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Abstract

In this paper, an extension of an airplane flight
dynamics model structure originally developed
for the needs of airplane identification is pro-
posed. The aim of this extension is to sepa-
rate the contributions of the horizontal tailplane
(HTP) from the rest of the model in order to ease
the integration of HTP damage in the model. To
perform this separation the contribution of the
HTP must be identified, which is not possible
from flight test data (unless unconventional sen-
sors would be used). It is explained how CFD,
wind tunnel or handbook methods can support
the separation of the HTP contribution as well as
how a simple parameterized HTP damage model
can be obtained using the lifting line theory. Data
from the literature is used to illustrate the accu-
racy of the simple damage model. 2D-RANS-
CFD results are used to illustrate the accuracy of
various handbook methods that are suggested for
the modelling of the zero lift angle of attack of
the HTP.

Nomenclature

Acronyms

HTP Horizontal Tailplane

VTP Vertical Tailplane

FMTA Future Military Transport Aircraft
CFD Computational Fluid Dynamics
RANS Reynolds-Averaged Navier Stokes

Symbols
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Angle of attack

Zero lift angle of attack
Sideslip angle

HTP trim angle (wrt. fuselage axis)
Downwash angle

Dynamic pressure

Body-fixed reference system
Aerodynamic reference system
Wing quarter chord point

HTP quarter chord point

Vector defined by Py and Py
Center of gravity

Lift force
Drag force

Pitching moment

Aircraft configuration

Lift coefficient

Lift coefficient at oo = 0

Lift coefficient o-derivative
Drag coefficient

Drag coefficient at o0 = 0

Pitch coefficient

Pitch coefficient at o0 = 0

Pitch coefficient o-derivative
Pitch coefficient g-derivative
Pitch coefficient G-derivative
Wing and HTP surfaces

Left and right HTP surfaces
Wing and HTP reference chords
Aspect ratio

Quarter chord line sweep angle
Oswald efficiency factor



Operators

Scalar product
A Vector (cross) product

Exponents and Indices

w Wing

WF Wing-Fuselage

H Horizontal Tailplane

global Complete Aircraft

@. - defines the considered moment

reference point of the expression

1 Introduction

1.1 Context

Flight safety has been a major concern for the
entire industry since the early days of aviation,
reaching very high safety levels. However air-
craft safety has to be reinvented constantly as new
airplanes including new technologies, architec-
tures, or philosophy are being developed. With
the very high reliability level reached by aircraft
systems and their constantly increasing complex-
ity, human factors stay one of the major vari-
ables involved in flight safety. At the German
Aerospace Center (DLR) Institute of Flight Sys-
tems the work of the Cognetics group focuses on
the issues related to human factors for various
type of aircraft and in particular for civil trans-
port aircraft.

Military transport aircraft are also topic of
this research. The main issues related to civil air-
craft are also affecting military aircraft, however
some characteristics of military transport aircraft
must be treated separately due to specific mis-
sions (e.g. airdrop or aerial refueling) and oper-
ational conditions (e.g. battle zones). The risk
of major damages for military aircraft operat-
ing in battle zones is drastically higher than for
civil airplanes and cannot always be addressed
through increased physical redundancy, even if
costs were neglected. At the same time, a new
generation of military transport aircraft is be-
ing equipped with fly-by-wire control systems,
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which have been proven on civil airplane during
the last decades. These technologies are bring-
ing new possibilities for handling major damages
that must be investigated in order to exploit the
full potential of the aircraft in the presence of se-
vere damages. These investigations include fault
detection and isolation (FDI) and fault tolerant
control (FTC) approaches and consider the entire
panel of missions as well as the human factors
issues. In order to perform these research activ-
ities high-quality simulation models that include
realistic damage models as well as error handling
and propagation in fly-by-wire architectures are
required.

In this paper, current modeling activities for
various types of structural damage will be dis-
cussed with a specific focus on damages affect-
ing aircraft aerodynamics and in particular at the
empennage. Flight control systems malfunctions
and damage to the landing gears are also being
considered, but not in the present paper. These
activities are part of the DLR project “MiTraPor
IT”, which has the objective to develop tools for
the evaluation of future military transport aircraft
(FMTA) concepts. Within this project and its pre-
decessor several FMTA related research activi-
ties are carried out jointly by the DLR Institute
of Flight Systems, the DLR Institute of Aerody-
namics and Flow Technology, the DLR Institute
of Aeroelasticity as well as the German-Dutch
Wind Tunnels (DNW).

