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Abstract

Aerodynamic characteristic prediction is of crucial im-
portance in order to be able to estimate aircraft perfor-
mances and dynamic behavior. In this paper capabilities of
a PC based computer code (named AEREO) to predict
longitudinal and lateral aerodynamic characteristics of
light aircraft and sailplanes is presented. Semi-empirical
methods are used as main thesis, together with more
sophisticated procedures for high angles of attack or more
in general non linear conditions.

Aerodynamic prediction is performed in different steps.
Inafirstpreliminary step, wing, vertical and horizontal tail
airfoilsaerodynamic characteristics predictionis performed
witha 2D code which has been developed at DPA (Depart-
ment of Aeronautical Engineering). The output are Cl(a),
Cm(a), Cd(a), curves up to stall and post-stall conditions.
These curves along all necessary geometrical aircraft char-
acteristics are the input to the AEREO code. In this code an
iterative numerical procedure based on the lifting line
Prandt! theory is then used for the prediction of loads and
moments for the wing and horizontal tail up to stall and
post-stallconditions. The aerodynamic curves coming from
the AEREO code are used as input for the aircraft motion
simulation code called DYNASIM which returns aircraft
motion and dynamic behavior for a user specified control
law or foranimposed air disturbances. This code solves the
general 6 degrees of freedom equations using non-linear
aerodynamics and it offers the possibility to fly the air-
plane using the mouse as stick command.

Simulation of a stall maneuver of a light single engine
aircraft has been performed and numerical results are in
good agreement with flight data. Comparison between
predicted and flight sink polar has been shown for the
ASW-24 sailplane.

Introduction

During the design phase of a light aircraft it is very useful
for the designer to have a reliable and fast tool for the
prediction of both aerodynamics and performances of the
subject plane.

Usually semi-empirical procedures are employed to ob-
tain aerodynamic characteristics especially in the linear
range.

The idea behind the present work is that of using fast and
accurate enough tools to predict the aircraft aerodynamics
improving their semi-empirical nature, when itis possible,
through the implementation of ad-hoc procedures which
can extend the results validity to the non linear range.
Standard semi-empirical methods have been abundantly

used in the past, see Reference [1,2,3,4,5], but none of them
tries to extend the results also to the non-linear range of
angles of attack. Indeed, it is in the author’s opinion, that
this extension can be done without sacrificing too much in
terms of computer time and obtaining accurate enough
results for the established objectives.

The work to be done is that of recognizing those aspects
of aerodynamic predictions that can be easily improved
and that of integrating these parts to the standard semi-
empirical procedures verifying the quality of the obtained
results.

The first part that can be improved concerns airfoils
aerodynamic characleristics prediction.

Aerodynamic wing behavior is mainly dependent on
airfoil aerodynamic characteristics and especially in the
case of sailplanes it can be said that the "airfoil makes the
difference.” Then a good estimation of airfoil lift, drag and
moment is of crucial importance in order to have a good
prediction of aircraft aerodynamics.

It is since 1985 that a code based on viscous/inviscid
interaction is being developed, see Reference [6,7]. The
actual version of this code, named TBVOR, as detailed in
the next paragraph, is capable to predict all viscous airfoil
aerodynamic characteristics also when strong interactions
are present on the airfoils such as laminar separation
bubbles and large turbulent separation areas.

Then, knowing wing, horizontal and vertical tail airfoil
characteristics, the wing and tails complete loads can be
calculated. Inordertobe able to predict wing's loads in stall
and post-stall conditions an extension to the standard
Prandtl lifting-line theory has been done following the
guidelines suggested in Reference [8]. The limitations of
such an approach are that well known of Prandtl lifting-
line theory but the quality of the results in the non-linear
range of angle of attacks is more than acceptable.

Fuselages and wings/body intersections are treated in
semi-empirical manner. To this aim hundreds of graphs
have been spliced out and put as database form to be used
by AEREO code. The {inal output in look-up table’s type
contains longitudinal and lateral aerodynamic coefficients
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in function of the angle of attack a, of side slip angle b and
of control surface deflections.

The output of AEREO code is then used as input to
DYNASIM code that performs the dynamic simulation of
the aircraft motion. Besides the aerodynamic input,
DYNASIM needs aircraft geometry and mass and inertia
data. DYNASIM can be run either in text mode or in
graphics mode and in this last case, the user can fly the
airplane using the mouse as stick command.

