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Abstract

Flutter is one of the primary aeroelastic phenomiiah must be considered in aircraft design.
Flutter is a self-sustaining structural vibrationwhich energy is extracted from the air flow and
transferred to the structure. The amplitude of vhwation grows exponentially until structural
failure occurs. Flutter stability requirementseoftinfluence the design of an aircraft, making
accurate flutter prediction capabilities an essénpiart of the design process. Advances in
computational fluid dynamics and computational pomeke it possible to solve the fluid flow and
structural dynamics simultaneously, providing hjghtcurate solutions especially in the transonic
flow regime. This procedure is, however, too ticogsuming to be used in the design optimisation
process. As a result panel codes, e.g., the dolditece method, and modal-based structural
analysis methods are still being used extensivedlycantinually improved.

One application that is lagging in terms of accyraed simplicity (from the user’'s perspective)
is the flutter analysis of T-tails. The flutteradysis of a T-tail usually involves the calculatioh
additional aerodynamic loads, apart from the loaddculated by the standard unsteady
aerodynamic codes for conventional empennages. popelar implementations of the doublet
lattice method do not calculate loads due to thglame motion (i.e., lateral or longitudinal motjon
of the horizontal stabiliser or the in-plane loaus the stabiliser. In addition, these loads are
dependent on the steady-state load distributiothenstabiliser, which is ignored in the doublet
lattice method.

The objective of the study was to extend the ddubltice method to calculate the additional
aerodynamic loads that are crucial for T-tail futanalysis along with the customary unsteady air
loads for conventional configurations. This wasiaeged by employing the Kutta-Joukowski
theorem in the calculation of unsteady air load$ifting surface panels. Calculating the additiona
unsteady air loads for T-tails within the doublattice method significantly reduces the human
effort required for T-tail flutter analysis as wel the opportunities for introducing errors irtte t
analysis.

During the course of the study it became appatettit was necessary to consider the quadratic
mode shape components in addition to the linearensb@dpe components. Otherwise the unsteady
loads due to the rotation (“tilting”) of the steasiate load on the stabiliser, one of the additiona
aerodynamic loads that are crucial for T-tail Buthnalysis, would give rise to spurious generdlise

forces. In order to reduce the additional burdéndetermining the quadratic mode shape



components, methods for calculating quadratic ngs@ae components using linear finite element
analysis or estimating them from the linear modgpshcomponents were developed.

Wind tunnel tests were performed to validate theppsed computational method. A T-tail
flutter model which incorporated a mechanism foargding the incidence angle of the horizontal
stabiliser, and consequently the steady-state destdbution on the horizontal stabiliser, was used
The flutter speed of this model as a function @ tiorizontal stabiliser incidence was determined
experimentally and compared to predictions. Satisiry correlation was found between predicted
and experimentally determined flutter speeds.

Keywords: Aeroelasticity, T-tail, Doublet lattice methodu&tratic mode shape components



Uittreksel: Gevorderde lineére metodes vir T-steraero-elastisiteit

Fladder is een van die primére aero-elastiese yessks wat in die ontwerp van ‘n vliegtuig in
ag geneem moet word. Fladder is ‘n self-onderhodéestrukturele vibrasie waarin energie van
die lugstroom na die struktuur oorgedra word. &neplitude van die vibrasie groei eksponensieel
totdat die struktuur faal. Fladdervereistes baiedldikwels die ontwerp van ‘n vliegtuig, daarom
is die vermoé om fladder akkuraat te voorspel ‘tatgrike komponent van vliegtuigontwerp.
Vooruitgang in berekeningsvloeimeganika en rekereaaroéns maak dit moontlik om die vloei en
die struktuur se dinamika gelyktydig op te lost Ibed besonder akkurate oplossings, veral in die
transoniese vloeibestek.  Hierdie prosedure is regée tydrowend om in die ontwerp
optimeringsproses te gebruik. Gevolglik word pametodes, bv. die doebletroostermetode, en
modale basis struktuuranalise steeds algemeenigerwerder ontwikkel.

Een toepassing wat agterweé gebly het ten opsigte akkuraatheid en eenvoud (uit die
gebruiker se oogpunt) is die fladderanalise varneftes. Die fladderanalise van 'n T-stert behels
gewoonlik dat bykomende lugdinamiese kragte berekeet word, buiten dié wat deur die gewone
ongestadigde lugdinamiese programme vir konvenkostertviakke bereken word. Die gewilde
weergawes van die doebletroostermetode berekerdiaiekragte a.g.v. die in-viak beweging
(m.a.w. laterale en longitudinale beweging) van libeisontale stertvlak of die in-vlak kragte op
die stertvlak nie. Verder is hierdie kragte afHankan die gestadigde lasverspreiding op die
horisontale stertvlak, wat deur die doebletroosétotie geignoreer word.

Die doel van die studie was om die doebletroosttydee uit te brei om die bykomende
ongestadigde ludinamiese kragte wat vir T-stedd&analise benodig word, tesame met die kragte
vir konvensionele stervlakke, te bereken. Dit edgen deur gebruik te maak van die Kutta-
Joukowski stelling om die ongestadigde lugdinamiesgte op hefvlakpanele te bereken.  Deur
hierdie kragte binne die doebletroostermetode tekem word die menslike inspanning wat vir T-
stert fladderanalise benodig word, asook die géhesie om foute te maak, beduidend verminder.

In die loop van die studie het dit geblyk dat didig is om die kwadratiese modale verplasing
sowel as die lineére modale verplasing in ag temeAndersins sou die ongestadigde krag a.g.v.
die rotasie (“kanteling”) van die gestadigde laspeeiding op die horisontale stertvlak, een van die
bykomende omgestadigde kragte wat vir T-stert #addalise in ag geneem moet word, aanleiding
gee tot vals veralgemeende kragte. Ten einde yk®nbende las om kwadratiese modale

verplasings te bereken te verlig, is metodes onkdigdratiese modale verplasings d.m.v. lineére



eindige elementanalise te bereken, of om dit van lgieére modale verplasings te beraam,
ontwikkel.

Windtonneltoetse is uitgevoer om die geldigheid i voorgestelde berekeningsmetode te
toets. ‘n T-stert fladdermodel met ‘n ingeboudegamésme om die invalshoek van die horisontale
stertvlak, en gevolglik die gestadigde lasverspngicbp die horisontale stertvlak, te verander, is
vir die doel vervaardig. Die fladderspoed van diermodel as funksie van die invalshoek van die
horisontale stertvlak is eksperimenteel bepaal et woorspellings vergelyk. Bevredigende
korrelasie tussen berekende en eksperimenteel ldefdtadderspoede is verkry.

Sleutelterme Aero-elastisiteit, T-stert, Doebletroostermetdd@adratiese modevorms
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Glossary of terms

The following list defines the most common termedim this thesis

Aeroelasticity
The study of the interaction of elastic, inertinHaaerodynamic forces acting on an object, usually

applied to aircraft.

Airplane
A fixed-wing aircraft.

Computational fluid dynamics (CFD)
A numerical procedure for solving the flow around @bject by discretizing the flow region into

volume elements, from which solutions to the NaB&rkes, Euler or full potential equations can

be obtained.

DMAP Alter
A programming tool allowing users to modify thewg@n sequences of the MSC/NASTRAN finite

element program.

Doublet lattice method (DLM)
A panel method for calculating unsteady air loadsharmonically oscillating lifting surfaces or

combinations of lifting surfaces and non-liftingdies.

Edge code
A fluid-structure interaction code developed by FEDBweden.

Empennage
The lifting surfaces attached to the rear of aplaire fuselage to provide stability and a means of

control. It usually consists of a vertical stad®li and two horizontal stabilisers.

Fin
The vertical stabiliser of an empennage, includivgrudder.

Fluid-structure interaction (FSI)
The simultaneous solution of the flow around angeab usually using CFD, and the structural

dynamic response of the object. The structurabdyin response can either be solved using modal-

based methods or a finite element discretizatioth®fstructure.



Flutter
A self-sustained vibration in which energy is tf@nsed from the air flow to the structure.

Ground vibration test (GVT)
An experimental procedure for determining the radtumode shapes and corresponding modal

parameters of a structure.

Horizontal tailplane (HTP)
The collective name for the left (port) and rigbtafboard) horizontal stabilisers of an airplane.

The term includes the elevators, if fitted.

MSC/NASTRAN
The version of NASTRAN developed and marketed leyNttNeal-Schwendler Corporation.

NASA
The National Aeronautics and Space Administratibthe United States of America.

NASTRAN
A finite element analysis program originally de\mdad for NASA.

Panel method
A numerical method for solving the flow around ajeat by discretizing only the boundaries of

the flow region into surface elements to obtaimusohs to the linearized potential equations.

Pitch
A rotation about the lateral axis of an aircraft.

Roll
A rotation about the longitudinal axis of an aiftra

Stabiliser
A lifting surface forming part of an airplane’s eemmage. The term includes the relevant control

surface, i.e., the rudder in the case of the \@rtatabiliser and an elevator in the case of a

horizontal stabiliser.

T-tail
An empennage consisting of a vertical stabiliseghwhe horizontal stabilisers mounted at or near

the tip.
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Trim load
The steady-state load on the horizontal tailplaencairplane required to maintain balanced flight.

The trim load can act either upwards, tending tehpthe aircraft nose down, or downwards,

tending to pitch the aircraft nose up.