A simulation model of a future military trans-
port aircraft (FMTA) as a generic four engine
turboprop aircraft was developed [1]. An cargo
airdrop simulation [2] was also generated using
both this simulation model and the flow field be-
hind the aircraft with open rear door. The aero-
dynamic model of the FMTA is extended in the
current work to include the effects resulting from
structural damage. A motivation for the devel-
opment of this extended model is to support au-
thors’ research activities on fault detection and
isolation techniques, on robust / reconfigurable
flight control systems, as well as on the human
factor issues in faulty conditions.
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1.2 Damaged Aircraft Modeling

The current activities regarding the development
of damage models within the MiTraPor II project
pursue two main objectives: obtaining a sim-
ple and real-time capable flight dynamics model
of acceptable quality as well as developing and
demonstrating the capabilities of various tech-
niques and tools (from Fault Detection, [solation
and Reconfiguration algorithm to CFD). “Ac-
ceptable quality” in this context is defined as a
quality of the model that makes inaccuracies un-
noticeable to the pilot, even if he was flying both
the real aircraft and the modeled aircraft one after
the other. This very subjective definition does not
permit to formulate objectives as a set of math-
ematical criteria, but represents better than any
other criterion what is really being pursued for
the models.

Models of damaged aircraft have been de-
veloped at NASA for the Generic Transport air-
craft Model (GTM) [3-5]. The damage scenarios
were investigated using wind tunnel experiments
as well as various CFD solvers. Considered dam-
ages were: wing tip loss, Horizontal Tailplane
(HTP) tip loss, Vertical Tailplane (VTP) tip loss,
Elevator off, Rudder off, a hole in the wing and a
hole in the HTP. For each of the “tip loss” cases
various levels were considered depending on the
proportion of the semispan that is missing (with
respect to the undamaged semispan). Some of
these cases were integrated in the GTM simula-
tion model using MATLAB/Simulink.

In [6] the “hole in the wing” case was also in-
vestigated for a NACA 64-412 airfoil using the
commercial software package Fluent and the nu-
merical results are compared to a wind tunnel ex-
periment.

Many other CFD techniques (e.g. strip meth-
ods, vortex lattice methods (VLM), doublet lat-
tice methods (DLM), panel methods) provide
interesting trade-offs between derivative models
and handbook methods on one side and RANS-
CFD techniques on the other side. These tech-
niques can be good alternatives to RANS-CFD
in many applications and in particular can also
provide good estimates of local forces and mo-

ments without their computational cost. These
local forces and moments are particularly inter-
esting when considering loads and can only very
roughly be provided by derivative models. When
considering damage scenarios that do not disturb
the “flow quality” too much, the models can be
adapted by modifying the aircraft geometry as
proposed in [7]. Effects regarding viscosity or
flow separation should rather be investigated us-
ing Navier-Stokes based CFD and wind tunnel
experiments. They are often neglected or mod-
eled in a drastically simplified form for applica-
tions requiring short computation time or real-
time capability.

Given the aforementioned works, the ap-
proach chosen for the damage modeling in the
MiTraPor II project is:

e to focus on leading edge damage scenarios

e and to model already investigated empen-
nage damages (tip loss and control surfaces
off) using data from the literature, hand-
book methods and already existing wind
tunnel and RANS-CFD data.

Investigations on leading edge damage are
outside the scope of this paper but can be found
in [8]. Effects of partial leading edge damages on
a wing could be observed in the flight recorder
data of the El Al flight 1892 (Boeing 747) that
crashed on October 4, 1992 at Amsterdam. In
this accident, a significant part of the right wing
leading edge was damaged during the loss of both
engines 3 and 4 (engine 3 pin broke releasing the
engine which impacted the leading edge and en-
gine 4). As an effect of this damage, the global
Ci, of the aircraft was reduced and the lift distri-
bution drastically modified, which led to a rolling
moment higher than the ailerons roll authority at
low speed. When the pilots reduced the speed to
prepare for landing in Amsterdam they lost the
control through insufficient roll authority to bal-
ance the lift asymmetry between the two wings
[9].

In this paper, a way how simple handbook
methods and already existing data can support the
modeling of HTP damages is presented. Flight



test data do not permit in general (i.e. without un-
usual sensor configurations) to separate the con-
tribution of the HTP to the aircraft motion, which
is a prerequiste for the integration of any HTP
damage model. The proposed solution to recon-
stitute the missing information consist in rewrit-
ing slightly the usual two-point model structure
and in estimating the zero lift angle of attack of
HTP OLOH . This solution provides good results
and is applicable to any airplane flight dynamic
model as long as ocg’ is known or can be esti-
mated (in most cases the knowledge of the HTP
airfoil will be sufficient for that). Additionally,
it remains much simpler than integrating locally
forces on CFD results or using wind tunnel tests
for various models configurations.

Another requirement for the model is to re-
main easy to understand for the flight mechanical
engineers. Numerical methods such as VLM or
DLM are significantly less computationally de-
manding than RANS-CFD, but still do not re-
ally provide the engineers insight into the be-
havior of the aircraft without performing simu-
lations. Even though the so-called “derivative-
models” are primarily designed to perform simu-
lations, they do provide information on the flight
dynamic behavior of the aircraft just by look-
ing at the sign of some derivatives or of simple
expressions based on them (e.g. on the stabil-
ity of modes). Therefore, the initial approach is
to use so called “derivative-models” and to feed
the derivatives with the appropriate information
: this type of modeling was found to be accurate
enough.