Sketch n. 1 shows the organization of a complete calcula-
tion set.

Aerodynamics prediction

2D Data

The two-dimensional characteristics of the airfoils em-
ployed inthe wing, horizontal and vertical tail can be either
assigned as experimental values obtained through airfoil
model wind tunnel tests or calculated via TBVOR code
(Ref. 6,7).

It is evident that in the design phase reliable numerical
prediction is necessary to check the influence of airfoil
aerodynamics on aircraft aerodynamics, performance and
dynamic behavior.

Importance of TBVOR code both in having good predic-
tion of performances of an existing aircraft or in choosing
the best airfoil for a specific aircraft design goal is clearly
put in evidence.

TBVOR code has been developing during recent years by
one of the authors of this paper and by Dr. Paolo Dini.
Following here is just a short synthesis on the theory on
which the code is based on. The main feature of TBVOR
code is its capability to deal with laminar and turbulent
separated flow. The turbulent flow separating from the
upper (downwind) surface of an airfoil near the trailing
edge, at high angles of attack, remains near the surface of
the airfoil and contributes to a thicker wake than is present
in attached flow conditions. This separated flow harbors a
net vorticity akin to the starting vortex, where both are a
direct consequence of conservation of the angular momen-
tum of the tlow. Unlike the case of attached flow at low
anglesofattack, however, this vorticity isnot sweptdown-
stream but hovers over the trailing edge, directly affecting
the circulation of the airtoil. We model this distributed
vorticity with an inviscid point vortex whose strength and
location we were able to correlate successfully to flow
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Sketch 2. Schematic of an airfoil in stall showing
the vortex and the laminar separation bubbles.
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parameters such as the extent of turbulent separation and
the pressure level at separation. The vortex is shown sche-
matically in sketch n. 2, together with the laminar separa-
tion bubbles.

The most important assumption of the theory on which
TBVOR codeisbased, is also that the flow over an airfoil in
post-stallconditioncanbe modeled accurately and reliably
by an interactive boundary-layer method, complemented
only by our inviscid point vortex over the trailing edge. In
other words, our results seem to indicate that the basic
boundary layer assumptions of negligible pressure gradi-
ents normal to the airfoil surface and or small second
streamwise derivative of the velocity still hold even within
the massively separated flow over an airfoil in post-stall.
Apparently, the only low-order effect not modeled by a
standard boundary-layer method is the vorticity of the
separated flow, and this is well accounted for by the
inviscid vortex which is discussed more fully in Reference
7. Thus, to determine the physical solution for given con-
ditions our method relies on matching the inviscid and
boundary-layer flows through a standard interactive algo-
rithm, the details of which can be found again in References
6,7.

[tis worth mentioning here that the main new calculation
feature related to the inviscid flow (the calculation of
which is based on panel method) is the automatic addition
and redistribution of the points defining the panels, in
order to improve the resolution of the bubble flow field.
Because of the large gradients present in the bubble region,
the program could notconverge withoutadaptive variable
paneling. After approximately 40 iterations the points are
automatically redistributed based on the current bubble
separation and reattachment locations as calculated by the
boundary-layer method and the calculations are started
over and brought to convergence.

Laminar Part of Bowndary Layer and Separation Bubble

The laminar boundary layer is solved in the direct mode
(by specitying the inviscid velocity as a function of are
length) for attached flow conditions and in inverse mode
(by specifying d isplacement thickness as a function of arc
length) when laminar separation occurs and then bubbles
develop. Inboth cases the governing equations are comple-
mented by closure correlations for friction coefficient ', for
dissipation coefficient ‘D and for shape factor 12, all
expressed as functions of the second shape factor 32 =4 /
d, where d  is the energy thickness and d | is the momen-
tum thickness. As detailed in Reference 9, these correla-
tions are derived in part using the Falkner-Skan famiiy of
velocity profiles. The reason the attached laminar bound-
ary-layerclosurerelationsare obtainable in a fairly straight-
forward way is that the Falkner-Skan attached profiles
depend only on one parameter, which can be eliminated
from the expressions for these three variables.