Yaw
A rotation about the vertical axis of an aircraft.

ZONA

ZONA Technology, a private company that develops markets a range of unsteady aerodynamic
and flutter analysis codes.
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1 INTRODUCTION
1.1 Background

Aeroelasticity is the study of the interaction beémn aerodynamic, elastic and inertial forces. It
applies mostly to aircraft, but also to structusgposed to wind such as bridges and buildings. The
primary phenomenon of interest is flutter, an datky instability in which the amplitude of the
oscillation grows exponentially until structuralilme occurs. Other phenomena include static
deflection, loads during manoeuvres and gust resgare., the structural dynamic response of an
aircraft flying through atmospheric disturbanced\part from the fact that flutter can have
catastrophic consequences, the elimination of teeflproblem in a late stage of development of a
new aircraft type can be very expensive. It isd@fa@e important to consider flutter from the early
design stages and during design optimisation.

Analytical solutions to aeroelastic problems areera However, Lagrange’s equation is
applicable to most aeroelastic problems. The desgoé freedom are often chosen to be the natural
mode shapes of the structure. It is then relatisghple to express the kinetic and elastic posnti
energy of the structure in terms of these modafdinates. The calculation of the generalised
aerodynamic forces involves calculating the presslistributions associated with each mode, and
integrating them with the modal displacement ofheawde as weighting functions. With the
resulting matrix of generalised forces the equatioh motion can be solved in the frequency
domain.

In cases where the aerodynamic loads are signifjicaon-linear functions of the structural
deformation of the aircraft, e.g., in transonianf|at is necessary to solve the equation of motion
the time domain. This type of solution is refertedas fluid-structure coupled or fluid-structure
interaction (FSI) solutions. FSI methods are pregeoo slow to be used in design optimisation.

Linear methods have therefore been the primary mehaeroelastic analyses over the past four
decades. Of these methods the doublet latticeadethd the ZONA family of commercial codes
are used extensively. “Linear methods” refers &ihuds that entail solutions of systems of linear
equations, eigenvalue problems and limited iteeasiglutions, e.g., Newton-Raphson solutions of
small matrix equations. This includes panel codkes, excludes computational fluid dynamics

(CFD) codes that solve the Euler or Navier-Stolgsagons and therefore also FSI solutions.
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1.2 Motivation for the study

A number of accidents and incidents in the 1950d 4860s highlighted the lack of
understanding of T-tail flutter. In July 1954 at®®h Handley Page Victor bomber crashed due to
T-tail flutter, and on 11 July 1957 the first XF4L@rototype, a T-tail fighter, crashed due to tail
flutter while flying chase for F-104A flight testsThe American Lockheed C-141 cargo aircraft
also experienced unexpected unstable oscillaticgheohorizontal tail. This lack of understanding
prompted experimental and analytical investigations T-tail flutter (Baldock 1958, McCue et al.
1968, Gray & Drane 1974, Jennings & Berry 1977).

At about this time the doublet lattice method (DL.M)panel method for calculating unsteady air
loads on oscillating lifting surfaces and wing-badymbinations, became a popular tool in flutter
analysis (Rodden 1997). However, despite four diesaof development, the popular
implementations of the DLM are not adequate forahalysis of T-tails, mainly for the following
reasons:

1. The horizontal stabiliser of a T-tail is attachedhe top of a flexible vertical stabiliser,
or fin. Bending and torsion of the fin result imgrgficant in-plane motion, i.e.,
chordwise and spanwise motion, of the horizontbitiser. These in-plane motions as
well as in-plane loads are not modelled.

2. The aerodynamic loads on the horizontal stabiligarerated by in-plane motion of the
horizontal stabiliser, as well as in-plane loadsegated by motion normal to the plane of
the horizontal stabiliser, depend strongly on theady-state load on the horizontal
stabiliser. The steady-state load distributiom@yever, ignored in the DLM.

3. Quadratic mode shape components, which are roytusdd in analyses ranging from
buckling of beam-like structures to rotor bladeraiibn, have hitherto been ignored in
T-tail flutter analysis. The steady-state trimdaan the horizontal stabiliser can have a
significant stiffening or softening effect on the bending modes that must be accounted
for by considering the quadratic mode shape commsne

The deficiencies of the DLM for T-tail flutter aryaks are commonly compensated for by the
calculation of additional aerodynamic terms, owsid the unsteady DLM calculation (Suciu 1996,
Quaranta et al. 2005). These terms are addedetantitrix of generalised forces before the
equation of motion of the structure is solved.

Apart from the deficiencies of the DLM that addtie tedium of a T-tail flutter analysis, it is
also necessary to perform a trim analysis for gaght condition for which a flutter solution is

required. In addition to the angle of attack, sitip angle and control surface deflections, @lso
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important to determine the steady-state deformatiotine structure. In particular, bending of the

horizontal stabiliser induces either anhedral bedral, which significantly affects T-tail flutter.

1.3 Obijectives of the study

The present study aims to make the aeroelastiysiaalf T-tails more accurate and less tedious

through the following contributions:

A steady-state solution sequence was added tolthg Dsing the same geometric input as
for the unsteady solution and accounting for awodlattack and side slip as well as camber
of lifting surfaces. The steady-state solutiorraguired for the trim analysis and also
affects the calculation of unsteady pressures aly lsorface panels, as well as having a
significant effect on the unsteady loads on thézbatal tail plane (HTP).

A more advanced surface panel body model, sepamatd@d model, and wing-body
interference model for the DLM were developed, mgkioth the steady-state and unsteady
analyses more accurate.

The DLM was extended to calculate the additionateady aerodynamic terms, related to
the in-plane motion and in-plane loads on the Hf&t are commonly calculated outside of
the DLM.

The steady-state load distribution and the quaddmatide shape components were taken into
account in the calculation of generalised forces.

Since the proposed method for T-tail flutter analyeequires quadratic mode shape
components as input, which are not commonly detezchin ground vibration testing or
finite element normal modes analyses, methods &asuring or calculating quadratic mode

shape components for general structures were desetlo

1.4 Layout of the thesis

In the following sections an overview of the relevterature is given, followed by a summary

of the contribution of the present study. Recomaiagions for further improvement are given. The

articles on which this thesis is based are predantthe Appendix.
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2 LITERATURE SURVEY

2.1 The doublet lattice method

The doublet lattice method (DLM) is the factostandard method for calculating unsteady air
loads for aeroelastic analyses. Rodden (1997kgveomprehensive overview of the development
of the DLM, which will not be repeated here. Hechibes the DLM as a finite element version of
the kernel function method of Watkins et al. (1958 opposed to the earlier “assumed pressure-
mode methods”. The application of the assumedspresmode methods had to be extended one
configuration at a time, e.g., for two lifting saces (Davies 1974, Stark 1964a) and for T-tails
(Davies 1966, Stark 1964b). The DLM, on the oth&nd, could be applied to any configuration
and was also applied to T-tails (Kalman et al. 397\l of these T-tail applications were
concerned with the calculation of the unsteady deash matrix and did not consider the effect of
steady-state loading on the horizontal tail plane.

Isogai and Ichikawa, however, developed an assupredsure-mode method for wings
oscillating in sideslip and yaw and for T-tail capirations, which takes the steady-state load
distribution into account in the calculation of thesteady loads (Isogai & Ichikawa 1973, Isogai
1974).

Lifting surfaces seldom occur alone — they are lguwdtached to a fuselage and may in turn
have bodies attached to them, e.g., external stwels as fuel tanks, ordnance, or engines. The
requirement to model bodies and lifting surfacejboderference was addressed in the DLM by
slender body theory and either an interference lparéhod (Giesing et al. 1971) or the method of
images (Giesing et al. 1972a). The latter metisoaestricted to bodies of elliptical cross section
and uses an un-tapered elliptical body to formirtieges of the lifting surfaces. The range of body
shapes that can be modelled by this method isftrerémited.

Roos et al. (1977) describe a DLM that uses ungtesadrce panels on the body surfaces to
model the flow about the bodies, along with a métbbimages to eliminate numerical problems at
the attachment of the lifting surfaces to bodiés.their method the unsteady boundary conditions
on the body surfaces are coupled to the steadydtdution through the second spatial derivatives
of the steady disturbance velocity potential. Heeve this term resulted in numerical instabilities
and was usually neglected (Bennekers et al. 197Yyen without this term they found good
correlation with experimental results.

Chen et al. (1993) presented an advanced methadliculating unsteady aerodynamic loads on

wing-body configurations. They avoided the numearigroblems encountered by Roos et al. by
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employing the body-fixed coordinate system of Gafedbgeda and Liu (1987). In addition, they

modelled the separated wake behind blunt-basededodihe effect of the separated wake was
shown to be significant for pitch damping calcwas of blunt-based bodies. The lifting surface

model employed by Chen et al. was, however, naiublét lattice method, but a constant pressure
panel method.

Liu et al. (1996) presented numerical results faumber of lifting surface cases comparing the
constant pressure panel method results to DLM tesuApart from showing generally improved
convergence of the constant pressure panel methogared to the DLM, they showed that the
DLM produced erratic pressure distributions forGadégree delta wing example. They argued that
the erratic behaviour of the DLM was due to its éowrder (lifting line) compared to the constant
pressure panel method. Van Zyl (1999) presentedistent DLM results for the delta wing case
of Liu et al. to demonstrate that the erratic béfavwas not due to the fundamentals of the DLM,
but rather to the implementation in the DLM codediby Liu et al. The relative merits of lifting
line methods and the constant pressure panel methedhe subject of debate between Chen et al.
(2004) and Rodden (2005).

