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Preparation of Computer Model of the Aircraft
for Numerical Aeroelasticity Tests — Flutter
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Abstract—Article presents the geometry and
reconstruction procedure of the aircraft model flatter research
(based on the 122-IRYDA aircraft). For reconstrantithe Reverse
Engineering techniques and advanced surface mod€&D tools
are used. Authors discuss all stages of data atiqomisprocess,
computation and analysis of measured data. Forisitiqo the three
dimensional structured light scanner was usechérfurther sections,
details of reconstruction process are present. @&gm
reconstruction procedure transform measured inpata dpoints
cloud) into the three dimensional parametric coraputodel
(NURBS solid model) which is compatible with CAD ssgms.
Parallel to the geometry of the aircraft, the in&r structure
(structural model) are extracted and modeled. bt thapter the
evaluation of obtained models are discussed.

structure To support design processes of machines, commadely t
computer methods are used — so called: Computétiona

Structure Mechanics - CSM [4], [6]). When design nafw
aircraft is testing, particularly in the prototypege, important
roles have the tests in the wind tunnel and testsed out on
the fly. These experiments are very expensive agdire the
preparation of scale models of the behavior of lanity, and
for aeroelastic models additionally faithfully imiing the
behavior of the real object. Therefore, as an réive to the
experimental methods, the numerical support isnofised,
allowing carrying out research in a virtual envingent which
are much cheaper and no risk of damaging the teden

In the presented work, these advanced computendéay

Keywords—computer modeling, numerical simulation, Reversdiave been applied to develop a virtual model (géxymend

Engineering, structural model

|. INTRODUCTION

F computer methods are increasingly replacing ticail

research methods based on the experiments. Thliseigo
the growing demands of customers for a low costthef
constructed elements, and shortening the entireegso of
creating the final product. For this reason, virtoedels are
created based on the technical documentation,
reconstruction of geometry from existing elemenésda on
computer-aided design software (CAD systems) aneiRe
Engineering techniques [1], [3]. Capabilities o4k devices,

combined with the advantages of CAD / CAM systens a

creating new opportunities previously unattainabje other
techniques. Furthermore, these technologies Sigmifiy

structure) which is equivalent to the real aircrafddel to
flutter tests (model airframe IRYDA 1-22).

Il. OBJECTOF THE ANALYSIS

Presented in the paper research work, was dong tashe
real model of the airplane IRYDA 1-22 (Fig. 1). plane was
prepared according to the design of the Institfitawation in

Warsaw.
or

reduce the time of a new product design process an ‘\:_'-‘

simultaneously improve the quality
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Fig. 1 The I-22 IRYDA airplane

One of the constructed model is a model designeduidy
of the flutter phenomenon in the wind tunnel. Due
limitations in dimensions of the wind tunnel, thegrame was
made in smaller scale. The geometric scale of thdemwas
1:4, according to this the dimensions of aircrafidel are
3.3x2,4x1m (length, span, height), while the otbeales were
as follows (Fig. 2):

— K, — speed scale 1:10;
— K¢ — frequency scale  1:2,5;
— Ky, — mass scale 1:64;
- K, — density scale 1.1,
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Fig. 2 airplane model for flutter testing (from Jopxternal geometry
of the airframe, the internal structure of therairfe

The entire model of the plane, have sheathing nafde

laminate, which corresponded to the external gegmdtis
geometry was used for create of the virtual modelthe
airplane shape. Internal structure of the model swaplified
in comparison to the original but with keeping appiate
properties of mass, elasticity and damping. Thé darsisted
of primary aluminum girder cross-section, which vagded
into sections differing mechanical properties. tdiion, the
burden of lead placed in locations that corresptmdems
such as aircraft landing gear, engines, fuel tamgkpit
equipment, etc. Similarly, the wings were built andiders:
horizontal and vertical. It received a cross |-bsaamd U-
beams.

The process of reconstruction and development wipcer
models (shape geometry and structure) has beeanpeesin
the further paragraphs.

