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1 INTRODUCTION

Within the frame of the aircraft certification, the Ground Vibration Tests (GVTs) play an important
role in order to validate or to update the structural dynamic numerical model of the airplanes
which are necessary to insure the aeroelastic stability facing the flutter risks.

The GVTs consist in performing the identification of the structure modal parameters according to
the different vibration modes, i.e. eigen frequencies, mode shapes and modal masses.
Additionnally the damping factors are also estimated.The objectives of the GARTEUR Action
Group SM-AG19 were to have comparative tests on a same testbed performed by different
european laboratories in order to evaluate the efficiency of different test methods as well as
parameter identification methods.

A similar round robin had been realised in the late 70's, beginning of the 80's by a previous
european group [1],]2] showing rather large discrepancies in the measurement results by
themselves as well as in the modal identification results.

A part of the experience accumulated in this occasion was used in order to avoid the major
difficulties of the exercise such as to insure a correct reliability of the test structure along the whole
exercise time.

The main features to be evaluated through this activity were, as described in Annex 1 (Proposal for
the formation of a GARTEUR Action Group on Ground Vibration Test Techniques) :

- the effect of different test methods (number and location of exciters, nature of excitation signals,
measuring-instrumentation),

- the effect of using different parameter identification methods (phase resonance or different phase
separation methods).

2 TEST ARTICLE

The test article was designed and manufactured by Onera after having been approved by the
whole AG19 group. It was a rather simple structure which was for a few points dynamically
representative of an airplane structure. It was composed of several beams simulating a fuselage
with wings and tail. Wing tip drums allowed to adjust bending and torsion frequencies similarly to
airplane ones, with some very close modal frequencies.

The overall dimensions were relatively small, within 2 meters by 2 meters, in order to be easily
moved around the test facilities of all the participants. Special attention had been paid to the
connection between the removable parts in order to get the best repeatability of the structural
characteristics.

The documentation note for the testbed is given in Annex 2, section 5 of which showing detailed
geometrical characteristics.

3 TEST SET UP VALIDATION

After the final adjustments done at Onera,the whole test set up was validated by means of a first
Ground Vibration Test performed by SOPEMEA. SOPEMEA had to provide all the participants with
a reference set of data consisting in a 2x2 matrix of transfer functions between vertical excitations
and responses at the two wing tips.

The test procedure as well as the transfer function results and the modal results from these
validation tests are given in Annex 3.



A special test was also asked to all the participants. This test consisted in verifying the eigen
frequency and the damping ratio of the rotation mode of the fuselage so-called hereafter the
reference mode. As a matter of fact, those modal parameters were the most influenced by the
connection conditions between the wings and the fuselage, so that a good correlation on them
gives a warranty of a good fest article assembly.

4 TEST RESULTS AND COMPARISONS
4.1 Test results

The tests were successfully performed by all the participants according to an actual time schedule
(from april 1995 to june 1996), very close to the planned one (from april 1995 to march 1994).
After the first test performed by SOPEMEA in april, 1995, the following ones took place.

The NLR fests conducted in cooperation with Fokker Aircraft B.V. were realised in may, 1995. The
results given in Annex 4 showed a very good agreement between SOPEMEA measurements, some
previous Onera measurements and the NLR ones, as far as the reference transfer functions (2 by 2
matrix at the wing tip drums) and the reference mode were concerned.

The DLR tests were performed in june, 1995. Both phase resonance and phase separation
methods were applied at the DLR vibration test facility. The test conditions and the main test results
as well as comparisons with the other participants are given in Annex 15.

The tests at Imperial College were carried out in august, 1995. The results, given in Annex 5 (full
contribution), show significant differences with those of the previous participants, due to
differences in the test set up (shakers configuration, drum tip mass, suspension).

Then tests were performed successively by DRA and Manchester University in the DRA facilities at
Farnborough in october, 1995, using the same suspension conditions. The results, given in Annex
6 for DRA (without appendices) and 7 for Manchester University were in a reasonable agreement
with those obtained by SOPEMEA.

The results of the tests performed by Onera in november 1995 are the subject of Annex 8, by
Aerospatiale in january1996 of Annex 9, by SAAB in february of Annex 10, by CNAM in march
1996 of Annex 11 and by Intespace in june 1996 of Annex 12.

4.2 Comparisons

a) Reference mode frequency and damping

Participant | Sopemea NLR DLR Imp. Colleg. | DRA Manch Un.
Frequency [16.08 16.14 16.10 16.21 16.45 16.40
Damping % [1.36 1.54 1.30 2.66 1.14 1.28
Participant [ Onera Aerosp. SAAB CNAM Intespace

Frequency [16.25 16.00 16.33 16.16 16.30

Damping % [1.18 1.34 1.38 1.42 1.15

The scattering on the resonance frequency is within +-1.4 %.while the damping was measured
between 1.14% and 1.54% except for one participant. This low scattering reveals that the fuselage




rofation mode, choosen as a reference mode, which is representative of the test bed assembly,
seems quite independent of the suspension conditions.

b) Reference transfer functions

The reference transfer functions at the wing tips compare fairly well as shown on figure 6 of Annex
13, except for participants B (NLR), D (Imperial College) and J (CNAM) due to unappropriate
drum tip masses, and H {Aerospatiale) due to some measurement difficulty.

c) Modal parameters

The comparisons between the modal parameters, as far as the modal frequencies, the modal
damping ratios, the mode shapes were concerned are given for the three critically close modes on
figure 11, Annex 13. The modal frequencies values are very close for the first two modes,
particularly if participants B, D, J and K (Intespace) are excepted. The scattering is higher for the
third mode frequency and reaches +- 20 % for the damping ratios. The mode shape shown as
Modal Assurance Criterium (MAC) compare very well except for participant B.

Generally speaking, the scattering on the modal frequencies is in the range +- 2% while values
close to +- 20% are observed for the damping ratios of all the identified modes, as shown on
figure 10, Annex 13. The largest variations in the modal frequency parameter seem to be due to
differences in the suspension system, some of the participants having connected directly the
bungees suspension provided with the testbed to a rigid frame while most of the other ones used
an additionnal pendulum system with different lengths.

The modeshapes compare very well in most of the cases, as demonstrated by the very good values
of the Modal Assurance Criterium given figure 12, Annex 13, by reference to participant C (DLR).

The table 3 of Annex 13 gives the variation, in %, of the modal masses as well as of the damping
coefficients for the participants A (Sopemea), E (Manchester University), F (DRA} and G (Onera),
by reference again to participant C. In most of the cases, the modal mass variations are much
lower than the damping coefficient variations.

Some other comparisons concerning the modeshapes and the generalised masses values are
shown in Annexes 14 and 15.

d) Comparison between the 2 Onera tests

A lost test were performed by Onera after the completion of the tests by all the participants in
order to check the reliability of the structural characteristics of the testbed. The comparison of the
results of this test and the previous Onera test, given on figure 6, shows a very good consistancy in
the dynamic behaviour of the testbed, as far as the wing tip transfer function were concerned.

5 CONCLUSIONS

The present exercise showed the results which can be obtained using up-to-date vibration test
methods on a "similar to airplane" but relatively simple structure.

The frequency response measurement results show a must better consistency between the
participants than the ones obtained in the previous similar exercise, beginning of the 80's.



The repeatability of the tests, although the necessity to disassemble and reassemble the testbed at
each step of the round robin, was checked and satisfactorily demonstrated.

Although the methods as well as the test conditions (shakers location and number, measurement
pick-ups, suspension frame...) were different, the modal frequencies identification results compare
reasonably well as far as the correct mass configuration was respected. Nevertheless some
suspension effect (suspension modes) due to the pendulum length seems to alter some of the
modes.

Larger discrepancies, as far as generalised masses and especially damping ratio are concerned,
remain.

The phase resonance methods and phase separation methods used both by several of the
participants and for different excitation configurations led to very similar modal identification.

The structure under test was representative of a real aircraft structure, having airplane type mode
shapes, very coupled low frequency modes and relatively high damping coefficients. However this
structure was simpler than an airplane and didn't present the same level of non-linearity. Higher
discrepancies would be expected between the different kind of methods (phase separation and
phae resonance methods) as well as between different excitation configurations in case of realistic
non-linearities.

For those reasons, it appears that, in the case of actual aircraft Ground Vibration Tests, great
attention must always be paid to the test conditions. The use of the phase resonance method
remains necessary in order to identify, at least, difficult modes, as far as non-linearity and/or very
close coupling are present. Phase separation methods may be used in the context of a faster GVT
process to identify more isolated or linear modes.

For the case of distributed non-linearities, phase separation methods are still in development,
some of them using stochastic approach. Such methods will have to be tested on complex
structures in the near future. They should be efficient particularly in the case of slightly non-linear,
strongly coupled modes.
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Annex 1

PROPOSAL FOR THE FORMATION OF A GARTEUR
ACTION GROUP ON GROUND VIBRATION
TEST TECHNIQUES



GARTEUR - SM-EG 20

PROPOSAL FOR THE FORMATION
OF A GARTEUR ACTION GROUP ON
GROUND VIBRATION TEST TECHNIQUES

1 INTRODUCTION

Within the frame of certification procedure, aircraft manufacturers have to prove for each new
airplane, or each significant structural modification of an airplane, the aeroelastic stability in an
extended flight domain. For that purpose, different possible mixtures of numerical and experimental
methods are used: structural dynamics calculation by means of finite element methods, Ground
Vibration Test (GVT), unsteady aerodynamics computation and measurement in windtunnel, flutter
calculation, flight vibration test. The gathering of results issued from these different methods allows
to comply with regulations.

GVTs play a key role in the certification process by allowing flutter predictions based on the
experimental modal basis and/or allowing a verification and update of analytical structural models.
Since, facing the flutter risk, the highest level of security and reliability has to be achieved, the
quality of GVT results is very important.

The phase resonance method is generally used to perform GVTs. Phase separation techniques have
proved to be convenient for identification of smaller structures, and the manufacturers and institutes
performing aircraft GVTs are trying to use them on large aircraft coupled or not with the phase
resonance methods. The proposed GARTEUR activity, issued from the work of the SM-EG20
exploratory group, deals with the identification methods by themselves as well as their
implementation during the Ground Vibration Tests.

2 OBJECTIVES

Within the proposed GARTEUR Action Group, it is expected to make comparative tests on a
common testbed by means of different GVT methods.

The main objectives of these comparative tests are:

- to evaluate the efficiency and the reliability of different test methods: i.e. to evaluate the effect
of using different excitation signals (broadband or sinusoidal), different excitation points (phase
resonance or phase separation),

- to evaluate the efficiency and the reliability of different phase separation methods: i.e. to
compare the modal parameters issued from different identification methods (time or frequency
domain) applied to a same set of measured data,

- to evaluate and analyse the discrepancies between the modal parameters estimated by means of
different test set-ups and analysis methods.

Mai 3, 1995 1



A critical review of the different test and analysis methods, more than the selection of the "best"
method, is to be performed. The aim will be to define the application field of each one, and evaluate
both the accuracy of results and the easiness of implementation.

3 STATEMENT OF ACTIVITIES
The activities described below in more details are proposed for this future Action Group.

Design and construction of a common testbed
It is necessary to design and manufacture a test article which will be representative of aircraft
structures. This test article must also be easily moved around the test facilities of the different
participants and ensure a perfect structural repeatability.
For that purposes, the following design requirements are proposed:
- general shape: beams assembly representing a fuselage with wings and tail,
- dimensions of 2 by 2 meters and mass in the 50 to 100 kg range
- frequency range 5 to 50 Hz
- joints: only the wing to fuselage joint will be removable; the repeatability after assembly-
disassembly has to be proved
- damping treatment by means of constrained viscoelastic layers in order to get damping
coefficients as high as those encountered on aircraft
- non linearity: no specific non linear elements, this could be the object of possible
further activity
- very low frequency (under 1 Hz) suspension as a part of the testbed in order to eliminate
the surroundings effect
- vibration modes constraint: the testbed has to present at least 3 modes within 1 Hz
frequency band in order to simulate the difficulty encountered on aircraft.

Construction of a data base of results
A common data base has to be constituted in order to know the structural design and to be able to
make comparative analysis using different methods on the same measurement set. This common
data base must contain:
- analytical modeling results (frequencies, modeshapes)
- Multi Input Multi Output (MIMO) frequency responses for a 2 points excitation
configuration (wing tips) by means of different excitation signals: sinusoidal, broadband...

Furthermore, a full set of time and frequency domain measurements will be available for participants
to test their own analysis method to unique measurement results. The modal parameters: frequency,
damping ratio, modeshape and modal mass, can be identified and compared.

GVTs of the testbed
A GVT will have to be performed by each participant in his own test facility and using his own
instrumentation. A common set of results to be obtained by all will be defined and distributed in a
common test plan. It will include:

- measurement of a selected set of frequency responses functions (2x2 matrix),

- identification of the modal parameters:  frequency,

Mai 3, 1995 2



damping ratio,

mode shape,

modal mass,
in the 5 - 50 Hz frequency range.

Analysis of the results
The results obtained by all the participants will be gathered and compared. The analysis of their
scattering will be conducted according to the test or analysis method used.

4 COMMITMENTS

The different contributions of research institutes and industrial partners are listed in the following
table, on the basis of a 2 years duration (commitments for the whole period):

manpower (menmonths) expenses (kEcu)

Aérospatiale 2

CNAM

DLR 10

FOKKER

2
6
DRA 1
4
|

Imperial College

Intespace 2

Manchester University

1
NLR 4
6

ONERA 10

SAAB 1-2

SOPEMEA 2-3

5 DISTRIBUTION OF TASKS

The involvement of the partners in the different tasks will be as following:
- design and construction of the testbed: ONERA
- qualification tests SOPEMEA
- construction of a data base of results MANCHESTER and/or ONERA
- analysis of the common data base ALL
- GVT of the testbed ALL
- analysis of the results ALL

Mai 3. 1995 3




6 MEMBERSHIP AND MANAGEMENT

The representatives of the different research institutes and industries are listed in the following

table:

Dr Jonathan E. COOPER
Manchester University

Engineering Dpt., Simon Bldg.

Manchester, M13 9PL
Grande Bretagne

Phone: (44) 61 275 4337
Fax: (44) 61 275 3844
E-mail:

Jean Paul ESQUERRE
Aérospatiale A/DET-EG-ST
316 route de Bayonne

31060 TOULOUSE Cedex 03
France

Phone: (33) 61 93 84 64
Fax: (33) 61 93 52 92
E-mail:

Manfred DEGENER

DLR

Bunsenstrasse 10

37073 GOTTINGEN
Allemagne

Phone: (49) 551 709 2349
Fax: (49) 551 709 2862
E-mail:

Peter SCHIPPERS

Fokker Aircraft BY

Dpt. EDAA S029-32

PO Box 7600

NL 1117 ZJ SCHIPHOL
Pays Bas

Phone: (31) 20 605 2187
Fax: (31) 20 605 4780
E-mail:

Graham W. SKINGLE

DRA

Materials and Structures Dpt.
Famborough

Hampshire GU14 6TD
Grande Bretagne

Phone: (44) 25 239 5629
Fax: (44) 25 237 6372
E-mail:

Thomas ABRAHAMSON
Saab Scania AB

Structural Dynamics Dpt
S-581 88 LINKOPING
Suéde

Phone: (46) 13 185 429
Fax: (46) 13 181 802
E-mail: thoab@weald.air.saab.se

Alain GRAVELLE
ONERA OR

B.P. 72

92322 Chatillon Cedex
France

Phone: (33) 146 73 46 49

Fax: (33) 146 73 41 43
E-mail: gravelle@onera.fr

Robert LEMONDE
SOPEMEA

BP 48

78142 Vélizy Cédex

France

Phone: (33) 146 3022 74
Fax: (33) 1 46 30 54 06
E-mail:

Albert J. PERSOON

NLR AE

PO Box 90502

1006 BM AMSTERDAM
Pays-Bas

Phone: (31) 20 511 3448
Fax: (31) 20 511 3210
E-mail:

A.ROBB
Imperial College

Mechanical Engineering Dpt.

Exhibition Road

LONDON SW7 2BX
Grande Bretagne

Phone: (44) 71 594 7072
Fax: (44) 71 584 1560
E-mail: d.ewins@ic.ac.uk

L.P. BUGEAT
Intespace

B.P. 4356

31029 Toulouse Cedex
France

Phone: (33) 61 28 12 65
Fax: (33) 61 28 11 12
E-mail:

Nicole HENRIET

CNAM Chaire de Mécanique
LMSS

2 rue Conté

75003 Paris

France

Phone: (33) 1 40 27 26 42
Fax: (33) 1 40 27 27 16
E-mail:

Mr. Alain Gravelle from ONERA is prepared to assume the chairmanship while Mr. Albert J.
Persoon of NLR will accept the vice-chairmanship.

Dr. Roger Ohayon will act as Monitoring Responsable.
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7 TIME SCHEDULE

The proposed activity can be performed according to the following time schedule:

Task 1995 1996

testbed design —_

testbed construction S

qualification —

data base constr. —

data base analysis

GVTs

results analysis

8 REPORTING PUBLICATIONS
Progress reports will be produced for the GoR meetings. The final report will be edited by the

chairman. The classification of the final report will be "GARTEUR open".
Members will be free to report their own work in accordance with their national and company

policies.

9 SECURITY AND INTELLECTUAL PROPERTY RIGHTS

Background and foreground information will be treated according to Appendix A to MoU: Rules for
the Protection and Use of Intellectual Property in GARTEUR Co-operation.

Mai 3, 1995 5
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3 Checkup

3.1 SUMMARY

This section gives a summary of the operations that you should perform. Please make sure that
you do perform all of them.

Q Call the person who will be testing when you are done and arrange for shipping of the

testbed.
Before you send the testbed to the next participant grease the connection plates and check

(]

the packing list.

Degrease the connection plates, assemble wing and fuselage, and apply specified torque to
connection screws.

Suspend the structure as shown in figure 1 and record length of suspension assembly.

Place the 24 common accelerometers at the specified locations.

Log accelerometer characteristics.

Machine and attach complement masses for the drum tip shakers and take a picture of the
drum tips.

Log shaker characteristics.

Check the fuselage rotation mode at 16.06 Hz (mode 2 at 13.16 Hz of the design FE model).

Log frequency and damping and send it to ONERA rapidly so that we can track changes.
Take pictures or film your set up (see details in section 3.6).

Measure the four common FRFs (to/from drum tips).

If practical, keep the time signals used for the generation of the 4 transfer functions

provided above.
Measure modes in the 4 to 65 Hz range. Provide shape, frequency, damping, and

0 000 00 000 O

generalized mass.
These last points should be done after your testing period in preparation for the discussion that

we will have after everybody has finished testing.
U Indicate how to reconstruct the FRFs based on the modes provided.

U Write a comparison of your results with the reference set given by SOPEMEA.
O Send your results to ONERA so that we can update the global comparison.

GARTEUR SM-AG19 3 Test documentation 0400595



3.2 PACKING LIST

H The testbed box comes with a number of elements. Before you send the testbed to the next
participant check the packing list.
¢ lwing assembly

1 fuselage/tail assembly
4 wing/fuselage connection screws, 2 bolts and 2 hooks.
2 reference complement masses with 2 screws, 2 bolts, 2 washers (total of 200g each). These

masses should be used for hammer testing.
¢ 1 suspension connection piece (one hook for user, three hooks for bungee cords)
1 set of 3 bungee cords (a nevL/ set will be send to each participant)
1 copy of the test documentation (this document)

3.3 SETTING UP THE TESTBED

The testbed comes in two pieces (wing/drum and fuselage/tail). The connection is done through
two black steel plates centered by two pins and a four screws (for a figure of the assembly see
section 5.1). The two front nuts are standard, the two back nuts are hooks used to attach the
suspension bungee cords.

A Degrease the two steel connection plates before the assembly and regrease them before you
send the testbed to the next participant.

W The four connection screws should be loaded with a torque of 1.6 m/kg. Do not use a higher
value

W Suspend the structure as shown in figure 1. Please make sure that you do suspend the
testbed as shown and record the length of the resulting pendulum.

Initial tests have shown that you are quite likely to find suspension modes (translations of the
attachment hook, etc.). Please make sure that these modes do not perturb you measurements of
structural modes too much. As a safety check you are encouraged to place sensors on the

suspension.

Group on GV'T methods 4 Test documentation 04/05/95



bungee hooks

bungee bow

Figure 1: Suspension setup. The three bungees are identical. The hooks are connected to the
suspension connection piece. The rear bungee is more stretched than the others.

3.4 DETAILS OF THE EXPERIMENTAL SETUP

All participants should provide results at 24 common accelerometer locations shown below (see
also the geometry section 5.1). On the structure, a point marks the exact location of the 24 common
accelerometers and a sticker recalls the identifiers used in figure 2. You may add any number of
accelerometers (and you are encourage to place two of them on the suspension) but comparisons
will be made on the basis of these accelerometers only.
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Figure 2: Locations and directions of the 24 common accelerometers. See the marks on the
structure and blueprints for mode details.

Q At this point you should log the properties of your accelerometers
Accelerometers, Type, Weight

Q At this point you should log the properties of your shakers
Excitation, Type, Weight and stiffness of moving part

L Machine and attach complement masses for the drum tip shakers and take a picture of the
drum tips.

Only two common shaker locations at the drum front tips are required for the common
measurement of FRFs. The sensitivity of the wing torsion modes to the moving mass of the shaker
is quite large so that you need to adjust the total mass present at the drum tips. The total of the mass
added to the tips should be 200g. This total should include all masses linked to your shakers
(moving mass, stinger, load cell, accelerometer, etc.) and you should manufacture a complement
mass such that the weight of the complement mass (and screw) plus the excitation masses add up to

200g.

4 In your answer you need to include a section on the approach you have used to measure the

force input to your structure.
3.5 CHECK OF PROPER EXPERIMENTAL SETUP

As a check of your experimental setup you should verify that the frequency of the global
fuselage rotation mode is found at 16.17 Hz with a damping ratio of 1.45 %. The mass normalized
modeshape at the 24 reference sensors was identified at ONERA and is shown in table 1.
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Table 1:  Reference mass normalized modeshape results for the second flexible mode at 16.06
Hz (with 1.66% damping).

DOF FE model Test | FE model Test ]
1l-z -1.9425e-01 -2.1084e-01 201-x 7.9818e-12  4.1935e-05
l-z -2.0671le-01 -2.2120e-01 201-y 1.9049e-02 ~-4.3013e-03
12-x 1.0018e-01  6.8343e-02 201-z -4.0715e-12 ~-1.4436e-03
12-z -2.2274e-01 -2.4736e-01 206-z -2.3427e-12 ~1.9260e-03
5-x 6.2270e-02  3.8283e-02 205-y -1.2461e-01 -8.8705e-02
5-z 2.2410e-02 8.7033e-02 302-y 4.4911e-01  4.3956e-01
8-z 1.0906e-01 1.7198e-01 301-x 1.9686e-02  7.7945e-02
111-z 1.9425e-01 1.9867e-01 301-z 3.7794e-01  3.6447e-01
101-z 2.0671le~-01 2.3346e-01 303-x -1.9686e~02 -1.7355e-02
112-x -1.0018e~01 -3.5782e-02 303-z -3.7794e-01 -4.3194e-01
112-z 2.2274e-01  2.4969e-01
105-x -6.2270e~02 -3.9193e-02
105-z -2.2410e~02 -8.0323e-02
108-z -1.0906e~01 -1.7049%e-01

Note for the mass normalized mode given here, the generalized mass at a given sensor is linked

to the modeshape at this sensor c¢, by

(M

1
MG = - 3
(c9,)
Thus the generalized mass at sensor 112 z is 20.1 m’Kg for the FE model and 16.0 m’Kg for

the test. If you can easily provide mass normalized modes please do so.
3.6 PICTURES

Q Take pictures or film your set up.
To help in the comparisons, you are asked to take a number of pictures. These should at least
include a global view and close-ups of the suspension, the excitation equipment at the drum tips

(and elsewhere if any), the tail (showing the tail sensors).
3.7 REQUIRED MEASUREMENT OF TRANSFER FUNCTIONS

Q  Each participant is required to provide a 2 by 2 set transfer functions corresponding to
excitation and response at the drum front tips (vertical excitation at nodes 12 and 112). Two
of these FRFs are collocated, the other two are cross transfers.

The frequency band of interest is 4-65 Hz. The comparison will be easier if you can use 2048
frequency points evenly spaced between 4 and 65 Hz. Your answer should indicate the method
used to estimate the transfer functions, the amount and type of signal processing used.
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Figure 3: Typical plot of the required transfer functions. This result is based on the design FE
model (initial test results look somewhat the same).

a If practical it may be interesting to keep the time signals used for the generation of the 4

transfer functions provided above.

3.8 REQUIRED CHARACTERIZATION OF MODES

Q Your answer must contain estimates by one or more method of a number of modes in the 5-
50 Hz range. A mode is characterized by a shape, frequency, damping ratio, and modal

mass.
You are expected to provide estimates of the modes below 60 Hz (see section 6 for an initial

guess of these modes based on a simple FE model). These modeshapes should be given at the 24

reference accelerometers (see figure 2 and table 1). If you can easily provide mass normalized

modes please do so.

| If you are identifying your modes based on measured FRFs, provide an explanation on how

your modes allow a reconstruction of the measured transfer functions. If residual terms

and/or computational modes should be added please provide them.

3.9 COMPARISON OF YOUR RESULTS WITH THE SOPEMEA SET

Once you are done with the testing ask Etienne Balmes to send you a copy of the SOPEMEA

test results, which contains
e adescription of their test procedure
o the four required transfer functions (in the universal file xxx)
e the modes they have tested (in the universal file xxx)
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U Youare asked to provide a comparison of your results with those of this sample set.

Since asking everybody to do a global comparison does not seem practical, these comparisons
with a sample set will provide a good idea of the approaches used to compare different test results.

4 General Information

4.1 CURRENT SCHEDULE

L time 1 task LParticiQants
3/95 1 design/manufacturingﬂ ONERA
4/95 testing SOPEMEA
5/95 NLR-Fokker
6/95 DLR
7/95
8/95 ' ) Imperial College
9/95 Manchester U.
10/95 ONERA
11/95 Aédrospatiale
12/95 Intespace
1/96 testing CNAM
L 2/96 group meeting All

All efforts will be made to have all the current members test by February 1996 so that we can
have a meeting and start discussing results at that time. Please call ONERA if you have any

problem with this schedule.
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5 Testbed characteristics

5.1 GEOMETRY

The figures (global view, left drum, left wing, and tail) given in the next pages show details on
the testbed geometry and required sensor positions. If you have questions before you get the testbed
please send questions to ONERA.
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5.2 DAMPING TREATMENT

Sufficient damping levels are obtained through the use of a viscoelastic layer with an aluminum
constraining layer. -

The viscoelastic used is the 3M acrylic viscoelastic polymer ISD 112 in the form of a 76 mm by
50 um roll. A sample roll (Ref: SJ 2015 Type 1202) was provided to us by 3M Laboratories
(Europe), Hansastr. 9, 41453 Neuss, Germany. This viscoelastic is particularly well suited for the
testbed operating range of 5-50 Hz and 20 C where it operates near its peak loss factor of 0.9.

Significant levels of shear strain are obtained in the viscoelastic through the use of a 1.1 x 76.2
x 170 mm constraining layer covering the complete viscoelastic tréatment. The ISD 112 being
pressure sensitive, the bonding was obtained easily and 3M has confirmed that only extreme
conditions should damage it. As a safety rule however you should not do anything that might
damage the viscoelastic bonding (such as trying to lift the constraining layer or gluing anything to
the constraining layer).

Damping levels in a wing only test increased significantly with the added damping treatment.
From 0.28% to 1.1% in bending (at 9 Hz) and from 0.15% to 0.86% in torsion (at 27 Hz). Tests

done on different days gave very similar results.

6 Design FE modél

A finite element model was created to help in the testbed design process. Although this model
uses simple beam elements, the predictions obtained are quite good. To give an initial common
basis for analytical studies, the characteristics of this model are given here. It is not implied that

this model should be used as a starting point for FE model update studies.
% Garteur testbed FE model Updated March 27, 1995

%
% Structural Dynamics Toolbox for MATLAB

node = [

% Right wing

1 000 0 -95 0
2 000 0 ~90 0
3 000 0 ~-80 0
4 000 0 -70 0
5 000 0 -60 0
6 000 0. -50 0
7 000 0 -40 0
8 000 0 -30 0
9 000 0 -20 0
10 000 0 -10 0
11 000 -20 -95 0
12 000 20 -95 0
% left wing

101 000 0 95 0
102 000 0 90 0
103 000 0 80 0
104 000 0 70 0
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105 000 0 60 0
106 000 0 50 0
107 000 0 40 0
108 000 0 30 0
109 000 0 20 0
110 000 0 10 0
111 000 -20 95 0
112 000 20 95 0
% fuselage
201 000 60 0 -9.60
202 000 0 0 -9.60
203 000 -40 0 -9.60
204 000 -75 0 -9.60
205 000 -90 0 -9.60
206 000 0 0 0
% tail
301 000 -90 -20 28.5
302 000 -90 0 28.5
303 000 -90 20 28.5
99 000 0 0 1
];node(:,5:7) = node(:,5:7)/100;
112
111 “103
104
105
106
107
303 *108
802 10'9~~1.1_Q IR
< 2 -206-1.0.,. o
202 8o
."."‘ ..7'.6
208 s,
205 204 '3-._2__1.,.....-12

117

Figure 4: Node numbers in the design finite element model. These node numbers are also used
to designate common sensor positions in the test.