For separated flow, also the inverse boundary layer
equations require closure correlations. The most popular
choice has been to use the reversed Falkner-Skan profiles
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as, for instance, was done in Reference 10, The laser-
Doppler anemometer (LDA) measurements inside the
bubble, however, indicate that the reversed Falkner-Skan
profiles are not a good representation of the separated
shear layer in the laminar part of the bubble. Rather,
Fitzgerald and Mueller suggest using the two parameter,
reversed Green profiles, that were originally developed to
model the turbulent wake downstream ot a blunt trailing
edge. This fact is not surprising once we realize that the
separated flow in the laminar partota short bubble is near-
stagnant and, theretore, causes very small negative skin
friction. These findings were confirmed by a finite-differ-
ence calculation performed by Drela, who found profiles
very similar to the Green. From these profiles Drela was
able to derive a closure correlation for the skin-friction
coefficient, which has been used also in TBVOR,
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Figure 1. Comparison of measured and predicted lift curoes
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Figure 2. Comparison of measured and predicted moment
curves for the S809 airfoil at Re=2.000.000
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Asdiscussed in full in Reference 11, the Green profiles are
determined by two parameters and as it may be expected,
the greater flexibility afforded by the two parameters also
brings added complexity in determining adequate closure
correlations, Now one of the closure correlations is a new
and important addition to the overall model, and more
details of the derivation can be found in Reference 7.

Transition

Transition is modeled by means of the linear stability, or
¢, method described in Reference 12, This method relies on
a database of stability characteristics of the Falkner-Skan
profiles for attached flow and of the Green profiles for
separated flow, and therefore provides a transition predic-
tionmethod fully compatible and consistent with the bound-
ary layer method and with the bubble model. Unless
otherwise noted, in the results below the value of the
amplification factor used at transition isn = 11.

An example of TBVOR capability in calculating 2D aero-
dynamic characteristics is shown in Figure | and in Figure
2 where numerical results, showing Cl and Cm curves in
function of the angle of attack, are compared to experi-
ments performed at Delft University on S809 wind turbine
airfoil at Re=2.0 million.

Curves atdifferent Reynolds can be input to AERO code.

3D Lifting Surfaces: NLWING subroutine

As already said, in order to be able to predict the aerody-
namic coefficients in the non-linear range of angle of at-
tack, an extension of the Prandtl’s lifting line theory has
been performed. In fact the Prandtl’s theory can be used in
an iterative manner. It was stated that numerical regres-
sion and interpolation have to be used to avoid incorrect
results and to smooth out the singularity present at wing
tips. A deep numerical investigation of this type of prob-
lems and on the convergence of the iterative procedures
was performed.

Finally a study on the relation between the relaxation
factor and number of points needed to obtain a converged
solution has also been performed and then the code auto-
matically chooses the correct relaxation factor depending
on the number of the points input by the user.

NLWING is used to evaluate lift and drag of wing,
horizontal and vertical tail for the whole range of angles of
attack.

Semi-empirical procedures

The remaining longitudinal and lateral coefficients as
well as some static and dynamic stability derivatives are
obtained using calculations and interpolations of graphs
(References 1,2). The interpolations have been done using
bi- and three-cubic spline interpolations. Hundreds of
graphs have been entered to form a database needed to
obtain the static and dynamic derivatives.
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DYNASIM Code

Dynasim [Reference 13] is an interactive graphiccode that
allows the user to fly the selected airplane using the mouse
as stick command. The airplane motion can be obtained
running the code in batch mode. The solution is obtained
solving 12 ordinary non-linear differential equations in
which the nonlinear forces are input in multidimensional
matrix form and are interpolated at each time instant.

The translational equations of motion are written in the
flight path axis system and the rotational equations of
motion are written in a fixed body axis system. The equilib-
rium values of the variables corresponding to the trimmed
input condition are first found and then the integration of
the differential equations starts. The code can interactively
read mouse and keyboard inputs as well as files with
command laws assigned in function of time. There is the
possibility to record the interactive session performed and
then to repeat the maneuver.

In order to have useful information aboutaircraft maneu-
veritis very important to have detailed information about
the mass and inertia moment thatare a crucial input for the
code.

In fact, in case of the ASW-24 sailplane, we had to estimate
all the glider inertia moments and the results in terms of
stall or turning maneuver were not perfectly in accord with
real flight sailplane behavior. At the momentof writing this
paper, Dynasim has been translated and coded in JAVA
and VRML language (JDYNASIM) then becoming totally
platform independent and requiring just a normal internet
browser, such as Netscape Navigator or Internet Explorer,
to be used. It will be soon available on the internet.

Results
A complete study, with aerodynamic prediction, perfor-

mances and dynamic simulation was performed on 92|
light single propeller aircraft and ASW-24 sailplane.