Ill. THE MEASUREMENTPROCESS- 3D SCANNING

Reverse engineering (RE) is a branch of knowledgeling
with the whole issue of three-dimensional scannihgovers
areas related to data acquisition (all of the spasican
methods), technology (construction of measuring iakesy
process of reconstruction of the geometry of theasused
objects, and data processing to formats, acceptapl¢he

Because of the size of the measured model, whiehtlgr
exceeds the measuring range scanner, it was necéssaake
several measurements from different directions.faalitate
identification of individual measurements of theokh plane,
he is divided into areas by special reference edtripiith a
constant pitch. Addition, the entire hull was cadmwith a
special powder in order to minimize light reflectioon the
surface of the paint.

Such prepared aircraft underwent a process of aDrsog,
which took place according to the following patt€Fig. 4).
The plane along length was divided into 14 sectimeasuring
(assigned numbers from 1-14), while the cross ceati the
hull separated 7 (numbered from the A to E) and one
additional section F for vertical rudder. Due te symmetry
of the object, the scan was performed for only bak of the
aircraft

(A

Fig. 4 Distribution of the measuring sections foe plane fuselage
(from left): along the hull 1-14, cross sectionghe hull A-F

In each of the measurements, were received sebiafsp
(called a points cloud) along with the data in fbem of
surface texture (RGB color palette). The total nemiof
measurements of the hull was nearly 100 measursment

In the next steps, each measuring point clouds \peee
processed: remove error points (the noise), smagthi
removing discontinuities and simplification (redugi the

various CAD systems. The most common RE devices afi@mber of points). The subsequent step was the imge

based on optical methods: laser or structured fganhners.
In the present study for measuring the optical sean
structured light (Fig. 3) were used. The measuraggplution

of scanner is 0.05 mm with the volume of the mdagur

450x450x120mm.

Fig. 3 Three-dimensional structured light scanegample of the
measuring process (projection of the raster)
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each points cloud (registration process) so thay form an
integral whole (Fig. 5).

Fig. 5 Pre processing of the point clouds (fror) leprepared point
set, the result of the registration process of sdaouds of points

Due to the very specific shape (thin profile), the wings
the different measuring methodology were adopted.e@ch
element - wing or rudder surface - the additionarkars (in
the shape of spheres) were installed (Fig. 6).
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They were used as markers for the registrationgafcBy
this way, the effect of deformation of the shapehef leading

and trailing edges, which occurred in the case edisurements

without markers, was eliminated.

e O
Fig. 6 The measuring procedure for wings and rusl(feom left):
a system of markers on the test object, the restifte data

registration process using markers

Further processing of the point clouds of the wirgsl
horizontal rudder was the same as in the caseeofith. The
end result was obtaining three global point clowds for the
fuselage, wings and horizontal rudder (Fig. 7.)

Fig. 7 The result of the scan process: the globaitp clouds of
fuselage and wings

IV. THE GEOMETRY RECONSTRUCTION PROCESSNURBS
MODELING

The Geometry reconstruction of the object basediata
from 3D scanners is complex and time consuming gs®c
Quality of the model is dependent not only on thliy of
data obtained from the scanner, but also the prajza
processing at each stage. Therefore, it is negeskar
permanently control the process parameters asasgefioints
of reference and characteristic, of the createdngéry.

Due to the above conditions have been developgdritim
of process of building NURBS model (Fig. 8):

1) First phase — preparation of input data.

3D Scanning

documentation (point clouds)

Control
measurements

Technical ‘ ‘

Iterative generation
of the curves

A
| .
' o= E3 i

rl ________ —_————TTrr————

I -

1 [[_Enor correction [{—1" Generating surtaces !

- - R — |
| @_ { ; 1 _ .
1 <::| Control measurements 1 !terative generation

| of the surfaces

Final model
NURBS

Fig. 8 Geometry reconstruction algorithm

In order to properly reconstruct of the geometry &m its
control in the first phase, the data from threienpry sources
were collected (Fig. 9): manual measurements oécsed
reference points (such as length, wingspan, etechnical
documentation data, measurements of the 3D scanner.

Fig. 9 The input data to the geometfy reconstrangimcess (ffom
left): technical drawings, a point cloud of thermahull

In the second phase the point clouds were subjecte
triangulation process (Fig. 10). In this case, rdgult was the
triangular mesh consisting of approximately 4.5 lionil
triangles describing the hull of the plane. A saniprocess has
been made for the wings and horizontal rudder.