For conciseness only HTP damages and lon-
gitudinal equations are considered and discussed
hereafter, even though the current activities also
consider VTP damage and the six degrees of free-
dom of a rigid airplane. Note that HTP and VTP
should not be modeled independently as they of-
ten influence each other. A well-known exam-
ple is the increased effectiveness of the VTP in
a T-tail configuration: in that case the VTP is
approximately as effective as it would be if it
were having an infinite aspect ratio. The idea of
two-points model is extended to include also the
lateral dynamics by using so called “two-parts”
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models where the second part is the complete
empennage. This “two-parts” model concept is
briefly introduced in this paper, but is completely
equivalent to the two-points model concept when
only the longitudinal equations are considered, as
done hereafter.

2 Two-Points Model Structure

2.1 Origin and Basic Idea

Flight test and aircraft identification have been
performed continually at DLR and this for a
large variety of aircraft such as: airplanes (e.g.
VFEW-614 ATTAS, HFB 320, Dornier 328, C-
160 Transall, Diamond DA-42, Pitts S-2B, X-31,
et al.), helicopters (BO-105, EC-135 ACT/FHS),
autogyro (MTO Sport) or even parachutes. These
permanent activities led to a set of internal tools,
best practices and many derivative models of very
good quality. An overview of the methods and
models developed can be found in [11].

For identification of airplanes, and in partic-
ular of the time-lag effects in their dynamic re-
sponse, a formulation of longitudinal dynamics
showed very good results for all these identifica-
tion activities. This structure has no commonly
recognized name in the community and we will
refer to it under the name “two-points model”.
The two-points model structure has been widely
adopted in the flight dynamics community since
a long time and is presented in many textbooks
[12-17], certainly due to the fact that it represents
well the dynamical behavior of airplanes, while
being still very simple and therefore suited for ex-
plaining and teaching aircraft dynamical behav-
ior.

The basic idea is to model the aircraft wings,
fuselage, landing gears, and other parts (for in-
stance rear door) separately from the horizon-
tal tailplane (HTP). The differences in terms of
forces and moments on the first part resulting
from the presence of the HTP can be neglected
and thus be modeled independently. On the con-
trary, the flow around the HTP strongly depends
on the aerodynamics of the first part and espe-
cially of the wings. The main effect on the longi-
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: For steady flight only:
o for dynamic maneuvers additional terms
and delays must be taken into account

G A change of gy in flow direction is induced by

the wings. It is usually called “downwash”.

Fig. 1 Two-Points Model

tudinal motion during steady flight can be mod-
eled by a downwash term €y, see Fig. 1. This
downwash leads to a reduction of the angle of at-
tack at the HTP position and thus to a reduction
of the HTP lift (i.e. an additional downforce).

This downwash term strongly depends on the
amount of lift generated by the wings and usu-
ally this dependence can be well represented by a
linear function. As the lift-curve slope is itself an
affine function of the angle of attack o in attached
flow, the downwash term can be written as:

0
vi,en(r) =0+ 52 o) (1

with €y and dey/do being constant. Eq. (1)
was derived under the implicit assumption that
the downwash at the HTP position is immediate.
In reality the downwash is generated at the wing
position and therefore a delay between down-
wash generation and encounter of the HTP will
occur. This delay corresponds to the time re-
quired for the HTP to cover (with respect to the
air) the distance separating it from the wings,
. — .

i.e.: Tq = PyPw- Xa/Va~ |PwPy|/V,. Finally,
Eq. (1) can be rewritten as:

Vi, eg(t) = so+aS—H ot —Tg) (2)
oo

This delay cannot be taken into account without
approximations in a “single-point” model, be-
cause it only affects the HTP (ie. the second
point). An usual but not very good approxima-
tion of this term makes use of the so-called “d-
derivatives”. Note that with no change regarding

the underlying assumptions, Eq. (2) can be writ-
ten equivalently:

Vt,en(t) = o (a(t —Ta) —0g)  (3)

where 0y is the angle of attack for which the first
part (here just a wing) generates no lift. It seems
that there is no consensus regarding the influence
of a fuselage on the downwash at HTP position
and in particular whether ocgv or ocg/F should be
used in Eq. (3) in that case. The possible error
made here would however only slightly affect the
static terms and be equivalent to a very limited
error on the static trim deflection of the HTP.