2.2 T-tall flutter analysis

The loss of a British Handley Page Victor bomberl®b4 due to T-tail flutter prompted
experimental and theoretical investigations intail flutter. The accident occurred at a speed at
which the aircraft had been flown before withoutident. After the crash, bolts from the fin-
tailplane junction were found to have fatigue feels; which may indicate that the fin-tailplane
junction stiffness had been reduced (Baldock 195Blrther wind-tunnel tests and calculations
performed on the Victor tail unit revealed the degence of fin flutter speed on tailplane dihedral
and static lift. In flutter flight testing of theecond prototype and production models, rigginthef
ailerons was used to change the trim load on thigilister in order to determine the effect of the
trim load, and also reduce the actual flutter sgeddll within the aircraft flight envelope.

In the United States of America, T-tail configuosits were chosen for cargo aircraft and jet-
powered flying boats. The Glenn L. Martin compatgveloped the P6M Seamaster strategic
bomber flying boat with a T-tail and invested angiigant effort in the flutter clearance of the
T-tail (Kachadourian et al. 1958).

Pengelley et al. (1954) conducted a series of wumthel tests to identify the parameters that
affect T-tail flutter and to provide data for valithg theoretical T-tail flutter predictions. They
experimentally investigated the effects of massstiffthess variations, but not trim load, on flutte

A series of wind tunnel investigations into T-téliitter characteristics of the C-141 cargo
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aircraft was conducted by Ruhlin, Sandford and ¥é&tem 1964 to 1975. In the first series of tests
(Ruhlin et al. 1964) variations in stiffness of ieais structural elements and mass and inertiaeof th
stabiliser were studied, in addition to seekingfroration that the nominal design was flutter free
within the intended flight envelope. Static lo&ditations on their model precluded a significant
variation in trim load, a major factor in anti-syratric T-tail flutter.

This aircraft did however encounter T-tail flutiwe to non-linear aerodynamic effects (Livne
& Weisshaar 2003), in particular symmetric stabilidlutter was precipitated by substantial
elevator deflections. Symmetric flutter of thelsliaer of a T-tail is not substantially differeinom
that of a conventional stabiliser because of timatdid in-plane motion. In this case both upward
and downward elevator deflections precipitatedtdiut The solution to this problem was to
increase the elevator balance weights on the neab#, and this was also found to be effective on
the model (Sandford & Ruhlin 1969).

Transonic effects on T-tail flutter of the C-14hdaspecifically the extent of the transonic dip
for anti-symmetric flutter, were also investigaggerimentally by Sandford et al. (1968) using the
same model, but with a weakened fin spar. Theyndoa substantial reduction in flutter dynamic
pressure of 41% at Mach 0.7 compared to the lowedpalue.

A similar study was conducted by Ruhlin and Saralf{d@975) for an even larger cargo aircraft,
the C-5, which also revealed a significant transafp (i.e., reduction in flutter dynamic pressure
at transonic Mach numbers) between Mach 0.92 andhMr98. The fin of this aircraft was
stiffened as a result of this investigation (Cdlale2003).

McCue, Gray and Drane specifically investigated éffiect of stabiliser incidence (i.e., trim
load) on the flutter behaviour of a T-tail modeld®ue et al. 1968, Gray & Drane 1974). They
correlated their experimental results with anadjtiesults obtained from Davies’s theory (Davies
1966), augmented by the addition of the followiegoalynamic terms:

a) a lateral component of the lift force caused byudaigdisplacement of the tailplane in roll,

b) a rolling moment caused by angular displacemetit@twept tailplane in yaw,

c) a rolling moment caused by angular velocity ofttifplane in yaw, and

d) a rolling moment caused by lateral velocity of thigplane.

In their experimental setup the pitch angle of Wieole model was adjusted to achieve the
desired tailplane angle of attack. This is not shene as changing the incidence of the tailplane
relative to the fin. For nose up pitch angleshaf nodel, the fin would generate a restoring rgllin
moment if the fin was displaced in roll, whereasriose down pitch angles the fin would generate
a divergent rolling moment. This “weathercock” dency of the fin was not considered in their

analysis.
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Jennings and Berry (1977) conducted a series ofl-vinnel tests to investigate the effect of
stabiliser dihedral and steady-state lift on T-#aitter. In this case the tailplane incidencelddue
changed relative to the fin, thereby eliminating tteathercock tendency of the fin. They adapted
strip theory to calculate a similar set of addiibaerodynamic forces using the concepts of Queijo
(1948, 1968). Queijo used lifting line theory ahd interaction between the air flow and spanwise
as well as chordwise bound vortices to calculageftiitces and moments on wings executing in-
plane motions.

Rodden (1978) pointed out that the yawing momemt wuroll rate, which was neglected by
Jennings and Berry, is of the same order of madeitas the rolling moment due to yaw rate.
Suciu (1996) also used strip theory to calculawitemhal loads to augment DLM results and also
neglected the yawing moment due to roll rate. $sanethod allows for modelling of transonic
effects by factoring of individual elements of tinfluence coefficient matrix, based on empirical
data.

Wind-tunnel testing of the Tu-154 airliner empemmagso revealed a strong dependence of
flutter speed on stabiliser deflection. A distiontwas made between varying the angle of attack
of the entire model and changing the stabiliseiderce angle relative to the fin, while keeping the
model incidence fixed. However, the differencesMeen the corresponding flutter speeds were
small. Chuban (2005) investigated a procedurenfodelling this effect, focussing on induced
drag, and achieved good correlation between theatetnd experimental flutter speeds. Results
were however only presented for upward trim loaesulting in reduced flutter speed compared to
zero trim load.

The broad approach of augmenting generalized farakesilated using lifting surface theory by
additional unsteady aerodynamic loads was also bgeguaranta et al. (2005) in an optimization

study of a T-tailed aircratft.

2.3 Quadratic mode shape components

The concept of quadratic mode shape componentsnivaguced by Segalman and Dohrmann
(1990) to facilitate the rigorous treatment of @tions of rotating flexible structures. The method
was also applied to buckling problems (Dohrmann é&g@man 1996) and further examples are
given by Segalman and Dohrmann (1996) and Segadtnain (1996).

The method proposed by Segalman et al. for comgpujiumadratic mode shape components
requires multiple non-linear, finite element, stadieflection analyses. The loadings are derived

from the linear mode shapes, multiplied by the nmaggix of the structure.
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The method of quadratic mode shape components p@ed to T-tail flutter analysis by Van
Zyl et al. (2007, 2009). Following the lead of Va@nyl et al., Jung et al. (2008) applied the
guadratic mode method to the fluid-structure couypbf a high aspect ratio wing.

No other reference to the application of the quadinrmode method to airplane aeroelasticity

could be found.

2.4 Fluid-structure interaction

Computational Fluid Dynamics (CFD) codes generaddlynot need special treatment to calculate
all the unsteady aerodynamic loads required failfHutter analysis. In addition, CFD is the only
practical and reliable means of accounting for domic effects, which have been shown to be
significant for T-tail flutter.

Meijer et al. (1998) applied the NLR’s AESIM systéonthe flutter analysis of a transport-type,
T-tail fuselage configuration. The AESIM systentempasses flow solvers of varying fidelity, up
to a thin-layer Navier-Stokes (TLNS) solver. Theistural dynamics model, however, only allows
for linear mode shapes.

Transonic Euler solutions for a T-tail flutter mbdeere presented by Arizono et al. (2007).
They also used a modal representation of the siaictlynamics of the model. For the wall-
mounted T-tail flutter model there was no needdsider the aeroelastic trim problem.

A complete CFD-based T-tail flutter solution ofrad-flying aircraft, including solution of the
trim load and static deformation, was presentedAtigrni et al. (2011). Apart from the flow
separation issue, mentioned in relation to the C-dargo airplane, this represents the ultimate T-
tail flutter solution. The one major deficiency their method is the use of a linear modal
displacement model.

The effect of shock-induced flow separation on iTftatter (Ruhlin & Sandford 1975), is still a
challenge and Euler solutions, which are populaa&yoelastic analyses, would not be sufficient to
capture this effect. At least a TLNS solver, aplamented in the AESIM system of NLR, would

be required.
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3 CONTRIBUTIONS OF THE STUDY

The original contributions of the present studythie different aspects of T-tail aero-elasticity
are summarised in the following sections, with refiee to the literature survey and the appended
articles. Extracts from the articles as well aditahal examples are presented to illustrate the

contributions.

3.1 Robustness of the DLM

The DLM has been criticized in the literature forlamk of robustness. Liu et al. (1996)
presented erratic unsteady DLM results for a piighdelta wing. This author found that his
version of the DLM did not produce erratic resudtsd published results for the same cases
showing well-behaved DLM results (Van Zyl 2003)hig article is included in the Appendix as
Article 1.