P92] light aircratt

P92] aircraft geometry is shown in Figure 3. The aircraft
is a braced high wing light aircraft with a 80 hp engine
mounted in the front. The airfoil employed in the wing is
a modified Gottinga airfoil.

The calculated lift, and moment coefficient curves in
function of the angle of attack and of the stabilator deflec-
tion angle are reported in figures 4,5 for the P92).

In Figure4 thelitt trimmed curveis asloshown. In Figure
6 the aircraft predicted polars for different stabilator de-
flections together with the trimmed drag curve is reported.

Some of the remaining lateral steady and unsteady stabil-
ity derivatives are reported in the Figure 7. It has to be
noted that there is the dependence of such derivatives on
the airplane angle of attack and thus on its lift coefficient.

Computer time needed to evaluate a complete set of
aerodynamic force coefficients is about 5 minutes on a
Pentium 133 PPC.
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P92] Stall Maneuver

The accuracy of the acrodynamic derivatives prediction
and dynamic motion simulation was tested comparing
numerical obtained results with a flight recorded stall
maneuver.

The maneuver is composed by three consecutive power-
off stalls which have been used to compare simulated data
with flight ones.

Using as input to Dynasim the exact stabilator deflection
time-history, the resulting simulated airplane speed in
function of time is reported in fig. 8 and it is compared to
flight data.

It appears that there is a general good agreement, espe-
cially for the second stall maneuver. The stall speed is very
well predicted for all maneuvers.

Comparison of measured and predicted g acceleration
values shows thatalso in this case the g-break for each stall
is correctly predicted.
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Figure 8. P92] stall manouver

ASW-24 sailplane

ASW-24 sailplane is a 15-meter sailplane of which par-
tially data were available. The geometry of this glider is
reported in Figure 9. The main problem was in particular
that of moment of inertia prediction. Due to the big wing
span, the x and z inertia moments prediction can be par-
ticularly critical.

Wing airfoil aerodynamics was predicted with TBVOR
code and with some available experimental wind tunnel
drag coefficient values.
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Sailplane lift curves for different elevator deflections
together with the trimmed one are

shown in Figure 10. In the same figure the contribution to
the total lift of different sailplane parts is shown. In Figure

Three-View Drawing-ASW-24

L ; 11 the moment coefficient curves are represented. It is
M stmynarn | important to notice that even post-stall values are shown

and used toevaluateaircraftaerodynamic momentin post-
stall conditions. Drag polars at different elevator deflec-
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low lift coefficients; in those conditions a drag increase
comes from airfoil behavior (the glider dragis almost totally
friction drag, which comes principally from the wing).
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Calculated and measured flight polars are reported in
Figure 13 and it can be seen that the agreement is reason-
able. It should be taken in account that some data was
guessed or inferred from graphs. In fact, due to the very
high wing aspect ratio (22.5), some acrodynamic deriva-
tives were evaluated from graphs by extrapolation of
existing curves usually used for light aircraft with sensibly
smaller aspect ratios.

An example of lateral aerodynamic derivatives estima-
tion is represented in Figure 14

The sailplane motionsimulation performed with Dynasim
was used to understand glider behavior in turning maneu-
vers and simulating a spin recovery. A screen view of
sailplane flight simulation is shown in Figure 15.
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Conclusions

AEREO and DYNASIM codes represent a valid and a fast
tool to predict acrodynamic and dynamic behavior of sub-
sonic aircraft. Using an extension of the Prandtl lifting line
theory to the non-linear range of the angles ofattack, AEREO
is capable to predict all the acrodynamic coefficients and
stability derivatives needed to perform the simulation of the
aircraft motion. The CPU time needed to obtain a complete
set of coefficients is about 10 minutes on a Pentium PC -133
MHz and this makes the code usable for design purpose.
Theoutputofthe AEREO s then used asinput for DYNASIM
code that is able to predict the aircraft behavior following
anassigned control law. DYNASIM code canalsobe run in
interactive manner and the user can fly the airplane using
the mouse as stick command. Comparisons between nu-
merical obtained data and flight data have been presented
for P92] aircraft and ASW-24 sailplane.

Future developments will regard the inclusion of atmo-
spheric turbulence and thermal air velocities distribution
(glider motion simulation). More tests need to be per-
formed and compared to flight data in order to validate the
code also for lateral directional behavior.
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