In addition to the induced flow field, the iner-
tial speed vectors of the wing quarter chord point
Py and of the HTP quarter chord point Py are
not identical. This is due to the rotational rates
P, g, and r and the relative positions of these two
points. Considering only the pitch motion, an ad-
ditional pitch-rate-induced angle of attack at HTP
noted (xgyn must be taken into account as follows:

——
q PuPy - ?) @

H _
0Ly, = arctan < Vo

As a and P are usually relatively small, Eq. (4) is
often approximated as follows:

q (xpy —Xpy)
Va

The HTP angle of attack can then be ex-
pressed as:

H ~
(xdyn ~

)

Oy = O+ My — &1 + 04, (6)



which permits to compute the HTP lift and drag
forces as well as the pitching moment with re-
spect to the HTP quarter chord point using the
HTP derivative model. The same can be made
for the other parts of the aircraft model (wing,
fuselage, etc.) with respect to another given mo-
ment reference point (usually the wing quarter
chord point). For the simulation of the equa-
tions of motion these forces and moments are
both transformed to the aircraft center of grav-
ity and summed. Alternatively, contributions
from the different parts can be summed up into
global aerodynamic coefficients before comput-
ing forces and moments from these coefficients.
Of course, both options are equivalent.

2.2 Illustration on a 3D-RANS-CFD result

Before addressing the details of the two-points
model structure for the modeling of the inter-
action between the wing-fuselage and empen-
nage parts, a FMTA 3D-RANS-CFD result with
sideslip and without empennage is presented in
Fig. 2 to illustrate the physical phenomenon that
will be modeled hereafter using a realistic ex-
ample. This 3D-RANS-CFD computation of the
FMTA was performed by the DLR Institute of
Aerodynamics and Flow Technology.

Fig. 2 3D-RANS-CFD Result: “FMTA without
empennage, clean configuration, landing gear re-
tracted, rear door closed”, o =4°, f = —2°.

In Fig. 2 the local “o” is represented with the
color in a vertical plane located behind the end of
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the fuselage at the position where the HTP would
be. The direction of the (wing-fuselage)-induced
velocity components in that plane are shown by
the streamlines. The streamlines are therefore not
based on the total local velocity components but
on the difference between the total ones and the
flow at an infinite distance of the aircraft. The
downwash and the beginning of the wake vortex
formation can easily be observed on the shape of
these streamlines. The position where the HTP
would be is indicated by the white line. Note
that at the HTP position the local a differs signif-
icantly from 4°: in the configuration shown the
downwash is between 1.5° and 2° downwards.
If there was no engine influence and thus if the
downwash would be entirely caused by the wing-
fuselage aerodynamics, this would corresponds
to a deg /da of approximately 0.45. The four tur-
boprop engines were integrated in this CFD com-
putation using rotor discs.

In wind tunnel tests, the flow direction might
be directly measured, for instance using particle
image velocimetry (PIV) techniques. Often no
powered propeller is integrated to the wind tun-
nel model, so the measured downwash is only the
contribution of the wing-fuselage airframe.

Note that the presented CFD result is with a
sideslip angle of —2°. This type of 3D-RANS-
CFD result supports also the modeling of the flow
conditions for the VTP. Although the current pa-
per focuses on the HTP part and the longitudi-
nal equations, the current work considers damage
scenarios affecting the complete empennage. The
idea of the two-points model structure was there-
fore extended to the six degrees of freedom of
the airplane and a separation of the wing-fuselage
part and the empennage (HTP+VTP). This ex-
tended structure is called two-parts model and
is summarized in Fig. 3. P,y is a point of the
aircraft that can be freely chosen and that serves
as reference for the aerodynamic modeling. The
green arrow “Induced wind field” is the one-way
coupling between the wing-fuselage aerodynam-
ics and the empennage aerodynamics.

Since only the longitudinal equations and the
HTP influence are considered in the present pa-
per, it will still be called two-points model. The
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Fig. 3 Two-Parts Model Structure: Wing-Fuselage / Empennage separation

consequences of an asymmetrical damage to the
HTP on the lateral dynamic behavior will also not
be detailed. For instance, the rolling and yaw-
ing moments resulting from the considered HTP
damages are not described.

2.3 Equations of the Longitudinal Dynamics

For simplicity, only the main terms (no control
surfaces) and for a single configuration will be
considered hereafter. For other configurations C
(e.g. slats/flaps), other Mach number or other
thrust levels (7;);c[1,,] (n being the number of en-
gines) the same equation structure can be used
with other numerical values can be set for the
wing coefficients. The explicit dependency of
the coefficients on all these terms is dropped in
the following equations: Cr(C,Mach, (T;)ic[1,1])
is therefore simply written Cy.. Note that the aero-
dynamic properties of the HTP do not depend on
the configuration nor on the thrust levels, how-
ever the downwash does. Terms related to the
stall model are also dropped for simplicity.

In the following equations the contributions

of the wing-fuselage part and of the HTP to
the total forces and moments (longitudinal part
only) are summed with a global moment refer-
ence point at wing quarter chord point Py . Let o
be the angle formed between LWF and L¥ that
is & = arccos(x; - ¥ H) = ol —en

TWF

— ~ Lo~
L = <LWF+LHCOSOC—|—DHSIIIOC> [WF (7)

WF
ovr ®

D= (DWF—LHsin&—i—DHcos&>
— — — — >

The moment at the center of gravity is then ob-
tained as follows:

ﬁ@G:ﬁ@pW +Gpr(Z>+B) (10)

The forces and moments used in Eq. (7-9) are
computed using the following equations.