Chen et al. (2004) also presented erratic DLM tesuhlculated using the N5SKQ code (Rodden
et al. 1998), for a 70 degree delta wing at a stemwyle of attack. Knowing that the erratic
behaviour did not apply to the DLM in general, dhdit it also appeared for steady flow cases, the
error in the DLM code used by Liu et al. was tratedhe steady downwash calculation in the
DLM code N5KA (Giesing et al. 1972b). The sametiraiis also used in the N5KQ code. The
delta wing results presented by Chen et al. arodeged in Figure 1. Results for the same case,
analysed using the original N5SKA code and a coeetersion, are shown in Figure 2. The erratic
behaviour of the original code reported by Chealets accurately reproduced, and the corrected
version eliminates the erratic behaviour. The fifieation of the programming error and this

correction, therefore, resolve the robustness issue
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3.2 Wing-body modelling using the DLM

T-tail empennages are always attached to fuselaglesrefore, the modelling of bodies and the
aerodynamic interference between bodies and lifSngaces have a significant effect on the
overall accuracy of the aeroelastic analysis o&ilg¢onfigurations. A doublet lattice method for
modelling wing-body combinations in subsonic undiefiow was described by Van Zyl (2008).
This article is included in the Appendix as Artitle

The body and wing-body interference models in thputar implementations of the DLM are
limited in the body shapes that could be modelldéadl.the case of the NSKA and the improved
N5KQ codes (Giesing et al. 1972a, Rodden et al.819he DLM versions implemented in
MSC/NASTRAN, the body shape is limited to an eltipt cross section. The body flow field is
modelled by axial singularities and the interfeeeflow by the method of images. A body tapering
to the rear would also lead to numerical problerasaibise the trailing vortices from the image
panels would penetrate the body surface.

In the present study, a surface panel body modmwijas to that of Roos et al. (1977), was
implemented in a DLM code. The more general bogndandition that is required for the body
surface panels was also applied to the liftingaae$.

Instead of the single strip image used by Rood.gtawo-strip image is used in the present
method. The first image strip is intended to faanmirror image of the first actual strip of the
lifting surface attached to the body, in order tmimize the induced velocities normal to the body
surface. The second image strip is intended toentlog trailing vortex to a convenient location to
exit the body, thereby eliminating the problem wdbering rear bodies.

A separated wake model, based on the method of €@hah (1993), was also added to the
DLM. Chen et al. showed that the separated wabw flas a significant effect on the pressure
distribution over a blunt-based body. They usqmbit source in the wake region to model the
steady wake flow and an unsteady velocity potem@iblet to model the unsteady wake flow.
Their method also enforces a constant, optionadlgr tspecified, base pressure. In the present
implementation both a steady and an unsteady poimtce, and a steady and an unsteady doublet,
are used to model the base flow. This allows fonsistency between quasi-steady pressure
distributions (the difference between two steadyutsmns) and unsteady solutions at zero
frequency. In addition, an unsteady base predsucalculated as part of the solution instead of
being forced to be zero.

The steady-state and unsteady flow fields arourdielsoare coupled through the non-linear

expression for the pressures on body surface panklsorder to obtain the correct unsteady
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pressure distribution over a body, it is therefoezessary that the steady pressure distribution is
known. A steady flow solution sequence was addetthe¢ DLM, which uses the same geometry
definition as the unsteady solution sequence. tifi®sake of the steady solution sequence, camber
of lifting surfaces and angle of attack and sigesfithe whole configuration can be specified.

In addition to improving the fidelity of the model) of wing-body combinations, the
development of a DLM for wing-body combinations calsncompassed two important steps
towards a DLM for T-tails, viz. the more generabhbdary condition and the steady flow solution
sequence. The more general boundary conditioagsired for T-tails as it takes account of the
dihedral/lyaw coupling and the in-plane motion c¢ tHTP. The steady-state load distribution on
the HTP of a T-tail has a significant effect on dall flutter, therefore the steady solution is

required for calculating the unsteady air loads dntail.

3.3 T-tail aeroelasticity

The DLM for wing-body configurations of Van Zyl (@8) was extended to calculate
generalised forces for T-tail flutter analysis. eTimethod is described by Van Zyl and Mathews
(2011) and is included in the Appendix as Artidle The DLM for T-tails implements two further
elements necessary for T-tail flutter analysis:

a)the way in which unsteady forces on lifting surfdmexes are calculated was changed to

incorporate the concepts of Queijo (1968), and

b)the quadratic mode shape components were takenaodount in the calculation of the

generalised aerodynamic forces.

The method of Queijo is commonly used to calculatest of the aforementioned additional
unsteady aerodynamic loads on the HTP of T-taifigamations, viz.

a) a rolling moment caused by angular displacemetti@Ewept tailplane in yaw,

b) a rolling moment caused by angular velocity oftdilane in yaw, and

c) a rolling moment caused by lateral velocity of thigplane.

The downwash equation in the DLM is usually cast fiorm that relates the induced downwash
velocity to the pressure difference over an aeradyn box (Giesing et al. 1971). In reality, the
method calculates the downwash induced by an aetele potential doublet line located at the
box quarter-chord. The aerodynamic force is asslutoeact at the centre of the acceleration
potential doublet line. In the present methodabeeleration potential doublet line is replacedaby
corresponding quasi-steady horseshoe vortex anfibtbes on the aerodynamic box are calculated
using the Kutta-Joukowski theorem. In applying khdta-Joukowski theorem, the motion of the

horseshoe vortex elements are taken into considerand the forces on the chordwise-bound
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vortices are also calculated. All of the aforenmred HTP forces, as well as the lateral
component of the trim load due to angular displaaenmn roll, the incremental normal force due to
longitudinal motion of the HTP, and the yawing mamelue to angular velocity in roll, are
calculated by this procedure.

The essence of the quadratic modal displacemenelmsdhat the linear expression for the

displacement of a point on a structure,
X(t) = ZQi (t)ui 1)
is replaced by a quadratic expression (Dohrmanreganan 1996)

0= Y a s+ > a ba b, @
where theqg are the generalised coordinates, uhare the linear mode shape components and the
gk are the quadratic mode shape components.

The need to consider the quadratic mode shape ammpmin T-tail flutter analysis is illustrated
by the example of a rigid T-tail with height hinged at its base with torsional stiffnéssbout the
hinge line, and mass moment of ineftiaabout the hinge line. The hinge line is paraitethe
flow. We consider the case of an HTP generatingiamard load of constant magnitugewith
the HTP (and the force) rolling with the fin. Tload acts at the junction of the fin and the HT$, a

illustrated in Figure 3.

Horizontal
stabiliser

Vertical
stabiliser

Figure 3: Rear view of the hypothetical T-tail
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The force will have no effect on the dynamics @& Titail because the force always acts through
the hinge line. However, when we analyze the Tusing Lagrange’s equation and a linear modal
displacement model, we get a different result. raage’s equation applied to the T-tail simplifies
to

1, 0+K6=Q 3)

whereé is both the angular deflection of the fin in radiaand the generalised coordinate, @nd

the generalized force defined by
AW =Qd8 (4)

oW is the virtual work that would be performed by tapplied force if the fin was displaced
through a virtual angular deflectiei®. The virtual work is given by the dot product betforce

and the virtual displacement vectors, viz.
W =f [X 5)

According to the linear modal displacement modwed, displacement and virtual displacement of

the top of the fin are given in terms of the gehsed coordinate by

A ©
The force is approximately equal to
f =(0-6F,F) (7)
and the virtual work is equal to
AW =f [ = (0-6F,F)((0,-h,0)36 = hFEs6 (8)
Comparing Egs. (4) and (8) reveals that
Q=hFé 9)

Substituting this expression for the generalisedganto Lagrange’s equation, Eq. (3), gives

1,6+ (K,-hF)8=0 (10)
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Therefore the T-tail is predicted to diverge if reduct of the upward force magnituée,and the
fin height,h, exceeds the torsional stiffness about the himggK;, which is incorrect.
According to the quadratic modal displacement modéke displacement and virtual

displacement of the top of the fin are given by

x = (0-h6,-1h6?)

& = (0,-h,~h8)o8 )

The virtual work is equal to zero:
A =f [ = (0-6F,F)1(0-h,-h8)3® =0 (12)

The steady-state load is therefore predicted te Imaveffect on the dynamics of the T-tail, which is
correct. In reality there will, however, be rolirdping and a corresponding reduction in frequency
with increasing dynamic pressure. The roll dampshguld be independent of the steady-state
load.

This problem was analyzed using the DLM as wellhasFSI code Edge (Eliasson 2001, Smith
2005). The latter is a typical FSI code usingnedr modal displacement model. The quadratic
mode method was implemented in the Edge codeudianentary fashion for this comparison.

The model parameters chosen for this study correbpo an existing wind-tunnel model and
are as follows: fin heighthf 0.3 m, HTP span 0.5 m, fin and HTP chord 0.1 rassnmoment of
inertia about the hinge axi$,§ 0.052178 kg.m2, and modal frequency 5 Hz. Wesitar three
HTP incidences covering a range over which lineznodynamic behaviour of the wind tunnel
model could be expected, viz. zero, -6° and +6°.

Three DLM solutions are considered:

a) The standard DLM, which ignores the steady-stasel land calculates only roll damping

(which is the correct result in this case).

b) The DLM with additional loads, in particular thedeal component of the steady-state load
due to HTP roll. This is essentially equivalentite method of Suciu (1996), and gives an
erroneous result as illustrated above.

c) The T-tail DLM of Van Zyl and Mathews (2011), whigfcludes the customary additional
loads as well as accounting for the quadratic ngidgpe components in the calculation of
generalized forces. This method yields the samelteas the standard DLM, but for the

right reasons.
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For the Edge solution, a grid was generated wighktase of the fin, i.e., the hinge line, on the
axis of a cylindrical domain with a diameter of 2 nbue to the axial symmetry of the setup,
rotation of the T-tail should not change the presslistribution on the T-tail. The Euler equations
were solved using Edge for a free stream Mach nurab8.3. (The Edge code cannot solve for
incompressible flow.)