2) Second phase — creating a triangular surface megh a Fig. 10 The processing of point cloud (from left)e triangulation

computation of skeletal curves.

process, triangular mesh of the plane hull (4.%ianiltriangles)

3) Third phase — create NURBS surfaces from skeletal

curves and guide curves.
4) Fourth phase — analysis of curvatures and mergirngeo
surfaces into a single compact model
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During generation a surface mesh, appear a numerous
such as (Fig. 11): ambiguity errors in the areasdgfes of the
object, the local errors of concavity or convexigyrface
discontinuities (gaps in the measurement data)asaref
intersecting points. All defects must be removedimpothing,
correcting errors and also by filling cavities (edl "patching
holes") in the grid surface. For this purpose sgeagorithms
that are supplied with special
software.The final result of this stage is cleatadngular
surface mesh.
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Fig. 11 Examples of errors of process generateseesh (from
top-left): edge errors, the surface of discontinihe missed input
data), areas of intersecting points

Based on the prepared surface mesh, on airframerdiss
sectional profiles, in three main directions, weetermined
(Fig. 12): transverse, horizontal and vertical sdétsurves.

Fig. 12 Cross-sectional profiles of the airframetgof curves):
transverse, horizontal and vertical direction

The individual curves were smoothing (with curvatur

analysis) in order to eliminate future concave @nwex
surface. The following steps are carried out aitisirelated to
the elaboration of optimal curves describing theows parts
of the reconstructed surface of the object (Fig). IBo

For the wings and rudders (horizontal and vertica@d a
different technique of reconstruction. Differendenss from
the need to behave in accordance with the original
aerodynamic profile of the wings. Based on tecHnaata
plane cross sections were determined geometri¢iseoiving
(NACA-64A010 and NACA-64A210), and based on datarfr
a 3D scanner create the outline curves adjustethéosize of
the wings in the documentation. Individual profilegere
subjected to cross-connect at nodes of the outébapcurves
(Fig. 14). The prepared data were used to deterrttiee
NURBS surfaces describing the geometry of the wing.

Fig. 14 The stages of reconstruction of the wihg:transverse
profiles of NACA and the outlines of the wings, dgdNURBS
model of the wing

The last stage of the creation of a NURBS modek tea
combine into one unit different airframe componehiselage,
engine nacelle, wings, vertical stabilizer, horibrstabilizer
(Figure 15). Ultimately resulting is a three-dimemsl model
fully compatible with CAD systems.

maintain consistency between future NURBS surfaises Fig. 15 The reconstructed geometry of the airptandel for flutter

necessary to connect to the common nodes of curees
different directions (e.g. cross-sections of vaiticand
horizontal). During this process the guided curaes created
that are elements leading and controlling the shafpéhe
surface area between the curves in profiles. Onetit the
NURBS surfaces is created on curve network.

Fig. 13 The processing of curves and NURBS suraeation (from

top-left): smoothing and curvature analysis of wdiial curves, the

curves connectivity the common node, final NURBSIei®f engine
nacelle
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tests: main grid of the curves, final computer m¢GAD)

In order to determine the quality of the resultmgdel was
a two-step evaluation by using the control measargs(Fig.
16). In the first stage were measured characteggtbmetrical
dimensions, such as: total length aircraft wingnspspan
horizontal stabilizer, vertical fin height, the whdof the wing
at the fuselage. Then they were compared with catt¢ained
in the technical documentation of the aircraft. Berage size
of the reconstruction error did not exceed 0.17 mm.

il
Al ,
Fig. 16 Evaluation of a computer model of geoméngm left):
measurement of the characteristic dimensions, cratipa
measurement of deviation between the NURBS modetrgengular
surface mesh
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In the second step was to check the surface measote
by verifying the NURBS surface deviation from thatal

source, a triangular surface mesh (3D scanning)e Th

measurements showed that the mean distance betiveen
surfaces did not exceed 0.33 mm. Analyzing thes® e can
say that the aircraft geometry reconstruction eigof / - 0.5
mm

V. THE PROCESS OEREATING A COMPUTATIONAL
STRUCTURAL MODEL OF AIRCRAFT

Since there wasn't all of the necessary information

(relevant dimensions and information about the nslte
properties of individual elements) that are neettedreate a
precise model of the structure, was developed ianxikolid
model - so-called transition model. The purpose tlué
procedure was to obtain the coordinates of grauity the size
of the moments of inertia of all elements includedhe test
object. Solid model was created in CAD system, thase the
technical documentation, and direct measurementsthen
elements of a real airplane model for flutter tegiiFig. 17).