_>
LY =—gswcF 7, (11)



TH=_g, syctl2H (12)
BYF — _gsw CVF %, (13)
DY = g, SH ch @ (14)
MYyh ——SW w CWF Y.  (5)
Yy — ln
Mp, =@ S g Cn Y (16)

Until this point, the longitudinal equations were
derived without any approximation. It was
however assumed that the wing-fuselage-induced
flow at HTP position is sufficiently homogeneous
to define the direction of X . The aerodynamic
coefficients used in Eq. (11-16) are computed us-
ing the following derivative model equations.

Cf — cf[)JrCfoC oag =CH (a—ofl) (18)

(cF)?
cyF = 19
D po T+ e Ay (19)
CH)Z
cl=ct ( 20
D DO+enAH (20)
qlw
Cm@PW CmO@PW +Cmoc@PW o+ Cple mg@Py
(21)

H H
Cnery = Cnoery, +Cll mo@ Py OH

(¢ +Mu) In (22)
+CH op, 7

Additionally, it is usually assumed that V1 =V,
and that g5 = ¢q. Note that when considering only
the longitudinal dynamics for an aircraft whose
wing-fuselage part is symmetrical and without
sideslip, the following equation necessarily ap-
plies Y7 =¥

In practice, for the needs of the flight dynam-
ics models many terms in the equations (7-22)
are negligible. For instance, the derivative of the
pitching moment of the wing-fuselage configura-
tion with respect to the wing quarter chord point
and of the HTP with respect to HTP quarter chord
point are very small in comparison to the pitching
moment induced by the additional lift at the HTP

(~Su/Sw |Pw Pul/lw (1—0ey/dat) CH ). This
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is due to the relatively small distance between
the quarter chord and neutral points for these two
parts compared to the distance |Py Pyl between
both quarter chord points. The drag of the HTP
is important for performance computation but not
for the dynamical behavior. The term D sin & of
Eq. (7) can also be dropped.

2.4 Relationship with Single-Point Linear
Models

Even though linear models do not represent the
airplane dynamics as well as the two-point mod-
els do, they are widely used as they permit to use
the tools that the linear system theory provides.
Besides, they are also good enough for many ap-
plications. A two-points model can be converted
in a roughly equivalent single-point model by
defining the following derivatives:

Chat, =Cltten, ~Clug K @3
and
Chatth, = ~Clig K T
with .
o PaPy- ¥4 PG 25)
lw lw

Note that for the derivation of Eq. (23-24), it is
additionnally assumed that the angle (xgyn —€y is
small. Note also that single-point models with-
out & coefficient derivatives are more commonly
used. The & derivatives permit to approximate
unsteady interaction between wings and HTP in-
stead of neglecting it completely. As working
with linear systems offers some advantages, it
remains quite common to convert a two-points
model into a single-point linear model.

3 Two-Points Model Parameters Values

3.1 Terms that Cannot be Identified From
Flight Test

In [10], the use of a two-points model for the
identification of the DLR ATTAS research air-
craft (VFW-614) was presented. All terms of
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the two-points model structure cannot be identi-
fied because the terms C}, Ci, €, and C'F
are combined in the lift and moment equations
in a way such that inertial platform and air data
sensor (at the aircraft nose) measurements do
not permit to separate their respective contribu-
tions afterwards. All other terms can be identi-
fied correctly if appropriate maneuvers are flown.
Finally, to establish a model of an undamaged
aircraft (and without wanting to model damage
later) a satisfying solution is to identify the two
global global .

global terms C;; and C, ;" which result from
the four aforementioned ones.

Most of the structural damage scenarios to be
modeled affect several aerodynamic coefficient
derivatives at a time. However, they do not di-

global global
rectly affect the terms C;;"" and C;; ", but the
subterms C}", CH, €9, and CF'. Consequently,
in order to model these damages it is required to
proceed to the separation that was not required
for the nominal model. This is only possible if
additional knowledge or information is available.

Three main sources of information might be
considered to enable the separation of these four
terms: CFD, wind tunnel, and handbook meth-
ods. By reformulating the identification problem
using the wing-fuselage zero lift angle of attack
ay ¥, it appears that both C}j" and & can be sub-
stituted with expressions based on (giF and pa-
rameters that can already be identified in flight
test as shown in Egs. (3) and (17). However three
unknowns (o) ', CH, and CYF) involved in the
steady state equilibrium of the lift and pitch equa-
tions (i.e. only two equations) remain.

As shown in Eq. (18), the parameter Cﬁ)
can also be substituted with expressions based on
known parameters and the HTP zero lift angle of
attack (xg , Which is usually easy to compute us-
ing handbook methods.

3.2 Determination of o

The HTP zero lift angle of attack (xg is a parame-
ter that is easy to estimate with good precision us-
ing various handbook methods. These handbook
methods usually consist of two steps: first, the
determination of the airfoil zero lift angle of at-

tack and secondly, the determination of the finite
wing zero lift angle of attack using the one of the
airfoil and the finite wing geometrical properties.
This process is illustrated hereafter using a typi-
cal HTP airfoil that is very similar to the FMTA
one.