The analyses consisted of a steady-state solut@lowed by a prescribed, sine-squared,
disturbance of 0.03 radians (corresponding to 9lataral displacement at the fin tip), followed by
a coupled time-domain simulation. The Edge resfits the linear and quadratic modal
displacement models, respectively, are presentégyires 4 and 5. In the case of the linear modal
displacement model, the T-tail response is sigaifity affected by the HTP incidence. The free
vibrations have significantly different frequenciegh an upward steady-state load resulting in a
much reduced frequency, which is consistent withrésult of the analytical study. In the case of
the quadratic modal displacement model, the regpasisnuch less affected by the angle of
incidence of the HTP, with all three responses iiggractically the same frequency. Due to a
degree of asymmetry in the grid, the steady-stadd did not act perfectly through the hinge line,
resulting in a slight offset of the equilibrium ptasn.

The damping and frequency of each response wemactatl from the Edge results and
compared to the DLM results in Figures 6 and 7e Tiihes are labelled according to the results of
the DLM with customary additional HTP loads, buthwiut considering the quadratic mode shape
components. The 0° line represents the only coselution for all three incidence angles. The
Edge results for the three incidence angles usiadihear modal displacement model fall close to
the respective erroneous DLM results, whereas tige Eesults for the three incidence angles using
the quadratic modal displacement model lie on thien@.

It has been shown that the quadratic mode methedfestive and essential for T-tail flutter
analysis. The method has been fully implementatderDLM and demonstrated in an FSI code.

In addition to the problem of calculating unsteg@gyeralised aerodynamic forces, T-tail flutter
analysis also requires the solution of the stagimelastic trim problem. The present DLM was
written in such a way that it can be invoked iteely from the flutter solver, instead of calcuragi

tables of generalised forces at predetermined tondi(Van Zyl, 2011).
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3.4 Quadratic mode method

The present study introduced T-tail flutter analyss a new application for the quadratic mode
method of Segalman and Dohrman (1990) and alsaibated three new ways of determining the
guadratic mode shape components: calculating trstng linear finite element analysis, the subject
of the article included in the Appendix as Arti¢t\eé and measuring them in a sine-dwell GVT or
estimating them from the linear mode shape compsneiescribed in the article included in the
Appendix as Article V

The application of the quadratic mode method tailflutter was fully implemented in a DLM
code and also demonstrated in a rudimentary fashian FSI code. In both instances the method
yielded the expected results.

A method for determining quadratic mode shape corapts from linear finite element analysis,
using energy considerations, was initially devetbfe truss structures. In addition, a method for
calculating residual higher order stiffness terneswleveloped. Several examples confirmed the
validity of the method. The method was subseqgyantplemented in MSC/NASTRAN for more
general structures in the form of a DMAP Alter.

The method for measuring quadratic mode shape coemp® in a sine-dwell ground vibration
test is based on a simple expression for the gtiadreode shape component involving the mean
offset and second harmonic of the accelerometepubut The method was successfully
implemented and tested on a simple test pieceisbexpected to have limited applicability due to
the low signal levels of the mean offset and theosd harmonic of the accelerometer outputs,
compared to the first harmonic components. Thehatkis also only capable of measuring the
guadratic mode shape components of individual modes

An approximate method for estimating the quadratade shape components from the linear
mode shape components was therefore developeds méihod treats the connections between
measurement nodes, used to visualise mode shapegxtensible structural members in order to

calculate the quadratic mode shape components.

3.5 Experimental work

An experimental investigation of the effect of #teady-state load on the HTP of a T-tail was
undertaken, similar to the many studies mentiomethé literature survey. It was not possible to
compare calculated results with these earlier éxgats because insufficient data were presented
to perform the calculations. Due to editorial nesibns of the specific journal, sufficient

information for the model of this study could atsat be published in the article included as Article
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[l in the Appendix (Van Zyl & Mathews 2011). Thecessary additional information is included
at the end of this section.

The model used in this investigation had a stiffizuntal tail plane, thereby eliminating the
uncertainty of the static deflection of the HTPheTmain focus was on the aerodynamic effects of
the trim load. The plan forms of the fin and hontal tail plane were loosely based on that of the
A400M transport aircraft. The torsional flexibflitwvas mainly confined to the fin, while the
“bending” flexibility was mainly confined to the gport system, which is shown in Figure 8. The
base of the support system was bolted to the windel floor. The upper beam of the support
system, to which the fin of the T-tail was boltedas supported by four flexible plates. This
arrangement provided a stiff support in all tratistal degrees of freedom and in pitch and yaw,
while allowing flexibility in roll. The stiffnessn roll could be changed by changing the width and
thickness of the flexible plates. The mountingteys also contained a brake mechanism which
could be used to stop flutter of the model.

The internal structure of the model is shown inufgg9. The fin structure consisted of
Aluminium ribs and spars and was covered with @af#m. The horizontal stabiliser structure
consisted of steel tube spars and steel ribs arsdcagered with Balsa wood. A steel tube pivot
connected the stabilisers to each other and tdinheThe fin tip fairing contained an electrically
powered linear actuator which was used to chargsttbiliser incidence. The stabilisers had non-
symmetric NACA 23015 profiles to enable larger tfiefficients to be achieved without stalling,
and could be mounted either upright or upside down.

The output of the tests was flutter speed as atifumof stabiliser incidence. Flutter speed was
expressed as equivalent air speed, which was esdclifrom the dynamic pressure measured in the
wind-tunnel test section. For each HTP incidennglexa flutter speed uncertainty range was
determined. The lower end of the range was thbkdsigspeed at which the model did not flutter,
even with an initial disturbance. The upper endhef range was the lowest speed at which the
model fluttered without any initial disturbance ggaom the natural wind tunnel turbulence. The
range was seldom more than 1 m/s and never mane2thas.

There are two sets of results in the article, amelfe stabiliser mounted upright and one for the
stabiliser mounted upside down. As a matter adrigdt, all the data are plotted against stabiliser
lift coefficient in Figure 10 and is seen to corger The correlation between predicted and
measured flutter speed was satisfactory, varyintyvden 8% over-prediction and 2% under-

prediction of flutter speed over the range of iecide angles tested.
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Figure 8: T-tail flutter model mounted on its suppat system during the GVT

Figure 9: Internal structure of the T-tail flutter model
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The geometry of the T-tail flutter model is defingd terms of chord line leading edge
coordinates and chord lengths in Table 1. Zheé reference plane of the global coordinate system
was the tunnel floor and the= 0 reference plane coincided with the verticalnglrcentre plane.
The streamwise coordinate, was defined as positive downstream, the verticardinate,z, as

positive upward and the lateral coordingteas positive to the right.

Table 1: T-tail flutter model chord lines

Chord line X [m] y [m] z[m] Chord [m]
Fin root 0.000 0.000 0.217 0.425
Fin tip 0.32¢ 0.00( 0.71¢ 0.42¢
Fin tip fairing roo 0.32¢ 0.00( 0.71¢ 0.52¢
Fin tip fairing tig 0.32¢ 0.00( 0.81: 0.52¢
Stabiliser root 0.375 0.000 0.763 0.363
Stabiliser tip 0.838 +0.62b 0.763 0.100

The first three mode shapes and corresponding nudakerties of the model were measured

using a sine-dwell test technique. The modal ptagseare listed in Table 2.

Table 2: Modal properties of the T-tail flutter model

Mode no. | Description Frequency [Hz]| Damping ratio | Modal mass [kg]
1 First fin bendini 2.621 0.006: 3.94
2 Fin torsior 4.641 0.021: 3.58¢
3 Second fin bending 13.695 0.0345 3.366

The mode shapes were approximated by polynomigdeesged in a local coordinate system for
each element. The origin of each local coordisgtem is at the root leading edge of the element;
the chordwise coordinaté, is normalized by the root chord, and the spanwmedinate, is
normalized by the span of the element. The polyabapproximations to the linear mode shape
components are given in Egs. (13) to (44). Thpldements in these expressions are in the global

coordinate system and subscripts denote the madeercorresponding to Table 2.
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Fin

Fin tip fairing

Right stabiliser

Left stabiliser

&=x/0.425

n =(z-0.217)/0.497

y, = —0.106510- 0.55867@ + 0.07998%7 — 0.509418)>
y, = 0.002565+ 0.57575% — 1.4097527 +1.265927>
y, = 0.049624+ 0.856267) — 1.075774n +1.267945>

&=(x-0.324)/0.528
n=(z-0.714)/0.098

y, = -1.113630+ 0.09936% - 0.180162
y, =0.769517-1.75140¢ + 0.227724
y, = 1.353715- 1.33649F — 0.329526

&=(x-0.375/0.363
n=yI10.625

x, =-0.11762@

y, = -1.194113+ 0.06831F
z, =1.14899%

x, = 2.073164

y, = 0.714209- 1.204094
z, = -1.452323

X, = 1582021

y, =1.059859- 0.91883&F
z,=2.10157Q

&=(x-0.379/0.363

n=-y/0.625

x, = 0117620

y, =-1.194113+ 0.06831F
z =-1.14899%

x, = -2.073164

y, = 0.714209- 1.20409%
z, =1.45232%

x, = —1.582021

y, =1.059859- 0.91883&F
z,=-2.101571
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4 CONCLUSION

4.1 Consolidation of the work done

The aim of the present study was to develop lineathods for the flutter analysis of T-tail
configurations that would address the shortcomiigthe widely used DLM. The new methods
were implemented in a DLM code (Van Zyl & Mathewl2).

