this case the Boeing [8] and The Singapore Airlines, in fact this model has asian
company livery.

This model is analyzed through Catia V5r16 software made by Dassault-Systemes
[12].

Here are some screenshoot related to data, see figure 3.6
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3.3 Main geometric parameters

3.3.1 Wing related parameters

Here are some characteristic wing related parameters.

Symbol Description Value
Xcie,w  Longitudinal distrance of wing from the structural reference frame 17.45m
Zelew Height of wing apex from the structural reference frame —0.75m
Sw Wing planform area 403.36m?
bw Wing span 60.1m
Ale.w Wing sweep angle of leading edge 34.72 deg
Acjaw Wing sweep angle of quart of chord 30,56 deg
I'y Wing dihedral angle 8.91 deg
C.w Wing root chord 14.26m
Ciw Wing tip chord 1.76m
iw Wing incidence (assumed) 2 deg
1w Wing geometric twist angle (assumed) Odeg
(@o.1)e,w Wing tip airfoil zero lift —2.2deg
(@o0.1)r,w Wing root airfoil zero lift —1.845deg
A Taper Ratio 0.123
R Aspect Ratio 8.955
3.3.2 Horizontal Tail related parameters
Here are some characteristic horizontal tail related parameters.
Symbol Description Value
Xcie,m  Longitudinal distance of HT from the structural reference frame 48.44m
ZeleH Height of HT apex from the structural reference frame 1.62m
SH HT planform area 84.231m?
by HT span 20.62m
Ale.H HTail sweep angle of leading edge 40.145 deg
Ac/aH HTail sweep angle of quarter chord 36.09deg
I'y HTail dihedral angle 7.91 deg
Cru HTail root chord 6.47m
Ci.u HTail tip chord 1.7m
ig HTail incidence (assumed) —2deg
E1.H HTail geomertic twist (assumed) 0deg
(o.1)r.H HTail tip airfoil zero lift —2.865deg
A Taper Ratio 0,263
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3.3.3 Vertical tail related parameters

Here are some characteristic vertical tail parameters.

Symbol Description Value
Xci1e.w  Longitudinal distance of VT from the structural reference frame  44.89m
ZeleH Height of VT apex from the structural reference frame 3.20m
Su VT planform area 51.64m?
by VT span 20.62m
Ale.H VT sweep angle of leading edge 45 deg
AcjaH VT sweep angle of quarter chord 40.39deg
I'y VT dihedral angle 0deg
Cru VT root chordt 8.19m
Ciu VT tip chord 2.39m
ig VT incidence 0deg
&1.H VT tip geometric twist angle 0 deg
(@0,1)rH VT airfoil mean zero lift Odeg

3.3.4 Geometric fuselage parameters

Here are some characeristic fuselage parameters

Symbol Description Value
Iy Fuselage length 56.7m
Ss.B Side area 301.91m?
Wmax,B Fuselage maximum width 5.8m?
Wavg,B Fuselage average width 4.86m
WB.H Fuselage width at horizontal tail 4.60m
Nmax,B Fuselage maximum height 6.26m
have,B Fuselage average height 4.81m
hija.B Height at quarter length from the structural reference frame 6.03m

hsjs,p Height at three quarter length from the structural reference frame  5.87m
hp.v Fuselage height at Vertical tail root apex 4.91m

3.3.5 Operating points

Symbols Description Valore

Vac Flight speed 296.506077%
Myc Mach number at specific altitude 0.85

hsr Fight altitude at the sea level 10670m
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3.4 Longitudinal stability

To have the aircraft longitudinal stability we will refer to matrix coefficients longitudinal

stability
Cp, Cp, Cp, 0 0 1
CL] == CL() CLa CLi CLse o (31)
le Cmo Cma Cm,- Cmge 5e

In our study cases, considering incidence of horizontal tail i has known element about
the system, the variables become two, so it’s possible to consider only the lifting power L
and only pitching moment m. The number of equations has been become two, so having

CLl_CLo_CLiiw . CLa CLse (07 (32)
Cmy — Cmo — Congiw | | Gy Comg, | | Se '

Therefore, to solve it, it needs to detail above coeflicients, after placing the condition

this system:

of axisymmetric balance flight as:

2w

_ _ —1
= sy = 0,436 rad (3.3)

CL,

Cn, =0 (3.4)

3.4.1 Lift coefficient dependent on «

Following the next formula, we have the lift coefficient deendent on « from attack angle
aircraft that could be represented has:

S 0

Cr,=Cr, v + CLQ,HUH—H (1 — —8) =7975rad ™! 3.5
’ SW Juo

where

CL, v is the contribution to the lift coeflicient dependent on « given by the wing, in
our case according to Polhamus formula:
2r R
C, = 7 (3.6)

) AR?*(1 — M?) tan? A(0.5)
2 1 4
* [ PR VR

CL,  1s the contribution to the lift coefficient dependent on o caused by horizontal
tail, also calculated in this case according to the Polhamus formula; this coefficient must
be reduced by wing area and horizontal tail.

ng is the dynamic pressure coefficient on the horizontal tail;

d
(1 — 8—8) is the contribution to the downwash effect on the horizontal tail of the
o

aircraft.
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3.4.2 Determination of aerodynamic center for wing+fuselage

The aerodynamic center is defined to be the point ¢ where pitching moment is independent
on the attack angle «.

To schematize wing+fuselage the aerodynamic center can be calculated as sum of
different contributions, whose the first shows the position about aerodynamic center of the
wing, and the second the shift caused by fuselage

XACwp = XAcy + Axacy (3.7)

The term x4c,, , 1s drawn from the connection

xl
Xacws = Ki ( - Kz) (3.8)

While the term Ax,4c, means the shift of aerodynamic center due to fuselage effect and its
calculable according Munk’s theory [2] [11] using following relationship:

| dg
A = - 5 ——AX; 3.9
SR X7 XY: ; VB g G2
Particularly, the term % is calculated with Multhopp method, following the formula we

have:
Xacyz = 0.488 (3.10)

3.4.3 Pitching coefficient dependent on «

the pitching moment coefficient dependent on « can be expressed as:

CMy = ClLows (Xacwp — Xca)

S de
+Cp, a2 (1 - —) (Ycg — ¥ac,) = —3,187tad ™" (3.11)

' Sw da
We can see the further introduction of the arms pitching moment compared with the
centre mass of aircraft; particularly we have: (X4¢,,, — Xcg) is the arm of lift force
application generated by wing area of the boeing than the gravity center about this aircraft;
while (Xcg — X4c;, ) than we can observe that all distances are no-dimensionals compared

with the middle aerodynamic chord aircraft.

3.4.4 Lift coefficient dependent on i,

The lift coefficient dependent on the incidence angle about horizontal tail can be defined

as:
SH

S
it can be highlighted that the contribution of tail depending on pitching incidence caused

Cr,, = nu—Cr, = 0.92291rad ™" (3.12)

by taking off the lift coefficient of horizontal tail, due to ratio between empennage area and
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area named Sy, il coeficiente di recupero della pressione dinamica 1y

3.4.5 Pitching coefficient dependent on iy

Similiar to the previos section we have the contribution about horizontal tail dependent on
incidence empennage angle:

S
Coi,, = nH?HCLa (Facy, — %cg) = —2.975rad ™" (3.13)

We have just explained those terms before.

3.4.6 Elevator’s moment

The deflection effect of elevator on longitudinal stability is showed by two coefficient C,,;,
and Cr,,. With regard to the contribution given to lift coeflicient aircraft dependent on
deflection elevators on vertical tail, the Cp;, is:

Su

5 ClLouTe = 0,415 rad ! (3.14)

Crs, = CL,;,, Te =N
while the contribution to the lift moment can be explained as:

S

S Cr, n(XcG — Xacy) = —1,339rad ™! (3.15)

Cmge =1NH

Also in this case there is simmetry in formulas (vedi riferimento altra formula)

3.4.7 Stability analysis

Well-known all coefficients, the system in our case become:

Cr, — CLiH l:H — (1, = Cro Cuy, * (3.16)
Cmy — CmiH i — Cm, Cmo Coms, S

After solving this system with MArySA we have the attack angle value of the aircraft

and the deflection angles of elevator that allow a symmetric and balance longitudinal flight.

o, = —0.865 (3.17)

8. = —0.028 (3.18)
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