$ elements
elt = [Inf abs('beaml')

1 2 1 1 12 0
2 3 1 1 12 0
3 4 1 1 12 0
4 5 1 1 12 0
5 6 1 1 12 0
6 7 1 1 12 0
7 8 1 1 12 0
8 9 1 1 12 0
9 10 1 1 12 0
10 206 1 1 12 0
1 11 1 1 112 0
1 12 1 1 112 0
101 102 1 1 12 0
102 103 1 1 12 0
103 104 1 1 12 0
104 105 1 1 12 0
105 106 1 1 12 0
106 107 1 1 12 0
16 Test documentation 04/05/95
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107 108 1
108 108 1
109 110 1
110 206 1
101 111 1
101 112 1
201 202 1
202 203 1
203 204 1
204 205 1
202 206 1
205 302 1
301 302 1
302 303 1

o

—

NN NN

1
3
3

12
12
12
12

12
12

302
302
302
302

302
201

205
205

l;elt = [elt zeros(size(elt,1l),1)]);

o o oo o
o OO OO

o

pl = [ $ aluminum
1 1 7.2000e+10 3.0000e-01 2.7000e+03 72e9/2/1.3 0];

bl=0.10; hl = 0.01; b2=0.15; h2 = 0.05; b3 = 0.01; h3 = 0.10;
il =[

11 (bl1*h173)*0.312 bl*h1~3/12 bl”3*hl/12 bl*hl O

2 1 (b2*h273)*0.263 h2*b2”3/12 h273*b2/12 b2*h2 0

31 (h3*b3~3)*0.312 b3*h373/12 b3~3*h3/12 b3*h3 0

4 1 (b2*h273)*0.263 h2*b273/12 h2"3*b2/12 b2*h2 0

1;

11(1,3:4)=11(1,3:4)*1.1; $ correction for constraining layer stiffness
a = (1/2700)"(1/3); m =[{1 11 a”6/12 a”~6/12 a~6/12];
elt = (elt;Inf abs({'massl') 0;

302 m*l.6
12 m*.200
112 m*.200];

[FEm, FEk,mdof] = fe_mk(node,elt,pl,il);
[mode, freq] = fe_eig(FEm,FEk, [0 20 le3 1]);

Table 2: Names and computed frequencies for the first 10 normal modes (in Hz).
6.02 W Two node bending 47.57 j Four node bending
13.16 | Global fuselage rotation 55.01 | Symmetric in plane bending
32.54 | First symetric wing torsion 57.01 | Second fuselage rotation mode
33.40 |First antisymetric wing torsion 66.30 | Tail torsion
35.58 | Three node bending 69.79 | Five node bending
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Mode 1 at 6.018 Hz Mode 2 at 13.160 Hz

Mode 3 at 32.549 Hz Mode 4 at 33.398 Hz

Mode 5 at 35.583 Hz Mode 6 at 47.579 Hz

Mode 7 at 55.097 Hz Mode 8 at 57.097 Hz

Figure 5: First 8 modes of the design FE model given for reference.
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Annex 3

SOPEMEA REFERENCE RESULTS



GARTEUR SM-AG19

Reference results from SOPEMEA

1 Introduction

As planned during our meetings, the members of the group are asked to submit a comparison of
their own results with those of a reference set of data taken by SOPEMEA as they were the first to
test. The objective of this comparison is not to see whether some results are better than other but
rather to understand the criteria that you use to evaluate the relative quality of two sets of data.

The present document gives an English summary of relevant information in the preliminary
report given by SOPEMEA, relevant comments and a description of the two universal files
(sopmode. uf and sopfrf.uf) which you have received by e-mail or DOS formatted floppy.

If you can return to ONERA a set of FRFs and modes similar to the data described here this

will be appreciated as it will allow global comparisons of all results.

2 Test equipment

The data included was acquired using a system with a large capacity in measurement channels
including analog and digital hardware capable of acquiring and treating 768 accelerometer channels
in appropriated sine mode and 256 filtered channels in sine, random or transient mode with transfer
function computations.

The structure was instrumented using the 24 reference channels indicated in the testbed
documentation plus 20 others which are not included in the data vou have received,

Wilcoxon accelerometers associated with
an integrating amplifier delivering a velocity signal of 3.8 V efficient per m/s.

PRODERA electrodynamic shakers with power amplifiers were used. Their frequency range is
0--200 Hz and maximum force 10N. Shaker 101 has a force factor of 7.4 N/A and a longitudinal
stiffness of 980 N/m. Shaker 104 has a force factor of 7.2 N/A and a longitudinal stiffness of 650

N/m.
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The shaker/structure links are done using an assembly with
e a threaded rod linked to the shaker moving mass

e an intermediate universal joint
e for wing tip excitation, a threaded rod linked to the structure (the threaded rod of the

additional masses). Note that this excitation is in the z direction but does not exactly
correspond to nodes 12 and 112 which are supposed to be excited.
e for other excitation locations a threaded rod glued to the structure (with an intermediate
double faced scotch tape).
For excitation by the wings the initial complement masses were replaced by 76 g masses. The
mass linked to excitation (moving mass of the shaker: coil and spider) and connection (threaded

rod, universal joint, nut) was of 124 g.

3 FRF data

Results of a stepped sine sweep are given here. In this type of sweep the excitation is driven
using a discrete frequency sine signal. For each point of stabilized frequency, measurement and
excitation signals are acquired in real time. The frequencies are spaced using a logarithmic law
function of initial and final frequencies.

The results included here come from two tests. Test 1 corresponds to a symmetric excitation at
points El (shaker 101) and E2 (shaker 104). Test 2 corresponds to an antisymmetric excitation at
points E1 (shaker 101) and E2 (shaker 104). The data given sopfrf.uf reconstructs the expected
tests input at E1 and input at E2 by taking the sum and difference of test 1 and test 2 and dividing
by 2 (the extent of effects linked to the position of E1 and E2 is not known).

The analysis of responses is done using a Fourier series decomposition with extraction of
amplitude and phase of the fundamental. Response and inputs are stored and FRFs are
reconstructed by dividing all the outputs by the input level. For test 1 the levels are 0.6N from 5 to
9 Hz, 2 N from 9 to 46 Hz, 10 N from 46 to 60 Hz. For test 2, the levels are 2N from 5 to 40 Hz and
10 N from 40 to 60 Hz. For test 2 near 40 Hz, the force measurement are probably not very
accurate as the resulting FRFs are not continuous. As the given data correspond to linear
combinations of test 1 and 2, these erroneous points appear in most FRFs.

Finally the data was given in m/s. For easier comparisons with standard accelerometer data, it
was transformed to acceleration by multiplying by jo(w in rad/s).

The data sent to ONERA were not in the universal file format and the transformations detailed
above were performed to present data in the appropriate format. A significant effort was done to fill
the universal file headers appropriately but please tell E. Balmés about errors you may still find.

Figures 1 and 2 show the given data for the 2 by 2 set of transfer functions that were required in
the testbed documentation (up to 60 and not the specified 65 Hz).
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Figure 1. Superposition of the left and right collocated transfer functions (—) 12-z/12-z and
(---)112-2/112-z

4 Modal data

Modes were identified using the appropriation method were one excites the structure with a sine
and a combination of inputs such that one only measures the response of one mode.

For each mode, SOPEMEA gives a modeshape (corresponding to the real part of the measured
velocity response), a phase plot (to see if the mode is well appropriated) and an impedance plot
(dependence of the modeshape and frequency on amplitude). The reference data set which you
have received only contains the real part (modeshape). A table in annex A gives a summary of
properties of the measured modes (some of which are measured more than one time). The modes to
be retained are numbered 101 to 109 and are shown in figure 3 below.
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Figure 2. Superposition of the reciprocal transfer functions (—) 112-z/12-z and (- - -) 12-
Z/112-z

SOPEMEA made the following comments these results.

The results to be retained are modes 101 to 109.

Mode 201 was measured with excitation in the middle of the fuselage with a
50 N shaker. Even though the appropriation is correct, one sees that an excitation without
compensation of the mass added by the shaker, in particular the frequency that goes from 6.373 Hz
for 6.974 by the wing tips E1 and E2. The renormalized and recomputed generalized mass is 4.29
kgm?2 which is close to mode 101.

Modes 301, 302, 303 were measured after switching the shakers for E1 and E2. One sees a
large difference on frequencies and generalized parameters when compared to modes 101, 102 and
103, which can be attributed to the different stiffness of the shaker moving parts (980 and 650
N/m). One can thus conclude that mass compensation is not sufficient for this type of test with the
equipment used and stiffness compensation would also be needed.
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Similarly, in order to favor a good appropriation quality led to the use of other excitation points
than the wing tips. This poses the question of homogeneity and quality of measures in appropriated

sine.

6.974 Hz 1.27 % 16.079 Hz 1.36 % 33.682Hz1.47 %

33.938 Hz 1.16 % 34915 Hz 1.11 % 46.080 Hz 2.58 %

48.620 Hz 0.91 % 53.580 Hz 0.56 % 61.140 Hz 2.06 %

SOPEMEA results

Figure 3. Measured set of modes.

The sopmode . uf file gives mass normalized modes ¢,¢; such that the transfer function from

force at location /] to displacement at location 12 is given by

. s)] z {c,2¢ }{c, $; }

“ 57 + 2 ws + ©°

which also corresponds to the fact that the generalized mass of mode j at a sensor / is given by
o 1

T (Ct¢j)2

It is unclear whether this corresponds to the usual normalization of the universal file format.
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by
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*  Fokker Aircraft B.V,

Division : Flui amics . Completed  : 950904
Prepared : AJP. CSGD PS/ ﬁg Order number: 524.502
Approved : RJZ/ L Typ. :PA

L



-5-
TR 95439 L Part I

1 Introduction

Within the framework of certification of a new aircraft, a ground vibration test (GVT) plays an
important role for the verification or updating of analytical models, allowing more accurate
aeroelastic (flutter) predictions. Facing the risk of flutter, a high level of quality and reliability
of GVT results has to be achieved in obtaining the dynamical characteristics of the airplanes’s
structure.

The present GARTEUR activity has the major objective to compare a number of current
measurement and identification techniques in application to a common testbed. This testbed
(Fig. 1) was designed and constructed by ONERA (France) and will be investigated by various
research institutes and industrial partners (Tab. 1). More specifically, the objectives of the GVT
tests (Ref. 1) are to evaluate the efficiency and reliability of test methods, to compare modal
parameters extracted from different identification techmiques and to evaluate discrepancies
between data or modal parameters using different test setups and experimental analysis methods.

The data from these experiments might be used in a later stage for model updating techniques.

Each participant has been requested to provide at least a 2 X 2 set of transfer functions
(reference set) corresponding to excitation and response of the left and right wing tip body
(again Fig. 1) in a frequency band of 4 to 65 Hz, using two electrodynamic shakers. Hereafter
the participants are free to perform an additional ground vibration test following their own view
to identify the number of modes in this frequency band characterized by the mode shape,
frequency, damping factor and modal mass.

This report (Part I) deals with the measurements of the required set of transfer functions and the
comparison with test results obtained by ONERA (France). Further, the report should inform
ONERA in an early stage of the activity as a final report will be made after all participants
(Tab. 1) have performed their experiments. Also the test setup and instrumentation are described
briefly.

The complete modal survey carried out on the testbed with various shaker positions and different
testing techniques as commonly applied at NLR and Fokker on a real aircraft, will be reported
in part II.
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2 The reference set of transfer functions

In order to be able to compare the results from a specific measurement (and appropriate data
reduction), all participants were requested to measure a set of transfer functions using the
multiple input/multiple output (MIMO) technique, based on a two-point excitation. A vertical
excitation was prescribed at nodes 12 and 112 (Fig. 2a, 2b) being the wing tip body front
positions (right and left). With the accelerations concerned (12Z and 112Z), a 2 X 2 matrix of
transfer functions is obtained by which two FRF’s are the driving points transfers, the other two
are cross-transfers. The frequency band of interest is 4 to 65 Hz and a blocksize of 2048 spectral
lines was applied (4096 time samples).

The results obtained by NLR/Fokker and a comparison with results of ONERA are discussed in
chapter 5.
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3 Description of the test setup

3.1 Support and instrumentation of the testbed

The aluminium testbed was elastically supported in bungees (Fig. 3a), according to the
recommendations of ONERA. The rigid body motions and their frequencies were determined
(heave: f=1,88Hz). With the measured stiffness of the bungees, the mass of the testbed was
calculated and compared with the result from a weighting.

The model excitation was realized by two electrodynamic shakers (type: Goodman V50MK1,
moving mass: 81 gr, maximum force: 108 N). Each shaker was connected to the front position
of wing tip body by a plastic rod, a piezo-electric loadcell (PCB, type 7900, + 2.5 mV/N) and
an additional mass of 46 gr. as compensation for the 200 gr mass (Ref. 2).

On the testbed 24 accelerometers were mounted (type: kulite GY-280, 10 gr) according to the
prescribed positions and directions (Fig. 2). The accelerometers were of a piezo-resistive type
with a nominal sensitivity of about 5 mV/g (range: 20g) to be used from DC up to 300 Hz. As
will be discussed later, the amount of accelerometers was not enough to animate all the vibration
modes clearly, but it was agreed by the participants before the test campaign that data reduction
and analysis would be based on the prescribed 24 accelerometer positions.

3.2 Measuring equipment

Use was made of a multi-channel measuring system of NLR (AE-2), consisting of a SCADAS
front-end (DIFA, The Netherlands) and a workstation of Hewlett Packard (HP 9000/382
controller) with CADA-X software of Leuven Measurement System (LMS, Belgium) for data
acquisition and advanced modal analysis. This 40-channel system is a stripped version of NLR’s
128-channel system which, in combination with the NLR conditioners (MCCU’s) for piezo-
resistive transducers, is easy to use at the site. A dual-channel structural dynamics analyzer (HP
3562A) served as a real-time monitoring device in case of sinus excitation of the testbed by
which the 90 deg phase criterium was applied. Miscellaneous equipment consisted of amplifiers
for the shakers, a signal generator, oscilloscopes and a laser printer as a hard copy device.

A block diagram of the instrumentation setup is shown in figure 4.
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4 Check on proper connection of wing/fuselage

Before starting the actual measurements of the required set of transfer functions first a check of
the testbed setup was carried out based on data given by ONERA (Ref. 2). Each participant
should verify the frequency and damping ratio of the fuselage rotation mode measured by
SOPEMEA (also France) being f=16.172 Hz with a damping ratio of 1,452 % (c/cr*100), see
figure 5a. This measurement should verify that mounting the wing to the fuselage (by connection
bolts torqued to 1.6 kgm) was done in a correct way.

Results of the check performed by NLR/Fokker agree very well (Fig. 5b). A frequency of
f=16.14 Hz was found and a damping ratio of 1,54 % using a least squares complex exponential
curve-fitter (LSCE) on the data. The animated motion of the horizontal tail does not correspond
with the vertical tail motion because of the absence of accelerometers measuring in Y-direction.
This representation should therefore be adjusted in a later stage (only for presentation purposes).

After ONERA was informed about these results, NLR/Fokker proceeded with the ground
vibration tests.
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5 Transfer functions

As already mentioned, use was made of two electro-dynamic shakers. Uncorrelated noise was
applied within the bandwidth of 4 to 65 Hz (2048 spectral lines). The number of averages was
30 with 50 % overlapping of data blocks, resulting in a measuring time of around 16 minutes.
Within that time, the FREF’s were fully stabilized in amplitude and phase.

5.1 Presentation of results by NLR/Fokker
The requested set of transfer functions is presented in figures 6.1 and 6.2. The vertical scale of
the magnitude (ms?/N) is plotted as a logaritmic scale; the scale of the phase angle is linear.

A number of resonance frequencies occurs in the transfer functions, belonging to symmetric and
anti-symmetric vibration modes. At about 35 Hz three neighbouring frequencies were found. The
mode shapes and related modal parameters were determined. The different excitation and
analysis techniques as applied, will be one of the objectives to be reported separately (Part II).

52 Comparison with results of ONERA
The reference set of transfer functions was measured by ONERA before shipping the testbed to
NLR. The results are presented in figure 7.

A comparison with the NLR/Fokker results shows a very good agreement, both in amplitude and
phase. Only small differences appeared at the frequency of 35 Hz: the NLR/Fokker results show
more clearly the presence of closely spaced modes.
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6 Concluding remarks

1 The suspension of the model by bungees introduced sufficiently low rigid body
frequencies.

2 A check on proper mounting of the wing to fuselage showed identical reference results
of ONERA and NLR/Fokker.

3 The reference set of transfer functions as obtained by NLR/Fokker agrees very well with
the ONERA results.

4 The measured data can be used for model updating techniques.

5 Further analysis towards mode shapes, damping factors and modal masses using the
excitaton techniques as commonly applied by NLR/Fokker will be reported separately.
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Wing tip body

Fig. 1 Sketch of the testbed with dimensions
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Yf/x

a) Proposed by ONERA

112

0 s/kg 0.0500
’—v—v—v—-vﬁ—v—-r—v-hrﬁ

b) The wire frame for mode shape animation (NLR/Fokker)

Fig. 2 Locations and directions of the 24 accelerometers to be used
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b) Shaker connection to the testbed

Fig. 3 Test setup for the SM-AG 19 testbed at NLR
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Fig. 4 Schematic view of test setup
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Measured by < SOPEMEA:  f=16.17Hz,  b=145%
ONERA f=16.06 Hz, b=1.66%

Calculated by ONERA:
Mode 2 at 13.160 Hz

-
"
-

a) By ONERA/SOPEMEA

frfl112z12zranrep 5

0 s/kg 0.0500
L N T

b) By NLR/Fokker Freq : 16.14 liz
(note: vertical tail/stabilizer motion, see chapter 4) Dawp : 1.54 2

Fig. 5 Verification of the fuselage rotation mode
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Fig 6.1 Transfer functions measured with uncorrelated noise at position 112 and 12 (z-direction)
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MODAL TESTING
ON GARTEUR SM-AG19 TEST BED

W Liu, D A Robb and D J Ewins

Dynamics Section, Department of Mechanical Engineering
Imperial College of Science, Technology and Medicine
London SW7 2BX UK

I. Introduction

The round-robin modal testing on GARTEUR SM-AG19 test bed organised by ONERA
was carricd out in Imperial College in August, 1995. The tasks listed in the documentation for
the test were accomplished and the results are presented here for further discussion and
reference. This report consists of five sections. Section Il describes the system set-up,
including a description of the test bed and an introduction of the excitation and measurement
system. In section III the method of analysis is introduced and the experimental results are
presented. Section IV demonstrates the process and results of FE model analysis, and the last
secuon, scction V presents comparisons between the different results.

II. System Set-up

The system for the test consists of three sub-systems: the test bed, excitation and
measurement. The set-up for each sub-system is described individually in the following.

1). Test bed

The test bed came in two pieces, wing/drum and fuselage/tail. The connection was done
through four screws with a torque of 1.6 mkg.

The structure was then suspended with three bungee cords and the hooks in the suspension
connection piece were adjusted to keep the structure in a horizontal plane.

Due to the limitation of the number of available channels in the analysers, which was four
for the measurement system, the condition of measuring at 24 points simultaneously was
imitated by providing dummy masses at the corresponding points. Each dummy mass
possesses the same weight as a common accelerometer used, i.e. 18 grams.

The two reference compliment masses were not used.

The set-up of the model is demonstrated in Fig. 1. and Fig. 2.

2). Excitation

The model was excited by both stepped sine sweep and random force. The random signal
generated by SOLARTRON 1220 analyser and stepped sine sweep signal generated by
SOLARTRON 1254 were used to drive a shaker through a power amplifier. A single shaker
used here to excite the structure at the coordinate 112z has the specification:



TYPE V400
MOVING MASS 200 g
SUSPENSION STIFFNESS  12.3 N/mm.

A push-rod was used to connecte the shaker and the structure. A force gauge screwed at
one end to the top of the push-rod was screwed at the other end to an aluminium nut which
was stuck right at the point 112z ( under the drum front tip) by super glue. The mass of the
push-rod and force gauge together is 37 grams.

The assembly of the excitation sub-system is shown in Fig. 3.

3). Measurement

The analyser of SOLARTRON 1220 ( 4 channels) was employed to measure FRFs of the
test bed for random test and the analyser of SOLARTRON 1254 ( 4 channels) was employed
for sine-sweep test. The accelerometers used were B&K's with the sensitivity:

Series No. 4383-293(ch. 2) 4382-611(ch. 3) 4383-088(ch. 4)
Sensitivity 3.20 pC/ ms™ 3.25 pC/ ms™ 3.10 pC/ ms™.

Force gauge was B&K 8200, Sensitivity 4.00 pC/N;

Charge amplifiers were B&K 2626.

The system was calibrated before test, using a 10 kg mass block.

The complete measuring system was set up and examined by testing the reciprocity. The
reciprocity test result is shown in Fig. 4 and Fig. 5 in the form of amplitude/phase.

II1. Result

The measured FRFs were analysed using GLOBAL-M in MODENT of ICATS (Imperial
College. Analysis, Testing and Software).

GLOBAL-M is based on a complex SVD of a system matrix expressed in terms of
measured FRF properties and then on a complex eigensolution which extracts the required
modal properties. An advantage of GLOBAL-M lies in its ability to detect very close modes.

The result required, including natural frequencies, damping (in the form of loss factors)
and mode shapes are shown in Fig. 6 through Fig. 10.

IV. Finite element model analysis

A finite element model given in the test documentation was analysed using ANSYSS5.0.
The structure of the test bed was modelled using simple beam elements (BEAM4) which is
acceptable in the sense of engineering.

It is noticeable that the result produced by ANSYS5.0 is different from that obtained using
MATLAB structural dynamics toolbox, which was given in the test documentation, even
though the input data were exactly the same. Table 1 shows the results.

In the discussion of the next section, It will be indicated that the FE result produced by
ANSYSS5.0 is better than that produced by MATLAB toolbox by calculating MAC values
(modal assurance criterion) of the FE results versus experimental results. Therefore, the FE
analysis for the other test bed set-ups were carried on by using ANSYSS5.0.

(28]



Table 1: Natural frequencies and mode shape description of two FE results

MATLAB ANSYS5.0 Mode shape

6.02 6.014 Two node bending
13.16 12.933 Global fuselage rotation
32.54 31.473 First symmetric wing torsion
33.40 33.000 First antisymmetric wing torsion
35.58 34.060 Three node bending
47.57 47.291 Four node bending

49.526 Fuselage swinging in plane
55.09 55.603 Symmetric in plane bending
57.09 61.775 Second fuselage rotation mode
66.30 63.563 Tail torsion
69.79 Five node bending

95.542 Tail bending

V. Discussions on the results
a. Comparison with SOPEMEA Results

The SOPEMEA results, two sets of FRFs and one set of modal data, came with a
document describing the reference results. It is noticeable that some differences exist between
the test models that we set up here and that SOPEMEA used.

1. The test bed we used had no any reference compliment mass mounted at the two drum
tips because it was mentioned in the test instruction ( page 4, section 3.2: Packing List ) that
‘these masses should be used for hammer testing’. SOPEMEA’s test bed had these two
masses mounted at the two drum tips, and each of them weights 76g to make up the 200g
moving mass.

2. We measured excitation force using a force gauge, which was screwed at the drum tip
and connected to a shaker through a threaded rod. Therefore, the moving mass ( moving mass
of shaker and the mass of connections ) had no effect to the structure. While SOPEMEA did
not use a force gauge and the mass linked to the excitation ( 124g ) might cause the change of
the natural characters of the structure.

Due to the differences in the set up of the test bed, the results that we obtained are quite
different from that of SOPEMEA. Table 2 shows the comparison of natural frequencies and
Table 3 demonstrates the comparison of damping parameters.

Cases A, B and C correspond to (A), the results in this report, (B), the results of
SOPEMEA, and (C) the results of mis-assembled test bed mentioned in Appendix A. Case D



was obtained from the two scts of FRFs given by SOPEMEA by analysing them using ICATS
modal analysis system.

The presented damping parameters of case B are viscous damping ratio, and the damping
parameters of A, C and D are loss factors of structural damping model.

The mode shape comparisons expressed using MAC between A and B is shown in Fig. 11.
MAC between B and C is shown in Fig. 12.

b. Comparisons between FE model analysis and experiments

Three cases were carried out in FE model analysis using ANSYS5.0. Each of them is
corresponding to a case of assembly of the test bed, A, B and C as mentioned above. To make
the description clear, the definition of each case is listed as follow:

case A: a correct asscmbly without the two supplement masses;
case B: a correct assembly with the two supplement masses;
case C the wings were assembled in the way around with the two supplement masses.

For each case, the natural frequencies of FE model and experiment as well as MACs are
presented from table 4 to table 6. The MAC values are expressed by set 1 versus set 2, where
set 1 and set 2 are FE modes and test modes respectively.

The best correlation between test and FE modal analysis is in case B(table 4).

The MAC values of mode 4 and 5 in case A (table 5) are low, 52.2% and 17.7%
respectively. This unsatisfactory is believed due to the test error because only one shaker was
used here rather than two shakers used in case B. One single shaker exciting the structure at
one end of the wing resulted in that the response level at the other end (drum tips) apart from
the excitation side was much lower.

The poorest MAC values exist in case C (table 6), where the values of MAC are 0.2 and
0.3 for mode 6 and 7 respectively. The most significant difference of natural frequency exist at
mode 6 as well. The reason is still unclear.

Table 2. Comparison of natural frequencies (Hz)

No.of mode case A

6.623

16.210

35.420

37.177

37.464

48.421

50.712

57.054

Ol 00] N N b &] W] D] =

63.452

P
o

64.829




Table 3. Comparison of damping parameters

No.of mode

A

—

.295000E-01 |

.266000E-01 |

T73000E-01 |

195000E-01 |

970000E-02 |,

.438000E-01 |

.640000E-02 |

260000E-02 |

O| 00| W] ] L] K| W] N

383000E-01 |

357000E-01 |

<

.132000E-01 |:

Table 4. Comparison between FE model analysis and experiment results of case A

Mode fr (Hz) MAC values(%)

No. FE Test (A) » set I(FE)

1 6.317 6.623 996 00 00 00 00147 00 00 00 00
2 13.109 16.210 00 976 23 00 00 0.0 00 00412 0.2
3 32.788 35.420 00 1.8 804 23 52 02127 00 2.8 0.0
4 40.276 37.177 00 00 0.1 522473 02 00 0.1 0.0 00
5 40.341 37.464 27 05123 269 17.7 103 44 00 125 0.0
6 47.487 48421 180 0.1 00 0.1 02 869 00 0.0 00 0.0
7 51.030 50.712 1.2 09102 1.0 0.1 21 914 08 27 96
8 58.790 - 57.054 Jv 00 00 01 00 1.0 0.1 0.8 950 0.1 0.1
9 62.372 63.452 |set2 04248 75 00 00 02 79 0.1 943 236
10 63.637 64.829 |(test) 00 0.1 06 00 00 00 82 00 166 98.2




Table 5. Comparison between FE model analysis and experiment results of case B

Mode fr (Hz) MAC values(%)

No. FE Test (B) » set 1(FE)

1 6.014 6.974 996 00 00 17 00123 00 00 3.0
2 12933 16.079 00 972 03 00 06 0.0 02 0.0 46.0
3 31473 33.862 00 05 765 26 69.6 04 00 00 39
4 33.000 33.938 06 00 04 975 0.7 129 00 0.1 00
5 34.060 340915 00 0.1 15 00 594 0.0 14.1 0.0 10.9
6 47.291 46.080 J 193 00 00 1.8 00 954 0.1 0.0 0.0
7 49.526 48.620 | se¢2 03 0.1 1.6 00 87 13 963 00 0.3
8 55.603 53.580 | (rest) 0.2 00 00 32 00 20 00 951 0.0
9 61.775 61.140 00 43.1 04 00 24 1.0 54 00 92.7

Table 6. Comparison between FE model analysis and experiment results of case C

Mode fr (Hz) MAC values(%)
No. FE Test (C) —» set 1(FE)
| 5.988 6.278 992 00 00 15 0.0102 00 00 0.1
2 12941 15.946 00 871 07 00 1.6 00 1.8 00 424
3 31.426 32.134 00 08 680 0.1 814 00 00 00 5.7
4 33.065 32.490 14 00 0.7 955 13 17.0 00 0.1 0.2
5 34.023 35.652 1.1 1.2 01 16 571 0.1 367 0.1 0.0
6 47.238 35714 68 88196 55 08 0.2 0.2 04 443
7 49.270 48.821 set2 09 5.1 117 0.1 33 30 03 00 0.1
8 55.603 54.671 (test) 0.6 00 00 25 00 23 0.1 855 0.1
9 61.945 62.700 0.1 309 07 00 47 0.1 10 0.0 89.7

Appendix A. Results of mis-assembled test bed

The wings of the test bed was assembled at first in the way around by mistake (Fig. 13).
Tests on the mis-assembled test bed were accomplished using both sine-sweep and random
excitations with the two reference compliment masses of 200 grams each at the tips of the
drum. All dummy masses were used and the set-up of the excitation and measurement systems

were the same as mentioned above.