The choice of the DLM as the basis for this developm@®uld be questioned in the light of
allegations that the DLM lacked robustness (Liuletil@96, Chen et al. 2004). The robustness of
the DLM was therefore asserted through two jousrtitles (Van Zyl 1999, Van Zyl 2003). The
error in the DLM code that was used to questionrtiristness of the DLM was identified and
corrected.

In recognition of the fact that lifting surfaces general, and T-tail empennages in particular,
usually occur in conjunction with fuselages andgiayg other bodies, an improved body model
and wing-body interference model for the DLM wesveloped (Van Zyl 2008). This DLM code
was used as the basis for the enhanced DLM for 3-tail

The main drawback of the standard DLM, when appled-tail configurations, is that in-plane
loads (i.e., loads in the plane of the HTP), loaalssed by in-plane motion of the HTP, and the
effect of the steady-state load distribution on FhEP are not accounted for. This deficiency is
well known and the usual way of compensating forisitto calculate additional unsteady
aerodynamic loads outside of the DLM. In the pregdrM these loads are accounted for through
a more general boundary condition and using thaakidukowski theorem to calculate the loads
on aerodynamic boxes. By eliminating the need dtcuiate additional aerodynamics forces
outside of the DLM, the human effort required forTatail flutter analysis as well as the
opportunities for introducing errors into the arsédyare reduced.

One of the additional loads that are typically atide standard DLM results is the unsteady
lateral force resulting from the rotation of theatly-state load (trim load) on the HTP. It has
hitherto not been recognised that this force lgadspurious generalised unsteady aerodynamic
forces unless the curved path of motion of the zmmial tail plane is taken into account. The
spurious generalised forces are of the same ofdeagnitude as the generalised forces associated
with the additional loads that are customarily atide the DLM results. The quadratic mode
method (Segalman & Dohrmann 1990) was implememietthe present DLM to account for the
curved path of motion of the HTP.

The present DLM for T-tails can analyse T-tail cgofiations with the same accuracy and for a

similar effort as conventional configurations, po®d that the quadratic mode shape components
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are available. The means for obtaining quadrabdenshape components were hitherto limited to
integration of the angular deflection of simpleustures such as beams, and using multiple, non-
linear, finite element analyses for general stnegfySegalman & Dohrman 1996, Segalman et al.
1996). Alternative means for obtaining quadratiode shape components were developed, viz.
measuring them in a GVT, estimating them from theedr mode shape components, and

calculating them using linear finite element anelys

4.2 Aspects meriting further investigation

The present DLM is still limited in its applicatiory ransonic effects and flow separation. In
view of the increase in computational power, therapriate way of performing transonic T-tail
flutter analysis is using FSI methods. These nathmalculate the correct pressure distribution on
the HTP of T-tail configurations without speciabatment, but they are subject to the same
potential errors as the DLM in calculating the easlty generalised aerodynamic forces. It would
therefore be required to implement the quadraticlenmethod in an FSI code in order to obtain
reliable transonic T-tail flutter analysis results.

The aeroelastic challenges of the joined wing caméijon are currently attracting considerable
attention. According to Demasi and Livne (2005) theroelastic analysis of joined wing
configurations requires non-linear analysis dueatmpngst others, the compressive stress in the
rear (upper) wing. The quadratic mode method shoufatinciple be able to model the effects of
this compressive stress without resorting to noedr analysis. An investigation of the

applicability of the quadratic mode method to tosifiguration seems warranted.
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May-June 2011, pp. 823-831, DOI: 10.2514/1.54645

Reproduced by kind permission of AIAA's Journal of Aircraft.
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Permission from the editor of Journal of Aircraft

Subject: RE: Permission to include journal papers in PhD thesis
Created By: MikeB@aiaa.org

Scheduled Date:

Creation Date: 16/08/2011 21:47

From: Mike Baden-Campbell <MikeB@aiaa.org>

Louw,

The summaries require no permission, but the reprinting in entirety does. AIAA grants you
permission to include your Journal of Aircraft articles referenced below in your Ph.D. thesis.

Sincerely,

Michael Baden-Campbell
AIAA Publications

From: Louw Van Zyl [mailto:lvzyl@csir.co.za]

Sent: Tuesday, August 16, 2011 2:47 AM

To: Mike Baden-Campbell

Subject: RE: Permission to include journal papers in PhD thesis

Dear Mike

The papers will be included verbatim in an appendix to the thesis and summarized in the
body of the thesis.

Best regards

Louw

>>> Mike Baden-Campbell <MikeB@aiaa.org> 8/12/2011 6:15 PM >>>

Dear Louw van Zyl,

Sorry for the delay in responding. | am prepared to grant permission for you to include
these papers in your thesis, but I'd like to know the manner in which you intend to do this
before | can do so. Are you going to re-purpose the material, or print them verbatim as an
appendix of sorts?

Mike
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From: Louw Van Zyl [mailto:lvzyl@csir.co.za]

Sent: Thursday, July 28, 2011 9:22 AM

To: Mike Baden-Campbell

Subject: Permission to include journal papers in PhD thesis

Dear Mr Baden-Campbell

I would like to include two complete papers of mine, published in Journal of Aircraft, in my
PhD thesis. The thesis will be submitted to the North-West University of South Africa in
November 2011 and may be published approximately 6 months later. According to the
general academic rules of the university,

"A.8.8.3 The University is entitled to duplicate a thesis either physically or electronically, and
to distribute or make available such copies."

If this is not acceptable to the journal it may be possible to restrict or delay the publication of
the thesis. Alternatively the journal could determine a fee for unrestricted publication. In
either case, the copyright notices will be retained.

The papers are:

Van Zyl, L.H. , "Unsteady Panel Method for Complex Configurations Including Wake
Modeling”, Journal of Aircraft, Volume 45, Number 1, January-February 2008, pp. 276-285,
doi: 10.2514/1.29267.

and
Van Zyl, L.H. , and Mathews, E.H., “Aeroelastic Analysis of T-Tails Using an Enhanced

Doublet Lattice Method”, Journal of Aircraft, Vol. 48, No. 3, May-June 2011, pp. 823-831, doi:
10.2514/1.54645

Copies of the first pages of both papers are attached — these are previews obtained from the
AIAA website.

Copies of the full papers are also attached, in this case the last page proofs that | have
received for the respective papers.

| would appreciate it if you would consider this request and let me know under which
conditions it may be possible.

Thank you in anticipation

Best regards

Louw van Zyl
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Guidelines for authors of Journal of Aircraft

The information on the following pages were taken from

http://www.writetrack.net/aiaa/documents/infocontributors.pdf

accessed on 27 July 2011. Note that the Journal of Aircraft is an AIAA journal.
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Information for Contributors to Journals of the
AlAA

General Requirements

Authors must submit their manuscripts on WriteTrack™,
http:/ /www.writetrack.net, AIAA’s Web-based manuscript submittal and
tracking system. AIAA has prior publication rights to any paper presented at its
meetings, but papers will be considered for journals only if the authors formally
submit them. All manuscripts must be as brief and concise as proper presentation
of the ideas will allow. The paper should be written in archival editorial style.
Manu-scripts must be in English (American spelling), double-spaced and single-
column, with wide mar-gins to allow for editorial instructions. A template is
available on WriteTrack for authors who use Microsoft Word 6.0 or later.

Full-Length Papers

Full-Length Papers contain original, quantitative, detailed technical material,
set into perspective relative to prior work and supported by literature references
and specific technical accomplishments. A typical double-spaced Full-Length Paper
will be approximately 10,000-12,000 words (including equations), where each
normal-sized, single-column figure or table counts as 200 words. All manuscripts
are expected to be as concise as possible.

Abstract

Each Full-Length Paper must include a 100- to 200-word abstract, written as a
single paragraph. It should be a summary (not an introduction!) and complete in
itself (no numerical references). Acronyms and abbreviations are not permitted.
The abstract should indicate the subjects dealt with in the paper and should state
the objectives of the investigation. Newly ob-served facts and conclusions of the
experiment or argument discussed in the paper must be stated in summary form.
Readers should not have to read the paper to understand the abstract. Neither
the abstract nor the conclusions (see below) should contain equations, symbols,
acronyms, or discussions of proposed future research. The abstract should be
written using third person instead of first person (i.e., “The experiments were
performed” versus “We performed the experiments...”).

Nomenclature

A Nomenclature section is required for papers containing more than a few
symbols; nomen-clature definitions then should not appear in the text.

Introduction

The paper also must include an Introduction—a brief assessment of prior work
by others and an explanation of how the paper contributes to the field.

Conclusions
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The Conclusions should stand alone without either references or referrals to the
main text for more details. They must be logically drawn from the text but not be
just a summary of the paper.