The first method that will be used for this is
based on the thin airfoil theory. For an airfoil
with a mean camber line described by the func-
tion z(x), the zero lift angle a can be computed
as follows:

T
o = 1 %(coseo —1)d6y (26)
T Jo dx

with x = ¢/2 (1 —cos8p) and c the chord length.
09 is a term introduced during the derivation of
the thin airfoil theory equations using Fourier co-
sine series expansion. The comprehension of its
physical interpretation is not required in order to
apply the formula of Eq. (26); it is simply the in-
tegration variable and thus a bound variable. The
computation is not detailed here but explanations
can be found in aerodynamic textbooks and an
analytical computation example of the zero lift
angle of a NACA 23012 airfoil using the formula
of Eq. (26) is detailed in [18].

The two other methods used are also based
on the mean camber line of the airfoil. Munk’s
method [19] is based on Eq. (27) for a normalized
airfoil (i.e. dimensions scaled by 1/c so that x
and z are expressed in fractions of the chord).

5
o =— Y kiz(x) (27)
i=1
The constant coefficients (k;);c[; ) as well as the
stations (x;);c[1,,] are provided in Table 1.

Table 1 Constants for Munk’s Method

x1 | 0.99458 || ky | 1252.24
x2 | 0.87426 || ky | 109.048
x3 0.5 kz | 32.5959
x4 | 0.12574 || k4 | 15.6838
x5 | 0.00542 || ks | 5.97817

Another approximation is provided by
Pankhurst [20] using a similar formula based



Table 2 Constants for Pankhurst’s Method

x1 |0 Ap | 145
xp [0.025 || Ay | 2.11
x3 [0.05 || Az | 1.56
x4 | 0.1 Ay | 241
X5 0.2 A5 2.94
X6 0.3 A6 2.88
x7 | 0.4 A7 | 3.13
xg | 0.5 Ag | 3.67
x9 | 0.6 Ag | 4.69
x10 | 0.7 Ao | 6.72
X11 0.8 A11 11.75
x12 | 0.9 A | 21.72
x13 | 0.95 Az | 99.85
x4 |1 Ag | -164.9

on 14 stations instead of 5 for Munk’s one and
placed differently. The formula is provided in
Eq. (28) and uses the coordinates of the upper
(U) and lower (L) airfoil boundaries. Note that
Vx, U(x) + L(x) = 2 z(x) with z(x) the mean
camber line as used previously. Constants are
provided in Table 2.

14
o =—Y A (U(x)+L(x))  (28)

i=1
The typical HTP airfoil that is used to illus-
trate the results provided by these methods is
a modified and inverted (negative camber) RAE
(NLP) 5212 airfoil that is very similar to the
FMTA HTP airfoil. This airfoil is represented in
Fig. 4. The dashed green line is the airfoil camber
line. In addition to the results of the three afore-
mentioned methods the complete airfoil lift curve
was available from 2D-RANS-CFD for Mach
numbers 0.3 and 0.7, which gives a reference to
compare with. All these results are summarized
in Table 3. All these values are very close to each

0.1
0

-0.1 ‘ ‘ ‘ ‘
0 02 04 06 08 1

Fig. 4 Modified RAE (NLP) 5212 Airfoil
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Table 3 Comparison of Results for oy of the airfoil

Method | o

2-RANS-CFD @ Mach =0.3 | 1.67°
2-RANS-CFD @ Mach =0.7 | 1.66°

Pankhurst’s method 1.65°
Munk’s method 1.61°
Eq. (26) 1.58°

other, which illustrates that these methods pro-
vide sufficiently good estimates of airfoil’s zero
lift angle of attack. Pankhurst’s method is closer
to the CFD results than the other ones, but this is
likely to be of no significance, even though com-
pared to Munk’s method this might be due to the
higher number of stations considered.

The fact that both CFD results performed at
Mach numbers of 0.3 and 0.7 are almost iden-
tical also illustrates the fact that there is no de-
pendency on compressibility effects within this
range for the airfoil zero lift angle of attack. The
flight envelope of the FMTA do not contain Mach
numbers for which compressibility effects would
be observed, but for most current jet airplanes
very significant compressibility effects will be
observed in cruise conditions. Note however
that for these airplanes and conditions the simple
derivative model assumptions (e.g. Cp affine in
o) are often invalidated and more complex aero-
dynamic models should be used.