The figures in this appendix ( Fig. 14 to Fig. 18) present the modal data in the case of

random excitation.




The result of sinc-sweep is almost the same with that of random cxcitation. However, they
arc not comparable due to the fact that the signs of FRFs at 12x, 5x. 105x and 1 12x obtained
using sinc-sweep are opposite to thosc obtaincd using random cxcitation.

Appendix B. Discussion on the effect of moving mass

The concept ol moving mass mentioncd in the test instruction is ambiguous. So called
moving mass here, which consists ol the mass ol accelerometer, force gauge, push rod as well
as thc moving part of the shaker, has no eflect al all on the testing rcsult using the
measurement sct up mentioned in scction 1. [l the input force was derived from mcasuring
input current to the shaker, casc is dilferent. The moving mass is required in the deriving
process as an important parameter. Actually, measuring input force directly using force gauge
is more precisc and practical.

To investigate the etfect ol moving mass, hammer test was carried out at some measured
points of the test bed. It shows that natural frequencics obtained cither from hammer test or
sinc-sweep have no obvious ditterences. For instance, the most sensitive mode o this moving
mass 18 6.597 Hz obtained {rom hammer test (without the two rcference complement masses)
while it has the value of 6.6094 Hz [rom sinc-sweep and 6.6099 Hz [rom random test
respectively.

Fig. | Sct-up of the tcst bed



Fig. 3 The asscmbly of the excitation cquipment
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Executive summary

This report is an account of the measurement and analysis of vibration test data for the
GARTEUR SM-AGI19 testbed structure carried out at the DRA in Famborough. The
experimental set-up of the model and the dynamic testing performed are described in detail.
The results from several tests are presented and discussed. Theoretical predictions of the
effects of a simple modification are shown to agree well with that actually measured.

Some results from SOPEMEA for tests on the same model have been included. A brief
comparison of the DRA results with those from SOPEMEA has been made. The two sets of
results had a reasonable level of agreement.
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1. Introduction

As part of the certification procedure for all new aircraft, and indeed, major modifications to
existing aircraft, vibration tests are required to provide data used in assessments of the
aeroelastic stability of the aircraft. Ground Vibration Tests (GVTs) as the tests are
commonly known, can be extensive and costly to perform. For this reason, the amount of
testing is kept to a minimum. It is rare for GVTs to be repeated by another independent
group as a check on the quality and validity of the measured data. It is important to
distinguish between the terms ‘quality’ and ‘validity’. A measured data set may be of
exceptionally high quality, but be completely invalid because of some systematic error in the
test set-up. Systematic errors may not come to light unless tests are performed by a
completely independent group, using a different set of equipment and analysis methods.

The purpose of this GARTEUR Action Group was to assess the variability in the
measurements and analysis results for a single structure passed to a number of participants
throughout Europe.

Some considerable thought was devoted to the design of the testbed structure in an attempt
to highlight potential difficulties in the test and analysis methods to be used; several closely
spaced modes was one criterion in the design. A practical limitation on the size of the model
was that it should be relatively easy to transport between the participants with a minimum of
assembly and disassembly. In the resulting testbed structure there were only two separate
parts; a wing component and a fuselage component, see Figure 1. The joint between these
components was designed to try and ensure that the coupling conditions were repeatable
between different tests and when assembled by different participants. Tests were undertaken
to prove the repeatability of assembly before the structure was released to the participants.

Another obvious source of discrepancies between the tests of different participants was
identified as the method of suspension of the structure. For this reason, a simple suspension
system was devised and supplied as part of the testbed kit. Tests were also undertaken to
prove the repeatability of the suspension set-up before release of the structure.

All measurement locations were defined in the documentation and etched into the model
itself. The attachment of transducers and excitation systems was left to the participants.
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2. Receipt and Set-Up of GARTEUR Model at DRA Farnborough

Upon receipt of the model, the component parts were removed from the transport box and
inspected. Wax, double-sided tape and excess glue (used for the attachment of transducers)
were cleaned off the component parts, together with some old excitation attachment blocks.
The wing to fuselage attachment plates were degreased and cleaned. There was some
evidence of edge damage to these plates where ‘implements’ had been used to separate
them.

The model was then assembled. A torque of 1.6 m/kg was specified in the documentation
for the wing to fuselage bolts. This torque figure was taken to mean 1.6 kgm, that
is 15.7 Nm. Despite the fact that this was a very small torque, the bolts were tightened to
this value. A spring balance and socket wrench were used to tighten the bolts. The nuts
were too close to the fuselage to allow the use of a ring spanner or a socket. Therefore, the
torque was applied to the bolt heads via an Allen key adapter for the socket wrench.

A small aluminium excitation attachment block (3.2 g) was bonded (using Rapid Araldite)
beneath each wing tip at the points defined as 12:Z and 112:Z. Scribed crosses marking the
response measurement points were extended with pencil lines. Double sided (Tessa) tape
pieces were then placed over the scribed transducer location points and pressed firmly onto
the structure.

At this point, the complete model (without transducers, or suspension system) was weighed
using a balance beam. The model was found to have a mass of 44.05 kg.

The bungee cords and suspension plate were then attached to the model and the whole
structure suspended on a steel hawser 1.64 m below a gantry frame. Including the bungee
suspension system, the top of the model fuselage was 2.295 m below the point of
attachment to the gantry, Figure 2. Originally, it had been proposed that each participant
should use a new set of bungee suspension cords. However, there were no new bungees in
the transport box and the set previously used by NLR have been re-used for these tests.

When not connected to the shakers, the model was supported on a wooden block, thereby
unloading the bungee suspension cords. This was done in an attempt to prevent long-term
creep of the bungee throughout the duration of the test period.

The effect of the constrained damping layer on the model wing was quite obvious. When the
wing was tapped, it sounded dull and did not ring. In contrast, when the tailplane, which did
not have any damping treatment, was struck it sounded bright and rang for a considerable
time.

As part of the basic documentation, details were given of a finite element model of the
testbed structure. This model was reproduced in NASTRAN, see Appendix A. The mass of
the NASTRAN model was 44.55 kg, which compared very well with the measured value
for the actual structure (44.05 kg). Results from the finite element analysis were useful in
showing modes of the structure not excited particularly well when using two shakers acting
in the vertical direction at the wing tips.
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3. Experimental Equipment and Test Set-Up

3.1. Measurement of Responses

In total, 26 Entran EGA 125F accelerometers were used for measurement of the responses
at the defined points on the model Another single accelerometer was attached to the
suspension plate to check for any troublesome suspension modes. The measurement
locations and directions can be seen in Figure 3. All the accelerometers were attached to the
structure using double-sided ‘Tessa’ tape. Each accelerometer wire was taped to the model
close to the transducer and then taken away, suspended on strings, to the signal
conditioning equipment. Efforts were made to ensure the accelerometer wires had as little
restraining effect on the model as possible. Another general photograph of the complete
model set-up can be seen in Figure 4.

The accelerometer response signals were conditioned and amplified by Vishay strain gauge
bridge monitoring equipment. The amplified signals were then sent to the Difa SCADAS
analogue to digital converters (ADCs) as a front-end to the HP computer and LMS Cada-X
software.

3.2. Measurement of Forces

PCB type 208B piezoelectric force transducers were used for measurement of the excitation
forces applied to the structure. Each force gauge was mounted directly on the shaker
platform, as shown in Figure 5. A wire pushrod was then used to connect each force gauge
to the attachment point on the model. The force gauges were mounted ‘Base’ towards the
model and ‘Top’ towards the shaker. This arrangement of the force gauges differs from that
normally recommended. It is usual to mount the force gauge on the structure (‘base-side’
towards structure) and then to connect the top of the force gauge to a shaker with a
pushrod link. The conventional arrangement was not used in this case because of concerns
over the mass loading effect of the force gauge. A force gauge is constructed to have as
little mass on the ‘base-side’ of the sensing element as possible. The ‘live-side’ mass is kept
as small as possible to minimise the modification to the structure. However, what is
minimised is the mass modification to the structure in the sensing direction of the force
transducer. The full mass of the force transducer modifies the structure in directions
perpendicular to the sensing direction. By locating the transducer on the shaker, only the
pushrod and fixture mass modify the structure in all degrees-of-freedom, plus the small
‘live-side’ mass of the transducer in the sensing direction only. In this case, the pushrod and
fixture mass was significantly smaller than the mass of the whole force transducer, so the
overall modification effect was less. Furthermore, there was a much smaller difference
between the modification effect in the sensing direction and that in the transverse directions.
A detailed photograph of the force transducer and its connection to the model can be seen
in Figure 5.
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Experimental Equipment and Test Set-Up

The following masses were measured for the constituent parts on the ‘live-side’ of the
transducer sensing element;

pushrod carrier on model .........cccoovrerinninnnnnnn. 32¢g
pushrod and nuts .......ccoooiiiniriiiiiniieieee, 66¢g
pushrod carrier on force transducer .................. 20g

live-side mass of force transducer (assumed) .... 5.0 g

(Total mass of force transducer = 25 g)

As specified in the set-up documentation, wing tip ‘drum’ masses had to be manufactured
such that the total added drive point mass was 200 g. Since the attachment bolt and nut had
a mass of 15.6 g, the ‘drum’ masses were made to be 167.6 g.

A supplementary advantage of this arrangement of the force transducers was that the micro-
dot cables (which are relatively stiff and massive compared with the Entran accelerometer
wires) also had less influence on the model.

In all cases, the pushrods used were the same; 0.75 mm diameter piano wire with an active
length of 95 mm.

For the majority of the tests, only two excitation inputs were used. However, some tests
used three or four excitations.

The force signals were passed through PCB signal conditioning equipment to the Difa
SCADAS ADCs.

Excitation of the Model

Ling V409 electromagnetic shakers were used to excite the model. For excitation in the
vertical direction (z-direction) at the wing tips, the shakers were placed on stands on the
floor. For tests involving excitation in the x-direction, the shakers were either placed on
larger floor stands or attached to a 100 kg reaction mass and suspended from a crane. In all
cases, care was taken to align each shaker perpendicular to the surface to which it was
attached. The photographs in Figures 2 and 4 show two shakers set for vertical excitation at
the wing tips.

The excitation signals were all generated in the digital to analogue (DAC) section of the
Difa SCADAS. These signals were then fed through Kemo high-pass filters set at 2 Hz, and
amplified, using DRA MAMA power amplifiers, to drive the shakers. These power
amplifiers are constant current amplifiers and so provide very little inherent damping.
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4.1.

4.1.1.

4.2

Experimental Measurement Survey

Preliminary Measurement of the Model

A series of preliminary measurements on the model was made to deduce an appropriate
excitation level, burst length and the frequency resolution required for good definition of the
Nyquist modal circles.

Before each test in this survey, the Vishay bridge amplifiers were balanced and then an
auto-range procedure was started on all the SCADAS acquisition channels. The auto-range
display was then checked to see that a significant number of 12 bits available were used in
the analogue-to-digital conversion for every channel.

Measurement of Time Data

With a shaker attached to each wing tip and acting in the vertical direction, measurements
of the response time history at each of the measurement locations were made. Burst random
excitation was used and responses for two burst durations (75% and 50%) were recorded.
The responses for a burst duration of 75% can be seen in Figure 6 and those for the 50%
burst duration are given in Figure 7. It can be seen from these Figures that the X-direction
responses are generally much less well damped than responses measured in the other
directions. This is shown clearly in Figure 6 by the X-direction wing tip responses (12X and
112X) that ‘ring on’ well beyond the end of the acquisition block when a 75% burst
duration is used. For the same burst duration responses in the Z-direction have decayed to
zero before the end of the acquisition block. When a 50% burst length excitation was used,
the X-direction responses (Figure 7) had almost decayed to zero before the end of the
acquisition block.

From these measured responses it was concluded that the constrained layer damping
treatment was effective in dissipating energy from the modes with motion predominantly in
the Z-direction, but relatively ineffective for modes in the X-direction.

Although reducing the excitation burst length ensured that more of the responses had
decayed to zero before the end of the acquisition block, it also reduces the ‘signal-to-noise’
ratio. Assuming that the noise is constant, halving the burst duration halves the signal-to-
noise ratio.

Multi-Point Random Measurements using 2 Shakers

For this series of measurements, two shakers were attached to the structure to provide
excitation in the vertical direction at the front of the wing tips. Based on experience gained
from the preliminary measurements, a blocksize of 4096 frequency lines was used to cover a
baseband frequency range up to 128 Hz. A burst random excitation strategy was selected to
avoid the problems associated with the use of a Hanning window function. From the mode
shapes given in the documentation, it could be seen that there were not too many modes in
the X-direction, so it was decided to sacrifice the accuracy of these X-direction modes for
improved signal-to-noise ratio for all the response points. An excitation burst length of 75%
was used therefore, for all these measurements and 16 averages were taken.
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Experimental Measurement Survey

Some typical FRFs from this test (defined as test A6) are shown in Figures 8 and 9. It can
be seen that the majority of the modes are well spaced, but that there are two groups of
closely spaced modes around 33 and 50 Hz. The 33 Hz group of modes was intentional, but
no mention of a group around 50 Hz was given in the ‘Documentation for the GARTEUR
SM-AG19 Testbed’. The two reciprocal FRF terms are plotted together with their vector
difference in Figure 10. This plot shows the measured reciprocity to be exceptionally good
across virtually the whole of the frequency range from 4 to 80 Hz. The difference between
the FRF terms is approximately an order of magnitude less than the FRFs themselves
everywhere except at the anti-resonances.

Measurements were also made using half the nominal excitation level to provide a crude
indication of any non-linear behaviour of the structure (test A8). The two point FRFs are
shown in Figure 11 and the reciprocal FRFs are given in Figure 12.

As a further check on the repeatability of the measurements, another test was performed at
the original excitation level (test C1). Then a mass modification consisting of a 198.2 g
brass cylinder was bolted to the right-hand wing tip (point 12). Another set of
measurements (defined as test C2) was made for this ‘modified model’.

Mult-Point Random Measurements using 4 Shakers

By comparison of the results obtained using two shakers in the vertical direction at the wing
tips with the finite element results, it was found that the X-direction modes were not excited
at all well by these two shakers. Therefore, 2 extra shakers were added, one at each wing
tip, acting in the X-direction. Each force gauge was again mounted directly on the shaker,
with the ‘top’ towards the shaker and connected to the structure by a 95 mm pushrod.
Because fore-aft response of the wings was now excited to a much greater degree, it was
necessary to reduce the excitation burst length to 50% in order to allow the response to
decay sufficiently before the end of the block.

The four drive-point FRFs are shown in Figures 13 to 16 and these FRFs all show the
classic resonance anti-resonance characteristics. In comparison with the FRFs measured
with excitation in the Z-direction only, it can be seen that the quality of these FRFs is
relatively poor. This is especially evident around the first flexural mode of the structure. A
series of Nyquist plots (Figures 17 to 20) has been made for the point FRF (112Z+) shown
in Figure 13. The poor quality of the measured FRF in the frequency range 6 to 8 Hz can be
seen in Figure 17. Part of the problem can be attributed to insufficient frequency resolution.
However, the quality of the FRF in this frequency range is reduced by the additional ‘noise’
resulting from the X-direction excitations applied at the wing tips. Progressing up through
the frequency range (Figures 18 to 20) it can be seen that the quality of the measured FRF
increases substantially as the frequency resolution becomes better suited to the frequency
and damping properties of the modes. The modes are shown as clear and very well defined
circles in the Nyquist plots of Figures 18 and 19.
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Experimental Measurement Survey

For a four input test, there are 6 reciprocal FRF pairs and plots of these FRFs together with
their vector differences can be seen in Figures 21 to 26. The first two reciprocal plots
(Figures 21 and 22) are for ‘in-plane’ excitation and response directions; in the remaining
four reciprocal plots the excitation and response directions are perpendicular to one
another. The reciprocity shown by the in-plane terms is considerably better than that by the
others. The in-plane reciprocity exhibited by this 4 shaker test is similar to that obtained in
the 2 shaker test (Figure 10). For perpendicular excitation and response directions, the
reciprocity is not as good; the vector difference is often very similar to the constituent
FRFs. Once again, this is particularly evident for the frequency range up to about 10 Hz.
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5. Modal Analysis Results
5.1. Analysis Results from 2 Point MPR Measurements
The standard frequency domain MDoF method of analysis available within the LMS
software was used on the data sets for this 2 point excitation MPR test configuration. The
analyses were made assuming that the modes would be ‘complex’. This avoided an initial
assumption of ‘real’ modes, the validity of which could only then be checked by performing
a ‘complex’ analysis. Separate analyses covering small frequency ranges around the
individual modes or groups of modes were performed. Low-frequency and high-frequency
residual terms were also generated to account for modes outside the overall frequency
range of interest. These residual modes have only been used in the synthesis of FRFs from
the modal database.
5.1.1. Analysis of Measurements on the Basic Model
Measurement data from the three separate tests on the basic model have been analysed;
tests A6, A8 and Cl1. The frequency and damping results for these tests can be seen in
Table 1. Mode shape results for the analysis of test A6 data can be seen in Figures 27 to 35.
The shapes from analyses of tests A8 and C1 data were almost identical to those from test
A6.
The ‘extra mode’ at 2.7 Hz, Figure 36, identified in the C1 analysis is a rigid body vertical
bounce of the whole structure on the bungee suspension. The reason for its appearance in
this set of data is that the reconstruction filtering on the excitation signals was reduced for
these measurements, resulting in the excitation of this mode.
Test | A6 A8 Cl1
ID
Mode | Freq. | Damp | Modal Mass | Freq. | Damp | Modal Mass | Freq. | Damp | Modal Mass
(Hz) [ (%) (Kg) (Hz) | (%) (Kg) (Hz) | (%) (Kg)
2.70 2.80 20.7(111:2)
1 6.50 0.93 4.27 (11:2) 6.50 0.96 4.46 (11:Z) 6.49 0.92 4.30(11:2)
2 1645 | 1.14 3.79 302:Y) | 1647 | 1.12 3.86 (302:Y) ) 1641 | 1.19 3.80 (302:Y)
3 3349 | 1.06 0.70(111:Z) | 3347 | 1.03 0.69 (111:Z) | 3342 | 0.87 0.70 111:2)
4 3397 | 1.35 0.66 (11:2) 33.97 | 1.33 0.66 (11:2) 33.87 | 1.14 0.67 (11:2)
5 36.34 | 0.77 342 (11:2) 36.38 | 0.73 3.51(11:2) 36.26 | 0.81 348 (11:2)
6 4985 | 1.96 2.15(105:Z) |49.84 | 197 2.19(5:Z2) 49.55 | 2.12 2.10(105:Z)
7 5048 | 0.33 94.2 (11:Z)
8 56.08 | 0.09 3.85(12:X) |56.09 | 0.07 3.83 (12:X) ]56.07 |0.10 3.37(112:X)
9 64.56 | 1.83 3.69 (303:Z2) | 6462 | 1.79 3.68 (303:Z) | 64.29 | 1.88 3.67 (303:Z2)
10 69.52 | 0.34 0.40 (301:X) ] 69.31 | 0.31 0.69 (301:X)

Analysis Results for 2 Point MPR Tests

Table 1
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Modal Analysis Results

The fundamental vertical bending mode of the wings occurred at 6.5 Hz, Figure 27. It is a
symmetrical mode of the wings on the fuselage. Because there was some vertical motion of
the support point in this mode, the stiffness of the bungee cords may have had an influence

on the exact mode frequency.

The next mode was found at a frequency of 16.45 Hz. It can be seen from Figure 28 that
this is the first anti-symmetric wing bending mode. There is a nodal point at the fuselage
attachment (model support point) and the tail unit rocks in sympathy with the wings; the fin
remains perpendicular to the centre of the wing.

Three closely spaced modes were found at 33.49 Hz, 33.97 Hz and 36.34 Hz, Figures 29 to
31. The first two modes of this group are very similar; torsion of the wings and wing tip
plates. In the first mode (33.49 Hz, mode 3) the two wing tip plates move out-of-phase. In
the second mode (33.97 Hz, mode 4), however, the wing tip plates move in-phase. Owing
to some slight non-symmetry in the model construction or the test equipment and set-up,
the magnitude of each wing tip motion is not the same. In mode 3, the starboard wing tip
motion is much less than that shown by the port wing tip; and vice versa for mode 4.
Nevertheless, the spatial orthogonality of these two modes can still be observed.

The fifth mode, at 36.34 Hz (Figure 31), is a coupled anti-symmetric wing bending and
torsion mode. As for mode 2, there is a node point at the joint with the fuselage. The
coupled bending and torsion of the wings in this mode produce very little vertical motion at
the front of the wing tip plates. In contrast to mode 2, the fin and tailplane now move out-
of-phase with the wing attachment point.

Another group of modes, Figures 32 and 33, was found around 50 Hz; one at 49.86 Hz
(mode 6) and one at 50.49 Hz (mode 7). It can be seen that mode 6 is the second symmetric
wing bending mode in which there is also some slight torsion of the wing tips. The second
of these two modes was particularly lightly damped, had an uncharacteristically high modal
mass and the scatter plot, Figure 42, indicated a poor quality ‘non-real’ mode. These
characteristics were probably due to some spurious 50 Hz mains frequency interference on
the measured FRFs.

The fundamental fore-aft bending mode of the wings (mode 8) was found at a frequency of
56.08 Hz, Figure 34. The tailplane behaves in a similar fashion to the wing, but out of
phase. This mode is not driven at all well by the excitation set-up used for these
measurements (two exciters attached in the vertical direction, one at each wing tip).

The next mode at 64.57 Hz would appear to be (Figure 35) the second anti-symmetric
vertical bending mode of the wings. There is also considerable bending and torsion of the
tail unit in this mode. The distribution of measurement points on the wings is not really
sufficient to define this mode shape properly; only three of the five node points normally
associated with a second anti-symmetric bending mode are shown.
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Modal Analysis Results

Scatter plots of the mode shapes derived from analysis of the A6 test data are shown in
Figures 37 to 45. From these Figures it can be seen that all the modes are predominantly
‘real’, except for the spurious ‘mode’ at 50.49 Hz, probably caused by mains interference.
For each mode, the eigenvector points are grouped closely about the real axis. The low
scatter of the points around the real axis indicates a good and consistent data and analysis
set.

Comparison of the mode frequencies obtained from the A6 and A8 (half the nominal
excitation level) measurement sets (Table 1) shows little evidence of amplitude dependent
non-linearities. Also, comparison of the A6 and Cl results shows a high level of
repeatability between measurements performed on different days and involving detachment
of the shakers overnight. Figure 46 shows a drive point FRF from test A6 and the same one
from test C1 together with the vector difference between the two. The very high degree of
repeatability attained for these measurements can be seen clearly from this plot.

The full mode shape results from test A6 are tabulated in Appendix B.

The modal database obtained from test C1 data was used in a prediction of the effect of
adding a mass of 198.3 g to the front right-hand wing tip (point 12). This modal
modification was accomplished using the LMS modal design program from the Cada-X
software suite. The mass was added in all three translational degrees-of-freedom at point
12. No effect was, or could be, taken regarding the added rotational inertia. Only the ten
modes in the C1 modal database shown in Table 1 were used in the prediction of the
modified modal properties. The results of this modification prediction can be seen in
Table 2, together with the measured modal properties of both the unmodified and the
modified systems.

5.1.2. Analysis of Measurements on the Modified Model and Comparison with Predicted
Results

The measured FRFs from the model with the mass attached to the right-hand wing tip (test
C2) have been analysed in exactly the same way as was used for analysis of the base model
FRFs; the standard frequency domain MDoF method applied over small frequency ranges
around individual modes or groups of modes. Frequency and damping modal properties for
this modified model can be seen in Table 2. A MAC comparison of these measured
unmodified and modified systems has shown the mode shapes to have a very high degree of
similarity; see Appendix C, Table C1. The largest differences occur in the exact nature of
the mode shapes for modes 4 and 5. Mode 4 also exhibits the largest change in frequency,
-8.8%.

DRA/AS/ASDI/TR96062/1 Page 13



Modal Analysis Results

Test | C1 C2 Difference; Modified Difference;

ID (Unmodified) (Modified) Unmodified - prediction Measured -
Measured Measured Modified using C1 data Predicted

Mode | Freq. | Damp | Freq. | Damp | Freq. Freq. | Damp | Freq.
(Hz) (%) (Hz) (%) (Hz) (Hz) (%) (Hz)

1 2.70 2.80 2.72 2.70 -0.02 2.69 290 0.03

2 6.49 0.92 6.38 0.95 0.1 6.36 0.92 0.02

3 1641 | 1.19 16.33 | 1.20 0.08 16.30 | 1.20 0.03

4 3342 | 0.87 3047 | 1.10 2.95 30.33 | 1.10 0.14

5 3387 | 1.14 3346 | 0.83 0.41 3346 | 0.84 0.00

6 36.26 | 0.81 36.15 | 0.77 0.11 36.20 | 0.80 -0.05

7 4955 | 2.12 4943 | 2.08 0.12 4944 (210 -0.01

8 56.07 | 0.10 55.09 | 0.11 0.98 5471 1017 0.38

9 64.29 | 1.88 63.84 | 1.90 045 64.15 | 1.90 -0.31

10 [69.31 [031 [6943 {032 |-0a12 |le038 o031 |oo0s

Comparison of Measured and Predicted Results for the Modified Structure

Table 2

A MAC comparison of the measured and predicted modes for the modified structure is
presented in Table 3. The high level of agreement between the measured and predicted
results for this simple modification to the structure indicates that the modal model of the
basic structure is a good representation of the dynamic characteristics.
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Modal Analysis Results

2.719 6.384 16.33 3047 3346 36.15 4944 55.09 63.85 69.43

2.693 0.99 0.45 0.00 0.02 0.00 0.04 0.01 0.00 0.00 0.00
6.360 0.45 1.00 0.00 0.02 0.01 0.04 0.20 0.00 0.00 0.00
16.30 0.00 0.00 1.00 0.01 0.00 0.00 0.00 000 | 048 0.00
3033 0.01 0.02 0.01 099 0.00 0.03 0.05 0.01 0.03 0.00
3346 0.00 0.01 0.00 0.00 1.00 0.07 0.05 0.01 0.01 0.00
36.20 0.00 0.00 0.00 0.08 0.06 0.95 0.00 0.00 0.06 0.00
49.44 0.01 0.19 0.00 0.08 0.05 0.00 0.99 0.02 0.00 0.00
54.71 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.97 0.00 0.00
64.15 0.00 0.00 0.47 0.05 0.01 0.06 0.00 0.00 1.00 0.02
69.38 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 1.00
Mode Ordering:

Row no: 10 |20 |30 |40 (50 [60 |70 |80 |90 (100

Column no: 10 |20 |30 [40 |50 (60 |70 |80 |90 |100

% freq. 09 {-04|-02{-05[00 |01 |00 |-07]05 |-01

difference:

5.2.

MAC Matrix Comparison of Measured and Predicted Results for the Modified Structure

(Rows: Predicted, Cols: Measured)

Table 3

Analysis Results from 4 Point MPR Measurements

The FRFs from the 4 point MPR measurements have been analysed in exactly the same way
as for the previous 2 point excitation. Results for this analysis can be seen in Table 5.
Comparison of this set of modal properties with those for the 2 point MPR results shows
there to be very little difference. Indeed, most of the mode shapes are almost
indistinguishable and this is also corroborated by the MAC comparison shown in Appendix
C, Table C2. The largest difference in the mode frequencies obtained from the two sets of
measurements was for mode 1. With 4 point MPR excitation, the first mode frequency was
found to be approximately 3% higher than when measured using 2 point MPR excitation.
As this is the fundamental symmetric vertical bending mode of the wings there is
considerable motion of the wing tips, just where the shakers are connected. Attachment of
the X-direction shakers could have added some transverse stiffness (from the pushrods) that
has caused the frequency of this mode to be increased. The frequencies of all the other
correlated mode frequencies all match to within 1.2%.

It can be seen from Table C2 that mode 7 from the 2 point MPR test (50.49 Hz) and mode
7 from the 4 point MPR test (49.98 Hz) do not correlate with each other or with any other
mode. However, mode 7 from the 4 point MPR test has a sensible modal mass compared

DRA/AS/ASD/TR96062/1 Page 15




5.3.