Survey Papers

Survey Papers are comprehensive reviews of the literature on a particular
subject, typically 18,000-20,000 words in length. They do not contain abstracts
but do contain biographies and photographs of all authors. The biographies are
not to exceed 200 words each.

Lectures

Lectures are papers (usually invited) that received “distinguished lecture”
status at an AIAA conference, such as the Dryden Lecture and the von Karman
Lecture.

Histories of Key Technologies

Papers covering the history of a particular aspect of aerospace technology
(within the scope of each journal) may be published in this category.

Technical or Engineering Notes and Technical Comments

Short manuscripts may qualify for publication in one of these categories. Notes,
approximately 2500 words, are intended for prompt disclosures of new,
significant data or developments of limited scope; they do not have abstracts but
do contain introductions and descriptions of results. Comments should relate to
papers previously published by AIAA; they must not exceed 1200 words.
Manuscripts submitted in these categories often are reviewed only by an editor
and usually are published sooner than a Full-Length Paper.

Design Forum (Journal of Aircraft only)

Design Forum papers range from design case studies of actual or notional air
vehicles, to presentation of new design methodologies, to analysis of emerging
trends in the design world. They should be approximately 10,000-12,000 words
and should include a 100-200-word abstract. Unlike regular Full-Length Papers,
Design Forum papers do not undergo routine peer review, thus reducing the
time from submission to publication.

Aerospace Letters (AIAA Journal only)

Aerospace Letters are brief communications (approximately 2000 words) that
describe new and potentially important ideas or results, including critical
analytical or experimental obser-vations made in emerging research areas that
justify rapid publication. The Introduction should contain a clear, concise
explanation of what is new and important in the paper. Aero-space Letters will
be stringently prescreened; only some will be selected for rapid review by an
editor. Any Aerospace Letters requiring more than very minor revision will be
declined, with no author rebuttals considered.
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Titles and Authors’ Names

The title should be concise (maximum of 12 words), without the use of
acronyms or abbrevi-ations. The author’s name should appear below the title; the
full name is preferred. The affilia-tion should follow on the next line, with the
author’s official title and complete mailing address (including ZIP code) given in a
footnote. This applies to all categories of papers.

Mathematics

Be sure to use correct symbols, including Greek characters. Subscripts and
superscripts must be readily apparent. To save space, the solidus (/) must be
used for fractions in the text and for simple fractions in displayed equations.

References

References must be limited to readily accessible documents, i.e., those available
from libra-ries, databases, or other public sources. They are to be numbered in
the order in which they are cited (not listed alphabetically) and grouped at the
end of the manuscript in the following form:

[1] Journals: Walker, R. E., Stone, A. R., and Shandor, M., “Secondary Gas
Injection in a Conic-al Rocket Nozzle,” AIAA Journal, Vol. 1, No. 2, 1963, pp.
334-338.

[2] Books: Turner, M. J., Martin, H. C., and Leible, R. C., “Further Development
and Applica-tions of Stiffness Method,” Matrix Methods of Structural Analysis,
Ist ed., Vol. 1, Wiley, New York, 1963, pp. 6-10.

[3] AIAA Book Series: Sutton, K., “Air Radiation Revisited,” Thermal Design of
Aeroassisted Or-bital Transfer Vehicles, edited by H. F. Nelson, Vol. 96, Progress
in Astronautics and Aero-nautics, AIAA, New York, 1985, pp. 419-441.

[4] Reports: Book, E., and Bratman, H., “Using Compilers to Build Compilers,”
Systems De-velopment Corp., SP-176, Santa Monica, CA, Aug. 1960.

[5] Transactions/Proceedings: Soo, S. L., “Boundary-Layer Motion of a Gas-Solid
Suspension,” Proceedings of the Symposium on Interaction Between Fluids and
Particles, Vol. 1, Inst. of Chemi-cal Engineers, New York, 1962, pp. 50-63.

[6] AIAA Meeting Papers: Bhutta, V. A., and Lewis, C. H., “ Aerothermodynamic
Performance of 3-D and Bent-Nose RVs under Hypersonic Conditions,”
ATAA Paper 90-3068, Aug. 1990.

Give inclusive page numbers for references to journal articles and a page or
chapter for books. Cite references in numerical order in the text. Classified or
export-restricted references, per-sonal/private communications, personal Web
sites, and Web sites where there is no commitment to archiving are not to be used
as references. They may be cited in the text or in footnotes and the date of citation
must be included.

Illustrations

Line drawings must be clear and sharp. Make sure that all lines and graph
points are dark and distinct. Lettering should be large enough to be legible. Keep
the lettering size and style uniform both within each figure and throughout all of
your illustrations. Place captions be-neath each figure, and position the figures
within the text, close to where they are cited, if possible. Otherwise they may be
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grouped at the end of the text. Cite each figure in numerical order in the text.
Submit artwork in either EPS (Encapsulated PostScript) or TIFF format; Po-
werPoint and GIF are not acceptable.

Note: Color photographs may be published if the Editor-in-Chief or Associate
Editor deems the use of color necessary for the sake of clarity. The author’s
employer must pay the full in-cremental costs of color publication (minimum of
$1200 for production costs, plus $75 per photograph for color separations; actual
costs may vary).

Tables

Position a double rule at the top and bottom of each table and a single rule
under the column headings. Table footnotes should be placed under the final
double rule and should be indicated by letters, a, b, c, etc. Do not number table
footnotes consecutively with text references. Each table must have a number and
a caption. Place tables within the text, and cite each table in numerical order in
the text.

Symbols and Units

Use standard symbols whenever possible, preferably those recommended by
the American Standards Association. Metric or dual systems of units (metric and
English) should be used, whenever possible, in accordance with an endorsement
by the AIAA Board of Directors. Such use is mandatory only for AIAA Journal
and Journal of Thermophysics and Heat Transfer, but all authors are urged to
comply. For information on the International System of Units, see NAS 10001,
which is the aerospace version of fundamental SI units, found in documents such
as the following: NASA SP-7012, ASTM E 380-76, or IEEE Std 322 1971.

Multimedia

For the Journal of Aerospace Computing, Information, and Communication,
multimedia files may be submitted to accompany the online manuscript. Use only
the following formats for your multimedia attachments: .wmv, .xls, .html, .doc,
.mp3, .gif, and .jpg. This option is not available for AIAA’s other journals.

Numerical and Experimental Accuracy

The AIAA journals will not accept for publication any paper reporting (1)
numerical solu-tions of an engineering problem that fails adequately to address
accuracy of the computed results or (2) experimental results unless the accuracy
of the data is adequately presented.
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Articles IV and V

Van zZyl, L.H., and Mathews, E.H., “Quadratic Mode S hape Components
from Linear Finite Element Analysis”,  Journal of Vibration and
Acoustics, Volume 134, Number 1, February 2012, pp. 014501.1 -014501.7

Van zZyl, L.H., and Mathews, E.H., “Quadratic Mode S hape Components
from Ground Vibration Testing”,  Journal of Vibration and Acoustics,
Volume 134, Number 3, June 2012, pp. 034504.1-03450 4.7

Reproduced by kind permission of ASME's Journal of Vibration and Acoustics.
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Permission from the editor of the Journal of Vibra tion

and Acoustics

Subject: RE: REVISED: FW: ASME PUBLICATIONS PERMISSION REQUEST
Created By: DarchiB@asme.org

Scheduled Date:

Creation Date: 17/08/2012 15:55

From: Beth Darchi <DarchiB@asme.org>

Dear Mr. van Zyl:
| apologize for the typo. This permission has been revised to reflect all requests correctly. It
is our pleasure to grant you permission to use the following ASME materials:

e “Quadratic Mode Shape Components From Linear Finite Element Analysis,” by van Zyl,
L.H., and Mathews, E.H., Journal of Vibration and Acoustics, Volume 134, 2012,

e “Quadratic Mode Shape Components From Ground Vibration Testing,” by Van Zyl, L.H.,
and Mathews, E.H., Journal of Vibration and Acoustics, Volume 134, 2012

as cited in your letter for inclusion in a Doctoral Thesis entitled Advanced linear methods for
T-tail aeroelasticity to be published by North West University, South Africa.

Permission is granted for the specific use as stated herein and does not permit further use of
the materials without proper authorization. Proper attribution must be made to the
author(s) of the materials, and no alterations of the materials is permitted in any material
manner.

As is customary, we request that you ensure full acknowledgment of this material, the
author(s), source and ASME as original publisher. Acknowledgment must be retained on all
pages printed and distributed.

Many thanks for your interest in ASME publications.
Sincerely,

Beth Darchi

Permissions & Copyrights
ASME, 3 Park Avenue
New York, NY 10016
T:212-591-7700
F:212-591-7841

E: darchib@asme.org
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Guidelines for Authors of the Journal of Vibration and

Acoustics

The information on the following pages was taken from

http://journaltool.asme.org/Help/AuthorHelp/WebHelp/JournalsHelp.htm#Guidelines/Getting Started.htm

accessed on 27 July 2011. Note that the Journal of Vibration and Acoustics is an ASME
journal.
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ASME Journals Digital Submission Tool

Guidelines and Information
Writing a Technical Paper or Brief

Length

A research paper should not exceed 9000 words. Beyond this amount, a mandatory excess-
page charge will be assigned. (These charges are described further in Publication Charges.)
Estimating figures and tables: 1 journal page = 1000 words, half journal page (one column)
= 500 words, half column = 250 words, quarter column = 125 words. The Editor reserves the
right to send papers that exceed the length limitation back to the author(s) for shortening
before initiating the review process.