Once the airfoil zero lift angle of attack is
known, the finite wing (in this case the HTP) zero
lift angle of attack must still be determined. A
known result is that at the zero lift angle of at-
tack of a nontwisted wing based on a single air-
foil is the same than the zero lift angle of attack of
the airfoil. This is a consequence of the fact that
each segment of the wing induces an additional
angle of attack at the others only if it generates
lift itself: with no twist, a unique airfoil and at
airfoil zero lift angle there is no part of the wing
generating lift and inducing changes in flow di-
rection for the others. Simple ways to take twist
into account in the computation of wing zero lift
angle are presented in [14,21]. For more com-
plex geometries, numerical methods (numerical
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lifting line or more complex) will allow to com-
pute the quasi-affine part of lift-curve of the finite
wing, from which the zero lift angle of attack of
the wing can be deduced. Applying one of the
aforementioned methods to the HTP should per-
mit in almost all cases to compute its zero lift an-
gle of attack oy with good precision.

3.3 HTP Damage Model

Since the geometry of HTP is usually simple, the
determination of its aerodynamic derivatives can
be performed using handbook methods. For in-
stance, using the lifting line theory, the HTP lift
curve slope coefficient Cfla can be computed with
the equation:

TAe
Cro= (29)

2
1+\/1+ <na—’;e> (1 —M2cos? )

This provides the lift curve slope of a finite
wing depending on ay = apcos¢ (¢ being the
quarter-chord sweep angle and aq the airfoil lift
curve slope coefficient), on the Mach number
M., on the wing aspect ratio A, and on the Os-
wald efficiency factor e. The Oswald efficiency
factor can be set to 1 (or slightly less) if no bet-
ter estimation is known (e = 1 corresponds to an
elliptical lift distribution). Typical values for e
are between 0.6 and 0.9. The lifting line theory
usually provides sufficiently good results: to il-
lustrate this, data from [5] were taken and the
HTP geometry (sweep angle and aspect ratio) es-
timated from the top view also shown in this ref-
erence in order to be able to recompute the same
case using the formula of Eq. (29).

The damage case considered in [5] and re-
computed hereafter is a case where a part of the
left HTP was lost. The lost part is the tip of the
HTP: the nominal HTP was cut parallel to the
fuselage’s main axis, reducing the semispan of
the affected side of the HTP and thus the aspect
ratio at least on one side of the aircraft. A tip loss
of 25% means that the outer quarter of the left
HTP (in terms of semispan) was cut away.

Since the fuselage is between the two halfs
of the HTP it seems reasonable to perform the

computation using the lifting line method twice
(once per side) and each time under the assump-
tion that the other side has the same shape. Af-
ter that both results are merged using a weighted
average based on the respective surfaces Sy, and
Sg. This operation is summarized by the draw-
ing shown in Fig. 5. The total HTP surface Sy
must of course also be computed depending on
the damage level: here it would be Sy = Sz + Sk.

— v l
Qa(i %): SR*CLa(é Q)+ sL*cLa(‘ -)

Sg + S

Fig. 5 Weighted Average of the Respective Con-
tributions of the Two HTP Sides.

Data were extracted from the Fig. 4 of [5]
with the aim of comparing the prediction of the
lifting line theory with these data. This com-
parison is presented in Fig. 6, where the origi-
nal data are represented with the blue diamonds.
The unknown scaling factor of these data forces
us to compare the methods based on the term
ACpo,/ (CVE — cglobal. undamagedy 3 read of di-
rectly on the C,y. To make these data compa-
rable, the unknown scaling factor was estimated
using two of the values contained in the data and
was multiplied to the prediction of lifting line
theory, i.e. using Eq. (29). The two points used
were the cases “no damage” and the case “both
sides off””. Additionally, in order to illustrate the
importance of the variation of the Cﬁx induced
by the lifting line, the results obtained by keep-
ing the CZX constant and adjusting only the sur-
face of the HTP depending on the damage level
is also shown in this figure.

Due to the aforementioned estimation of the
scaling factor, the point at 0% is the same for all 3
sources. For the lifting line computation, an Os-
wald factor value of e = 1 was used instead of a
more realistic value (e.g. 0.8). Therefore the ob-
tained curve should remain below the experimen-
tal points. Reason for that, is that the damaged
HTP Cﬁx will be slightly overestimated for in-
termediate configurations (neither for 0% nor for

11



100%, but in between). By keeping the Cfa con-
stant and only correcting the surface, exactly the
same effect occurs but with a drastically higher
magnitude. Effectively the black-dashed curve
stays under the magenta-dot-dashed curve for all
damage levels and the difference vanishes around
0% and 100% tip loss.

50% —o— Data from wind tunnel [5] e
P - = =Simple correction of the HTP surface
% =" Analytical model (lifting line)
£
<
<
=1
=
=
2
o3
on &

O
|
e
N
)
N~—
~
g
Q
<
0% 4 ‘ ‘ ‘ ‘
0 20 40 60 80 100

Left HTP tip loss [% of HTP semispan]
Fig. 6 Comparison Between the Wind Tunnel
Results from [5] on the C,,o, and the Predictions
of the Lifting Line for the Damaged HTP.