Page 16

Modal Analysis Results

with that for mode 7 of test A6. Furthermore, the scatter plot for this mode from this test
(Figure 47) again shows the high quality ‘real’ characteristic found for all the other modes.
It can be seen that this mode exhibits considerable out-of-phase X-direction motion of the
wing tips, balanced by out-of-phase Y-direction motion of the fuselage nose and tail, Figure
48. The vertical motion of the wings is anti-symmetric.

Test | F1
ID
Mode | Freq. | Damp | Modal Mass
(Hz) | (%) (Kg)
1 670 | 2.30 3.27(11:2)
2 1636 | 1.30 | 3.55(302:Y)
3 3357 | 0.83 0.79 (111:2)
4 3395 (098 10.69(11:2)
5 36.17 | 0.75 3.04(11:2)
6 49.26 | 2.26 2.14 (105:2)
7 4998 | 055 7.89 (112:X)
8 5559 1020 |4.71(112X)
9 64.01 | 2.00 3.53 (303:2)
10 65.34 | 0.31 0.51 (301:X)

Analysis Results for 4 Point MPR Test

Table 4

Comparison of Results with Finite Element Model Results

A finite element model of the structure (AOO1) was created and analysed; see Appendix A.
The calculated mass of the FE model was only 1% greater than the mass of the actual
model, 44.05 kg. The first 10 elastic mode frequencies predicted by the FE analysis are
shown in Table 5. Mode shape plots are also given in Appendix A.

From the table of results it can be seen that the frequencies obtained from measured data are
generally higher than those from the FE model. This implies that the FE model is slightly
too flexible. This is unusual because small FE models with a coarse distribution of elements
are often too stiff. The results from test F1 (4 point MPR excitation) show all the modes
predicted by the FE model, except for that at 58.12 Hz. As the frequency increases, the
measured and predicted frequencies match more closely.

The availability of a FE model was of great benefit during the testing phase of the work. It
provided guidance for the location of shakers to excite all the modes and confirmation that
there were modes around S0 Hz that should not be dismissed as mains interference.

DRA/AS/ASD/TR96062/1



Modal Analysis Results

Model ID | AOO1 (FE) | A6 Fl
Mode Freq. Freq. Freq.
(Hz) (Hz) (Hz)
6.377 6.50 6.70
13.123 16.45 16.36
30.250 3349 33.57
10 30.836 3397 33.95
11 32.946 36.34 36.17
12 49.269 49.85 49.26
13 49.648 4998
14 55.971 56.08 55.59
15 58.142
16 64.213 64.56 64.01
69.34

Finite Element Model Analysis Results and MPR Test Results

(6 rigid-body modes omitted)

5.4. Comparison of Results with those from SOPEMEA

Test | SOPEMEA DRA Results DRA Results
ID Results Test A6 TestF1
Mode | Freq. | Damp | Freq. | Damp | Freq. | Damp
(Hz) (%) (Hz) (%) (Hz) (%)
1 6.97 1.27 6.50 0.93 6.70 230
2 16.07 ( 1.36 1645 | 1.14 16.36 | 1.30
3 33.68 | 1.47 3349 | 1.06 3357 | 0.83
4 3394 | 1.16 3397 1135 3395 | 0.98
5 3492 | 1.11 36.34 | 0.77 36.17 | 0.75
6 46.08 | 2.56 | 49.85 | 1.96 49.26 | 2.26
7 4862 | 091 5048 | 0.33 4998 | 055
8 53.58 | 0.56 56.08 | 0.09 55.59 | 0.20
9 61.14 | 206 | 64.56 | 1.83 64.01 | 2.00

Analysis Results from SOPEMEA Compared with those from DRA

DRA/AS/ASD/TR96062/1
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Modal Analysis Results

The DRA modal analysis results are shown in Table 6 alongside a set from SOPEMEA. It is
interesting that the measured results for the first four modes compare with one another
much more closely than with the FE models. In contrast to the trend found in comparison of
the measured results with those from the FE model the comparison of the measured results
with those from SOPEMEA becomes less good as the frequency increases. Above mode 4,
the SOPEMEA mode frequencies are always less than those measured at DRA. Despite
these discrepancies between the frequencies for the higher modes the general level of
agreement for the two sets of data is reasonable considering the following;

() that the model has been assembled and dismantled several times
between the tests,

(ii) the tests span a significant period of time,

(i) the tests were not conducted under specified and controlled
conditions of temperature and humidity,

(iv) different transducers have been used,

(v) different excitation equipment has been used,

(vi) different test and analysis techniques have been used,
(vii) different support bungee cords have been used, and

(viii) different suspension set-ups have been used.

The comparison of results from all participants in the exercise will be most interesting and
instructive.
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6. Concluding Remarks

The GARTEUR testbed structure was received at DRA Farnborough in a slightly less than
satisfactory condition; glue, double-sided tape and attachments remained from previous
participants. No new bungee suspension cords were supplied. In all other respects the
model was complete and the wing mated well with the fuselage. Following suspension of
the model and preliminary checks, several sets of vibration tests were performed. In setting
the model up for the tests, great care was taken to try and ensure that the measuring
equipment had as little effect on the structure as possible. To this end, the force transducers
were mounted at what would normally be considered to be the ‘wrong’ end of the pushrods.
A bandlimited random type testing method was used. Separate tests with two and four
simultaneous excitation sources were made. Although the four-point excitation test
produced a better response for some of the modes than that with the two-point excitation
test, the quality of the FRFs was, perhaps, not quite so good. It has been suggested that this
was due to the lower signal-to-noise ratio for the four-point excitation. Nevertheless, the
results obtained from the two sets of tests correlated very well.

No problems were encountered with testing the structure. Having a finite element model
available was helpful for the choice of excitation locations and confirmation of the modes
measured.

One of the modal databases from the tests was used in a prediction of the effect of a very
simple mass modification to the structure. The same modification was made to the structure
and the dynamic characteristics measured. It was found that the predicted dynamic
characteristics matched those measured for the modified structure very well, thus providing
further confidence in the accuracy of the modal database for the original structure.

Modal properties obtained at the DRA Farnborough for the GARTEUR structure have been
compared with a set obtained by SOPEMEA. Although not identical, the sets of results do
have a resaonable level of agreement considering the differences in methods and equipment
for testing and analysis and the fact that the model has been assembled and dismantled
several times between the tests.

Comparisons of resuits and experiences from all of the participants involved in testing this
structure should be most interesting and informative.
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7. Figures

Sketch of the GARTEUR SM-AG19 Testbed

Figure 1
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Photograph of the Complete Model Test Set-up
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Figures

Detail Photograph of the Force Transducer Position and Attachinent

Figure 5
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Summary

This report gives details of the University of Manchester tests carried out on the Garteur
SM-AG19 testbed and the major results obtained.
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1 Introduction

This report gives a summary of the main results from the University of Manchester normal
mode tests on the Garteur SM-AG19 testbed, carried out during the period 9** to 12*
October 1995. A fuller account of the methods used and results obtained can be found in [1].
A brief comparison is made with the results of corresponding tests performed independently

by SOPEMEA.

2 Test Set Up

2.1 Equipment

The acquisition and processing of test data were controlled by an HP 300 Series Workstation
running LMS CADA-X [2]/University of Manchester [3] dynamic test software interfacing a
DIFA Scadas II 48 channel data acquisition system.

The excitation signals were amplified by HH S500-D constant voltage power amplifiers before
being passed to up to four Ling V409 electrodynamic exciters (peak uncooled force 22.3 N,
peak to peak displacement 8.8 mm). Each exciter was attached to the structure by a thin steel
drive rod and a PCB 208B force transducer (mass 27.5 g). Signals from the force transducers

were conditioned by PCB 483A multi-channel transducer amplifiers before acquisition.

The response levels of the structure were measured by 24 Entran EGA-125F-100D strain
gauge type acceleration transducers (mass 3.0 g each). Signals from the acceleration trans-

ducers were conditioned by Vishay strain gauge amplifiers before acquisition.

2.2 Garteur Arrangement

The Garteur structure was suspended in the horizontal plane from a rigid support frame by

a steel cable and three elastic cords, giving a nominally free-free test configuration.

The locations of the 24 acceleration transducers and position numbering convention is shown

in Fig 1.
Three exciter configurations were used during the tests. Exciter Configuration 1 has two

3



exciters in the vertical z-direction at positions 12 and 112, while Exciter Configuration 2 has
exciters at the same positions in the horizontal z-direction. Exciter Configuration 3 has four

exciters in the vertical z-direction at positions 11, 12, 111 and 112.

The effective added mass of the force transducers is %rd of their total mass, therefore com-
plementary masses of 191 g were attached at positions 12 and 112 to satisfy the requirement

that 200 g be added at these positions.

3 Test Procedure

Exciter Configuration 1 was used to measure the required FRFs (drive point and transfer
FRFs for positions 12z and 112z) using multiple exciter uncorrelated bandlimited random
excitation for the frequency range 4 to 80 Hz, using a 70% burst and a uniform window.
FRF data were acquired using a resolution of 2048 frequency points over the frequency range

0 to 80 Hz.

The first 8 flexible modes of the Garteur structure were measured individually using the
normal mode force appropriation (phase resonance) technique. Estimates of the undamped
natural frequencies and corresponding appropriated force vectors (patterns) required to ex-
cite the undamped normal modes were obtained via the Modified MMIF [4] method of
force appropriation. The undamped normal modes were excited by applying in turn each
monophase sinusoidal appropriated force vector to the structure at the corresponding esti-
mate of the undamped natural frequency and adjusting the frequency until a reference force
and acceleration were in quadrature. The measured response then yielded the undamped

normal mode shape and the corresponding frequency was the undamped natural frequency.

Undamped normal modes 1 to 4 were measured using Exciter Configuration 1, modes 5
and 6 were measured using Exciter Configuration 3, while modes 7 and 8 were measured

using Exciter Configuration 2.

Modal masses and damping ratios were estimated using the Rades method [5].



4 Results

4.1 Required FRFs

Fig 2 shows the required drive point FRFs for positions 12z (solid trace) and 112z (dotted
trace) overlaid, while Fig 3 shows the transfer FRF's corresponding to these positions overlaid.
As would be expected for a nominally linear structure, the transfer FRFs overlay almost
perfectly indicating that reciprocity is satisfied. The drive point FRFs indicate, rather
surprisingly, that the response of the structure is non-symmetrical around the resonance

peaks in the 34 Hz region (wing torsion modes).

4.2 Undamped Normal Modes

Fig 4 shows the Modified MMIF analysis of FRFs acquired using Exciter Configuration 1.
The 8 minima of the primary MMIF eigenvalues (upper plot) indicate the first 8 undamped
natural frequencies, while the MMIF eigenvector (lower plot) corresponding to a MMIF
eigenvalue minimum yields the appropriated force vector required to excite the undamped
normal mode. The primary MMIF eigenvalue minima for modes 4 to 8 do not drop close
to zero thus indicating that the chosen exciter configuration is unsuitable for exciting these
modes; hence different exciter configurations should be used. Exciter Configurations 2 and 3
yielded MMIF results that were considerably better for these 4 modes.

The first 8 measured undamped normal modes, measured with the most suitable exciter
configuration are presented as raw mode shape data in Tables 1 and 2. Note that each mode
shape is normalised such that the largest element of the part of the response in quadrature
with the excitation (imaginary) is unity. The mode shapes are also shown in Figs 5 to 12
at the instant of maximum defection and as a phase scatter diagram. Note that the phase
scatter diagram shows the part of the response in-phase with the excitation plotted along the
horizontal axis, while the part of the response in quadrature with the excitation is plotted
along the vertical axis. Thus, a perfect undamped normal mode has a phase scatter diagram
with all responses lining up vertically, indicating a monophase response in quadrature with

the excitation.

The undamped natural frequencies, modal masses, damping ratios and normal mode purities

corresponding to the first 8 undamped normal modes are presented in Table 3. Note that



the scaling of the modal masses is consistent with the scaling of the mode shapes in Tables 1
and 2. The normal mode purity [6] is a value that varies between zero and unity that relates
the degree of deviation of the responses of a normal mode from being in quadrature with
the excitation. A normal mode purity of unity indicates a perfect undamped normal mode.
However, in practice a value of above 0.90 indicates an acceptable result, while a value of

above 0.95 represents a good quality undamped normal mode.

The results show that good quality undamped normal modes have been identified for modes 1,
2, 3, 4 and 8. Modes 5, 6 and 7 are of a slightly lower quality, but nonetheless acceptable.

It should be noted that for clarity of animation, slave degrees-of-freedom (dof) in the hor-
izontal z-direction were used for positions 1, 8 and 12 (starboard wing) and 101, 108 and
111 (port wing) for modes 7 and 8 (Figs 11 and 12).

4.3 Comparison with SOPEMEA Results

Figs 13 to 16 show the four required FRFs (presented previously in Figs 3 and 4) obtained
by the University of Manchester tests (dotted trace) overlaid with the corresponding results
from the SOPEMEA tests (solid trace). In all cases there is a 180° phase difference between
the results from the two tests, presumably because of different orientation of the sensors. It
would be expected for acceleration data that the phase of the phase for drive point FRFs
would be in the range 0° to 180°, as showm in the University of Manchester data. In the case
of the two drive point FRFs (see Figs 13 and 14), the traces overlay fairly well. However, the
comparison is not as good for the two transfer FRFs (see Figs 15 and 16), the SOPEMEA

results being highly contaminated by noise.

The identified mode shapes, natural frequencies and damping ratios supplied by SOPEMEA
are shown in Fig 17. If these results are compared with the corresponding results from
the University of Manchester tests (see Figs 5 to 12 and Table 3), it can be seen that the
general agreement is quite good. The most notable differences occur in the identified natural
frequencies of modes 5 to 8 and the mode shapes for modes 3 and 4 (wing torsion). The
significantly lower natural frequencies of SOPEMEA modes 4 to 8 suggests that there is
a greater added instrumentation mass for the SOPEMEA tests. SOPEMEA mode shapes
3 and 4 appear very symmetrical in amplitude, whereas the corresponding University of
Manchester mode shapes are highly unsymmetrical. The remainder of the mode shapes
appear very similar. Note that no slave dof are used in the animation of SOPEMEA modes 7



and 8.

5

Conclusions

Normal mode force appropriation was successfully used to identify the first 8 undamped
normal modes of the Garteur SM-AG19 testbed with two or four exciters employed. A com-

parison with the corresponding results from the SOPEMEA tests revealed general agreement.
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Response Mode 1 Mode 2 Mode 3 Mode 4
201:X | -0.001+0.003: | 0.000+0.000i | 0.000-0.001i | 0.000-0.002i
201:Y | -0.001+0.003i | 0.0004+0.017i | 0.000+0.011i | 0.000-0.0081
201:Z 0.008-0.212i | 0.000+0.006i | 0.0004+0.007i | 0.000+0.012:
101:Z | -0.001+0.927i | -0.064-0.594i | -0.008+0.050i | -0.001+0.048i
111:Z [ -0.002+0.911i | -0.109-0.539i | -0.008+1.000i | -0.006+0.3341
112:Z [ -0.003+0.910i | -0.014-0.636i | -0.006-0.929i1 | 0.005-0.244i
112:X 0.000-0.004i | 0.001+40.177i | 0.000+0.029i | 0.000+0.038i
105:Z 0.003+0.308i | -0.021+40.214i | 0.002-0.010i | -0.003-0.052i
105:X | 0.000+0.007i | 0.002+0.094i | 0.000-0.021i | 0.000+0.009i
108:Z 0.003-0.0461 | -0.001+0.446i | 0.002+0.0161 | -0.001-0.044i
206:2 0.005-0.157i | 0.000-0.002i | 0.000+0.001i | 0.000+0.002i

8:Z 0.004-0.021i | 0.010-0.448i | 0.000-0.037i | -0.001+0.010i
5:Z 0.001+40.353i | 0.031-0.218i | 0.000-0.031i | -0.004-0.0161
5:X -0.003+0.0131 | -0.001-0.098i | 0.000+0.0161 | 0.000-0.018i
1:Z2 -0.0064+0.9741 | 0.063+0.588i | 0.002+0.0111 | -0.007+0.0521
11:2 -0.001+1.000i | 0.117+40.548i | -0.002-0.203i | -0.011+41.0001
12:Z -0.007+0.9571 | 0.008+0.637i | 0.005+0.228: | -0.002-0.901i
12:X 0.006+0.0101 | 0.000-0.168i1 | -0.001+0.0161 | 0.00140.033i
205:Y | -0.002+0.002:1 | 0.000+0.225i | 0.000-0.005i | 0.000+40.003i
302:Y 0.000+0.002i | 0.000-0.122i | 0.000+0.006i | 0.000-0.0051
301:2 0.003-0.0661 | 0.000-0.937i1 | -0.002+0.086i | 0.002-0.0861
301:X | -0.001+0.037i | 0.000-0.015i | 0.000-0.003i | 0.000-0.011i
303:2 0.003-0.088i | -0.002+1.000i | 0.003-0.1091 | -0.001+0.059i
303:X | -0.001+0.031:1 | 0.001+0.0581 | 0.000-0.0131 | 0.000-0.005:

Table 1: Garteur Modes 1-4 - Undamped Normal Mode Shapes




Response Mode 5 Mode 6 Mode 7 Mode 8
201:X 0.000+0.002: | 0.000+0.002i | 0.001-0.009i | -0.001 -0.125:
201:Y -0.002-0.071i | 0.008+0.102: | -0.009+0.299i | 0.002+0.000:
201:2 -0.014-0.0041 | 0.003-0.077i | -0.008+0.003i | 0.001+0.020:
101:Z 0.124+0.5201 | -0.091-0.529; | -0.060-0.1971 | -0.004-0.0381
111:Z | -0.07340.4971 | 0.044-0.597i | -0.083-0.313i | -0.011-0.113i
112:Z 0.313+0.5671 | -0.222-0.4661 | -0.037-0.035i | 0.007+0.094i
112:X | -0.003+0.259i | 0.033+0.3191 | 0.040+1.000i | 0.061+1.000:
105:Z 0.109-0.804i | 0.002+1.0001 | 0.127+0.384i | 0.009+0.0551
105:X 0.006+0.1471 | 0.009+40.1461 | 0.023+0.457i | 0.029+0.380:
108:2 0.026-0.7551 | 0.013+0.544i1 | 0.048+0.2141 | 0.003+0.045:
206:Z2 | -0.009+0.003i | 0.003-0.050i | -0.005+0.0051 | 0.000+0.013:

8:Z 0.062+0.7401 | -0.033+0.3671 | 0.056-0.3331 | -0.008+0.0441
5:Z 0.133+0.7861 | -0.058+0.642i | 0.072-0.5891 | -0.014+0.0521
5:X 0.001-0.1261 | -0.008-0.142i | -0.009-0.4361 | -0.004+0.376:
1:Z 0.016-0.5191 | 0.002-0.3541 | -0.040+0.3031 | 0.008-0.041i
11:2 -0.008-0.859:1 | 0.000-0.4251 | -0.056+0.4921 | 0.009-0.147:
12:Z 0.029-0.212i | 0.012-0.313:1 | -0.02740.094i | 0.006+0.1001
12:X -0.001-0.2781 | -0.012-0.337i | -0.017-0.8861 | -0.008+0.957i
205:Y 0.000-0.0741 | -0.008-0.220:1 | 0.002-0.621: | -0.009-0.006:
302:Y 0.000-0.0591 | 0.000-0.0021 | -0.001-0.004i | 0.000+0.000:
301:Z -0.003-0.9511 | 0.023+0.1891 | -0.049+0.6631 | 0.004-0.020:
301:X 0.001+0.018:1 | 0.007+40.172i | 0.003+0.450i | 0.008-0.148i
303:2 0.0014+1.0001 | -0.023-0.229: | 0.047-0.674i | -0.004-0.0251
303:X 0.005+0.0351 | -0.011-0.1511 | 0.004-0.500: | -0.010-0.152

Table 2: Garteur Modes 5-8 - Undamped Normal Mode Shapes

Mode | Frequency/[Hz] | Modal Mass/[kg] | Damping Ratio/[%] | Mode Purity
1 6.71 3.56 1.05 0.996
2 16.40 5.88 1.28 0.950
3 33.46 0.67 0.77 0.991
4 33.94 0.72 1.14 0.991
) 36.12 4.38 0.81 0.909
6 49.65 2.47 2.10 0.921
7 50.26 6.02 0.76 0.933
8 55.41 6.13 0.31 0.961

Table 3: Garteur Modes 1-8 - Undamped Natural Frequencies, Modal Masses, Damping
Ratios and Normal Mode Purities
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Figure 6: Garteur - Undamped Normal Mode 2, Freq=16.40 Hz, Mode Purity=0.950
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" 1. INTRODUCTION

Within the certification process of an aircraft, analytical models are used to make
aeroelastic predictions and evaluate flutter risks.

In this process, ground vibrations test plays an important role for the updating and/or
verification of numerical models. o

The present GARTEUR activity has the major objectives to compare the modal testing
techniques and identification methods used by the participants through a common application. A
testbed with particular characteristics was designed and made by ONERA (France). To increase the
challenge, the model was adjusted to obtain three neighbouring modes. The test request is described
in document ref. [1].

At first, each participant is requested to provide at least a 2 by 2 transfer functions matrix
corresponding to excitation and response at left and right front tip drums in a 4 to 65Hz frequency
range. After that, members are invited to estimate the dynamic characteristics of the first 9 modes
by one or more method and to provide a comparison of those results with the SOPEMEA reference
set [4].

After NLR / FOKKER, DLR, Imperial College, Manchester U., DRA, ONERA performed
the GVT in November 1995. The schedule of the GARTEUR activity is listed at the end of this
report.

2. DETAILS OF THE EXPERIMENTAL SETUP

2.1. Testbed geometry and instrumentation

The testbed is composed of two aluminium substructures (wing/drum and fuselage/tail).
The connection beetwen the two sub-systems-is done through two steel plates centered by two pins
and fixed by four bolts. A set of views in figures 6 to 9 shows details of the geometry.

Significant damping levels are obtained through the use of a 50 um thick acrylic
viscoelastic layer (ref ISD 112 made by 3M) covered by a thin aluminium contraining layer (1.1
mm thick). This composite is glued on the wing.

The structure is suspended with three bungees as shown in picture 2 giving a 2 Hz heave
mode frequency.

According to the request (see locations and directions in figures 10-11), the testbed is
equipped with 24 accelerometers plus two sensors on the suspension. These pick-ups made by
ONERA are piezo-capacitive type with a common sensibility of 80 mV/ms” and 10 g mass (see
characteristics in figure 12).

Mav 1906 RT /1677 RN



8 ONERA

Because the test was not dedicated for FEM updating or flutter analysis and because the
sensitivity of the structure to the additionnal masses, we choose to limit the pick-up instrumentation
to the request which is sufficient to distinguish all modes in the interesting frequency band.

Four electrodynamic shakers were used for the excitation. The main characteristics of these

actuators are listed below,

Force stroke coil stiffness and resonance force-current | shaker
maxi | pick-pick | weight frequency (unloaded coil) coefficient weight

iS.uits| 6N | 20mm | 0,037kg | 228 N/m 12,5 Hz 0,45 N/A 13 kg

G.B. units | 1,3 Ibf | 0,79 inch 0,081 | 1,30 Ibffinch 12,5 Hz 2,00 1bf74 28 1b

figure 1: principal characteristics of the 6N Onera electrodynamic shaker

The exciter is driven by a current controlled amplifier with a built in shunt connected in
series with the output. The current is measured across this shunt and it is used to calculate the input
force level.

Two additionnal masses were added at nodes 12 and 112 to obtain a total moving mass of
200 g. The connection is done through a flexible steel shaft as shown in picture 3.

2.1. Testing facilities

To evaluate reliability of measurements, ONERA choose to use two data acquisition
systems.

The mobile laboratory usually used for GVT on large aircraft was used to obtain results for
stepped sine excitation and force appropriation normal mode testing. This equipment consists of
two HP workstations,

> one HP 9000/433s including private software for synchronous acquisition and
> one HP 9000/730 risc workstation which implements Matlab™ environnement for post-

processing and analyses.

This system allows up to 1024 measuring channels and provides up to 12 outputs for
simultaneous excitations.

A second system linked to the vibro-acoustic laberatory ORION was used to performed
impact and broadband MIMO tests. This 54 channels acquisition system is built on two
master/slave SCADAS front-end and driven by a HP9000/380 and LMS™ Cada-X software. For
the broadband test, two HP generators and Kemo filters have been used for generating a band
limited noise with an infinite period.

RT 31/1677 RN May 1996
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3. TRANSFER FUNCTIONS

3.1. Stepped sine sweep

This procedure (based on a synchrone analysis) is really simple in fact. A common
harmonic reference is used for both excitation control and for signal processing allowing a direct
estimation of the frequency responses. N

More specifically, the measurement consists in applying, at discrete frequency points, a
sinusoidal set of forces (with constant amplitudes) and to measure the first harmonic of the

associated stationnary response.

This approach was performed through two experiments (shaking at 12-z and 112-2)
providing the reference set of transfer functions. The interesting band was [4 Hz,66 Hz] with 2441
frequency points evenly spaced resulting in a measuring time of 58 mn. During the tests, the
temperature was 18°C and a pair of electodynamic shakers were always connected at the drum front
tips. As previously mentioned, the required moving mass at the drum tips was obtained with two
complement masses of 150g. The results of these tests are presented in figure 13.

Except for the [54Hz, 56Hz] frequency band which contains lightly damped mode, the
spectral resolution of 0.025Hz appears sufficient.

One notes that the collocated FRF superimposed in fig. 13a, do not exactly overlay. That
means that the testbed is not really symetric. Similarly, figure 13b shows that the cross-transfers
overlay quite well implying that reciprocity is verified.

3.2. Broadband MIMO test

Experience using the FRF estimation with broadband uncorrelated MIMO excitation have
generally given good results. Some limitations are-however expected for structures with significant
non-linearities, which most aircrafts are.

In our case, use was made of two uncorrelated inputs (gaussian white noise). To obtain the
results presented in figure 14, one used the H1 estimator, 50 averages, 4096 spectral lines implying
a recording time of around 40 mn. -

Figure 15 shows a comparison of results for sine and broadband excitation. The most
noticeable differences are slight frequency shifts of the modes. It appears also a surprising
resonance due to the suspension that didn't appear in the initial sine measurements.

3.3. Comparison with the SOPEMEA reference set

Despite a contraining test setup, plots of SOPEMEA reference set of FRFs in figure 17
show significant differences with our test results.

Mav 1994 RT 21/1477 RN
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SOPEMEA set indicates the presence of significant noise in measured signal and an
important attenuation which increases with frequency.

One also notes that resonances which appear in transfer functions are always pointed at
higher frequencies in SOPEMEA set than ONERA measurements excepted for the mode around
16.3Hz. These shifts may be due both to distinct characteristics of shakers (mass and stiffness) and
to stiffness introduces by the connection with the structure.

Finally, SOPEMEA reference set shows a mode at 40 Hz that might be due to the

suspension.

4, Testbed modes

4.1. Identification using the appropriation method

For identifying the nine flexible modes below 65 Hz, ten different sites for excitation were
used. In complement with the 24 displacements requested, the four suspension modes appearing in
the interesting frequency band were also measured.

All results which include resonance frequency, damping factor, generalized mass and other
parameters are listed in figure 18.

To estimate the quality of the appropriation, the "appropriation criterion” C.a. is

computed:

. ] m* W
Cam 1 - 2imag®) W]
vl

where V represents the velocity response. So, when the mode is isolated, the response V is

modulo = in phase with the reference and the criterion tends to 1.

Since the number of measurement points is not large enough to provide a realistic wire-
frame animation of each mode shape, the eigenvector is presented through an arrow distribution.

Damping factor and generalized mass parameters are evaluated through two useful
identification methods: ‘
e force in quadrature
e complex power method

For each mode, one also archives the evolution of the resonance frequency and eigenvector
with the level of the excitation so called impedance. These data which are plotted in the same figure
as the mode shapes are used to evaluate the linearity of the structure.

RT 31/1677 RN May 1996
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The sensitivity of wing modes to the complement mass is quite large so that we need
" sometimes to limit the number of exciters connected to the testbed. In particular, the 5th mode (3n
wing bending) is not really well isolated as indicated by the value of C.a.=0.772. One could
improve the appropriation by adding a shaker at node 5-z. But the moving mass of the shaker would
load the wing thus implying a lower resonance frequency and a very different eigenvector due to

stronger coupling with the torsion modes.

4.2. Comparison with results of SOPEMEA

Resonance frequencies measured by Onera are lightly lower than those measured by
Sopemea for the first four flexible modes and they are higher for the last five modes.

Except for the case of first symetric wing torsion mode, damping ratios measured by Onera
are always lower than Sopemea measurements.

Although M.A.C. results which are equivalent to a normalized scalar product indicate that
identified modeshapes (eigenvectors) are generally similar, some large differences still appear for
the torsion modes.

Figure 27 lists our results and the Sopemea reference set (see ref. [4]).

4.3. Frequency domain identification using a pole / residue model

To obtain the first nine flexible modes of the testbed, the L.I.S.A. ref [2] and I.D.R.C.
ref.[3] algorithms were performed on the two experimental sets of FRF's (sine and broadband
measuring results).