Elements of a Paper or Brief
The basic elements of a paper or brief are listed below in the order in which they should

appear:
o title
e author names and affiliations
e abstract

* body of paper, including figures and tables
» acknowledgments

* nomenclature

» appendices

» references

Title
The title of the paper should be concise and definitive.

Author Names and Affiliations
It is ASME policy that all those who have participated significantly in the technical aspects
of a paper be recognized as co-authors or cited in the acknowledgments. Author name
should consist of first name (or initial), middle initial, and last name. The author affiliation
should consist of the following, as applicable, in the order noted:

e company or college (with department name or company division)

e postal address

e City, state, zip code

» country name (only for countries other than the U.S.)

« telephone, fax, and e-mail

Abstract
An abstract (400 words maximum) should open the paper or brief. The purposes of the
abstract are:
1. To give a clear indication of the objective, scope, and results so that readers may
determine whether the full text will be of particular interest to them.
2. To provide key words and phrases for indexing, abstracting, and retrieval purposes.

The abstract text should be organized to include the following categories in the order
noted:

» Background

*  Method of Approach

* Results

»  Conclusions

NOTE: The category name or title shown above should be listed in the abstract, followed by
the actual descriptive text. See sample below.

Background. This is explanatory text that discusses the background. This text
appears first in the abstract.
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Method of Approach. This text describes the method of approach. This text
describes the method of approach.

Results. Results are provided at this point in the abstract. Results are provided at
this point in the abstract.

Conclusions. Concluding remarks are stated at the end of the abstract text.
Keywords: mechanical engineering, mechanical design, engineering technology

Keywords should be included on a separate line at the end of the abstract text.

Body of the Paper

Outline. A proper outline is the framework upon which a good paper is written. In the
process of making the outline, ideas are classified and thoughts are ordered into a logical
sequence such that by the time the information is ready to be transformed into complete
sentences, a good overall mental picture has been formed. In outline form, the sequence of
the various items and the progression of thought can easily be adjusted and readjusted
until the desired order is obtained; therefore, much writing and rewriting is saved.

Organization. The text should be organized into logical parts or sections. The purpose of
the paper, or the author's aim, should be stated at the beginning so that the reader will
have a clear concept of the paper's objective. This should be followed by a description of
the problem, the means of solution, and any other information necessary to properly
qualify the results presented and the conclusions. Finally, the results should be presented
in an orderly form, followed by the author's conclusions.

Style. The chief purpose of the work is to convey information to others, many of whom may
be less familiar with the general subject than the author. Care should be taken, therefore,
to use simple terms and expressions and to make statements as concise as possible. If
highly technical terms or phraseology are necessary, they should be adequately explained
and defined. The use of the first person and reference to individuals should be made in
such a manner as to avoid personal bias. Company names should be mentioned only in the
acknowledgments.

All papers should be concise regardless of length. Long quotations should be avoided by
referring to sources. Illustrations and tables, where they help clarify the meaning or are
necessary to demonstrate results properly, are desirable, but they should be kept to a
practicable minimum. Detailed drawings, lengthy test data and calculations, and
photographs that may be interesting, but which are not integral to the understanding of the
subject, should be omitted. Equations should be kept to a reasonable minimum, and built-
up fractions within sentences should be avoided whenever possible to enhance readability.
Papers that fail to conform to these requirements may be returned for revision and/or
condensation.

Originality. Only original contributions to the engineering literature are accepted for
publication. In most cases, this means that the work should incorporate substantial
information not previously published. Under certain circumstances, reviews, collations, or
analyses of information previously published may be acceptable.

Accuracy. It is of the greatest importance that all technical, scientific, and mathematical
information contained in the paper be checked with the utmost care. A slight error may
result in a serious error on the part of anyone who may later use that information.

Use of Sl Units. It is ASME policy that SI units of measurement be included in all papers,
publications, and ASME Codes and Standards. When U.S. customary units are given
preference, the SI equivalent should be provided in parentheses or in a supplementary
table. And vice versa, when preference is given to Sl units, the U.S. customary units should
be provided in parentheses or in a supplementary table.

Headings

Headings and subheadings should appear throughout the work to divide the subject matter
into logical parts and to emphasize the major elements and considerations. These headings
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assist the reader in following the trend of thought and in forming a mental picture of the
points of chief importance. Parts or sections may be numbered, if desired, but paragraphs
should not be numbered.

Tabulations/Enumerations

Where several considerations, conditions, requirements, or other qualifying items are
involved in a presentation, it is often advantageous to put them in tabular or enumerative
form, one after the other, rather than to run them into the text. This arrangement, in
addition to emphasizing the items, creates a graphic impression that aids the reader in
accessing the information and in forming an overall picture. It is customary to identify the
individual items as (1), (2), (3), etc., or as (a), (b), (c), etc. Although inclusion of such
elements makes the text livelier, care should be taken not to use this scheme too
frequently, as it can make the reading choppy and invalidate their purpose and usefulness.

Mathematics

Equations should be numbered consecutively beginning with (1) to the end of the paper,
including any appendices. The number should be enclosed in parentheses (as shown above)
and set flush right in the column on the same line as the equation. It is this number that
should be used when referring to equations within the text. Equations should be referenced
within the text as "Eq. (x)." When the reference to an equation begins a sentence, it should
be spelled out, e.g., "Equation (x)."

Formulas and equations should be created to clearly distinguish capital letters from
lowercase letters. Care should be taken to avoid confusion between the lowercase "l"(el)
and the numeral one, or between zero and the lowercase "0." All subscripts, superscripts,
Greek letters, and other symbols should be clearly indicated.

In all mathematical expressions and analyses, any symbols (and the units in which they are
measured) not previously defined in nomenclature should be explained. If the paper is
highly mathematical in nature, it may be advisable to develop equations and formulas in
appendices rather than in the body of the paper.

Figures

All figures (graphs, line drawings, photographs, etc.) should be numbered consecutively and
have a caption consisting of the figure number and a brief title or description of the figure.
This number should be used when referring to the figure in text. Figure references should
be included within the text in numerical order according to their order of appearance.
Figures should be referenced within the text as "Fig. 1." When the reference to a figure
begins a sentence, the abbreviation "Fig."” should be spelled out, e.g., "Figure 1." A separate
list of figure numbers and their respective captions should be included at the end of the
paper (for production purposes only).

Tables

All tables should be numbered consecutively and have a caption consisting of the table
number and a brief title. This number should be used when referring to the table in text.
Table references should be included within the text in numerical order according to their
order of appearance. Tables should be inserted as part of the text as close as possible to its
first reference — with the exception of those tables included at the end of the paper as an
appendix. A separate list of table numbers and their respective captions should be included
at the end of the paper (for production purposes only).

Acknowledgments
Acknowledgments may be made to individuals or institutions not mentioned elsewhere in
the work who have made an important contribution.

Nomenclature

Nomenclature should follow customary usage. For reference, consult American National
Standards Institute (ANSI) recommendations. The nomenclature list should be in
alphabetical order (capital letters first, followed by lowercase letters), followed by any
Greek symbols, with subscripts and superscripts last, identified with headings.
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References
Within the text, references should be cited in numerical order according to their order of
appearance. The numbered reference citation within text should be enclosed in brackets.

Example: 1t was shown by Prusa [1] that the width of the plume decreases under
these conditions.

In the case of two citations, the numbers should be separated by a comma [1,2]. In the
case of more than two references, the numbers should be separated by a dash [5-7].

List of References. References to original sources for cited material should be listed
together at the end of the paper; footnotes should not be used for this purpose. References
should be arranged in numerical order according to the sequence of citations within the
text. Each reference should include the last name of each author followed by his initials.

(1) Reference to journal articles and papers in serial publications should include:
+ last name of each author followed by their initials
» year of publication
« full title of the cited article in quotes, title capitalization
« full name of the publication in which it appears
« volume number (if any) in boldface (Do not include the abbreviation, "Vol.")
e issue number (if any) in parentheses (Do not include the abbreviation, “No.”)
* inclusive page numbers of the cited article (include “pp.”)

(2) Reference to textbooks and monographs should include:
« last name of each author followed by their initials
» year of publication
» full title of the publication in italics
* publisher
e city of publication
* inclusive page numbers of the work being cited (include “pp.”)
» chapter number (if any) at the end of the citation following the abbreviation,
“Chap.”

(3) Reference to individual conference papers, papers in compiled conference proceedings,
or any other collection of works by numerous authors should include:
» last name of each author followed by their initials
» year of publication
« full title of the cited paper in quotes, title capitalization
e individual paper number (if any)
« full title of the publication in italics
« initials followed by last name of editors (if any), followed by the abbreviation,
“eds.”
* publisher
e city of publication
« volume number (if any) in boldface if a single number, include, “Vol.” if part of
larger identifier (e.g., “PVP-Vol. 254”)
* inclusive page numbers of the work being cited (include “pp.”)

(4) Reference to theses and technical reports should include:
e last name of each author followed by their initials
» year of publication
« full title in quotes, title capitalization
* report number (if any)
« publisher or institution name, city
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Headers and Footers

Each submission should be provided with page numbers and footers on each page. The
footer should contain the current date, the corresponding author’s last nhame, and the page
number. The header should contain the paper title.
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