Fig. 17 View of the internal structure of a reaptane model for
flutter testing

The real object for flutter testing consisted of:

— hull divided into 18 sections,

— wings divided into 13 sections,

— rudders: horizontal and vertical, divided into @tgens.
Each segment contains a portion of the hull girtleo, U-
beams, two T-beams and sheathing taken into accmirat
weight-centered (described by a sphere, situatatercenter
of gravity of the section). This follows from thact that the
hull has a complex external shape with changinthitkness.
In front of the fuselage with added weight at tlo@ tand
bottom sections, reflecting the aircraft elementghs as
chassis, motors, etc. Each segment of the wingradders

consisted of a portion of the girder and the simalss.

As a result of the similarity of components formiegch
segment, was used parameterization of the modeldbas a
spreadsheet. First, the pattern model was creaiededch
element forming a part of one section (beam, cHabae I-
beam, lead load). Then, the remaining segmenteeofvhole
structure were created automatically from entered ai
spreadsheet dimension of individual sections (F8).

and Construction Engineering
7,2012

Fig. 18 Creation of segments obtained in the parenization
process (from left): single section, sections effitont of plane

Items not subject to the parameterization are fofig: the
central segment and connections of rudders to tifie After
placing all generated elements the transition madel created
(Fig. 19). It consists of 249 parts, including 58tg by weight
mapping mass ticking.

Fig. 19 “Transition model” (solid CAD model) of tistructure of a
real airplane model for flutter testing

The criterion for the correctness of the design ehdd
CAD software is compatibility of the masses. Actualight of
the model was derived from measurements of 75,6kde
the mass of a computer solid model was 78kg. Ewofothe
created model was about 3.17%. The discrepancyhef t
masses resulted from the due to the simplificatidnthe
elements connecting the different parts of the rtmgether.

On the basis of the resulting model, prepared rsite, this
includes all the necessary data to build the fiugaision of the
computational structural model. It includes infotima about
the masses of individual elements, the positiortbeif centers
of gravity, moments of inertia and geometric diniens.

The fluid-structure interaction software, usedhe Flutter
Laboratory at Virtual Engineering Group, comptte force
reactions of the object structure on the fluid flsxcalculated
based on modal analysis [5]. Loads are introduaeskdh on
the pressure distribution, which is interpolatezhirthe results
of flow analysis in the structural model nodes. Byic
properties of the structure are written in the fafhmodes and
eigenvalues.

Ground resonance tests conducted at the Institdite o
Aviation in Warsaw, helped determine the data usimgethod
of dynamic identification [2].
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Retained the original documentation form allows to The criterion for the correctness of the calcukatinodel,
reconstruct only the frequency of its own and teeegal shape which will be used to simulate aeroelasticity, what the
of the corresponding modes. results of modal analysis, i.e. the natural fregies) and

In order to obtain the missing information, modadlgsis is modes of their form the corresponding real with thtual
performed, which are determined natural frequen@es model.
corresponding eigenvectors for the numerical model. Preliminary model calculations showed most comjilatib
Determined the values and the excitations are tgsediculate mode shapes, but differences occurred in the vahfes
the displacements of the model during aeroelastialations.  frequencies obtained from modal analysis. The awyuof the

In order to perform correct numerical analysis b6kt results of reduced model was insufficient to comnduc
structural model is required correspondingly langenber of aeroelastic numerical simulation. In order to awdifierences
degrees of freedom of which imitate the behaviortltd between objects made to tune the numerical modeé T
modeled geometry. For numerical calculations, ef tmodal process was conducted in two stages: Stage 1 hdnging the
analysis are important first eigenvectors, corresjigg to the fixing point of the model and stage 2 - by changihg
eigenvalues of the lowest frequency of vibratiom @eir mechanical properties of materials.

basis is formed low-dimensional model that provigieod After receiving the preliminary results of modalagysis,
performance at a significantly reduced computationaew fixing elements, as the two tension springs ugsd (Fig.
requirements. 22).

Therefore, the next step of the construction of le-
dimmensional model of structure (in the FEMAP) lokse the
solid model (in CAD). The process of creating thedel
began with the designation of the principal axethefselected
nodes defining the location of individual section the
aircraft (Fig. 20).