The L.I.S.A. method provide a linear optimization in the base of eigenvectors. The
principle of the LD.R.C. algorithm is to optimize (non-linear optimization) the poles of a
pole/residue model while recomputing the residues at each step. "

As shown in figure 28, identifications based on sine set of transfer functions generally give
satisfactory results. Comparing to the appropriation data, one notes however some small
differences.

For the 3n bending mode, the I.D.R.C. method based on a broadband model (a single
model for the whole frequency range) gives a poor M.A.C. (0.573). If a narrow frequency band is
considered (35.6 Hz to 36.8 Hz), results improve tremendously (MAC of 0.963). The L.I.S.A.
software which uses narrow bands gives good results from the start. The poor prediction of the
broadband .D.R.C. model is linked to assymptotic contributions of modes external to the tested
frequency range which are difficult to represent for this structure (this might be due to the
viscoelastic material).

Similarly, the I.D.R.C. results for the wing yaw mode can be improved by the use of a
narrow band identification.
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narrowband I.D.R.C. fit using a very lightly damped pole at 50 Hz, gives an estimated mode at
49.90 Hz and an associated MAC of 0.998.

5. CONCLUSION

The suspension of the testbed by bungees gives acceptable low rigid body modes.

Nevertheless more tests have been necessary to obtain a configuration (distance between
the clamped point and the middle hook) where suspension modes (translations of the attachment
hook) do not disturb the flexible modes of the model.

The implementation of a new stabilization process in case of harmonic input allows shorter
measuring time and best accuracy.

Comparisons of our results with the Sopemea test datas sometimes show large differences.
These gaps can be due to various excitation materials to a great extent.
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2.b: Details of the suspension

Sigure 2: Test setup for the SM-AG 19 testhed
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Figure 3: Shaker connection to the SM-AG19 testhed
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Figure 4: zoom of the tail
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Figure 5: Impact test setup for the SM-AGI19 testbed
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Figure 6: global view showing the testbed geometrie and sensor locations
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Figure 7: details of the left drum
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RT31/1677 RN



, ONERA

301 -z

301 X

Front

Figure 9: zoom of the tail

RT 31/1677 RN May 1996 -



QNERA

21

111z

303z

L 30

302
R

o

N2z

1012 .L" 112x

105z

. ..._I./."ws,( 062

301z e 2062

D aon l

208y

Y\I,fx

gz

201z

quzL,, 201x

5z

1z

Figure 10: locations and directions of the 24 required accelerometers

12z

“r.. 1ANC r

RT 31/1677 RN



QNERA

22

\
A éa /\ |

W

<

\V
«&
figure 11: Position of the two accelerometers placed on the suspension
RT 31/1677 RN May 1996



QNERA 23

Channel I.D. | D.O.F. Position (mm) Sensor characteristics
X y z type serial  calibration | weight

number ;| (mV/ms?>) (®
1 11-z|  -2000  -950 o|P.CA*i 180 80 10
2 1z 0 -950 0|P.CA* 181 80 10
3 12.x| 2000 -950 o|P.CA*i 182 80 10
4 12.z| 200  -950 o|p.cAa* 183 80 10
3 5-x 0 -600 o|P.CA* 184 80 10
6 5-z 0i  -600 0|P.CA* 185 80 10
7 8-z 0 -300 0| P.CA*! 186 80 10
8 111-z|  -2000 950 0|P.CA*: 187 80 10
9 101-z 0i 950 olp.cA*i 190 80 10
10 112-x| 2000 950 o|P.cA* 191 80 10
1 112-z|  200i 950 0|P.CA* 192 80 10
12 105-x 0 600 o|p.cA*i 193 80 10
13 105-z 0 600 o|P.CA* 194 80 10
14 108-z 0i 300 0| P.C.A*i 195 80 10
15 201-x| 600 0 -96|/|P.C.A* 196 80 10
16 201-z| 600 0  -96|P.C.A* 197 80 10
17 201-y| 600 0/  -96|P.C.A*I 210 80 10
18 206-z 0 0 o|P.cA* 211 80 10
19 205-y|  -900 0  -96|P.C.A* 212 80 10
20 302-y|  -900 0i 285|P.CA* 213 80 10
21 301-x| -900i -200i  285|P.C.A* 214 80 10
22 301-z| -900; 2000  285|P.C.A*: 215 80 10
23 303-x| 9000  200{  285|P.CA*| 216 80 10
24 303-z| -900i 2000  285|P.C.A*I 217 80 10
25 500-x PCA* 220 80 10
26 501+y PCA*i 221 80 10

P.C.A.*: piezo capacitive accelerometer made by O.N.E.R.A.

figure 12: Characteristics of the accelerometers used for the test
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Figure 13: Transfer functions measured with harmonic inputs at nodes 12-z and 112-z
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_—:_F':

- inkgy
1 2 n wing 6,63 1,231E-02 11-z 1,171E+01 6,75 1,19 3,68E+00 { 0,992 16
2 fin bending 16,25 1,181E-02 302-y 8,540E+00 0,82 0,87 S.7E+00 | 0991 16
3 first antisymetric wing torsion 33,16 1,059E-02 111-z 1,148E+02 2,64 11,70 i 7,86E-01 { 0,989 16
4 first symetric wing torsion 33,57 1,283E-02 11z 6,310E+01 1,42 643 6,56E-01 : 0,991 16
5 3 nwing 3536 8.4S0E-03 11-2 3,326E+01 0,67 3,39 6,43E+00 ; 0,772 “
6 4 n wing 48,62 2,115E-02 105-z 1,402E+01 0,15 1,43 2,75E+00 0,894 7
7 wing yaw 48,79 6,370E-03 12-x 3.800E+01 0.40 387 7.73E+00 i 0,921 15
8 2 n wing fore & aft bending © 54,88 2,300E-03 12.x 6,144E+01 0.52 6,26 4,01E+00 } 0,992 15
9 HTP yaw 63,82 14

aj First flexible modes of the GARTEUR SM-AG 19 testbed

101 lateral dof

102 fore&aft dof 14,07
103 lateral dof 14,39
104 lateral dof 61,70

b} Suspension dof’s in the 4 to 65 Hz frequency band

Figure 18: Characterization of the testbed by the appropriation method (sine excitation coupled

with a 0° phase criterion)
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Figure 19: Characterization of the 1st mode by appropriation- 2 nodes wing bending at 6,63Hz -

RT 31/1677 RN May 1996



ONERA

31

w3 x

s

a) modeshape plot
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Figure 20: Characterization of the 2nd mode by appropriation - fin bending at 16,25Hz -
Mav 1996
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Figure 21: Characterization of the 3rd mode by appropriation - first antisymetric wing torsion at 33,16Hz -
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Figure 22: Characterization of the 4th mode by appropriation

- first symerric wing torsion at 33,57Hz -
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Figure 23: Characterization of the 5th mode by appropriation

- 3 nodes wing bending at 35,36Hz -
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Figure 24: Characterization of the 6th mode by appropriation

- 4 nodes wing bending at 48,62Hz -
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Figure 25: Characierization of the 7th mode by appropriation
- wing yaw at 48,79H7z -
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Figure 26: Characterization of the 8th mode by appropriation

- 2 nodes fore & aft wing bending at 54,88H7 -
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D.OF.ID NATURE SOPEMEA set (Appropriation results) ONERA set (Appropriation results)
Frequency Damping Frequency Damping M.A.C.
(Hz) factor § Hz) - factor §

1 2n wing bending 6,97 1,270E-02 6,63 1,231E-02 0,994

2 fin bending 16,08 1,360E-02 16,25 1,181E-02 0,998

3 first antisymetric wing torsion 33,68 1,470E-02 33,16 1,059E-02 0,654

4 first symetric wing torsion 33,94 1,160E-02 33,57 1,283E-02 0,773

5 3n wing bending 34,92 1,110E-02 35,36 8,450E-03 0,973

6 4n wing bernding 46,08 2,580E-02 48,62 2,115E-02 0,984

8 2n wing fore & aft bending 753,58 5,600E-03 54,88 2,300E-03 0,992

9 H.T.P. yaw 61,14 2,060E-02 63,82

Figure 27: Comparison of the appropriation results measured by Onera with the reference set Sopemea
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Spoyiauw DY QT pup "D°D aYi 4q S, Y 4 fo 135 auis painspaw ay1 Suisn sapowt 6 154if 3y fo 1DWIST (97 24nS1.

D.OF.ID NATURE G.C. method L.D.R.C method
Frequency (Hz) Damping M.A.C. Frequency (Hz) Damping M.A.C.
factor § (appro. ref) factor § (appro. ref)
1 2n wing bending 6,65 1,269E-02 1,000 6,65 1,214E-02 1,000
2 fin bending . 16,40 1,330E-02 1,000 16,40 1,330E-02 1,000
3 first antisymétric wing bending # 33,19 9,770E-03 0994 33,18 9,850E-03 0994
4 first symetric wing torsion q 33,61 1,415E-02 0,997 3137 1,486E-02 0,994
5 3n wing bending 36,13 8,390E-03 Y 0965 36,13 9,180E-03 0,573
(8.92E-03)* | (0,963)*
6 4n wing bending 49,32 2,139E-02 0,977 4940 2,210E-02 0,979
7 wing yaw 50,26 3,150B-03 0,974 50,31 2,710E-03 0,596
(50,25)* 3,34E-09)* | (0941
8’ 2n wing fore & aft bending 5591 7,400E-04 0,999 5591 8,300E-04 1,000
9 H.T.P. yaw 64,52 1,822E-02 64,49 1,790E-02
(*) narrowband IDRC fit
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D.OF.ID NATURE G.C. method I.D.R.C method
Frequency (Hz) Damping MAC. Frequency (Hz) Darmping M.AC.
factor L (appro. ref) factor { (appro. ref)
1 2a wing bending 6,68 1,246E-02 0,999 6,68 1,247E-02 0,999
2 fin bending 16,21 1,234B-02 1,000 16,20 1,252E-02 0,999
3 first antisymétric wing bending 32,70 1,120E-02 0,989 n 1,139E-02 0,995
AY
4 first symelric wing torsion 33,09 1,342E-02 0,958 33,19 1.464E-02 0,985
5 3n wing bending 35,66 7,730E-03 0,974 35,72 8,830E-03 0,954
6 4n wing bending 49,37 1,751E-02 0,940 » 49,27 1,553E-02 0,967
7 wing yaw 50,26 50,23 2,500E-04 0,384
(49,90)* (6,00E-03)* | (0,998)*
8 2n wip' fore & aft bending 55,72 1,240E-03 0,999 55,72 1,210B-03 0,998
9 L. T.P. yaw 64,17 1,502E-02 64,33 1,815E-02
(*) narrowband IDRC fit
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1) Goal of the test

The aim of this test is to compare the test means and methods (hardware & software) of many
laboratories in Europe by performing ground vibration test on the same testbed and to compare
results. Test program is joined as annex at the end of this document.

2)Description of testbed and AEROSPATIALE test means
The pictures here after show the test instaliation and acurate views of shaker positions on the testbed.

To perform this test, three different methods of modai analysis were used by AEROSPATIALE :
- modal phase resonance (or appropriation) method with harmonic sine excitation,
- global curve fitting method applied to FRF! measured with a random shaker excitation,
- global curve fitting method applied to FRF measured with an impulse excitation.

To have an easier way of work, the locations of accelerometers are named differently than in test
program. The accelerometers numbers correspondance is indicated in following array :

Test program Global method Phase resonance
method -

1Z 1Z 143
52 2Z ) 144
5X 2X 163
82 3z 145
2062 4Z 146
1082 5Z 147
1052 6Z 148
105X 6X 164
101Z 7Z 149
1122 82 150
112X 8X 161
1112 9Z 151
112 11Z 153
12Z 102 152
12X 10X 162
201X 12X 160
201Y 12Y 159
201Z 12Z 154
3012 13Z 155
301X 13X 165
3032 14Z 156
303X 14X 166
302y 15Y 157
205Y 16Y 158

Position of accelerometers is given on page 2.

'FRF : Frequency Response Function
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3)Description of test methods
3.1) Harmonic sine phase resonance method

- Frequency sweep acquisition
- Isolation and appropriation of each mode
- Measurement of modal parameters with complex power method and quadrature force method

Accelerometers TYPE : DJB A120 / VL2 Weight : 14 g
Exciters : at point 12Z and 112Z : PRODERA 20 JE 20 C, Weight of moving part : 190 g
Stiffness of moving part : 1000 N/m

Computer : Concurent Computer Corporation 7500 fitted with 256 acquisition channels and 8
excitation channels.

Software : Specific software written by SYMINEX based on AEROSPATIALE specification.

3.2) Global curve fitting method, shaker excitation

- FRFs acquisition, no correlation between the two exciters (2 different random noise generators)
- Global curve fitting of FRFs with Multiple Input, Multiple Output (MIMO) method
- Calculation of eigen frequency, damping and mode shapes.

Accelerometers TYPE : DJB A120 / VL2 Weight : 14 g
Exciters : at point 12Z and 112Z : PRODERA 20 JE 20C , Weight of moving part : 190 g
Stiffness of moving part : 1000 N/m

Computer : PC 486 DX compatible coupled with TEKTRONIX 2630 spectrum analyser for FRF
acquisition.

Software : SMS GENRAD STAR MODAL Version 5.1

3.3) Global curve fitting method, impulse excitation

- FRFs acquisition

- Curve fitting of FRFs with Single Degree Of Freedom (SDOF) method (polynomial or global least
square, depending of mode coupling)

- Calculation of eigen frequency, damping and mode shapes

- Global curve fitting of FRFs with Single Input, Multiple Output (SIMO) method

- Calculation of eigen frequency, damping and mode shapes.

Accelerometers TYPE : DJB A120 / VL2 Weight : 14 g
Exciter : Impulse Hammer type PCB 086C03

Computer : PC 486 DX compatible coupled with TEKTRONIX 2630 spectrum analyser for FRF
acquisition.

Software : SMS GENRAD STAR MODAL Version 5.1
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4) Nominal Transfer functions
4.1) Sine swept excitation signal

The reference signal (force introduced in the structure) is given by measuring the cument in the
moving coil of the exciter and the response signal is the acceleration at the considered point (12Z or
112Z). Acquisition is done step by step in the bandwidth from 4 to 65 Hz by 29.8 e Hz (2048 points).

— MeghZFUZ

— NegpfZ2F1Z

Figure 3 . Magnitude of transfer functions 12Z/F112Z and 12Z/F122

W0 —— e _ . I cm—— (Phase]{Z2F112Z2 = [Phase\2F122

Fraquency (W2}

Figure 4 : Phase of transfer functions 122/F112Z and 12Z/F12Z
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Figure 6 . Phase of transfer functions 112Z2/F112Z and 1122/F12Z
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3.1) Random noise excitation signal

The reference signal (force introduced in the structure) is given by a force cell placed between the
exciter and the structure, the response signat is the acceleration at the considered point (122 or
112Z). The transfer functions presented here are the result of FFT2 averaging of the global signal
analysed in the bandwidth from 4 to 65 Hz by 29.8 e Hz (2048 points).

— Magn1ZZF112Z

—_— a1 ZF 12

Figure 7 . Magnitude of transfer functions 12Z/F112Z and 12Z/F12Z

<( ———— (Phase[i2ZIF112Z = (PhasalF12 1 - [

Figure 8 : Phase of transfer functions 12Z/F112Z and 12Z/F12Z

2FFT : Fast Fourier Transform
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Figure 10 : Phase of transfer functions 1122/F112Z and 1122/F12Z

The comparison of the FRFs acquired with the two methods shows that resuits are close together in
term of frequency and amplitude for the two first peaks (6 & 16 Hz). For the third frequency (34 Hz).
gap in amplitude is due to overioad problem of input amplifier not detected during acquisition.

A more noisy signal is acquired in cross FRF with random excitation due to a loss of coherence
during acquisition.
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Frequencies and structural damping of measured modes by the three method are given below.
Generalized mass were only obtained with the phase resonance method.

Sinusoidal excitation
Phase resonance method

Mode n°

Frequency
(Hz)

Damping
(%)

Gen. mass
(m?Kg)

PC3 [ FQ?

PC

FQ |

>l
~ o

2.628

4 ° | A

HHE | HHE

2.675

#HHE | A

HHE | #HHE

6.949

1.65]1.18

3.84 | 4.47

15.996

1.39 | 1.34

12.1[12.5

32.867

1.06 | 0.96

0.69|0.76

33.375

1.65[1.27

065| 0.8

34.726

1.03 | 0.80

15.6 | 20.2

48.07

2.38|2.12

9.14 1103

o|o|~N[o|n] ||

49.276

0.54 | 0.53

92 | 941

At

i

62.443

2.08 | 1.56

18.6 | 26.2

»| 3P| 0| >|0]|>|>|0n

b | b
N| =]

63.888

0.74

38.1

Hammer excitation
SDOF extraction method

Mode n°

(Hz)

Frequency

(%)

Damping

3.01

6.94

L

i

6.4

2.23

16.01

1.74

31.92

1.3

34.66

1.89

35.13

1.08

48.49

2.52

OO N | ] W] =

49.28

0.50577

54.43

0.2847

62.9

1.72

»{»|C|>|0|>| 0> > l0]>|n

-t | -
N|=2]|=

0.92621

63.29

Random noise excitation
MDOF extraction method

Mode n° | Frequency | Damping
' (Hz) (%)
18 #HHE it
2 A 2.01 29.24
38 6.92 1.15
4 A 16.09 1.29
5 A 32.96 1.01
6 S 33.48 1.19
7A 35.33 1.1
8 S 48 .41 237
9 A 50.07 1.14
10 56.17 0.19977
11 A 63.15 0.3352
12 A 63.34 1.03
Hammer excitation

MDOF extraction method

Mode n° Frequency Damping
(Hz) (%)
18 3.02 8.01
2 A it ikt
3 s 6.39 2.36
4 A 15.98 1.79
5A 31.84 1.49
6 S 32.33 7.83
7A 35.12 1.13
88 48.47 2.51

9 A 49.25 5.55E-01

10 54.42 2.97E-01
11 A 63.01 1.47
12 A 64.74 10.61

Modes n° 1 & 2 are rigid modes of the testbed on its suspension.

3 PC : Complex Power method

4 FQ : Force Quadrature method
S S : Symmetrical mode
6 ##4# : Data not measured in this configuration
7 A : Antisymmetrical mode
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5.1) Comments on obtained results

-Sinusoidal excitation, Phase resonance method
The two values for damping are obtained with compiex power method for the first one and quadrature
force method for the other one.

Modes n° 1 & 2 : rigid symetric and antisymetrical modes, calculation of modal parameters
was not performed

Mode n° 10 : this mode was not acquired because the shakers were not in the good position
to isolate this mode

Mode n° 12 : only complex power method was applied to calculate modal parameters

- Random noise excitation MDOF extraction method
Mode n° 1 : not enough definition at this frequency to extract correctly this mode (too high
coupling with mode n°2)

- Hammer excitation SDOF & MDOF extraction methods
Mode n° 2 : same problem as explained above for random excitation.

5.2) Methods comparison

Following tables compare the frequencies and damping of structural modes for three other cases
versus phase resonance method results.

Phase ﬂRandom Hammer Hammer
Resonance MDOF SDOF MDOF
Mode n° Freq. (H2) Delta Delta Delta
3 6.949 -0.42% -7.90% -8.04%
4 15.996 0.59% 0.09% -0.10%
5 32.867 0.28% -2.88% -3.12%
6 33.375 0.31% 3.85% -3.13%
7 34.726 1.74% 1.16% 1.13%
8 48.07 0.71% 0.87% 0.83%
9 49.276 1.61% 0.01% -0.05%
10 #is it #HH i
11 62.443 1.13% 0.73% 0.91%
12 63.888 -0.86% -0.94% 1.33%
_ _ . __ S
e . __ S
Phase Random Hammer Hammer
Resonance MDOF SDOF MDOF
| Mode n° _jDamping (%) Delta Delta Deita
3 1.18 -2.54% 88.98% 100.00%
4 1.34 -3.73% 29.85% 33.58%
5 0.96 5.21% 35.42% 55.21%
6 1.27 -6.30% 48.82% 516.54%
7 0.8 37.50% 35.00% 41.25%
8 2.12 11.79% 18.87% 18.40%
9 0.53 115.09% -4.57% 4.72%
10 H#HHE HH i i
11 1.56 -78.51% 10.26% -5.77%
12 i #&t it — HH

We notice close results between phase resonance method and random noise excitation MDOF
method.More discrepancies for mode n°3 frequency and mainly for damping values of all modes are
obtained with the 2 methods using hammer excitation.
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These results were expected due to the lack of energy introduced in structure by hammer impact.

To complete this test, no particular problems were encountered to measure the modes of the testbed
with the phase resonance method. But, for the modes n° 5, 6 & 7, which frequencies are close
together, the results of the phase resonance test which was performed before the phase separation
test were very helpfull to extract these three modes and so improve the comparison.

6) Modes shapes

Z
/J\\-
X Y
(Mode not measured)
Sine phase resonance Random MDOF
Frequency : 2.628 Hz Frequency : ###t Hz
Damping : ### | #it# % Damping : #it# %

generalised mass : ### / ## m*Kg

Hammer SDOF Hammer MDOF
Frequency : 3.01 Hz Frequency : 3.02 Hz
Damping : 6.94 % Damping : 8.01 %

Mode n°1 (rigid mode)
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Sine phase resonance Random MDOF
Frequency : 2.675 Hz Frequency : 2.01 Hz
Damping : ### / #HH % Damping : 29.24 %

generalised mass : ### / #t m*Kg

Mode n°2 (rigid mode)
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Sine phase resonance Random MDOF
Frequency : 6.949 Hz Frequency : 6.92 Hz
Damping : 1.65/1.18 % Damping : 1.15 %

generalised mass : 3.84 / 4.47 m?Kg

Hammer SDOF Hammer MDOF
Frequency : 6.4 Hz Frequency : 6.39 Hz
Damping : 2.23 % Damping : 2.36 %

Mode n°3
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ey
Z
X
Sine phase resonance Random MDOF
Frequency : 15.996 Hz Frequency : 16.09 Hz
Damping : 1.39/1.34 % Damping : 1.29 %
generalised mass : 12.1/12.5 m?Kg
Z
X

Hammer SDOF Hammer MDOF
Frequency : 16.01 Hz Frequency . 15.98 Hz

Damping : 1.74 % Damping : 1.79 %
Mode n°4 ‘



Sine phase resonance
Frequency : 32.867 Hz
Damping : 1.06 / 0.96 %
generalised mass : 0.698 / 0.766 m*Kg

Hammer SDOF
Frequency : 31.92 Hz
Damping 1.3 %

Mode n°5
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Random MDOF
Frequency : 32.96 Hz
Damping : 1.01 %

Hammer MDOF
Frequency : 31.84 Hz
Damping : 1.49 %
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Sine phase resonance Random MDOF
Frequency : 33.375 Hz Frequency : 33.48 Hz
Damping : 1.65/1.27 % Damping : 1.19 %

generalised mass : 0.652 / 0.8 m*Kg

Hammer SDOF Hammer MDOF
Frequency : 34.66 Hz Frequency : 32.33 Hz
Damping : 1.89 % Damping : 7.83 %

Mode n°6



PROGRAMME :

ATA :
N° 1450 0134/96 éd. 1
Page 17

— ZMV ]
|

R ¢

X" X
Sine phase resonance Random MDOF
Frequency : 34.726 Hz Frequency : 35.33 Hz
Damping : 1.03/0.80 % Damping : 1 10 %
generalised mass : 15.6 / 20.2 m?Kg
Z
X

Hammer SDOF Hammer MDOF
Frequency : 35.13 Hz Frequency : 35.12 Hz
Damping - 1.08 % Damping : 1.13 %

Mode n°7



PROGRAMME :

ATA :
N° :450.0134/96 éd. 1
Page :18

1, 1

x".

Sine phase resonance Random MDOF
Frequency : 48.07 Hz Frequency : 48.41 Hz
Damping : 2.38/2.12% Damping : 2.37 %

generalised mass : 9.14/ 10.3 m*Kg

Hammer SDOF Hammer MDOF
Frequency : 48.49 Hz Frequency : 48.47 Hz
Damping  2.52 % Damping : 2.51 %

Mode n°8



PROGRAMME :

ATA :
N° :450.0134/96 éd. 1
Page 119

Sine phase resonance Random MDOF
Frequency : 49.276 Hz Frequency : 50.07 Hz
Damping : 0.54 / 0.53 % Damping - 1.14 %

generalised mass ;: 92/ 94.1 m*Kg

Hammer SDOF Hammer MDOF
Frequency : 49.28 Hz Frequency : 49.25 Hz

Damping : 0.50 % Damping : 0.55 %
Mode n°9 '



PROGRAMME

ATA :
N° : 450.0134/96 éd. 1
Page - 20
\’\\%/
Z
v
Sine phase resonance Random MDOF
Frequency : ### Hz Frequency : 56.17 Hz
Damping : #4¢ | #H# % Damping : 0.20 %
generalised mass : ### / #H#H m?Kg
R >
X X
Hammer SDOF Hammer MDOF
Frequency ' 54.43 Hz Frequency : 54.42 Hz
Damping - 0.28 % Damping : 0.29 %

Mode n°10



PROGRAMME :

ATA :
N° : 450.0134/96 é&d. 1
Page 121

Sine phase resonance Random MDOF
Frequency : 62.443 Hz Frequency : 63.15 Hz
Damping : 2.08 / 1.56 % Damping : 0.33 %
generalised mass : 18.6 / 26.2 m?Kg
2 e
X"' ’ Y
Hammer SDOF Hammer MDOF
Frequency . 62.9 Hz Frequency : 63.01 Hz
Damping . 1.72 % Damping : 1.47 %

Mode n°11



PROGRAMME .
ATA :

N° - 450 0134/96 &d 1
Page 122

Sine phase resonance Random MDOF
Frequency : 63.888 Hz Frequency : 63.34 Hz
Damping : 0.74 / #HHt % Damping - 1.03 %

generalised mass : 38.1 / ### m?’Kg

Hammer SDOF Hammer MDOF
Frequency : 63.29 Hz Frequency : 64.74 Hz
Damping : 0.92 % Damping : 10.61 %

Mode n°12



PROGRAMME :

ATA :
N° 1 450.0134/96 éd. 1
Page 123

7) conclusion

AEROSPATIALE tested three different methods with two types of excitation (shaker and hammer
excitations) on this GARTEUR SM-AG 19 testbed.

Analysis of these measurements showed close results in term of frequency and damping between
phase resonance method and random excitation MDOF curve fitting method. Nevertheless with
hammer excitation, discrepancies in results are noticed due to the lack of energy introduced in the
structure by hammer impact.

Up to now, for modal measurements on a complete aircraft structure, we have more confidence in
phase resonance method than in other ones to obtain good quality in mode shapes and modal
characteristics measurements.

Comparisons with other European companies and laboratories results could modify this point of view
and allow us to evaluate the efficiency and the reliability of the different phase separation methods.

This will be helpfull in the future to improve AEROSPATIALE vibration test system and the way to
proceed a ground vibration test on aircraft.
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GVT on GARTEUR SM-AG 19
testbed.

1 Introduction

Ground vibration test (GVT) are used in the certification procedure for aircraft. The tests plays an
important role in updating the FE-models. The GARTEUR group decided to compare different
modal testing methods used by the different participants throughout Europe. A testbed was made by
ONERA and was designed to obtain three close modes. The testbed circulated to each participant
during 1995 and 1996. The test request is described in Appendix A.

2 Experimental set-up

A test was made in February 1996 with Saab Military Aircraft GVT system. The system uses a HP
745 I workstation supported by LMS Cada-X software and a 132 channel Difa SCADAS front-end.
Ling Dynamic Systems LDS V101/2 shakers were used for excitation and the stinger was a special
made rigging screw as shown in figure 3. For excitation in the vertical direction, the shakers were
placed directly on different metal cubs as shown in figure 4. For excitation in the horizontal plane. a
thin rubber pad was placed between the shaker and the metal cub. The exciter signals were amplified
using LDS PA2SE power amplifier.

2.1 Testbed

The testbed was a two piece structure (wing and fuselage/tail) with the pieces fixed to each other
with four bolts. Figure | below shows a sketch of the testbed.