The prediction made using the lifting line
method matches very well the trend shown in
the wind tunnel data, except for the 12.5% case.
Looking at the wind tunnel data, this particular
point does not seem to follow the trend defined
by the other points very well. At the same time,
comparing the wind tunnel and CFD results in [5]
(not reproduced in the current paper) the differ-
ences are of the same order of magnitude and
no “deviation” from the trend of the other points
was predicted by the CFD. This leads to the con-
clusion that the most probable explanation is that
this point was subject to some experimental un-
certainty in the wind tunnel test. Whatever the
explanation would be, both the CFD results of [5]
and the lifting line theory have permitted to pre-
dict with good (and largely sufficient) precision
the variations of the C,,, with damage level.

Note that in this comparison with wind tun-
nel data, it was not necessary to compute the
downwash and the zero lift angle of attack be-
cause only an o-derivative was computed. The
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downwash gradient dey/do induced an addi-
tional scaling factor on the C,,q, which was part
of the scaling factor that had to be estimated. Be-
sides, the HTP zero lift angle of attack only influ-
ences the constant term C,,g but not the Cj,q.

Before applying Eq. (29) to model damage
to the HTP for the FMTA, the fact that the value
of CH of the nominal (undamaged) HTP of the
FMTA can be used to check the consistency be-
tween the formula of Eq. (29) and the nominal
model. In order to obtain the same C{Ia with
this formula (given all geometric parameters) an
Oswald factor of 0.75 must be used, which is a
rather plausible value. Consequently, the CI is
directly computed with the formula of Eq. (29)
using this value and adjusting the geometrical pa-
rameters depending on the degree of damage. A
varying value (e.g. depending on the Mach num-
ber) could be taken, but would not lead to a sig-
nificant change in terms of aircraft dynamical be-
havior.

3.4 Downwash Gradient Determination and
Engine Influence

The downwash gradient term dey/dal can be
identified from flight tests and from dynamical
wind tunnel tests. It should however be noticed
that handbook methods exist to model the down-
wash gradient, see for instance [13,16,22]. The
level of precision provided by these handbook
methods is not known to the authors.

For some aircraft a good model of the en-
gine influence on the flow field induced by the
airframe (wing, fuselage, etc.) must be identi-
fied. Of course most propeller aircraft need such
a model, but not only propeller aircraft might ex-
hibit this type of interaction: for instance, the AT-
TAS (VFW-614) engine blast strongly influences
the induced downwash at the HTP position. This
dependence of the induced downwash on engine
thrust level also affects the aircraft trim condi-
tions as well as the response to thrust changes.
For the FMTA, this influence of the engines on
the downwash and on the wing-fuselage deriva-
tives had already been modeled during th MiTra-
Por I project using 3D-RANS-CFD simulations
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provided by colleagues of the Institute of Aero-
dynamics and Flow Technology. It was assumed
that no change in the downwash model was re-
quired by the introduction of empennage dam-
ages.

3.5 Characteristics of the wing-fuselage con-
figuration

The angle of zero lift and the C)'f (i.e. for
the configuration without empennage) can be ob-
tained from the wind tunnel tests and are respec-
tively o) ' ~ —0.6° and C}'F ~ 5.22. If such
data were not available, these terms can easily be
identified from flight test data with the appropri-
ate dynamic pitch maneuvers.

Wing geometries are usually significantly
more complex than HTP geometries: the simpli-
fied methods that are able to predict ocg are there-
fore not expected to provide sufficiently precise
estimates for the angle of zero lift of the wing.
Additionally, the contribution of fuselage to ch’F
is usually not negligible. No handbook method
enabling the estimation of ocg/F with acceptable
precision is known to the authors. Note that once
the HTP properties are determined (oiff and CIL),
it should be possible to identify the two remain-
ing parameters o) ©' and dey /da. from flight test
data. However, this affirmation is however kept
with a conditional as no practical demonstration
is known to the authors. For the identification of
the thrust influence, the flight test procedure has
to be repeated several times with various thrust
levels and dynamic thrust variations should be
performed.

4 Conclusions and outlook

In this paper, an extension of the classical lon-
gitudinal flight dynamic derivative-based model
structure was presented with the aim of easing
the integration of HTP damage models in a clas-
sical airplane flight dynamic model. In addition
to that, a practical and easy way to obtain the
required parameter values for this model is pre-
sented. The methods used for that are known
since a very long time by the aerodynamicists,

but often not exploited for the derivation of air-
plane flight dynamic models. Consequently, this
part of the paper is not about some new aero-
dynamics results, but aims to remind that these
methods exist and constitute a very good com-
plement to the extended derivative model struc-
ture proposed in this paper. Any kind of airplane
derivative model could be extended as proposed
if the HTP is not twisted and its airfoil is known,
which is usually the case. For more complex
HTP geometries, the same model structure can
be used, but HTP aerodynamic parameter identi-
fication will require other means.

The complete model equations (with a com-
plete empennage model and lateral equations
also) following the two-part concept introduced
briefly in this paper will be published in the near
future. This model will also be used for fault de-
tection, isolation and reconfiguration and fault-
tolerant flight control systems research.
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