Fig. 22 Low-dimensional numerical model with theised

fixing point
Fig. 20 Visualization of the principal axis for les¥mensional The second modification was to tune the model angmg
structural model the material parameters, compensating for diffexerarising

from the simplifications that occur at the stagectdating a

Then was created: the girders of the hull, wingsralders, solid model. After tuning the model the modal as&ywas
with beam elements. All information on the geomeifythe done and new results were obtained (Table 1, B. 2
cross sections and material properties were takem f
previously prepared spreadsheet (transition model).

All other elements (channels, tees, leaden load) based
on Steiner's theorem is reduced to the point maidth the
appropriate moments of inertia) that are in the ngetoic
centers of each section. This step was performeda in
spreadsheet, then the results send to the progeAii\P. AT

The final model consisted of: 69 beam elementsr@8s g
elements and 278 nodes (Fig. 21).

Fig. 23 Examples of 4 first Eigenmodes of 1-22 IRXIrom upper

Fig. 21 Preliminary low-dimensional model for theaulation of left): 1-st mode, 2-nd mode, 3-rd mode, 4-th mode

structure
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After a calculation of modal analysis and comparthg
resulting obtained for numerical model with theutesof real
model can be stated that the errors are:

— less than 1 Hz for the first five modes and mades 8,
10, 11, 13, 14;

— less than 2 Hz for a modes No. 7, 12, 16;

— above the 2Hz for the others.

Not identified numerically 9th and 20 modes shapdsle
the 19th form of vibration is far from experimentasults.

VI. CONCLUSION

The paper shows how to create a numerical modéhef
geometry and structure of the aircraft on the bakmsvailable
documentation and measurements of the real moaehti

Application of reconstruction techniques in the qass of
reverse engineering allows for the geometry of bjeat and
putting it into CAD systems. This technology is tmadarly
helpful where there is no technical documentation CAD
models) describing the object. Final result, thdéaensional
model, is fully compatible with CAD systems and d@nused
for further processing and numerical analysis.

The resulting computational model of a virtual @an22
IRYDA, is designed for the analysis of the systesedi by
Flutter Laboratory at the Poznan University of Treaogy.
This model has a relatively small number of nodekich
significantly reduces the computation time.

TABLE |
COMPARISON OF RESULTS OF GROUND RESONANCE TESTS
AND OF THE NUMERICAL MODEL

Results
Form of vibration Experiment Numen(_:al Error
analysi:
f[HZ] f [HZ] f[HZ]

1 First 4,11 3,85 -0,26
2 Second 4,61 4,65 0,04
3 Third 4,90 4,06 -0,84
4 Fourtt 6,27 5,91 -0,32
5 Fifth 6,7(C 6,1€ -0,54
6 Sixth 7,02 9,6¢ 2,6¢€
7 Sevent! 7,81 6,6€ -1,14
8 Eighth 10,47 10,15 -0,32
9 Ninth 11,56 - -
10 Tenth 14,54 14,72 0,18
11 Eleventh 14,47 13,94 -0,53
12 Twelfth 15,10 16,28 1,18
13 Thirteentt 15,5¢ 15,27 -0,31
14 Fourteent 17,8¢ 17,0¢ -0,8C
15 Fifteentt 17,9¢ 15,12 -2,8¢€
16 Sixteentl 30,8( 29,51 -1,2%
17 Seventeent 40,1( 37,3 -2,717
18 Eighteenth 39,90 36,74 -3,16
19 Nineteenth 44,60 38,55 -6,05
20 Twenty 48,30 - -

International Scholarly and Scientific Research & Innovation 6(7) 2012

1142

Fig. 24 Example of the results of fluid-structungeraction obtained
for 1-22 IRYDA aircraft

An example of results (Fig. 24) obtained in thelgsia of
the flutter phenomenon for aircraft 1-22, are ;métl in the
second part of the work entitled: “COMPUTATIONAL AN
EXPERIMENTAL INVESTIGATION OF AERO-
ELASTICITY FOR THE FLUTTER AIRCRAFT MODEL”
(R. Roszak at all).

The most
reconstruction of the computational model is corifyiléy the
results, of modal analysis with the results deriviedm
ground-based attempts to resonant real model thier]
Discrepancies between the models are reduced iprteess
of tuning the model, which consists of independdrange of
material properties for each item.
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