Figure [ Sketch of testbed

1 1 048 i 119 1
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Figure 3 Detailed view of shaker

Figure 4 View of test installation
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6.48Hz 0.99 % 16.33Hz 1.38 %

33.31Hz 133 % 33.75Hz 140 %

3573Hz 093 % 48.85Hz 227 %

4938 Hz 0.33% 55.18 Hz 0.13 %

Figure 5 Modeshapes, eigenfrequencies and modal dampings of the eight analysed modes



(m/s2)/N

Saab Military Rircrafx

Test: xXFPRF

Flight Test Department

FRF

Hv-estimator

Date: 12-06-96

Blocksize: 4096

Number of averages:

Resolution: 0.02

Window: uniform

2

937948

10

[
9
(1
S0

40
"

20

1

; HTIHT

P WYY

"3

™

] ﬁ‘rq —

o
0

[

0.}

0. 04
0. 07

0.04
0.0

0 04
0.0%

IRERER

I L i 1 ] J
4xFRF IRF Hv-estimator tin:12:¢Z rvin 12 +2
FRF synthesized rvin.12.42 rwan.12 +2

L

|

L I;l.++§%1’”

R

]

! llJllII

|

L1 ] IJHI[

6 01
4

W
 m——
(=
—
Pe—
P
-

10 15 9

H2

996

A gy



(m/s2)/N

Saab Hilitary Rircraft

Flight Test Department

Date: 12-06-96

Test:

AxFRF

FRF

Hv-~-estimator

Blocksize: 4096

Number of averages: 2

Resolution: 0.02979H8

Window: uniform

100
?

{
40
20

(- - - X- Y-
s saes

0.01

0.00
0.00§
0.009

0.004)
0.00

4xFRF FRF Hv-estimator 1
FRE synthesized tvan.12 +2 lvin 112 2

Lln.lZ

+2Z lvin 112..2

I r [ T

[ lllUJj'

R

I

11 IllUll

I!IIIJJ

1

1_1 ILIIMI

0 001

20

30

Hz

996

E)]:é

A
Lb2 b M40

—



(m/s2)/R

TSnb Hilitary Rircraft

Test: 4xFRF
Flight Test Department Blocksize: 4096
Number of averages: 2
FRF
Hv-estimator Resolution: 0.02979H8
Date: 12-06-96
Window: uniform
10/
=25 I I LL | 1 I I ] ] ]
S 4xPRF FRF Hv-estimator 1in.112..2 lvin 112 2 .
o— FRE osynthesized lvin 112:42 lvin 112 2 ]
so— _
“0— -
L —

T

29

-
[--3

i

q— =
T —
o— -]
| el —
44— —
1’— /
l__——' -
HE o -
0. §— —
o.8}—
L .1
0.3— -
0.4~ —
0.1 e
0.0 —
0 07 ]
0.06 ]
0.9 —
0.04 —
0.03 i u
1
0.04— —
ool | 1 [ | J ) | | J |
4 5 10 15 20 25 0 [ 40 L1 S0 3 [}

Hz

996

L1 ]

]



(m/s2)/N

10

?
11
H
4
?

Saab Hilitary Riveralt Test:

Flight Test Dspartment

Date: 12-06-96

AxFRF

FRF

Hv-est imator

Blocksize:

Number of averages:

Resolution:

Window:

4096

0.02979¥s

uniform

| | | J., T
4xFRY PRP Hv-estimator n:112.¢2 gwin 12 o2

s FRP synthesized lvin.112.¢Z rvin 12 .2

LIt

I

]

30

Hz

40

50

60

996

b 914



Annex 11

CNAM CONTRIBUTION



GARTEUR SM-AG19
C.N.A.M.
STRUCTURAL MECHANICS AND
SYSTEMS LABORATORY.

By Nicole Henriet

September 12. 1996



Contents

1 INTRODUCTION
2 TEST EQUIPMENT

3 INSTRUMENTATION
3.1 Excitingpart . ... ...
3.2 Response part . . . . . . .t i i it e e e
3.3 Acquisitionpart . . . ...

3.4 Identification . . . . . . . . . e e e
4 EXPERIMENTAL MEASUREMENTS

5 IDENTIFICATION

11
11
11

12

17



List of Tables

Table of results.comparisons . . . . . .. .. .. ... ..... 27
Mass normalized modeshapes 6.19 Hz to 3296 Hz . . . . . . . 28
Mass normalized modeshapes 35.63 Hz to 63.03 Hz . ... .. 29
mass normalized modeshape for 16.16 Hz - 1.42% . . . . . .. 30

o



List of Figures

2.1 Test Equipment . . . .. ... . ... ... ... ...,
3.1 Excitingpart . .. ... ...
3.2 Testbed Suspensions . . . . .. .. ... .. ... . ..., .



s

Chapter 1

INTRODUCTION

To prove the aeroelastic stability in an airplane, different experimental and
numerical methods are used.

Ground Vibration Test (GVT) allow to predict the Dynamic Perfor-
mances of a structure and/or to check and to update analytical structural
models.

The reability of these experimental methods plays a key role in the cer-
tification process.

To validate identification methods and their reability the proposed Gar-
teur Action Groupe SNM-AG19 expect to make comparative test on a common
testbed by means of different G\'T methods.

Research institutes and industrial partners group together 12 partici-
pants. The documentation for the Garteur SM-AG19 testbed is listed in
annex A.

The present document gives a summary of some selected tests with which
we try to compare the modal parameters :

o issued from different identification methods.

e given by SOPEMEA

o identified with different softwares



Chapter 2

TEST EQUIPMENT

All the operations about the checkup have been performed :

degrease the connection plates

assemble wing and fuselage applving a torque of 15.TmN for the con-
nection screws

suspend the structure coupling by a hook and the suspension connec-
tion piece which is included in the pack on the top of a mezzanine
(height : 2.50m)

stick the 2 accelerometers at the specified locations on a sticky paper
glued to the structure (the glue is cvanoacrylate)

stick 2 force transducers at the points 12 and 112 in the same way as
the accelerometers

suspend 2 vibration exciters in front of the points 12 and 112 of the
structure. Each vibration exciter is suspended by 4 bungees on a plate
fasten to a three linear axes system screwed on the top of the mezzanine

fix the 2 complement masses of 200 grs at the drum tips

perform the horizontability of all suspended parts with a spirit level



Figure 2.1: Test Equipment



Chapter 3

INSTRUMENTATION

See the specifications in annex B.

weight: 11grams
ACCELEROMETER charge sensitivity: 0.3 pC/ms? B&K |
43N I
\\\\\\\ N CHARGE
WING AMPLIFIER
N \\\\&\ B&K 2635
Elfective seismic mass: B&K 8200 —-l
e above piezoelectric element: 3grams
FORCE TRANSDUCER . .
* below piczoelectric element: 18 grams
Charge sensitivity: 4pC/N DIFA
MEASURING
L 40mm SYSTEMS ]
PUSH ROD
@ 03 mm SCADAS I
weight: 8.3Kg
VIBRATION EXCITER | forceracing: 45 Nsine peak BLK 4809
maximum input: 5 ARMS POWER
AMPLIFIER
B&K 2706
LMS
MATLAB SDT
HP 715/50 workstatior

LN



3.1 Exciting part

e 2 vibration exciters of type 4309 with power amplifier model 2706 from
Bruel & Ijaer company.

— Force rating 45 N sine peak

Maximum input current 5A RMS

~ Frequency range 10Hz to 20l\Hz

Weight 8.3IKg with a dynamic weight of moving element of 60 grs

e 2 force transducers of type 8200 with charge amplifier model 2635 from
Bruel & Kjaer

— charge sensitivity 4 Pc/N

effective seismic mass above piezoelec-

tric element 3 gr

— weight 21 grs
effective seismic mass below piezoelec-
tric element 18 gr

e a push rod of diameter 0.9 mm and lenght of 40 mm is tighten by his
extremities with 2 cylinders pieces, screwed at the top with the force
transducer and below with the vibration exciter

Figure 3.1: Exciting part



Here are some caracteristic dimensions of the test equipment :

pushrod with the cylinders pieces
— weight :18 gr
— lenght :78 mm (pushrod = 30 mm)
o vibration exciter suspension frequency in the vertical axis : ~ 1Hz

e airplane suspension frequency in the vertical axis (without the 2 shak-
ers): ~2H:

e airplane suspension lenght

Mezzanine

Suspension Assenbliy

320

Testbegd
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3.2 Response part

e 24 accelerometers type 4371 with charge amplifiers from Bruel & Kjaer

— charge sensitivity : 9.8 Pc/g
— weight : 11 gr
— frequency range : 0.2 - 9100 Hz

3.3 Acquisition part

All the measurements are dealed in a DIFA MEASURING SYSTEN (SCADAS
IT) which can accept together 4 excitations and 10 response signals.

3.4 Identification

We make the identification using two softwares :

o L)IS (Leuven Measurement Systems) modal analysis

e Matlab STRUCTURAL DYNAMICS TOOLBOX (Scientific Software)

on a Hewlett Packard 715/30 station.

11



Chapter 4

EXPERIMENTAL
MEASUREMENTS

We purpose two decorelated random excitation measurement sets at :

e points 12 and 112
e points 01 and 101
The transfer functions were measured 10 by 10 because of the limitations

of our hardware in a frequency band of 100 Hz with a low-pass filter ot 80 %
and with 50 averages.



Complement mass : The force transducer is sticked to the structure. For
this reason and in order to respect the specification. we must include the
top seismic mass (18 grams) of the transducer in the determination of the
complement mass.

\We decide to neglect this 18 grams and to keep the 200 grams coniplement
mass.

"

Seismic mess 18 grems
Force

Piezcelectric cdiscs -~ .
{renscucer

Seismic mess 3 grems  ~——

Comment :

e Ve have some suspension modes in the frequency band of interest.

e The 2 by 2 set transfer functions corresponding to excitation and re-
sponse at the drum front tips (vertical excitation at points 12 and 112)
show :

— The non symmetry of the structure by the collocated FRF.

— The reciprocity of the structure by the cross transfers.

e If we remove the 200 grams complement mass, we observe on the two
measured FRF 12/112 and 12/12, a shifting forward of the frequencies.

13
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Chapter 5

IDENTIFICATION

We choose 6 frequency bands to identify 9 modes (including 2 suspension
modes) in the bands of interest :

4-§ Hz ; 10-20 Hz ; 30-38 Hz : 43-53 Hz ; 52-58 Hz ; 60-65 Hz.

How the identified modes allow a reconstitution of the measured transfer functions?

Upper and lower residual terms are determined, for each band, by the
least squares technique.

Transfert functions are reconstituated by summation on each pole.

The table below presents the comparisons beetween all the results which
were available to us.

17
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Ims Window Align Model Component Vector Animation Node

hrt61_2s_0_80 9

Freq: 16.16 Hz
Damp: 1.42 9%

0 s/kg 0.0500
[SARARRARAN
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, Ims  Window Align Model Component Vector Animation Node ae

1ht61_2s_0_80 10
a Freq:32.45 Hz

Damp: 1.10 %
V@Y

0 s/kg 0.100
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SOPEMEA CNAM

Actuators : Actuators :
112/ + 7,12/ + Z 101/ + 2,01/ + Z
Mass : 200 gr Mass : 200 gr
4-65 Hz 30-38 Hz 4-65 Hz
SDT LMS LMS LMS
MATLAB
POLE | DAMPING RATE | POLE | DAMP | POLE | DAMP | POLE | DAMP | POLE | DAMP
(Hz) (%)
6.97 1.27 6.19 2.13 6.19 2.32 6.18 2.56
16.08 1.36 16.16 1.42 16.16 1.42 16.16 1.42
33.45 1.02 32.45 1.09 32.45 1.10 32.41 1.01 32.45 1.10
33.68 1.47 32.96 1.38 32.95 1.37 32.9 1.2 32.95 1.37
33.94 1.16 35.63 .89 35.64 97 35.66 91 35.64 .97
46.08 2.58 49.08 2.18 49.07 2.18 49.07 2.18
48.62 91 49.56 S 49.54 .51 49.54 .51
53.58 .56 55.01 24 55.00 .22 55.00 22
61.14 2.06 63.03 1.93 62.99 1.93 62.99 1.93

Table 5.1: Comparisons table of results




- 6.19 Hz | 16.16 Hz | 32.45 Hz | 32.96 Hz
206/-Z | -2.900e-02 | -2.273e-04 | -2.512e-02 | -2.061e-03
108/-Z | -5.372e-03 | -1.017e-01 | -6.666e-02 | 3.642e-02
105/-Z | 5.176e-02 | -4.840e-02 | 1.647e-01 4.058e-02
105/-X | -1.336e-04 | -2.394e-02 | 1.068e-01 | -1.149e-02

8/-Z |-3.322e-02 | 1.104e-01 2.790e-01 5.884e-03
5/-Z 3.811e-02 | 3.101e-02 | 2.583e-01 1.452e-02
5/-X 1.884e-02 | 2.497e-02 | -1.350e-01 | 8.433e-03
111/-Z | 1.486e-01 | 1.224e-01 | -1.104e+01 | -2.326e-01
101/-Z | 1.435e-01 | 1.324e-01 | -7.054e-01 | -3.719e-02
112/-7Z | 1.394e-01 | 1.443e-01 | 9.712e+400 | 1.582¢-01
112/-X | 5.739e-04 | -4.080e-02 | -2.616e-01 | -2.976e-02
11/-Z | 1.417e-01 | -1.224e-01 | 1.723e400 | -9.699e-01
1/-Z 1.397e-01 | -1.323e-01 | -7.095e-02 | -6.401e-02
12/-Z | 1.363e-01 | -1.494e-01 | -1.905e+00 | 8.642e-01
12/-X | 2.826e-02 | 3.750e-02 | -2.348e-01 | -5.543e-03
201/-X | 9.192e-03 | -1.693e-04 | 2.063e-02 1.792e-03
201/-Y | 2.031e-02 | 3.750e-04 | -1.250e-01 | 7.968¢-03
201/-Z | -4.043e-02 | -1.082e-04 | -9.067e-02 | -1.102e-02
302/-Y | -8.544e-03 | 2.646e-01 | -5.097e-01 | 3.681e-02
301/-X | 2.092e-02 | 2.666e-03 | 3.319e-02 1.119e-02
301/-Z | -1.403e-02 | 2.156e-01 | -7.647e-01 | 8.218e-02
303/-X | 1.583e-02 | -2.286e-02 | 1.669e-01 2.730e-03
303/-Z | -5.826e-03 | -2.356e-01 | 1.035e+00 | -5.639¢-02
205/-Y | 3.893e-03 | -5.273e-02 | 9.747¢-02 | -3.895e-03

Table 5.2: Mass normalized modeshapes

o
()




35.63 Hz | 49.08 Hz | 49.56 Hz | 55.01 Hz | 63.03 Hz

206/-Z | -1.373e-03 | 1.738e-01 |-1.839e-04 | 1.946e-03 | 3.586e-03
108/-Z | -2.043e-01 | -1.565e+00 | -1.542e-02 | 1.172e-02 | -9.907e-02
105/-Z | -2.187e-01 | -2.852e+00 ( -2.725e-02 | 1.233e-02 | -9.083e-01
105/-X | 4.114e-02 | 4.275e-02 | -3.098e-02 | 8.848e-02 | 6.556e-02
8/-Z | 2.001e-01 |-1.492e+00 | 2.213e-02 | 1.300e-02 | 1.323e-01

53/-Z | 2.154e-01 | -2.713e+00 | 4.024e-02 | 2.006e-02 | 9.769e-01

5/-X [ -3.725e-02 | 9.809e-02 | 3.029e-02 | 8.984e-02 | -6.488e-02

111/-Z | 2.523e-01 | 1.941e4+00 | 2.601e-02 | -3.611e-02 | 5.452e-01
101/-Z | 1.349e-01 | 1.412e4+00 | 1.443e-02 | -9.663e-03 | 4.281e-01
112/-Z | 2.566e-02 | 1.010e+00 | 2.923e-03 | 2.074e-02 | 3.714e-01
112/-X | 6.296e-02 | -4.961e-02 | -6.884e-02 | 2.290e-01 | 1.187e-01
11/-Z |-2.212e-01 | 1.839e+00 | -3.467e-02 | -4.183e-02 | -6.035e-01

1/-Z | -1.184e-01 | 1.350e+00 | -1.839e-02 | -5.942e-03 | -4.794e-01

12/-7Z |-1.664e-02 [ 9.338e-01 | -8.360e-03 | 1.146e-02 | -3.968e-01
12/-X | -6.356e-02 | 2.006e-01 | 6.633e-02 | 2.300e-01 | -1.434e-01
201/-X | 4.099e-04 | 9.044e-04 | 8.047e-04 | -2.830e-02 | -6.861e-03
201/-Y | -1.496e-02 [ -2.587e-02 | -2.208e-02 | -9.393e-05 | 2.658e-01
201/-Z | -2.468e-04 | 2.333e-01 [-8.693e-04 | 5.542e-03 | 1.483e-03
302/-Y [ -1.190e-01 | 1.965e-02 | 4.797e-03 | 1.132e-03 | -4.507e-02
301/-X [ 3.534e-03 | -1.150e-01 | -3.519e-02 | -3.496e-02 | 5.451e-01
301/-Z | -2.279e-01 | 5.766e-02 | -4.500e-02 | -4.430e-03 | 9.956e-01
303/-X | 1.029e-02 | -1.532e-02 | 3.578e-02 | -3.467e-02 | -5.895e-01
303/-Z | 2.409e-01 | 5.844e-02 | 4.667e-02 | -6.676e-03 | -1.029e4-00
205/-Y | -1.855e-02 | 6.060e-02 | 4.221e-02 | 5.423e-04 | 1.623e-02

Table 5.3: Mass normalized modeshapes




DOF | FE model Test | CNAM
11 -Z | -1.9425e-01 -2.10S84e-01 | -1.2245e-01
1-Z |-2.0671e-01 -2.2120e-01 | -1.3232e-01
12-X | 1.0018e-01 6.8343e-02 | 3.749Se-02
12-7 | -2.2274e-01 -2.4736e-01 | -1.4935e-01
5-X 6.2270e-02  3.8233e-02 | 2.4963e-02
5-Z 2.2410e-02  8.7033e-02 | 5.1007e-02
8 -Z 1.0906e-01  1.7198e-01 | 1.1044e-01
111 -Z | 1.9425e-01  1.9867e-01 | 1.2242e-01
101 -Z | 2.0671e-01  2.3346e-01 | 1.3238e-01
112 -X ( -1.0018e-01 -3.5732e-02 | -4.0303e-02
112 -7 | 2.2274e-01  2.4969e-01 | 1.4433e-01
105 -X | -6.2270e-02  -3.9193e-02 | -2.3943e-02
103 -Z | -2.2410e-02 -8.0323e-02 | -4.8102e-02
108 -Z | -1.0906e-01 -1.7049e-01 | -1.0170e-01
201 -X | 7.98186-12  4.1933e-05 | -1.6933e-04
201 -Y | 1.9049¢-02 -4.3013e-03 | 3.7497e-04
201 -Z | -4.0715e-12  -1.4436e-03 | -1.0822¢-04
206 -Z | -2.3427e-12  -1.9260e-03 | -2.273Je-04
205 -Y | -1.2461e-01 -S.8705e-02 | -5.2732e-02
302-Y | 4.4911e-01  4.3936e-01 | 2.6463e-01
301 -X | 1.9636e-02  7.7943e-02 | 2.665%-03
301 -Z | 3.7794e-01  3.6447e-01 | 2.1562e-01
303 -X | -1.9636e-02  -1.7333e-02 | -2.2853¢-02
303 -7 | -3.7794e-01 -4.3194e-01 | -2.3560e-01

Table 5.4: mass normalized modeshape for 16.16 Hz - 1.42 %
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1- REASON FOR THE STUDY

This modal test take place in the GARTEUR activity issued from the work of the SM-EG 20 exploratory

group [A1]. The goal of the modal test of the GARTEUR SM-AG 19 testbed [R1] is to measure the transfer

function between the responses of the accelerometers fixed on the structure and the injected force located

at two points. The excitation locations are the outer edge of each wing of the specimen fixing a dummy

mass at the opposite side, which gives two test configurations.

The identification task is performed in order to constitute two experimental modal bases, corresponding

to the two different configurations, with the eigen frequencies, the damping ratios and the mode shapes

of the structure. These identified modal characteristics will be then comparable to the results obtained in

different laboratories in Europe.

2 - REFERENCES

2.1. APPLICABLE DOCUMENTS

[Al] "GARTEUR - SM-EG 20 - Proposal for the formation of a GARTEUR action group on ground
vibration test techniques", May 3rd, 1995.

2.2. REFERENCE DOCUMENTS

[R1] "Documentation for the GARTEUR SM-AG 19 testbed", ONERA document reference
GARTEUR SM-AG 19, test documentation, April 25th, 1995.

[R2] DynaWorks® V3.1, User's Guide, INTESPACE document reference DY31.530_01F/1.3,
November 11th, 1994.

[R3] DynaWorks® V4.0, User's Guide, INTESPACE document, issue 1.0, December 21th, 1995.

[R4] PROTO-Dynamique V3.2, User's Guide, INTESPACE document reference D095.152 EVED,
July 1st, 1995.

3 - ADMINISTRATIVE DETAILS

3.1. TEST REQUESTED BY

- INTESPACE

3.2. REPRESENTATIVE PRESENT FOR THE TEST

- INTESPACE : P-E. DUPUIS

3.3. DATES

The modal test has been performed from June 5th to 7th, 1996.

3.4. INTESPACE REFERENCE

For the test and the analysis, the reference is J02858.
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4 - MODAL TEST
4.1. MATERIAL TESTED

The specimen tested is the GARTEUR SM-AG 19 testbed [R1].

4.2. TEST FACILITY
4.2.1 Site

The modal test takes place at INTESPACE.

4.2.2 Test set-up

The specimen is hanged up to a specific device furnished by ONERA [R1].

4.2.3 Excitation system

The excitation is obtained using an electrodynamics shaker with a maximum force of 200 N. This
shaker is mounted on a low frequency suspension in order to mechanically decouple the excitation from
the rest of the test set-up. A sweep sine signal from 5 to 65 Hz with a 0.25 octave/minute sweep velocity, is
sent to the power amplifier attached to the shaker.

The excitation force is applied to the shaker through an adaptator containing one load cell. Figure 1
presents this test set-up and the excitation principle. Figures 2 and 3 present two examples of excitation.

Low Frequency
Suspension
P T—

-a—— Shaker

+<— Load Cell

i

Specimen

Acquisition,
treatment and

— ‘ — storage system

Figure 1 - Test Set-up
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Figure 3 - Specimen with Dummy Mass on right side - Left Excitation
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4.3. MEASUREMENT FACILITY

4.3.1 Instrumentation

The specimen is instrumented with 24 accelerometers plus three located on the suspension device. The
sensor locations are tabulated and plotted in appendix 1.

4.3.2 Acquisition system

Each accelerometer is connected to an acquisition station which is able to process the 27 accelerometers
channels simultaneously. Each channel signal is divided by the load cell signal, thus allowing to
generate 27 transfer functions.

4.4. TEST LOG
4.4.1 Sequence
The test sequence is the following :

* configuration of the specimen

set-up of the excitation system

excitation and acquisition

specimen integrity control

results control (phases coherency, overload detection...)
run acceptation

This test sequence is respected for each excitation configuration.

4.4.2 Results

For each test, the acquisition software ITS/SAMIX, generates a DynaWorks® 3.1 [R2] neutral file
containing each global and filtered signal, and the transfer function obtained between each of the
accelerometric channels and the excitation force signal. Table 1 presents the labels of the
corresponding files delivered to ONERA.

Tests Ne Universal
files
Run at 1 N, along Z axis, left wing, 5 - 65 Hz 001Z -
Run at 5 N, along Z axis, left wing, 5 - 65 Hz 004Z garteur_4Z.dat
Run at 5 N, along Z axis, right wing, 5 - 65 Hz 005Z garteur_5Z.dat

Table 1 - Tests/Universal Files correspondence
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5 - SELECTION OF TEST RESULTS

5.1. PROCEDURE

For one excitation configuration, two excitation force levels were applied : at 1 N and at 5 N, in order to
verify the linearity of the response and to determine the level allowing to obtain the best transfer
functions, i.e. with the best signal/noise ratio. The transfer overplot allowed to verify that responses

were independent from the excitation level on a great part of the frequency range.

The 5 N excitation level, given the best signal/noise ratio, was selected for modal identification.

5.2. TOOL

The software used for the plots and the management of all test data is DynaWorks® version 4.0 [R3].

5.3. RESULTS

The transfer functions obtained are written in an archive base which is used for the identification
described in the next chapter.

6 - MODAL IDENTIFICATION
6.1. TOOL AND METHOD

The identification task is performed with DynaWorks® version 4.0 [R3] software which includes the
identification method developed by the Professor LINK (University of Kassel, Germany).

The modal parameters of the fundamental equation of motion are adjusted to measured frequency
responses by curve fitting algorithms which minimize the least square deviation of measured and

recalculated response.

The influence of out of range modes is taken into account through the use of residual correction terms.

6.2. MODE SHAPES IDENTIFICATION
The modal parameters are identified using all the available responses.

The mode shapes are identified on the experimental geometry defined in the previous chapter. This
allows the generation of 10 modal vectors with 21 components each (21 degrees of freedom).

The resulting mode éhapes are stored in a temporary modal base with all the modal results (modal
parameters, bandwidth used...) related to the two tests.
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7 - COHERENCY CONTROL OF THE MODAL DATABASE

This last step is essential : it allows the elimination of numerical modes or modes which are not well
identified in order to build a final modal base with physical modes which allows a good representation
of the dynamic behaviour of the structure. This "sorting" is based on three main criteria.

The first one consists in visualisation of the mode shapes on the experimental structure, in order to point
out incoherencies due to identification errors. This allows also the detection of sensors with wrong
polarity (corresponding to "opposite" behaviour compared to the other sensors).

The second criteria consists in the computation of the MAC matrix (Modal Assurance Criterion) which
allows the quantification of the geometrical independence between modes shapes. This correlation is
achieved through the following definition :

21 21 21
For two modes ¢1 and ¢2,the MACis: MAC(¢1,¢2) = 2¢1_]¢_}2 / 2¢1_]¢_]1 2¢2J¢J2
j=1 j=1 j=1

This value is a kind of scalar product or coherency computation in FRF estimation. If MAC takes on a
value near zero, that means that the modes shapes are linearly independent. This can be used as an
approximation of an orthogonality check. This is a geometrical orthogonality check.

The last criteria, maybe the most physical one, is the response synthesis. It is possible to synthesise with
modal superposition, transfer functions built on the modal data identified. By this way, for a given
sensor, the comparison between a synthesised transfer and the initial measured one, can quantify the
representativity of the dynamic response built on these identified data.
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Mode| Frequencies Viscous . Comments

N° (Hz) damping (%)

1 6.1 41

2 7.7 29

3 16.3 11

4 33.7 1.0

5 36.0 0.7

6 40.7 0.9

7 49.6 3.4

8 50.3 0.9

9 56.7 0.1

10 64.0 04

Table 2 - Identified Modes for Left Excitation (004Z)
Mode| Frequencies Viscous C ¢

N° (Hz) damping (%) omments
1 6.2 3.8

2 7.3 4.2

3 16.3 1.2

4 33.3 0.7

5 35.8 1.0

6 414 0.8

7 494 3.2

8 50.0 04

9 56.7 0.2

10 63.9 1.3

Table 3 - Identified Modes for Right Excitation (005Z)

The identified modal base is then exported, under SDRC dataset 55 universal file format, to PROTO-
Dynamique [R4] software which works in a matrix environment and includes a lot of tools for test-
analysis comparison and optimisation.
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The MAC matrix computed on this base points can be represented as plotted in Fig. 4a and 4b. The four
main values are tabulated for each mode in appendix 3.

Modal Assurance Criterion

1 1.
2
3 B
4
@
T 5 -6
=
% b
[+ 1]
Lol 4R
7
]
8 |
2+
q |
10 g H
’ old
1 P O b K ] ] 10
Test Modes
a - Left Excitation (004Z)
Moadal Assurance Criterion
1.
.8
3 L5
T 5 b
=
> 6
@
= 4 H
8 J .
24
s -
10 ol

5 b 7 ] g 10
Test Modes

b - Right Excitation (005Z)

Figure 4 - MAC Matrix between Identified Modes
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The comparison of results show a very good coherency between the two runs.
In appendix 2 are plotted the three first modes for each configuration.
In appendix 4 are plotted the response curves compared to the corresponding synthesis ones. The results

show a very good coherency of the modal base and its ability to represent the dynamic behaviour of the
specimen.
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8 - CONCLUSION

Two modal tests have been performed on the GARTEUR SM-AG 19 testbed corresponding to two
configurations.

DynaWorks® software has been used to compare and to manage the data in a first step and to perform the
modal identification in a second step.

This identification points out 10 modes for each configuration, in the 5-65 Hz analysis bandwidth. The
consistency of the identified modal base (eigen frequencies, damping ratios and mode shapes) have
been checked through geometric orthogonality tests, through mode shapes visualisation on an
experimental model previously built, and through response synthesis.

These criteria have pointed out the coherency of the modal base and its ability to represent the dynamic
behaviour of the specimen.

This modal base can be now compared to the results obtained by the other partners.
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Node X (cm) Y (cm) Z (cm) Instrumented dofs
1 0 -95 0 Z+
2 0 -90 0
3 0 -80 0
4 0 -70 0
5 0 -60 0 X+ Z+
6 0 -50 0
7 0 -40 0
8 0 -30 0 Z+
9 0 -20 0
10 0 -10 0
11 -20 95 0 Z+
12 20 -95 0 X+ Z+

101 0 9% 0 Z+
102 0 20 0

103 0 80 0

104 0 70 0

105 0 €0 0 X+ Z+
106 0 50 0

107 0 40 0

108 0 30 0 Z+
109 0 20 0

110 0 10 0

111 -20 95 0 Z+
112 20 95 0 X+ Z+
201 60 0 9.6 X+ Y+ Z+
202 0 0 -9.6

203 -40 0 -9.6

204 -75 0 -9.6

205 -90 0 -9.6 Y+

206 0 0 0 Z+
301 -90 -20 28.5 X+ Z+
302 -90 0 28.5 Y+

303 -90 20 28.5 X+ Z+
999 - - - X+ Y+ Z+
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MODE: 3 FREQs 16,27 DAHP: 108.8
TISPLMEHENT - NORMAL MIN: 0,005544 HAX: 1,00

MODE: 3 FREQ: 16,27 DaMP: 105,.8
DISPLACEMENT -~ NORMAL MIN: ©0,005644 HAX: 1,00

MODE: 3 FREQ: 16,27 DAMP: _1'557!
TISPLRCEHENT - NORMAL HIN: 0,005844 HAX: 1,0

e

MODE: 3 FREQ: 16,27 DAMP S 105|.0
DISPLACEMENT - NORMAL MIN: 0,008844 MAX: 1,00
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MODAL ASSURANCE CRITERION Structure: garteur
Model : initial
Test : garteur_4z
Test |- - - - = = = = - - - - Test - - - - - - = = = = - - |
Mode Mode (value) Mode (value) Mode (value) Mode (value)
1 1 (1.00) 2 (0.86) 7 (0.25) 8 (0.08)
2 2 (1.00) 1 (0.86) 7 (0.31) 10 (0.06)
3 3 (1.00) 10 (0.42) S (0.05) 4 (0.02)
4 4 (1.00) 7 (0.13) 8 (0.09) 5 (0.06)
5 5 (1.00) 8 (0.14) 4 (0.06) 3 (0.05)
6 6 (1.00) 8 (0.17) 7 (0.02) 4 (0.02)
7 7 (1.00) 8 (0.33) 2 (0.31) 1 (0.25)
8 8 (1.00) 7 (0.33) 6 (0.17) S (0.14)
9 9 (1.00) 2 (0.02) 3 (0.01) 10 (0.01)
10 10 (1.00) 3 (0.42) 2 (0.06) 5 (0.05)
MODAL ASSURANCE CRITERION Structure: garteur
Model : initial
Test : garteur_5Z
Test |- - - - = = = - = - - - Test - - - - - - - = - - - - |
Mode Mode (value) Mode (value) Mode (value) Mode (value)
1 1 (1.00) 2 (0.92) 4 (0.40) 7 (0.25)
2 2 (1.00) 1 (0.92) 4 (0.27) 7 (0.10)
3 3 (1.00) 10 (0.37) 4 (0.07) 7 (0.06)
4 4 (1.00) 1 (0.40) 2 (0.27) 7 (0.11)
5 S (1.00) 8 (0.19) 7 (0.13) 4 (0.10)
6 6 (1.00) 4 (0.03) 7 (0.01) 9 (0.01)
7 7 (1.00) 1 (0.25) 5 (0.13) 4 (0.11)
8 8 (1.00) 5 (0.19) 7 (0.04) 10 (0.04)
9 9 (1.00) 6 (0.01) 4 (0.01) 10 (0.01)
10 10 (1.00) 3 (0.37) 8 (0.04) 4 (0.02)
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Appendix 4

Synthesised transfers compared to the measured ones

Measured transfers

Synthesised transfers

The transfers presented are available in the files :

J9600000004Z_0
J96000000052_0
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GARTEUR GROUP ON GROUND VIBRATION TESTING. RESULTS FROM THE
TEST OF A SINGLE STRUCTURE BY 12 LABORATORIES IN EUROPE.

Etienne Balmes
DRET / AC, ONERA, Structures Department
B.P.72, 92322 Chatillon Cedex, FRANCE

ABSTRACT

In an effort to assess state of the art methodologies for the
experimental determination of modal characteristics, 12
European groups, most of them working in the area of aircraft
ground vibration tests for flutter certification, participated in a
GARTEUR action group whose main activity was to have
independent tests of a single representative structure. Design
considerations for the common structure are first detailed.
Estimates of frequency response functions and modal
characteristics are then compared and show a level of
consistency that is much higher than those reported in previous
similar exercises.

L. INTRODUCTION

In the certification of new aircraft, Ground Vibration Tests
(GVT) play an important role for the verification or updating of
analytical models, allowing more accurate aeroelastic
predictions. Facing the risk of flutter, a high level of quality and
reliability in obtaining the modal characteristics of the aircraft
has to be achieved during the GVT.

Figure 1: Common testbed of the GARTEUR SM-AG-19.

Following a series of previous Round Robin surveys held in the
early 60s [1] and late 70s [2], a Structures and Materials Action
Group SM-AG-19 of GARTEUR (Group for Aeronautical
Research and Technology in Europe) was initiated in April 1995
with the major objective to compare a number of current
measurement and identification techniques applied to a common

Copyright © 1996 by ONERA. To appear in the proceedings of
IMAC, February 1997.

structure. The testbed (see figure 1) was designed and
manufactured by ONERA (France) and investigated by various
companies, research centers and universities from France
(ONERA, SOPEMEA, Aérospatiale, Intespace, CNAM),
Germany (DLR), the Netherlands (NLR, Fokker), Sweden (Saab)
and the United Kingdom (DRA, Manchester University, Imperial
College).

More specifically, the objectives of the GVT tests were to
evaluate the efficiency and reliability of test methods and to
identify the cause of discrepancies between measured frequency
responses or identified modal parameters. Each participant was
required to provide:

e a set of 4 transfer functions corresponding to excitat:on and
response of the left and right wing tip body (called dnems in the
rest of the paper) in the 4-60 Hz band. Although not required,
most participants provided a 2 input 24 output set of transfer
functions.

e estimated modal parameters (modeshape, frequency, damping
factor, and modal mass) at 24 reference accelerometer
locations.

The present paper outlines the activity of SM-AG-19 and
compares data provided by the participants. Design
considerations for the testbed are discussed in section 2.
Frequency response measurements are compared in section 3 and
modal parameters in section 4. In the comparisons, participants
are identified by letters in chronological testing order. Some data
sets obtained in a configuration differing from the test guidelines
(see more details in section 2) are not comparable ard are thus
not included.

2. DESIGN CONSIDERATIONS
Specifications for the testbed were
e a group of 3 very close modes to make the problem difficuit.

¢ 5 to 60 Hz, 50-100 kg, 2 by 2 m to make the testbed suitable
for instrumentation designed for aircraft.

* a joint at the wing/fuselage connection for transportation but
limiting variability from assembly to assembly.

e damping treatment to limit the effect of dissipation linked to
instrumentation.

® suspension by a common set of bungees to have similar
boundary conditions.

® 24 common sensor and 2 common shaker locations to allow
direct comparisons.

4/10/96



The most difficult design criterion was the presence of 3 very
close modes. On such a simple structure; close modal spacing
can only be achieved by using modes of a different nature
(bending modes in different directions, torsion modes. wing
modes vs. tail modes). The relatively massive fuselage induces a
near decoupling of torsion modes for each half wing, so that the
first two torsion modes come as a pair. The design thus mostly
adjusted the drum mass to put the frequency of the 2 torsions
close to another mode (the 3 node bending eventually). As shown
in figure 2, Nyquist plots of the final testbed show near the
resonance a single lobe or three very coupled circles depending
on the sensor.

12-2/12-x 105-2/12-2

3 € o4

£ ¢

T T 02

g 3

—40 -02 L
-20 ] 20 4]

Real pan Real pant

Figure 2: Nyquist plots near the resonance. A single circle is
found on some transfer functions while the three modes
are always very coupled.

To measure force, participants used load cells or electrical
impedance (force/current factor on a current driven shaker). With
the second technique, the moving mass, stiffness and damping of
the shaker becomes part of the measured structure. On an aircraft
the moving masses are so small that the effect is negligible, but
for this small testbed a way to compensate for the added mass
was needed. The design thus placed a 200g compensation mass
at each drum tip (as shown in Fig. 3). In a case where additional
mass was known to be added, the nominal mass could thus be
replaced by a smaller one to physically compensate for the effect
(the fact that the mass position does not exactly coincide with the
expected shaker position was not taken into account).

Figure 3: Shaker attachments on the axes of the accelerometer
(A) or the compensation mass (B).

The mass sensitivity, of the torsion modes in particular,
significantly helped the design but was also one of the major
sources of variations in the results of different tests.
Inappropriate mass compensation was used for some tests so that
not all data sets could be included in the comparisons of sections
3 and 4. Some groups also positioned their shaker on the mass
axis rather than on the accelerometer axis (positions A and B in

figure 2). The resulting data sets from different groups are clearly
different (see following sections).

Sufficient damping levels were obtained through the use of a
viscoelastic layer with an aluminum constraining layer. The
viscoelastic used is the 3M acrylic viscoelastic polymer ISD 112
in the form of-a 76 mm by 50 um roll. A sample roll (Ref: SJ
2015 Type 1202) was provided by 3M Laboratories (Europe),
Hansastr. 9, 41453 Neuss. Germany. This viscoelastic is
particularly well suited for the testbed operating range of 5-
50 Hz and 20 C where the loss factor is near its peak of 0.9.

Significant levels of shear strain are obtained in the viscoelastic
through the use of a 1.1 x 76.2 x 170 mm constraining layer
covering the complete viscoelastic treatment. The ISD 112 being
pressure sensitive, the bonding was obtained easily and 3M
confirmed that only extreme conditions should damage it. In a
wing only test, damping factors increased significantly (from
0.28% to 1.1% in bending at 9 Hz and from 0.15% to 0.86% in
torsion at 27 Hz) with the added treatment. Tests done on
different days gave very similar results.

Figure 4: 24 common accelerometer locations. Nominal
excitation locations are 12-z and 112-z.

Table 1 : Check of the sensor placement using the MAC
comparison of a set of experimental modes with
themselves.

Mode 5 | 6| 7| 8

1 | 2| 3| 4

o |lonjnmibd wN

The common 24 sensor locations, shown in figure 4, were chosen
by hand early in the design process. As shown in table 1 by the
off-diagonal terms of the Modal Assurance Criterion (MAC [3])
comparison of an experimental mode set with itself, this set of

4/10/96



sensors has problems distinguishing mode pairs 1-6, 3-5 and 5-7.
The fact that modes 3-S5 are very close-in frequency is an
additional difficulty. No simple weighting of the sensors seems
to significantly improve the geometrical independence of these 3
mode pairs.

Figure 5 shows the 9 modeshapes measured by participant C.
The second mode was used as a check of proper assembly. As
will be shown in section 4, it was effectively the most
consistently estimated mode. A posteriori, it should be said that
this choice was not ideal since this mode was among the least
sensitive to perturbations and thus not informative on the fact
that the test configuration specification was met.

106.376H21.30% 20 16104 HZ 1.30% 30 X125 H2 083 %

40 5N HZ1.00% 5@ 35647 Hx 1.10% 6040384 HI220%

70 440 H2048% 6 @ 55078 HI020% 9 @ 63.030 Hz 2.00 %

Figure 5. Set of modes measured by participant C.

For all tests, the structure was suspended using bungees linked to
a small plate common to all the participants (as shown in figure
1). The participants were however free to attach the plate in any
appropriate manneér. Some fixed the plate to a hard point while
others used pendulums of various lengths. Table 2 shows
however no direct relation between pendulum length and
estimated rigid body heave mode.

Table 2 : Length of suspension pendulum (length of bungees
not included) and estimated frequency of heave mode.

Set B C E-F G H I

Length (m) 12.0 0.0 2.6 0.7 04 0.9

Freq(Hz) | 1.88 | 1.8 | 27 | 22 | 26 | 24

3. COMPARISON OF MEASURED FRF

The participants were required to provide a 2 by 2 set of transfer
functions with 2 collocated transfers (point mobilities) at the
drum tips (12z and 112z) and 2 cross transfers (12z to 112z, 112z
to 12z). The collocated transfers are expected to be equal because
of the symmetry of the structure, and the cross transfers because
of reciprocity.

Figures 6 shows a comparison of the 112z collocated transfers
measured by a number of participants. General trends are clearly
common to all measurements. Above 40 Hz, the response is
however dominated by modes near 34 Hz so that it is hard to see

how coherent the measurements are. Tests B and J show
significant discrepancy near 35 Hz, these are however easily
explained by the selection of inappropriate compensation masses.

The collocated transfers 12z are slightly different from those of
figure 6 because the structure is not really symmetric
(manufacturing tolerances led to a non symmetric wing), but
otherwise show little more information.

112-2/112-2

-~ Ll
~_

—acefGd
I--84 ¥

107}
10— R if.
180k . N . 4‘» ,‘:
5 10 15 20 25 30 35
Frequency (Hz)

Figure 6. Collocated transfer function at left drum (1122).

112-z212-2

~180F_" " N N v 'l ! A T
Frequency (Hz)
Figure 7. Cross transfer 112z to 12z. Amplitude plots are
separated in two groups depending on shaker position (A
and B in figure 3).

The required cross transfers (12z to 112z shown in figure 7) are
much more informative. Some data sets are very noisy and/or
show quantization errors. Data set A has for example a fairly
high noise floor, which masks the anti-resonances of cross
transfers. It must be noted however that the groups who provided
noisy data sets do not use FRF data for identification purposes.

Resonance frequencies show significant variability from test to
test. For example, the resonance of the first mode goes from 6.4
to 7 Hz. These variations are coherent with the modal results
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given by the participants. Despite frequency shifts, the general
trends (positions of resonances and anti-resonances) are well
preserved in all data sets. Sets B and J have again the resonances
of the torsion modes shifted up and down respectively.

Figure 7 distinguishes sets ABC from sets EFGJ based on where
the shaker was attached (positions A and B of figure 4). Above
35 Hz, the two sets show a significant difference in the level of
response. Within each set, the responses are however coherent.

5-w12-2 105-w12-2

10 20 30 40 SO
Frequency (Hz)
MMIF (alt channeis of lix)

10 20 30 40 SO
Frequency (Hz)
201-w/12-2

5 10 15
Frequency (Hz)

Figure 8. A-B cross transfers 12z to 5x and 105x. C low
frequency range of 201x/12z. D Multivariate Mode
Indicator Function [4] for inputs 12z and 112z

Figure 8a and 8b show transfers between drum excitation and the
in plane mid wing sensor. Sets AC which are very noisy for these
sensors have been removed. Sets B,J are shown in dotted lines
and one sees the frequency shifts near 35 Hz. Set J significantly
differs from other sets which may account for the discrepancies
seen for modeshapes (see section 4).

Sensors 5x, 105x and sensor 201x even more (figure 8c) indicate
the presence of many suspension modes in the 5-15 Hz range.
These modes are hardly seen in the response of vertical sensors
except for group J which was unlucky enough to have the
frequency of 2 suspension modes coincide with the 2 node
bending,

Drops in the second mode indicator function of figure 8d clearly
indicate the presence of the two torsions (33.8 Hz) and tail
torsion (49.4 Hz). The 3 node bending (35.7 Hz) is however not
very well excited (the minimum of the MIF is above 0.8) which
shows that these shaker positions are not suited for a force
appropriation of this mode.

One should also note that the force measurement technique
(groups ACG use current, others use load celis) or the input
signal used (participants used stabilized and swept sine, single
and multiple input broadband signals) do not appear to have any
significant influence. Noise levels seem to be inversely
proportional to how much use was made of them for
identification purposes. Even for groups using identification,
responses to non reference inputs were used to identify some
modes (3 bending and in plane modes in particular).

As a check for the variability of results, the test was performed at
ONERA in the middle and the end of the testing period. The two
tests differ by shaker stinger, shaker suspension, testbed bungees,
excitation level. The results shown in figure 9 are thus a case
where a marginal evolution of test conditions leads to visible
differences in the test response. The change in noise level is
related to a change in the algorithm used to detect stabilization in
a stepped sine but shifts of resonance frequencies are clearly
apparent. It is not possible to tell whether these are due to
modifications of the structure or the test set-up but they are
significant and of the same order as variations seen between
results of different participants. Further tests will be performed to
clarify this issue.

12-2/12-2

-
o

-
o
L3

Amplitude (ms-2/N}
3 3

3
(A

Ampfitude (ms-2/N)

m Sl ‘o :50 B é
Frequency (Hz)
Figure 9. Comparison of two tests performed by ONERA.

a
8

4. COMPARISON OF MEASURED MODES

The second part of the exercise was to provide estimates of
modal characteristics: frequency, damping ratio, modeshape and
modal mass,

Participants ACEGH provided results obtained using force
appropriation methods, while other results are based on model
identification from measured transfer functions. The results
shown do not indicate any influence of the method used on the
results obtained.

Figure 10 shows the typical spread of identified modes to be
close to 4 %. Many frequency discrepancies can be related to
structural modifications linked to the instrumentation or selection
of compensation masses. For example, an insufficient
compensation mass leads for test B to the high frequency
estimate of the 2 torsion modes (33.45 and 33.89 Hz). No simple
explanation of the high variability of mode 1 frequencies was
however found.

For damping ratios, the typical spread is closer to 30%. Modes 7
and 8 show the highest variations but also have the lowest
damping values. This only confirms the fact that very lightly
damped modes are difficult to characterize. In particular,
instrumentation is likely to contribute most of their damping so
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that one should not expect their damping values to stay constant.
This expected sensitivity was the main reason to design a
damping treatment to increase the overall damping of the testbed.
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Figure 10. Variations in estimated modal frequencies and
damping ratios.

Another question of interest is the sensitivity of the results to the
method used. The plots do not indicate any particular trend that
would be characteristic of either identification or force
appropriation. To confirm that the variability of results is indeed
linked to changes in the structure/test setup and not the method,
the IDRC (5] identification method was used on available data
sets to provide independent estimates of modal frequencies.

For the three close modes, figure 11 shows that the only visible
frequency variations from the participants results are found for
the 3 node bending for groups ACEG. These groups used force
appropriation and good appropriation of the 3 node bending
cannot be achieved with the drum tip shakers only. These groups
thus had to use another shaker and, given the modification of the
test setup, variations of frequencies are expected. Group C, who
attached the shaker to the fuselage, minimized this effect and the

frequency difference is low. The FRFs of this group to the 2
reference inputs are not however consistent (resonance
frequencies shift when the input is changed). The .identification
was thus performed on a single excitation which may explain the
relatively poor MAC comparison of torsion modeshapes. On real
aircraft, dependence on input location is often linked to the
presence of non linearities. On the considered testbed it is more
likely that the instrument loading changed between tests.
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Figure 11. Comparison of the 3 close modes given by the
groups with results independently identified from their
FRF data (IDRC method).
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The participants were all asked to compare their results with
those of test A. This test however happens to have rather
different modes 4 and 5 so that set C will be used as reference
here. The MAC comparisons shown in figure 12 indicate a very
good overall correlation. A few poor modes (mode 2 set E, 7 set
F, 8 set H) are really exceptional errors of these groups. The only
real difficulties are linked to the three closely spaced modes
(modes 3-5).
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Figure 12. Diagonal MAC values for comparison of different
test modeshapes with those of test C.
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It is well known that modes that are close in frequency can be
very seasitive to small modifications of the structure. The
symmetric and antisymmetric torsions (modes 3-4) and the 3
node bending (mode 5) are very sensitive to mass stiffness
modifications. Since the instrumentation of each participant is
expected to vary, non-negligible perturbations are expected. Such
perturbations however will only induce recombination of modes
that are close in frequency (this is the case of modes 3-5). It
could be further argued that the recombination should be almost
orthogonal since orthogonality conditions always exist even for
modes with equal frequencies.

A general linear combination and an orthogonal linear
combination of the basis of the modeshapes 3-5 is done to
improve the match between ecach set and set C. The resulting
comparison of modeshapes (shown in Fig. 13) shows a very
significant improvement over the results of Fig. 12. Even for the
orthonormal expansion, only sets H and J have difficulties which
may be explained by a poor orthogonality and/or normalization
of the results given by these groups.

Modal masses are the last step of the comparison. Rather than
comparing modal masses which would be sensitive to the choice
of a particular scaling sensor, it is preferred here to consider
mass normalized modeshapes such that the reconstructed FRF
are given by

9, ¢jr b,
E+ R ra]
where ¢, and b, are used here to represent the extraction of the
proper component of the measured modeshape. When the scaled

modeshapes are known at the 24 sensors, the scaling error can be
measured using the scaling coefficient f

m

('-‘n”/ )1 (‘W/ )
fua = T—mA—TmR | @
(cl¢l )Tn A (cl¢l )1'- A

which should be close to 0. Table 3 shows the values of
coefficient f,, for a comparison with the 8 modes of set C. The
scaling coefficient is only appropriate if the modeshapes are
similar, so that scaling coefficients corresponding to low MAC
values are shaded in the table and should not be considered for
the comparison. The table clearly indicates that typical mass
normalization errors are below 10%.

Table 3 : scale factor (2) and variation in estimated damping
(in %) for a comparison of mass normalized modes given
by different groups. Shaded elements correspond to low
MAC (see Fig. 12). :

Mode A c E F G

In% | f (Al |fA0 | f (AL rlaL) f|ag
1 3| 20009 |-19]3|229]3]|s
2 a(sfojofs |28 (12|49
3 : ojlols | 7]6 | 28028
4 olofJo]|1a]7|35]6]|28
5 7|1 1]olo]2]|26]12|3]3|=
6 6| 12]o|oesuiEhd 20 |as| 3| s
7 6| 98]0 |0]10| 65960280 6| 38
8 4 (1800 (o0f-17(5ss] 7 (-s6]-1]15

Most identification methods tend to preserve the response at
resonance ( s = i@, ). From (1), an error on the damping ratio ,
would thus tend to be compensated by an error in the same
direction on the modal mass. The damping variations shows in
the table are clearly much more significant than the modal mass
variations so that the variations cannot be attributed to bad
identification. It seems that damping changed from test to test,
while modal mass was properly identified and is, as expected,
independent of the damping level.

Figure 14 shows for groups CEG, the absolute value of the mass
normalized modeshapes c,#, at the 24 sensors. The overall
comparison is very good. One can note the dissymetry of the
torsion modes 3 and 4 (the pairs of high peaks correspond to
right and left vertical sensors at drum tips). For modes 5 and 6,
the low MAC (below 0.9) shown in figure 12 now appears as
variations in the wing (mode 5) and tail (mode 6) motion.

One can again try to see if the results found depend on the
parameter extraction method used. For mode 2, the IDRC
identification algorithm was again used on data sets EFGJ. The
resulting mass normalized modeshape is shown in figure 15
where only very minor variations are seen (the error on sensor 20
group E is just a calibration problem). For sets ABC, the results
are also very similar but an identical scale difference is found
which is easily explained by the fact that these groups excited at
point B (see figure 3).
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Figure 14. Mass normalized modeshapes given by
participants at the 24 sensors.
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Figure 15. Mass normalized shape of mode 2 found by IDRC
identification using different data sets.

5. CONCLUSIONS

Although the methods and hardware used by different
participants were widely different, the results compare very well.
Force measurement techniques through load cell or current
measurements did not lead to any visible modification of the

frequency responses.

Force appropriation and identification methods led to very
similar modeshape estimates. Identification results were however
generally given as complex modes. Simple methods were used to
determine normal modes but vector normalization was often lost
in this process. Variability in frequencies were of the order of
4%, in damping of the order of 30%. Variability in estimated
modal masses were, for the groups who provided mass
normalized normal modes, below 10% which leads to think that
damping truly varied significantly from test to test while
participants were able to properly identify mass normalized
modeshapes.

The force appropriation of certain modes implies the use of
additional shakers which, for this small testbed, introduces
modifications linked to instrument loading. The testbed is mostly
linear, has only one difficulty with closely spaced modes and
uses a small number of sensors. None of the main reasons that

make force appropriation useful are met. The results still
compare extremely well.

Many of the important variations between the various test results
could be traced back to inappropriate mass compensation of the
shaker moving mass, or mass and stiffness loading of the
structure by instruments or suspension. For tests performed a
year apart by the same team, visible variations were found
without having the possibility to determine if these were due to
changes in the structure or the test conditions. This highlights the
difficulty of obtaining the desired test conditions or simply
characterizing the effect of the actual instrumentation.

Future group activities will be to compare identification results
on a common data set, in an exercise similar to the SVIB Round
Robin [6] but based on actual test data, and to analyze strategies
considered for shaker and sensor placement.

6. REFERENCES

[1] Remmers, G.M., Belsheim, R.O. “Effects of technique on
reliability of mechanical impedance measurement,” Shock
and Vibration Bulletin, 34-3, 1964

[2] Ewins, D.J., Griffin, J., “A State of the Art Assessment of
Mobility Measurement Techniques - Results for the Mid-
Range Structures (30-3000 Hz),” Journal of Sound and
Vibration, 1981, 78-2, p. 197-222

[3] Avitabile, P., O'Callahan, J., Milani, J., “Model Correlation
and Orthogonality Criteria,” IMAC, 1988, pp. 1039-1047

[4] Williams, R., Crowley, J., Vold, H., *The Multivariate Mode
I;(l)dicator Function in Modal Analysis,” IMAC, 1985, p. 66-

[5] Balmes, E, “Frequency domain identification of structural
dynamics using the pole/residue parametrization,” IMAC,
1996, p. 540-546

[6]1 Ahlin, K., “Round Robin Exercise on Modal Parameter
Extraction,” IMAC, 1996, pp.

4/10/96



Annex 14

IMAC (JAPAN) PUBLICATION



Nationaal Lucht- en Ruimtevaartlaboratorium
National Aerospace Laboratory NLR

NLR TP 97086

A ground vibration test on the GARTEUR SM AG-19

A.J. Persoon and E. Balmes




3.
TP 97086

Contents

Abstract

1 Introduction

2 Requirements and recommendations for the ground vibration test

3 Equipment setup

4 The ground vibration test in practice

5 Presentation of some typical results

5.1 Transfer functions
52 Frequencies, damping factors and mode shapes
53 Modal mass

6 Comparison of results

7 Conclusions

8 References

9 About GARTEUR

14 Figures

(11 pages in total)

~ N N O™



-5-

TP 97086

A GROUND VIBRATION TEST ON THE GARTEUR TESTBED SMAG-19

Albert J. Persoon - National Aerospace Laboratory (NLR),
Anthony Fokkerweg 2, 1058 CM Amsterdam, The Netherlands

Etiénne Balmés - Office Nationale d’Etudes et Recherches Aérospatiales (ONERA)
29 Avenue de [a Divislon Leclerc, 92322 Chatllion Cedex, France

Abstract

In april 1995 a Structures and Materials Action Group
{SM AG-19) of GARTEUR (Group for Aeronautical Research
and Jechnology in Europe) started an activity with the major
objective to compare a number of current measurement and
Identification techniques applied to a common tastbed. Twelve
European groups participated, most of them involved in ground
vibration testing of aircraft for fiutter ciearance purposes.

1t seldom occurs in practice that a ground vibration test is
repeated by a third-party and can therefore be considered as
an unique opportunity to validate the results of each individual
test setup.

This paper addresses the variability of the measured data and
analysis results. Further this paper deals with the identification
and comparison of the modal parameters of this testbed, where
three closely spaced modes were Incorporated as a “hidden®
vibration problem.

1. Introduction

In the certification process of new aircraft, a ground vibration
test (GVT) plays an important role for the verification or updating
of analytical models. Facing the risk of flutter, high quality GVT
results has to be achieved to model the vibrational
characteristics of an airplane structure being a basis for reliable
flutter predictions.

In April 1995 an Action Group (SM AG-19) of GARTEUR started
its activities with the major objective to compare a number of
current measurement and identification techniques applied to
a common testbed designed and manufactured by ONERA
[Ref. 1]. The various companies, research centers and
universities in Europe participating were ONERA, SOPEMEA,
AEROSPATIALE, CNAM and INTESPACE from France, DLR
from Germany, NLR and Fokker from the Netherlands, SAAB
from Sweden and finally DRA, University of Manchester and
the imperial College from the United Kingdom.

More specifically, the objectives of the GQVT tests were to
evaluate the reliabllity of test methods and to compare modal
parameters extracted from different Identification techniques.
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" This paper deals with the identification of modal parameters of
the testbed (Fig. 1) but does not intent to evaluate a specific
test setup, data reduction or ldentification technique as there
was a variety in test equipment and software used by the
various participants.

2. Requirements and recommendations for the ground
vibration test

The ground vibration test on the testbed aimed to measure
transfer functions between the response of the structure and
the applied excitation forces and to determine the natural
frequencies and mode shapes with related parameters. Each
participant was requested to provide at least (i) a reference
set of four transfer functions corresponding to excitation and
response of the left and right wingtip body, and (i) the mode
shapes of the testbed in a 4-65 Hz band. it was further agreed
between the participants that the mode shapes would be based
on 24 accelerometer positions (Fig. 2) recommended by
ONERA, Attachment of two electrodynamic shakers was
foreseen at position 12z and 112z (Fig. 2) close to additional
wing tip masses of 200g each, which were installed to infroduce
a *hidden” vibration problem of three closely spaced natural
frequencies with their mode shapes.

The aluminium testbed with dimensions of 2m (span) and 1,5m
(length of fuselage) and a mass of 45 kg was suspended by a
common set of bungees in order to obtain similar boundary
canditions for each participant The bungees were linked to a
plate and the participants were free to fix this plate in any
appropriate manner. To the participants it was further
recommended to detect at least the highest rigid body
frequency (the heave mode) and to measure the second mode
shape of the testbed being the fuselage torsion mode (f = 16,17
Hz with a damping factor of 1,45 %) as a check of proper
assembly of the testbed. Apart from that the participants were
free to parform the ground vibration test following their own
view and experiences to identify the vibration modes and the
related modal parameters (frequencies, damping factors and
modal mass).

3. Equipment setup

An interesting aspect in this GARTEUR activity was the use of
different measuring equipment, data reduction- and analysis
techniques by the various participants.

Besides commercially available equipment also “in-house
made"® equipment was used like accelerometers, conditioners
or filters. Most of the participants used front-end type mult-
channei measuring systems with software of different suppliers
like CADA-X (Leuven Measurement Systems), the Structural
Dynamics Toolbox for use with Matlab (Scientific Software
Group) or “in-house made” software.

Excitation of the testbed was performed In various ways. The
participants used different shaker positions but also mounting
of the shakers was quite different (again Fig. 1). Most of the

participants were able to use uncorrelated band limited noise
showing the symmetrical and anti-symmetrical frequencies
simultaneously in the transfer functions; otherwise correlated
excitation signals were applied by which the shakers act in-
phase or in counter- phase. The excitation forces were
measured by load cslls or by the current through the shakers.
The latter procedure needed a compensation for the moving
mass of the shakers because of the relative low mass of the
testbed. A typical equipment setup of one of the participants
for this testbed s presented in Figure 3.

4. The ground vibration test in practice

In spite of the recommendations and requirements for the
ground vibration tests, given by ONERA, some “shortcomings”
occutred in the test setup of various participants. Inappropriate
mass compensation at the wingtips (to compensaie for the
moving mass of the shakers) was a major source, but also the
position of the shakers at the wingtips as clearly shown in Figure
4. For that reason, ONERA was not able to include all data
sets in one comparison but had to make a selection between
two representative groups of participants [Ref. 1]. The final
results however appeared to be consistent and differences in
natural frequencies, especially in the 30-35 Hz band where
the presence of mass is of a substantial influence on the three
closely spaced modes (see section 5), could be easily
explained. Finally the test setup of some participants suffered
from suspension modes appearing in the transfer functions.

5. Presentation of some typical resuits
5.1 Trangfer functions

Using uncormrelated noise as excltation of the testbed transfer
functions like those presented in Figure 5 were obtained. These
include both the symmetrical and antisymmetrical behaviour
of the testbed. Observation shows that the natural frequencies
around 35 Hz are sensttive for a different mass compensation
(see Fig. ab and Fig. 4d) resulting in a slight frequency shiit.
The 180 deg phase difference is explained by the way of
mounting the loadcell (upside down, -z) by one of the
participants.

The presence of clossly spaced modes is well illustrated in
Figure 6. When measuring the transfer between excitation and
response on both wings (105z and 5z, Fig. 2) a single circle is
the resuit showing no Indication of a hidden vibration problem.
By measuring the response on one of the wing tip bodies (122)
however, the closely spaced modes (as coupled circles)
become visible (Fig. 6b).

§.2 Frequencles, damping factors and mode shapes

Analysis of the closely spaced modes took place in different
ways depending of the software used by the participants. An
example is shown in Figure 7.

Applying a multi degree of freedom curve fitter on the data and
creating a stabilization diagram, the evaluation of frequency
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and damping (poles) is shown with an increasing number of
computational modes (up to 32). Once stabilized the poles are
marked by *S” and the residuals are determined, resuiting ina
mode shape and presented in an animated display. The three
closely spaced modes (Fig. 7) were identified as an
antisymmetrical and symmetrical rotation of the wing tip bodies
and a three node bending of the wing. The results fairly match
the finite element analysis of the testbed (Fig. 8) performed by
DLR (Germany) in an earlier stage to provide proper
accelerometer positions and exciter locations for the ground
vibration test [Ref. 2]. Finaily a representative overview of all
mode shapes measured in the 4-65 Hz band is presented in
Figure 9.

5.3 Modal mass

It is well known that the modal (or generalized) mass is a
relevant parameter in aeroelastic (flutter) prediction methods.
An inaccurate determination of the modal mass may lead to
unreliable computations on the flutter speed of an aircraft. This
GARTEUR activity was an excellent opportunity to compare
modal mass results determined by the participants (section
6). Also some checks on the data processing software were
performed Indicating the importance of an accurate
measurement of damping factors and mode shapes.

A relatively simple check is the determination of the modal
mass of the heave mode (f = 1,8 Hz) by which the testbed is
considered to behave rigid in its suspension (Fig. 10a). In that
case, the weight of the model (around 44,8 kg) should be equal
to the computed modal mass. The data processing computing
of one of the participants ylelded results (Fig. 10b) in which
the modal mass ranges from 45,2 kg (+ 1%) to 50,7 kg
(+ 13%) depending of the damping. The same participant did
a further check for the second mode shape of the model using
the technique of added masses (Am) by measuring the
frequency shift (Af) after re-adjusting the S0 deg phase criterion
during a sine dwell. The result (Fig. 11) should be a straight
line if the mode shape is not influenced by added masses
placed at locations 112z and 12z. Comparable results with the
computation (17,9 kg) are obtained (Fig. 12). The next section
however will show that the modal mass determination still
remains a subject of investigation because of its vanability.

6. Comparison of resuits

Considerable effort was put into the comparison of test results
of the various participants carried out by ONERA [Ref. 1]
conceming natural frequencies and damping factors and by
DLR [Ret. 2] conceming the modal mass. The results are
presented in Figure 13 and Figure 14. Here the participants
are identified as A to J in chronological order of testing. Figure
13a shows the variation of identified frequencies to be ciose to
only 4%. The “discrepancies” can be easily related to
inappropriate selection of compensation masses or shaker
position. The unexpected variability ot the first mode (wing

bending) around f = 6.5 Hz could be possibly explained by
interaction with the rigid heave mode which varied between
1.8 and 2.7 Hz as measured by various participants.

For the damping ratios (Fig. 13b), the variability is close to
30%. Modes 7 and 8 show the largest varlation but have the
lowest damping ratio {coplanar modes, 0.2% - 0.6%). This
confirms the fact that lightly damped modes are difficuit to
characterize. The plots do not indicate any particular trend that
would be characteristic for either the method of identification
or force appropriation.

Finally the modal (or generalized) mass comparison is
presented in Figure 14. The values calculated from mass
nomalized mode shapes show similar trends but scatter occurs
at all modes. This fact confirms general experiences in
determining the modal mass of a real aircraft. The modal mass
computation for mode 3 and 4, being the closely spaced
rotational wingtip body modes, shows the lowest values. It is
however the opinion of the authors that the scatter of the data
should be lesser for a rather linear structure like this testbed.
Further investigation on modal mass measurement is therefore
recommended.

7. Concluslons

The present GARTEUR activity (SM AG-19) has clearly
shown that different test setups and the variety in hard-
and software applied by the various participants, have
resulted in a consistent set of data.

The technique of force measurements by load cells or by
electrical current through a shaker showed similar transfer
functions and led to comparable mode shape results.
Analysis of the variability of the test results showed an
amount of only 4% in natural frequencies and around 30%
in damping factors.

Variation in results of the natural frequencies could be easily
traced back to “shortcomings” in the test setups as applied
by the participants.

The modal mass measurements showed similar trends but
are affected by scatter of the data.

The determination of the modal mass of this testbed
requires therefore further investigation.

The present activity has highlighted the reliability of the
various test- and ldentification methods of this ground
vibration test performed by the GARTEUR participants.
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9. About GARTEUR

The Group for Aeronautical Research and Technology In
Europe (GARTEUR) was formed in 1973 by representatives of
the government departments responsible for aeronautical
research in France, Germany and the United Kingdom. The
Netherlands joined in 1977 and Sweden in 1992,

The aim of GARTEUR is, in the light of the needs of the
European Aeronautical Industry, to strengthen collaboration in
aeronautical research and technology between countries with
major research and test capabilities and with government-
funded programmes in this field.

The cooperation in GARTEUR is concenirated on pre-
competitive aeronautical research. Potential research areas
and subjects are identified by Groups of Responsables and
investigated for collaboration feasibility by Exploratory Groups.
If the subject is feasible, an Action Group Is established.

a) by DLR (Germany)

b) by CNAM (Francs)

Fig. 1 Variety in the test setup
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DRA/Univ. of Manchester NLR/Fokker

a) The overall iest setup

¢) The testbed supported by bungees

b) The force transducer posttion and attachment d) Shaker connection 10 the testbed
Fig. 4 Variety in mounting the shakers and compensation of tiomasses
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transfer functions Fig. 6 Nyquist diagrams in the 30-35 Mz band
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Fig. 9 The mode shapes of the testbed in the 4-65 Hz band as measured by one of the participants
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Abstract. To analyse the different test methods and to
evaluate the discrepancies between test facilities and anal-
vsi1s wethads. an Action Group on ‘Ground Vibration Test
Techniques’ was established by GARTEUR. Twelve mem-
bers tfrom the industryv, universities and research institutes
of the five GARTEUR wmember countries participated in the
Action Group.

The group members agreed to design and manufacture a
comraon testbed. which should be representative of typical
aecrait scructures. Modal parameters-as well as frequency
response functions were to be measured by each participant
using his own test facility and evaluation methods.

This paper describes the ground vibration test performed on
rhie test structure by DLR. Modal parameters were evaluated
using the phase resonance method with appropriate exciter
forces as well as phase separation techniques applied to the
measured frequency response functions. The test results are
compared with the analvtical predictions of a respective
Finite Element analysis. The Finite Element model was also
used to calcuiate optimum exciter positions based on differ-
ent algorithms.

The test resuits of the GARTEUR Action Group members
are correlated in detail. The coincidence and differences in
trequencies. mode shapes. damping values. and generalised
masses are analvsed. [mprovements in ground vibration test-
ing are discussed with respect to the increasing aeroelastic
demands of future aircrait projects. which will require an
inerease in measuring accuracy as well as a reduction of cost
and tme.

Key words: GARTEUR, Ground Vibration Test. Medal
Anaivsis. Phase Resonance. Phase Separation

1. Introduction

Ground vibration tests play a key role in the cer-
tification process of each new airplane. These tests
provide the experimental data base to be used
directly for the flutter predictions and for the vali-
dation and update of the analytical structural mod-
el. With respect to the flutter risk, the highest lev-
el of security and reliability has to be achieved,
which requires high-quality ground vibration test
results. Various test methods like the phase reso-
nance method and phase separation techniques in
time and frequency domain are commonly used to
identify the structural modal parameters.

Various test and identification methods using dif-
ferent excitation signals and excitation points are
applied. To evaluate the efficiency and reliability of

these test techniques a GARTEUR Action Group
was established. A common testbed was designed
and manufactured. which was to be tested by each
group member. A critical review of the different
test and analysis methods, more than the selection
of the 'best’ method. was to be performed. The
aim was to define the application field of each one
and evaluate both the accuracy of results and the
easiness of implementation.

2. The GARTEUR Participants

GARTEUR (Group for Aeronautical Research and
Technology in Europe) was formed in 1973 by
representatives of the Government departments
responsible for aeronautical research in France,
Germany and the United Kingdom. The Nether-
lands joined in 1977. and Sweden joined in 1991.
According to its MoU, the mission of GARTEUR
is to mobilize. for the mutual benefit of the mem-
ber countries, their scientific and technical skills.
human resources and facilities. in the field of aero-
nautical research and technology. The scientific and
technical substance of GARTEUR is embodied in
the Action Groups. which organize and execute the
collaborative research work.

[uitiated by ONERA, the Action Group SM-AGI19
on ‘Ground Vibration Test Techniques' was estab-
lished by the GARTEUR Executive Committee in
March 1995. The action group members were from
industry, universities and research institutes of five
European countries. The participating laboratories
are listed in Table 1.

3. The Testbed
3.1. DESIGN
The Action Group members agreed to design and
manufacture a common test article. which should

be representative of typical aircraft structures. The
test article was also easily to be shipped to the test
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Aérospatiale, Toulouse
CNAM, Paris
Intespace, Toulouse
ONERA, Chatillon

5 SOPEMEA, Vélizy

[ France

DRA. Farnborough
Imperial College, London
University of Manchester

. United Kingdomn

. The Netherlands Fokker. Schiphol
' NLR. Amsterdam

¢ Sweden SAAB. Linképing

¢« Germany DLR, Gottingen

Tuble 1. GARTEUR Participants

facilities of the different participants and should
ensure a perfect structural repeatability.

For this purpose the following design requirements
were proposed: .

— general shape: aluminium beam assembly rep-
resenting a fuselage with wings and tail

— dimensions of ca. 2 by 2 m and a mass of
between 50 and 100 kg

— frequency range 5 to 65 Hz

- damping treatnent by coustrained visoelastic
layers to get realistic damping values and o
it the effect of instrumentation dissipation

~ 2o specific nonlinear elements

— low frequency suspeusion by 1 set of commoen
hungees in order to provide similar boundary
conditions

— at least 3 modes within 1 Hz frequency band-
with to simulate the difficulties encountered in
real aircraft

The final design of the testbed shown in Figure I
had a fuselage length of 1.5 m and a wing span of
2 m. The cross section of the fuselage beam was
30 x 150 min. while the wing and tail beams had
10 x 100 mm cross sections. The total mass of the
model was 44 kg.

3.2. CoMMmoN TEST SETUP

A common test setup was defined with respect to
the suspension of the model, measurement points
and exciter locations.

To simulate the free-free boundary conditions, the
aircraft model was suspended by a set of three
bungee cords. Some participants used a crane to

Figure 1. Testbed Design

suspend testbed and bungees. while other partici-
pants connected the bungees to a frame-type sup-
port structure in order to avoid noisy measurement
signals due to crane rope vibrations. The heave
mode frequency of the testbed was below 2 Hz.
This frequency was well separated from the elastic
modes of the structure and confirmed the suitabil-
ity of the suspension.

A common accelerometer pian to be used by
each participant was defined by the Action Group
in vrder to facilitate the comparison of the test
resuits. 24 accelerometers were used for this pur-
puse as shown in Figure 2.

Two common shaker locations (12-z and 112-2} at
he wing tips were required to allow direct compar-
isou or transfer function measurements. Each par-
ticipant was free to nse additional excitation points
to obtain better results or to improve mode phase
purity.

| N1 1012 4,
't i |
]
301z X P
',/302 105-2) — 112
. ;
301-x 108-2) . 105-x
1
20S-y 206-2' .
------------- r 1-2
________ _5:21:11”““” | zzo"'y
...... 201-x

Figure 2. Test Setup
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11 TEST SETUP

Apart from the common fest setup. each partic-
ipant was tree in its own test performance. The
DLR ground vibration test sctup is shown in Fig-
ure 1. The suspension bungee cords were connected
to a stitf beamn supported by two tripods. By this
frame-type suspension the use of a crane could be
avoided. The support structure was also used con-
veniently to carry the accelerometer cables. thus
minimising the mass and damping influence of the
test equipment.

The common accelerometer plan with 24 mea-
surement points was modified by 18 additional
accelerometers to enable a better identification of
fuselage rotation and wing torsional deformations
as indicated by Finite Element predictions.

To obtain optimum phase purity for each mode. a
total of 3 shaker locations was applied. The test
structure was also used for a cooperative study on
optimnum exciter positions performed by the Ital-
ian Aerospace Research Center CIRA and DLR.
By means of a genetic algorithin optimum exciter
configurations were calculated based on Finite Ele-
ment predictions and experimentally verified [1].

4.2, TEST METHODS

Both phase resonance and phase separation meth-
ods can be appiied by the DLR vibration test facil-
ity 2i. For phase resonance testing, phase purity
has to be achieved by force appropriation in order
to compensate the internal damping forces. The
experimental identification of the normal modes is
supported by calculation of phase purity via the

SR X R
) o BN
o K L

Figure 3. Ground Vibration Test

16.1 Hz

<« | buselage itotation |

1 | Anusymmetric Wing Torsion I 331 Hz
+ 4 | Svmmetric Wing Torsion 33.5 Hz
l 3 | 3N Wing Bending 33.6 Hz
i 6 4N Wing Bending 48.4 Hz
i 7 | Inplane Wing vs. Fuselage 49.4 Hz
[ s Symimnetric Inplane Wing Bending 535.1 Hz
" 9 | 3N Wing Bending 63.0 Hz
! 10 | Tail Torsion 66.5 Hz

Table 2. Normal Modes of GARTEUR Testbed

following Mode Indicator Function MIF:

MIF =1- Mu—‘—l ,
2

The summation is performed over all measurement
responses u;. In case of a normal mode. all real
parts u; vanish and the Mode Indicator Function
assumes a value of M /F = 1. The Mode Indicator
Function has proved to efficiently identify and iso-
late the normal modes of even very complex struc-
tures. Furthermore. it provides a sharp criterion for
the achieved degree of phase purity.
Damping values and generalised masses were deter-
mined by evaluation of the structural responses
measured at several frequencies near resonance.
Different evaluation methods are applied in order
to increase measurement reliability.
Phase separation methods were applied to the fre-
quency response functions measured by excitation
of the common shaker locations (vertical excitation
at nodes 12-z and 112-2).

0<SMIF<L (1)

4.3. FINITE ELEMENT ANALYSIS

A NASTRAN Finite Element model was designed
to compare the test results with analytical predic-
tions. The calculated mode shapes were used to
optimise the measurement point plan.

The model was mainly described by plate elements.
2530 degrees of freedom were taken into account.

- For correlation purposes the model was reduced to

183 degrees of freedom. The reduced mass matrix
was used to perform an orthogonality test of the
measured modes. These were expanded to the ana-
lytical degrees of freedom by suitable interpolation.

4.4. TEST RESULTS

One part of the GARTEUR exercise was to provide
estimates of modal characteristics, i.e. frequencies,
mode shapes, damping ratios and generalised mass-
es in the frequency band up to 65 Hz. 9 normal
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Toble 3. Orthogonality Test

modes were identified by DLR in this frequency
range. The 10th mode at 66 Hz was also includ-
ed in the measurements. This seemed to be conve-
nient. because there was a distinct frequency sep-
aration to the following higher modes. The 11th
:node appeared at 103 Hz.

Tuble 2 summarises the first 10 modes as inea-
sured by DLR. The measurements were performed
atilising the phase resonance method. Appropri-
ite exciter positions were chosen to improve phase
purity Dy optimising the respective MIF values.
Bv choosing optimum shaker locations. the num-
ber of exciters could be kept small. 7 modes could
be measured by a single exciter. only modes 3. 4
and 10 required two exciters. Most shaker locations
were applied at the fuselage in order to reduce the
influence of covibrating exciter masses. High phase
purity could be achieved for all modes. The MIF
values were between 0.93 and 0.99.

A modlal identification was also performed from the
transfer functions measured for the common exci-
tation points of the left and right wing tip body.
The modal parameters were evaluated by means of
the phase separation method /SSPA"(3]. Thé modal
results were very close to the phase resonance mea-
surements. except of Mode 7 (Inplane wing Bend-
ing vs. Fuselage). For this mode the two exciter
locations at the wing tips did not seem to be suit-
able.

By means of the analytical mass matrix an orthog-
onality test was performed for the measured modes
as shown in Table 3. Except of Modes 2 and 10,
which show a coupling factor of 18%, all other
modes are almost orthogonal with respect to the
analytical mass matrix. This confirms the accura-
cy of the measurement as well as the reliability of
the analytical model for the investigated frequency
range.

Table .. Frequencies (Mean Values) and Deviations [%)]

5. Comparison of Test Results

As stated above. each participant in the GAR-
TEUR exercise was required to provide for the fre-
quency band up to 65 Hz:

— a set of transfer functions corresponding to
excitation of the left and right wing tip body

— modal parameters (frequencies. mode shapes.
damping values. and modal masses)

The measurement of the transfer functions. the
applied excitation signals. and the comparison of
the results is discussed in detail in (4] and [5]. The
aim of this paper is focussed on the comparison of
the results of the second task. i.e. the estimation of
the modal parameters. Data sets of 9 participants
were provided for comparison. The correlations are
further restricted to the lowest 8 modes. because
Modes 9 and 10 were not analysed by all partici-
pants. The test results of the participants are list-
ed tn chronological order. i.e. the tests started with
Participant A and ended with Participant J.

All participants were able to evaluate frequen-
cv response function. 5 participants (A.C.E.G,H)
additionally used the phase resonance method with
tuned exciter configurations. It is interesting to
note. that those participants, who applied both
methods, provided the phase resonance results for
the exercise.

5.1. FREQUENCIES AND MODE SHAPES

The measured frequencies are listed in Table 4. The
deviations between the different participants are
rather small and may be attributed to differencies
in the test setup. This is confirmed by the fact,
that the relative frequency spacing is almost iden-
tical for all participants. Surprisingly, the largest
scattering was measured for the first mode. A clear
explanation was not found for this fact.
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Mode|f[Hzj]] A {B|CIE | F|G|H]| I ]J|FEI

1 6.64|100]100{1007100]100]100] 99|100}100{100
16.21|100|100|100{100)100(100| 100|100 (100| 99
33.38] 30| 92(100/100/100|100(100[100| 99| 88
133.83| 90| 78]100] 99(100|100|100|100| 98| 93
35.60| 99| 69|100| 96| 99| 97| v9|100| 99| 97
48.52(100|100]100| 92|100| 99/100|100(100| 98
49.44(100| 93]100(100| 17| 99|100|100] 99 93
54.971100| 99|100|100|100|100| 59|100]100| 89
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Table 5. MAC Values for Measured Modes

The correlation of mode shapes was performed in
a first attempt by means of the Modal Assurance
Criterion MAC. For this purpose a reference mode
was defined as the mean value of the individual test
results. Because some participants failed to mea-
sure all modes correctly. the participant with the
largest deviation was not taken into account for
the respective reference mode. which was calculat-
ed from the 8 remaining data sets.

The resulting MAC natrix is given in Table 5. The
last column of -he table includes the correlation of
the Finite Element model with the reference mode.
For most of the analytical modes the correlation is
very good. Some poor MAC values can be assigned
to structural unsymmetries of the testbed. as dis-
cussed later. whereas the analytical model is a sym-
metric one.

Besides a very few poor correlation values (e.g.
Mode 7 of Participant F and Mode 8 of Participant
H) most WAC values showed a good measurement
consistency. Nevertheless. in order to obtain a more
detailed understanding of the remaining differen-
cies in the mode shape measurements. the individ-
nal modes were plotted within one respective figure
as shown in Figure §. For this purpose all modal
vectors were normalised to the same unit length.
The ordinate values given in Figure { correspond
to this normalisation.

For ease of understanding, the measurement points
listed on the abscissa have been arranged following
the geometry of the testbed. The first five mea-
surement points are the inplane wing accelerom-
eters. The next block of data shows the vertical
accelerometers on the wings including the wing tip
bodies. The remaining fuselage and tail accelerom-
eters are plotted at the right hand side of each fig-
ure.

Following.remarks and comiments can be given to
the individual modes:

e Mode I

The first mode is the fundamental 2N wing bend-
ing. The mode shapes are very similar and the data
scattering is very small.

259

e \ode 2

The fuselage rotational Mode 2 is obviously the
mode with the sreatest conformity. The first two
imodes did not cause anv problews for the partici-
pants.

o Vode .5

Mode 3. the ‘antisyminetric” wing torsion mode, is
the first of three very closely spaced modes. Obvi-
ously. in spite of its basic symmetric design. the air-
craft model shows some significant unsymmetries
in the dynamic behaviour. 7 participants measured
wmuch higher torsional deflections on the left wing
than on the right wing.

e Mode 4

Cousequently. the 'svmimetric’ torsion Mode 4
shows a similar structural unsvmmetric mode
shape. In this case the torsional ainplitudes at the
right wing are very similar for the same partic-
ipants as for the last mode. but there is some
scattering for the left wing. The torsional mode
shapes of data sets A and B show large deviations
from those of the other participants. This is also
expressed by the VA C values of Tuble 5. which are
between 78% and 92%.

e Mode 5

The fundamental antisvmmetric 3N wing bending
mode is closely spaced to the torsional modes. The
vertical displacements of all data sets have a quite
similar mode shape pattern. Not satisfying is the
measurement accuracy of the bending/torsion cou-
pling. Not even the sign of the torsion angle is iden-
tical for all data sets.

o VMode 6

Most participants had provided very similar data
for the second symmetric wing bending mode. Only
participant E shows some significant deviations.
although the WA C value of 92% is still large.

o Mode 7.

The measurement of Participant F seem to be an
exceptional error. The other data are quite similar,
but there is some scattering for the vertical wing
bending displacements.

e Mode 8

For the last mode Participant H failed to analyse
the mode correctly. One explanation for erroneous
results may be the restriction to the two coinmon
shaker locations. which were not suitable to excite
all modes sufficiently.

Summarising, the comparison of the test results
show, that most participants provided very simi-
lar results for most of the mode shapes especially
for well separated frequencies. On the other hand,
for the three closely spaced Modes 3. 4. and §,
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Figure 5. Damping Values

there are large deviations in the bending/torsion
coupling deformations.

Comparing the mode shapes and the respective
deviations as shown in Figure J with the MAC val-
ues of Table 5. it becomes evident. that the Modal
Assurance Criterion is a rather rough correlation
rool. Even for large MAC values, there may be sig-
anificant scattering in the corresponding data sets.
5.2. DAMPING VALUES

Courrect damping measurement is an important
experimental task. because damping values are not
predicted by the analvtical model. In order to
obrain realistic damping values. the GARTEUR
aircraft model was equipped with constrained vis-
coelastic damping layers on the upper wing surface.
By rhis means the very low material damping could
be increased significantly.

figure 5 shows the damping values measured for
the first 8 modes of the testbed. The dotted line
indicates the mean values. The deviations in the
data sets may be attributed to the different instru-
mentation setups. As for the frequency measure-
ments. the greatest deviations can be observed for
the first bending mode. Taking into account the
small model size and the rather low damping, the
test results seem to be acceptable.

5.3. GENERALISED MASSES

The determination of generalised (or modal) mass-
es is the most crucial task in ground vibration
testing. It is influenced by correct measurement of
vibration amplitudes, exciter forces and damping
values. )
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Figure 6. Generalised Masses

Consequently, the largest deviations of the mea-
sured modal parameters occured for the generalised
masses. which are given in Figure 6. It has to be
noted. that a number of unrealistic large values are
not included in the figure. Surprisingly, the best
coincidence was found for the three closely spaced
Modes 3. 4, and 3.

For comparison. the generalised masses as calcu-
lated by the Finite Element model (FEM) are also
included in Figure 6. In general, the values should
be close to the measured ones due to the reliabili-
ty of the model. Only in cases of unsymmetry, e.g.
for the torsional modes. the predicted values differ
from the measured ones.

It seems to be worthwhile. to further investigate
the determination of the generalised masses and
to look for methods of improvement. A useful
approach would be the use of a cornmon set of fre-
quency response functions in order to compare and
explain the differencies in the evaluation methods.

6. Conclusions

A survey of ground vibration test techniques
applied in different European laboratories was per-
formed by the GARTEUR Action Group SM-
AG19. A common testbed was manufactured and
investigated. Due to the sophisticated design of the
testbed, no obvious influence of the test sequence
chronology was observed and a comprehensive data
base for correlation and evaluation of test methods
was obtained.

Both phase resonance and phase separation tech-
niques yielded consistent data if applied conve-
niently. The accuracy of the modal data depends
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significantly on the suitability of the excitation
points. Each mode must be recognizable in the
structural response to be evaluated reliably.

Good coincidence of test results (frequencies and
mode shapes) was found for all well separated
modes. Some problems occured in case of frequen-
¢y clusters especially for bending/torsion coupling.
This may becoine important for flutter analysis of
real aircraft. While deviations in the dai:ping val-
ues may be attributed to the test setup. the evalu-
ation of generalised masses requires further inves-
tigation.

For real aircraft structures imnprovements in the
measurement accuracy and reduction of the time
schedule seem to be possible, if optimum shaker
positions can be applied during the test. For this
purpose use should be made of the predictions of
the Finite Element analysis. A close cooperation
between Finite Element designers and test engi-
neers is also important for data evaluation. corre-
iation. and updating of the mathematical model.
Combining phase resonance and phase separation
rechniques seems to be most promising for ground
vibration test perfortnance in order to obtain the
maximum benefit from the respective advauntages
of each method.

(1]
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